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Dear Ladies and Gentlemen,
Dear Colleagues,
Dear Guests,

| am pleased on behalf of the Organizing Commit-
tee to congratulate the participants in the XlI Interna-
tional Geomechanics Conference.

This year’s edition of the conference is the twelfth,
and the conference has been held for more than 27 years, which proves the
authority and significance of this scientific forum. The theme of the conference
this year is “Geomechanics in a Changing Engineering Environment”.

The conference topics include the entire spectrum of fundamental is-
sues related to the physical and mechanical properties of rocks and soils, the
stress—strain state of rock massifs and soils, measurements in geomechanics
and remote methodes, stability assessment, blasting and seismic impacts, dy-
namic manifestations of rock pressure, ecology and environmental protection,
and artificial intelligence. This actual thematic topics provoked your interest
again and we suggest to your attention these scientific papers, presented on
the conference.

| would like to express my sincere gratitude to the Golden Sponsor Geo-
techmin Group - Geotechmin OOD, Ellatzite-Med AD, Geotrading AD, Geos-
troy AD and Silver Sponsor - Assarel Medet AD.

The discussion of research results during the conference will provide op-
portunities for the application of geomechanical methods related to the de-
velopment and use of underground space in the mining industry, construc-
tion, industrial and public buildings, transport facilities, and others.

We look forward to meeting you at the Xlll International Geomechanics
Conference!

Be healthy and good luck!

Assoc. Prof. Dr. Eng. Kremena Dedelyanova
Chairperson of the Organizing Committee
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TOPIC A

Physical and mechanical properties of rocks and soils

PU3nMKO-MEeXaHMYHN CBOMCTBA Ha CKaJIM U NMOYBU
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PHYSICAL - MECHANICAL CHARACTERISTICS OF SECONDARY QUARTZITES FROM THE LOCALITY
"CRN VRV" AS A MATERIAL FOR ROAD TAMPON

Blagica Doneva', Gorgi Dimov', Radmila Karanakova Stefanovska'
1Goce Delcev University, Faculty of natural and technical sciences, Stip, blagica.doneva@ugd.edu.mk

ABSTRACT

The paper presents the physical and mechanical characteristics of secondary quartzites from the "Crn Vrv"
locality, which is located southwest of Kratovo, in the Kratovo-Zletovo volcanic area, Republic of North
Macedonia.

Secondary quartzites or silexes are a product of hydrothermal alterations in rocks of intermediate composition
(andesites, andesitic tuffs and breccias).

The examination of the physical and mechanical characteristics of the material, its chemical composition, as
well as special analyses of the crushed material, showed that the material can be used in construction as a
tampon material for roads and also as an aggregate for mineral mixtures of concrete.

Keywords: Quartzites, tampon material, physical and mechanical characteristics, chemical composition.

Introduction

Within the volcanic rock complex, in the Kratovo-Zletovo volcanic area, in NE Macedonia, several
localities are known in which significant masses of strongly silicified rocks are encountered, extending from the
extreme NW part of this area: near the village of Beljakovci, Sopsko Rudari, and across the hills: Borovik, Cmi
Vrv, Plavica and Ozren, to the village of Tursko Rudari and Spancevo, in its extreme SE part. In addition to the
aforementioned, strongly silicified rocks are also present in other localities in this area, but there they occur in
smaller concentrations and with lower intensity.

Although these rocks were formed as a result of hydrothermal silicification /in a broader sense/, they are
not uniform, they differ significantly from each other, both in terms of composition and in terms of physical and
mechanical characteristics. Specific and particularly favorable chemical, mineralogical-petrographic and
physical and mechanical characteristics are possessed by the siliceous hydrothermal rocks in the central part
of the Kratovo-Zletovo volcanic area /in the vicinity of Kratovo/, especially on the Plavica and Cmi Vrv
mountains. The Plavica and Crn Vrv mountains represent the extreme western parts of the Osogovo massif,
and are located about 7 km SE (Crn Vrv) and 3 km south (Plavica) of Kratovo, and at a distance of about 5 km
from each other.

In the geological literature, these rocks are known under several different names, such as: silex,
secondary quartzites, metasomatic quartzites, orthoquartzites, hydrothermal quartzites - hydroquartzites,
alumoquartzites, monoquartzites, kazakhites, secondary alumoquartzites, etc. In our geological literature,
these rocks are most often referred to as "secondary quartzites". This term refers to the products of
hydrothermal altertions of the rocks in the volcanic apparatuses, which are formed in the stage of calming
down of volcanic activity and which are naturally found in the complex characterized by the constant presence
of quartz (partially chalcedony and opal) and a certain amount of impurities from other minerals. However, in
our professional, especially commercial terminology, this specific mineral raw material has been known for a
long time under the name - silex.

. Secondary quartzites (silex) as mineral raw material have large uses in ceramic and similar industries for
coating grinding mills, in abrasive industry for production of flint — paper, as “sand” for cutting decorative
stones, as material for making containers for aggressive chemicals, in electrical — chemical industry for
obtaining ferro — silica or silica metal. For all these products can be used only high quality silexes which beside
favorable chamical composition should have favorable physical — mechanical properties, and such are those in
the "Crni Vrv" deposit, which have been exploited for several decades.
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Fig. 2: Geological map of the vicinity of the investigated area [1, 2]

Geological features of the deposit

The area of the central part of the Kratovo - Zletovo volcanic area, in which the "Crni Vrv" deposit is
located, is composed of a complex of volcanic, subvolcanic and volcanogenic-sedimentary formations, the
composition of which corresponds to a granodioritic magma, or its equivalents - dacites and andesites.

The petrographic composition of the rocks represented here is quite heterogeneous, considering that here
occur rocks with a composition close to rhyolites (quartzlatites) and those with a composition close to basalts
(andesite — basalts), so we could speak of an association: rhyolite — dacite — andesite - basalt, with numerous,
often unclear transitions between them, going from the most acidic to the most basic representatives, or vice
versa. Here, it is possible to distinguish three phases of the formation of the volcanics: the first phase includes
amphibole - biotite and pyroxene - biotite acito - andesites; the second phase is subvolcanic hardened
sanidine dacites (quartzlatite) and on the third, last phase occured outcrops of labradorite - augite andesites
(andesite basalts).

Pyroclastic rocks are formed, for the most part, in the first phase, but their formation continues until the
final phase of volcanic formation.

Volcanism in the central part of the Kratovo-Zletovo region was predominantly submarine and
sublacustrian and intense over a relatively long geological period (from the Middle Oligocene to the beginning
of the Quaternary), which is evidenced, among other things, by the great thickness of the volcanic complex of
the rocks. The occasional phases of subsidence of volcanic activity correspond to the deposition of
volcanogenic-sedimentary formations. The thickness of the volcanic complex of the rocks, i.e. the depth at
which their crystalline or plutonic foundation is found, has not yet been determined by the research work
carried out so far, but it is certain that in this part of the Kratovo-Zletovo volcanic region it exceeds 1,000 m.

Secondary quartzites occur in andesitic-dacite rocks along a fault line that has a regional character. It
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extends in the direction NW - SE starting from Kumanovo through Crni Vrv, Plavica - Zlatica, Pleshinci to
Probishtip. Along these fault structures, siliceous components were deposited from hydrothermal solutions that
underwent intensive metasomatic changes in the surrounding volcanic rocks, forming large masses of silicified
rocks. In the area of the deposit itself, the fracture systems occur as ring-shaped forms where the
hydrothermal-metasomatic processes are most pronounced. In addition to dacite-andesitic rocks, andesitic
tuffs and breccias are found that have undergone a lower degree of silicification or are not silicified at all.

Secondary quartzites occur at the surface and, with small interruptions, can be traced over 2 km. Their
thickness is quite variable and ranges from 20 — 80 m, and gradually decreases with depth (fig. 3).

0 10 20m
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E'-i'.'g‘ Silicified volcanic tuff

.7 Volcanic tuff

Fig. 3.Geological profile of the deposit “Crn Vrv” [3]

The genesis of secondary quartzite from “Crn Vrv” is closely related to the hydrothermal changes of rocks
of intermediate composition, in volcanic apparatuses and their immediate surroundings. Their formation begins
after the paroxysmal activity of the volcanic apparatus, i.e. in the fumarolic - solfatar stage. The fumarolic-
solfatar aterations take place not only along the cracks, but especially along the horizons of the porous
products of the eruptions, which can be spread over several hundred meters from these apparatuses [3, 4].

Accordingly, secondary quartzites are metasomatic formations that formed, basically, without the
introduction of SiO,, from the magma (also AlO3;, TiOz, K2O and Fe), which indicates that only the
redeposition of these components and their transfer to the location of the action of gas hydrothermal solutions.
Only water, S, F, Cl, P, B and heavy metals (except Fe) were brought. This is evidenced by the preserved
relict structures and textures of the original rocks in them, as well as their spatial position. Namely, the silex
ore bodies have a subvertical distribution, and their dimensions gradually decrease with depth. Data from deep
exploration drillings show that their roots are found at a depth of over 400 m, when they gradually emerge.
Their borders towards the surrounding volcanic rocks are most often gradual, i.e. the degree of silicification of
the surrounding rocks gradually decreases with distance from the pure siliceous masses (with over 95 %
SiOy).

Mineralogical, petrographical and chemical composition of qurtzites

The secondary quartzite ore bodies of Cmi Vrv are made of amorphous to microcrystalline silica mass,
sometimes with some opal. Their color is light gray to slightly blue, and when brecciated, reddish. These are
dense, very hard and tough rocks, very difficult to process, resistant to impact and abrasion, with low porosity
and high resistance to the action of aggressive chemicals. They have a regularly high content of silicate
minerals (which significantly distinguishes them from other types of secondary quartzites) and a tolerant
content of harmful components. An “average sample” of quality quartzite from the “Crni Vrv” deposit has the
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following chemical composition (%) [3]:

Table 1. Chemical composition of quartzites

Si0, 98.23 MgO 0.025
TiO, 0.20 Ca0 0.15
Al,03 0.35 Na;0 0.008
Fe20; 0.32 K20 0.10
FeO 0.15 P20s Traces
MnO traces Loss of ignition 0.47

Physical - mechanical parameters of quartzite

The physical — mechanical properties of quartzite are determined with several laboratory examinations on
tampon quartzite material with grain size from 0 to 31.5 mm.
Table 2 shows the results obtained form the geomechanical examinations: [5]

Table 2. Physical - mechanical characteristics of quartzite

Test Results Criterion
Grain shape (% mass) 14.54 (max) 40 %
Dilapidated grains 1.09 (max) 7 %
Content of clay and silt particles 0
(% mass) 1.64 (max) 5 %
Sensitivity on ice influence 211 (F1) /

(content of particles < 0.02 mm)

Consistency on ice NaSO4
(loss of mass)

grains <8 mm-3.9 %
grains >8 mm-3.5%

grains <8 mmto 10 %
grains > 8 mm to 12 %

Optimal water content / Maximum
volume mass — Proctor test

Ydmax = 206 g/Cm3

/

(modified method) Wopt = 5.7 %
There is no deviation
Granular composition from the boundary belt Boundary belt for the tampon
for the tampon material material
p

Degree of unevenness 34.0 (min) 15.0
Abrasion loss value by Los
Angeles method (% nzlass) 218 (max) 40 %
California bearing ratio (CBR) % 81.4 (min) 80 %
Determinated organic matters 0.81 (max) 5 %
Hardness after Moss 7
Compressive Strength (MPa) 150-300
Compressive Strength (MPa) 150-300
Compressive Strength (MPa) 150-300
Porosity 3.56 %
Specific mass 2.63-2.70 t/m3
Volume mass 2.51 - 2.64 t/m3

Conclusion

The investigations conducted on the secondary quartzites (silexes) from the "Crn Vrv" locality confirmed
that this material possesses highly favorable physical, mechanical, and chemical characteristics for application
in road construction. The geological and mineralogical analyses indicate that these hydrothermally altered
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quartzites are characterized by a very high silica content (98.23% SiO), low porosity, high hardness, and
excellent resistance to mechanical wear and weathering.

The laboratory test results demonstrate that all examined parameters satisfy the prescribed requirements
for road tampon materials. The aggregate exhibits a suitable grain shape, very low content of clay and
deleterious particles, excellent resistance to frost action and abrasion, high California Bearing Ratio (CBR),
and appropriate compaction characteristics. Furthermore, the granulometric composition falls within the
required limits for road base construction.

The obtained results confirm that the secondary quartzites from the "Crn Vrv" deposit represent a high-
quality construction material suitable for use as road tampon material and, owing to their favorable properties,
also as aggregate for concrete mineral mixtures. Their utilization provides a reliable and durable source of
construction aggregate while promoting the efficient exploitation of domestic mineral resources. Consequently,
the "Crn Vrv" quartzites represent a valuable raw material with significant technical and economic potential for
infrastructure development in North Macedonia.
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I". CtosiH4eB, e-mail: g.stoyanchev@mail.bg
Kp. Oepmenmxues, e-mail: knderm45@gmail.com
Up. Muxainnosa, e-mail: i_mihailova@mail.bg

PE3IOME

PydHuk ,MunuH kambk“ e Hogocmposw, ce obekm. B He2o8usm npoekm ca 3anoxeHu MOOEPHU pPeweHus 3a
npokapeaHe Ha KanumasHu U cnoMazamesiHu u3pabomKu C aHKepeH Kpenex. 3anoxeHu ca peweHus ¢
U3N0/I38aHE Ha Pasfu4YHU munose aHKepu, koumo mpsibea da 6b0am uacnedgaHu 3a pabomocnocobHocm.
Kem momeHma obekm Ha npunazaHe u u3credeaHe ca (OPUKUUOHHU aHKepu C pasnuyHa ObixuHa U
Ouamemnp. B 0oknadbm ca npedcmaseHu memodukama Ha uscrnedsaHe u pe3ynmamu om nposedeHume
onumu. Om aHanusa Ha pe3ylmamume Ce KOHCmamupa, Y€ mo3u mun aHkepu npumexasam 0obpa
pabomocnocobHocm, uspa3eHa Ype3 Hocewa cnocobHocm u nodamugocm.

ABSTRACT

The Milin Kamak mine is a newly constructed site. Its design includes modern solutions for driving capital and
auxiliary works with anchor fasteners. Solutions using different types of anchors are included, which must be
tested for operability. At the moment, the object of application and research are friction anchors of different
lengths and diameters. The report presents the research methodology and results of the experiments. The
analysis of the results shows that this type of anchors has good operability, expressed in terms of load-bearing
capacity and yielding.

YBog

PyoHuk ,MunuH Kambk® ce Hamupa B 3emMnuweTo Ha rp. bpesHuk. MpoektpaH e 3a nobus u
npepabotka Ha 3natocbabpkala pyaa. PaspaboTBaHeTO e ce M3BbpLBA MO MOA3EMEH HAYMH.
PaskpuBaHeTO Ha PyAHUYHOTO MOMe Lie Ce M3BLPLUM C [BE HAKMOHEHW LUAXTW CUTYUPaHU Ha [Be pasinyHu
nnowaak/. 3a BEHTUNALMOHHW Lienu ce npefBukaa kanutaneH KOMUH W BepTWKamnHa waxta. PyaHUYHOTO
none e pasgeneHo Ha [Ba XOpu3oHTa, BpemchbeproB W yknoHoB. [loAroToBkaTa € ckarHa C pasfensHe Ha
XOPU3OHTUTE Ha eTaxu, oTpaboTBaHW NOCNeAOBATENHO OTAOMY Harope. B pamkute Ha eTaxa, pygHUYHOTO
none no pasnpocTpaHeHue ce pasaens Ha 6nokoBe NoAroTBSAHM C CnoeBu TpasepbaHu — JocTbnu. ETaxute
Le ce oTpaboTBaT CbC CMoeBe NOCnefoBaTenHO OTAOMY HAarope CbC CyXO 3ambriBaHe.

B 3aBMCMMOCT OT MECTOMOMOXEHUETO CU MOATOTBUTENHWUTE M3paboTKM ca C pasnuyeH pasMep Ha
HaNpeyHoTO CeYeHne 1 Le ce 3akpensaT ¢ KOMOUHMPaH aHKepeH Kpenex. TexXHOmorusaTa Ha npokapBaHe Ha
n3paboTkMTe € MexaHu3npaHa: u3konaBaHe-oTbWBaHe C npobwsHO B3puBHM pabotu /MBP/ ; malwuHHO
npobuBaHe Ha B3PUBHWTE AYMKM; HAaTOBapBaHe W W3BO3BaHE Ha MWHHATA Maca C TOBapayHW MalLWHW;
aHKepupaHe C W3non3saHe Ha NpobuBHa KapeTa; MOCTaBAHE HA MeTanHa MUHHA Mpexa 1 nocneasaLlo
TOPKPETUpaHe, cH.1

MecTononoxeHue Ha M3cneaBaHNTE aHKEepPU

acneaBaHuTe aHKepM Ca pa3noNoXeHW Ha CTbMKaTa Ha rMaBHa HaKMNOHEHa LwaxTta ,bbpao®, KosTo €
006eKT Ha npokapsaHe, ¢ur.1. AHKepuTe ca MOHTMpaHM B YacTa OT MWHHaTa M3paboTka, 3aKpeneHa C ABa
TMNopasMepa aHkepu ¢ ObimkuHa 1.8 u 2.4m., apmaTypHa mMpexa ¥ TopkpeT 6eToH. MecTononoxeH1eTo Ha
aHkepuTe , NPeaMeT Ha 3MEePBAHETO e nokasaHo Ha dur.1 /Kpokul/.

11



Proceedings of the XII International Geomechanics Conference
7 - 11 September 2026, Varna, Bulgaria

AHKkepuTe ca NpeaBapuUTENIHO MOHTUPAHU U TAXHOTO MECTOMONOXEHME € MOCOYEHO OT reoMexaHuka
Ha pyaHuka. O6wwmaT 6pon Ha Tean aHkepu € 9. o 6pol M AbMmKMHA Ha aHKkepa W OMAaMETbpP Ha aHKepHaTa
LyrKa Te ca KaKTo crefga:
e 3 0p. c gbmkuHa 1.8m, MOHTUPaHW B aHKepHa fynka npobuta ¢ kopoHa 43mm:;
R

ﬁﬁ\a_‘b"

e 36p. cobmkuHa 1.8m, MOHTUpaHK B aHKkepHa aynka npobuta ¢ kopoHa 41mm;
o 3 0p. aHKepu C AbImKMHA 2.4m, MOHTUPaHM B aHKepHa aynka npobuTta c kopoHa 41mm;

lMpu n3cneaBaHeTo Ce YCTaHOBW, Ye Mo ABa 6post aHkepu, CbOTBETHO C AbmkuHM 1,8 M 2,4m ca ¢
KOMMPOMEHTMPaHN KpaunLla u He Moxe Aa 6baat usternenn. OT octaHanute 5 6pos aHkepu ca pa3nonoxeHu:
3 aHKepa OT gsicHaTa v 2 Bposi OT NaBaTa cTpaHa Ha u3paboTkara.

Bcnykm aHkepm ¢ nskntoveHmne Ha Neb 6sxa foHabutu ¢ 10-20cm npeay usmepsaHeTo. B pesynrar, Ha
KOeTo onpeaeneHata Hocela CnocobHOCT Ha aHKkepuTe TpsibBa Aa ce CMsTa KaTo MOHTaXHa.

BmecTBawmTe ckanu, B KOWTO ca MOHTMPaHW aHKepUTe MpeacTaBnsiBaT aHae3uTobasanToBu Bpekyn
CbC cepuumTusaums. ColyuTe ca € BUCOKA CTEMEH HA HApYLUEHOCT U CPABHUTENHO HWUCKA YCTONYMBOCT. Tean
YCIOBWS MOraT fja ce CMATaT KaTo CpesHu No SKOCT, C SKOCT Ha eHO0CoB HaTuck 25-35 MPa.
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¢ue.1

Anapartypa n meToavka Ha uscnefBaHe

V3non3BaHaTa anapaTypa 3a W3cneaBaHeTo Ha Hocellata CrnocoBHOCT Ha aHKepuTe e COBCTBEHOCT Ha
cdupma ,POKLLAI-H* EOOL v e TapupaHa ¢ uamepBatenHu cpegctea Ha ¢upma BIMCO ¢ ToyHoCT Ha
otuutaHe 20kg, CH.2.

Hocelarta cnocoGHOCT Ha aHKepuTe Ce onpefens Ypes ynpaxHsBaHe Ha U3TErNALO yeunue no ocTa
Ha aHkepa, P, t/KN/ 1 cblueBpeMEHHO Ce n3MepBa NPUNTb3BaHETO Ha aHkepa — npemecTBaHe U, mm.

Mpu nocnenoBaTernHoO yBenW4yaBaHe Ha M3TEIMALWOTO YCUMe Ce  PerucTpupar  CbOTBETHUTE
HaTOBapBaHMsA W NPUNTb3BaHWA. TOBa HapacTBaHe NPOAbITKABA A0 CTOMHOCT HA MaKCMMarlHoO ycunue, npu
KOETO HacTbMBa PSA3KO CrafaHe Ha HaToBapBaHETO A0 ONpeAeneHa CTOMHOCT- PerucTpupa ce KaTo Hocelya
cnocobHOCT Ha aHkepa. [pu onuTUTe 3a NO-HAaTaTbYHO HAPACTBaHE Ha HAaTOBApPBAHETO Ce AOCTWra OTHOBO
MakCUMasiHOTO YCUIME M Ce peanuanpa npuniTb3sBaHe.

HapacTBaHeTo Ha Hocellata cnocobHOCT Ha aHkepuTe NpogbixaBa BbB BpemeTo. Crep HAKOMKO
Mecela MOCTOsIHHaTa Hocella crnocobHocT ce ovakea ga 6bae no-eucoka ¢ 0.5 go 1t [peactosT
“3MepBaHust 3a YTOUHSBAHETO W,

Pe3ynTtatu ot usmepBaHusTa

PesynTatute oT u3cneaBaHeTo Ha aHKepuTe Mo OnucaHaTa METoAMKa 3a onpefensiHe Ha U3TErnALoTo
ycunve P u npunnbaBanusaTa U ca npefctaBeHn B Tabnuum B 7 6posi Tabnnuy, egHa ot TsX € nokasaHa kato
Tabnuya Ne1. MpacmknTe 3a NOBEAEHWETO Ha aHKepUTE B KOOPAMHATHA CUCTEMA HaTOBapBaHe-NPeMeCTBaHe
ca npeacTaBeHn Ha ur.2, 3 n 4.

B tabnuuute c pesyntatute OT M3MepBaHWSTA HA aHKEPUTE Ca W3MOM3BaHN CeAHNTE ChKpaLLEeHuS:
L = 1.8 m 03Ha4aBa aHKep ¢ Ab/KuHa 1.8m;

P — TekyLla CTOMHOCT Ha cunata Ha u3TernsHe Ha aHkepa , t;

U - [IBUXeHMETO Ha 3afHaTa YacT Ha M3TEMALMA UANIUHOBP CNPSIMO HEMOABWXHOTO MY TS0, mm;
AU —lpomMsiHa Ha NOMOXEHMETO Ha U3TErNALLMS LMAMHABP C HApacTBaHe Ha U3Ternsiara cuna, mm.
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CH.2

Tabnuua Ne1

Ankep Ne1 L=1.8m, aHkepHaTa Aynka npobuta ¢ kopoHa ®43mm.
Pa3cTosiHne oT NOBBLPXHOCTTA A0 MACTOTO 32 MOHTaX Ha aHKepa e 419m,
OT AACHaTa cTpaHa. XOPM3OHTaNIHO MOHTUPAH Ha 1.6m BMCOYMHA OT nopa.

Ne 0 1 2 3 4 5 6 7 8 9 10

P 0 1 2 25 3.5 3.5 3.7 - - -

v 86 | 101 | 125 | 14.0 | 16.0 | 16.10

AU 0 150 | 3.90 | 540 | 740 | 7.50

Mpu ToBap 3.70 t, NpbCTEHa Ha aHKepa Ce CKbCBA W U3CNEABaHETO € NpeKkpaTeHo.
MacwnBbT, B KOMTO € MOHTUpaH aHkep Ne1 e aHaeauTobasanToBa Gpekya CbC CEpULMTM3aLNS.
Mo CbLMs HAYMH ca NPeLCcTaBeHn U JaHHUTE NPY U3MEePBAHETO Ha ApYriTe aHKepy

1
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AHanu3 Ha pe3ynTaTuTe OT U3MEpPBaHETO

OnpepgeneHaTa NoCTosiHHA Hocelwa cnocobHoCT 3a aHkepu ¢ Ne 1; 2; 4; 6 1 7 Moxe da ce cmsTa kaTo
MbpBOHAYanHa, Tbil KaTo HE3aBMCMMO OT TOBa , Ye aHKepuTe Osixa MOHTMpaHK Mo-paHo, CbluuTe Dsxa
A0HabuTK Ha 26.03.2025r. ¢ 10-20cm.

3a aHkep Ne5 moxe fa ce npueme , Ye HocellaTa CnocobHOCT e HapacHana BbB BPEMETO, Thbii KaTo
CbLUMA He e JoHabuBaH.

Hocewwute cnocoGHOCTM Ha aHKepWUTe MOHTMpaHW B Aynka npobuta ¢ kopoHa ®41mm nokassat no-
BWCOKM CTOMHOCTY.

AHkepy ¢ abmkvHa 1.8m 1 guameTbp Ha aHkepHata Aynka, npobuta ¢ kopoHka 41mm nokasear no-

BMCOKa Hocela cnocobHocT ¢ 1.5 - 2 t 0T aHanorMyHus aHkep, MOHTUPaH B OTBOP NPOBUT € KOpoHKa 43mm
ur2 u gour.3.
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3a aHKep C Ab/XMHA 2.4m, MOHTMpPaH B OTBOP MPO6UT C KopoHa 41mm, nokasaHuTe pesynTaTu ca
TUMWYHKM 33 TO3U TUN aHkep, ¢ur.4. He 3aBuCUMO, Ye e n3mepeH camo 1 aHkep, npenopbyBaMe CbLUMS Tun
aHKepu a ce MOHTUpAT B Aynka , npobuta ¢ kopoHka 41mm.

lpenopbyBame Hal-mONHWS ped aHKepu, Pas3nonioXeHn B cTeHaTa Ha u3paboTkata ga 6bae BuHarm
MOHTUPaH CbC 3aauraHe KbM Macua. ToBa 61 No3BONMNIIO OCyLLaBaHe (M3TUYaHe Ha BoAa), ako MMa TakaBa,
Be3 na ce npeau3BnkBa oTcnabBaHe Ha MacvBa, Nopaay NPeoBaxHsABaHe.

lMonyyeHnTe pes3ynTaTy OT M3MEPBAHETO HA aHKepWUTe ca B Mpska 3aBMCMMOCT OT AWameTbpa Ha
0TBOpa Ha aHKepHaTa aynka 1 u3NKOMEXaHWYHUTEe CBOMCTBA Ha MacuBa - aHaesuTobasantoBa bpekya cbC
cepuunTM3aums. Mpu NpokapBaHeTo Ha MUHHK U3PaboTKX, B KOUTO € HacTbNUMa XuapoTepMmarHa npomsHa —
aprunuTmsaums (rMrHecTa NpoMsHa C HamansBaHe Ha KoeULMEHTa Ha TpUEHe CTOMaHa-MacumB) Ce 04akBa
[a ce Hamanu Hocellara cnocobHOCT Ha aHKepa.

lMpenopbyBame MPaKTUYECKM Aa Ce W3MEPST KakBW OMAMETPU Ha aHKepHaTa Ayrnka ce nonyvasat

cnep npobueaHe ¢ pa3nuyHn KOpoHKM (39; 41 n 43) B pa3nnyHuTe BUGOBE CKanu.

3aknoyeHune

OT HanpaBeHWTe U3MEPBaHUS , MOXe [a Ce HanpasW 13BOAA, Ye NOCTUrHATUTE HOCELLW CNOCOBHOCTM
Ha W3non3eaHnTe PUKLMOHHUTE aHkepu CnnnT ceT-H B ycnosusTa Ha pyaHUK ,MunuH kambK®, rp. BpesHuk
ca [obpy 1 LLe OCMrypsiT YCTOMYMBOCTTA HA MUHHITE U3paboTku.
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OE®OPMALIMOHEH NPEXOA NPU 30HUPAHO JIOKANTHO NOAOBPABAHE HA 3EMHATA OCHOBA C
KOPABW BKIMOYEHUA: BBIITAPCKU NMPUMEP OT MPAKTUKATA
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PE3IOME

[pu wupokonIowWHU 102UCMUYHU C2padu JI0KaTHOMO Pa3npocmpaHeHue Ha CurmHo deghopmupyemu noysu
MoxXe Oa Harnoxu 4acmuyHo, a He ,nb/IHO“ nodobpsisaHe Ha 3eMHama 0cHo8a hod usinama cepada. B mosu
cryyali npoekmHusim npobriem He ce u3yepnea C HaMarsi8aHe Ha MakCUMasTHOMO crisieaHe 8 criabama 30Ha, a
8K/IYea U OzpaHuyasaHe Ha OehopMayUOHHUS KOHMpacm KbM OKOfIHama €ecmecmeeHa OCHOBa.
Hacmoswusim doknad pa3anexda no2ucmuyeH KOMniekc 8 patioHa Ha c. [ypmMa3080, npu Kolimo Yacm om
cepadama nonala 6bpXy Npaxosu U npaxo8o-2/IUHECMU Njacmose C HUCKa KopasuHa U 3HayumenHa
degpopmupyemocm. 3a nodobpsieaHe Ha 3eMHama OCHO8a Ca U3NBIIHEHU HeapMupaHu 6emoHHU Kopasu
8KII0YeHUs ¢ Ouamembp 320 mm, pa3nonoxeHu 8 30HuU ¢ pasnuyeH pacmep om 1.80,1.80 m do 2.60x2.60 m, u
pasnpedensw, croli om yntemHeH mpoweH kambk. [TodobpeHama 30Ha e npedcmageHa 8 NPOCMpPaHCMBeH
usqucnumesneH moden Ype3 eksuganeHmHu 0eqhopMayUOHHU Xapakmepucmuku, Kamo € omyemeH nnaseH
npexod kbM Heno0obpeHama 3eMHa 0CHO8a. M34UCNIeHOMO MakCUMarHo CrisieaHe e HamaneHo om 174 mm
npu HempemupaHa ocHosa 0o 71 mm cned nodobpsieaHemo. [lpuemomo 30HUpaHe HaMarnsg8a MakcuMarHomo
CrisizaHe U ocuzypsiga NocmeneHHo U3MEHeHUe Ha KopasuHama KbM ecmecmeeHama 3eMHa 0CHOBa.
Knroyoeu dymu: kopasu eknroyeHus, nodobpsisaHe Ha 3eMHama 0CHO8a, 30HUpPaHO nodobpsieaHe, NPexooHa
30Ha, crisizaHe nod hyHOameHmu, 3agbpmaHe Ha hyHOaMeHmU, OMHOCUMENTHO CrisieaHe

DEFORMATION TRANSITION IN LOCALIZED ZONED GROUND IMPROVEMENT WITH RIGID
INCLUSIONS: A BULGARIAN CASE STUDY

Tsvetan Lozanov' and Nikolay Milev2
1 PhD Student — Department of Geotechnics, University of Architecture, Civil Engineering and Geodesy,
1 Hristo Smirnenski Blvd., Sofia 1046, Bulgaria; tsvetan.iv.lozanov@gmail.com
2 Associate Professor — Department of Geotechnics, University of Architecture, Civil Engineering and
Geodesy, 1 Hristo Smirnenski Blvd., Sofia 1046, Bulgaria; milev_fte@uacg.bg

ABSTRACT

For large-footprint logistics buildings, the local occurrence of highly deformable soils may require partial rather
than full-area ground improvement beneath the entire structure. In such cases, the design problem is not limited
to reducing the maximum settlement within the weak-soil zone, but also includes controlling the deformation
contrast with the surrounding natural ground. This paper presents a logistics complex near Gurmazovo,
Bulgaria, where part of the building is underlain by silty and silty-clayey strata characterized by low stiffness and
high deformability. The ground improvement solution consists of unreinforced concrete rigid inclusions with a
diameter of 320 mm, installed in zones with varying grid spacings from 1.80x1.80 m to 2.60x2.60 m, together
with a compacted crushed-stone load transfer layer. The improved zone is represented in a three-dimensional
numerical model using equivalent deformation properties, with a gradual transition towards the unimproved
ground. The calculated maximum settlement is reduced from 174 mm for the untreated ground to 71 mm after
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improvement. The adopted zoning reduces the maximum settlement and provides a gradual change in stiffness
towards the unimproved ground.

Key words: rigid inclusions, ground improvement, zoned ground improvement, transition zone, foundation
settlement, foundation rotation, differential settlement

BbBEJEHNE

[Mpu ronemn No NoLL Crpagm JSIOKaTHOTO Pa3npoCTpaHeHne Ha CUIHO AeOopMUPYeEMM NOYBK NOCTaBs
cneundunyHa NpoekTHa 3agaya: nogobpsBaHeTo Nof Lsanata KOHCTPpYKUWs Moxe Aa Obae HeonpaeaaHo, a
psaskata rpaHuua Mexgy nofobpeHa W ecTecTBeHa OCHOBa MOXe fda npeaussuka HebnaronpusTH
OTHOCWTEMHU CRSIraHUs U 3aBbpTaHus Ha yHOoameHTuTe. POEKTHOTO peLleHne TpsbBa fa OrpaHuyn KakTo
MakcUMasHuTe CrsraHus, Taka u 4eopMauyoHHUs KOHTpacCT Mexay otaenHuTe 3oHu [1, 2, 6, 9, 11].

KopaBute BkntoueHus pabOTAT CbBMECTHO C MoyBaTa kaTto KOMMO3UTHA OCHOBa, Ge3 npska
KOHCTPYKTBHA Bpb3ka C PyHOAMEHTUTE, KAaTO HATOBAPBAHETO Ce Npepasnpeaens Ypes pasnpesensiy cnon ot
pobpe ynnbTHEHa TpoLeHa ckanHa maca [1, 3, 6]. Toa no3BonsiBa pactepbT UM Aa 6bae M3MEHsIH CbobpasHo
reoTexHUYecKnTe YCroBus 1 HaToBapBaHUATA.

[oknagbT pasrnexga noructyHa 6asa B 3emnmwleTo Ha c. ['ypmasoso, oblimHa boxypuile, cbe
crnobsieMa CTOMaHOBETOHHA BpPbXHA KOHCTPYKUMS W eOWHWMYHM YallKoBUOHW (yHAaMeHTW. B vact ot
nnoliagkata ca yCTaHOBEHW MpaxoBM U MPaxoBO-TMMHECTW MIacToBe C OTHOCUTENHO HUCKA KOpaBWHA W
3HauuTenHa gedopmupyemoct. 3a npobriemHaTa 30Ha e pa3paboTeHO NOKanHO 30HMpaHO nopobpsiBaHe ¢
HeapmupaHu BEeTOHHU KopaBW BKIOYEHUS (T. Hap. ,rigid inclusions®). B npegxogHo m3cneaBaHe 3a Cbluus
KOMMMEKC ca pasrnefaHn antepHaT1BHM peLleHmns ¢ AbNBOYNHHO NOYBEHO CMECBAHE M KAMEHHU KOMOHU, KaTo
€ OTYETEHO BMUSHWETO Ha eTanHOCTTa Ha CTPOUTENCTBOTO BbPXY CrsraHusTa [8].

Upes npoCTpaHCTBEH MOAeN C eKBMBANEHTHW [edOpMaLMOHHN XapaKTEPUCTUKM € CPaBHEHO
NoBeJeHNETO Ha HeTpeTUpaHaTa 1 NogobpeHaTa 0CHOBA, C aKLEHT BbpXy MakCUManHOTO CrsiraHe W npexofa
KbM €CTecTBeHaTa 3eMHa 0CHOBa. JlokanHaTta HOCUMOCNOCOBHOCT Ha OTAENHMTE BKITKOYEHUS 1 OTPULATENTHOTO
TpUeHe He ca NPeaMET Ha HacTosLaTa paspaboTka.

MPOEKTHW NPEAMNOCTABKM  TEOTEXHWYECKWN YCNOBUA

PasrnexgaHuaT KOMMIeKC e NPOEKTUPaH KaTo crnobsiemMa CTOMaHOOETOHHA KOHCTPYKLMS CbC CUCTEMA
OT MpOCTU Tpeau, CTABHO CBbP3aHW C KONMOHMTE. KOMOHWTEe Ca 3aMOHOMMTEHW B eAMHUYHM YalUKOBWAHM
(hyHOAMEHTM C pa3mepy, onpegeneHn OT HaTOBapBaHETO M MOMOXEHNETO UM B KOHCTpyKUmsTa. MogobpsiBaHe
C KOpaBy BKIOYEHNS € NPEABUAEHO KakTo noa dyHAAMEHTUTE, Taka W nog HacTurkaTa Ha ToBapHaTa 3ana.
OBLOTO CMTYaLMOHHO pa3npeaeneHne Ha KoMnekca e nokasaHo Ha durypa 1.

o “GI3NE12

Que. 1. Obwo cumyayuoHHo pa3npedesieHue Ha 102UCMUYHUS KOMNIIEKC

VIHXeHepHO-reonoXKOTO NPOyYBaHe BKNKOYBA COHAAXM, NabopaTopHM N3CneaBaHWs Ha 3EMHU 1 BOAHM
npobu 1 NoneBn M3NUTBaHUS CbC CTaHAAPTEH NeHeTpauuoHeH TecT (SPT) u ctatnyHa neHetpauust (CPT).
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TepmuHonoruaTa 3a MAeHTUMKAUMS U onucaHue Ha nousute € cbobpaseHa ¢ ISO 14688-1 [7].

Pa3nonoxeHneTo Ha npoyyBaTenHuTe u3paboTki 1 NOKanHWAT 0bxBaT Ha criabute NoYBKM Ca MoKasaHM Ha
Ourypa 2.
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Que. 3. XapakmepeH HadmbxeH (IlI-Ill) uHxeHepHo-2e0noxku paspes npes npobremHama 30Ha
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Tabnuya 1. Mapamempu Ha NoYseHU nnacmose.

Mnact HanmeHoBaHue Wn Ps Pn Pd n e (0} c
- - % glcm® | glem® | glem? % - ® kPa
1 2 3 4 5 6 7 8 9 10
1 Hacun, B3anMcTBaHK noysm 2880 | 2.7 1.89 147 | 4589 | 0.848 | 2155 | 38.5
2 Yakbr, necbknms 13.55 | 2.74 2.08 1.83 | 3312 | 0497 | 45.01 -

2-1 MAchK, e4bp, YakbrecT 16.77 | 2.69 1.95 164 | 3944 | 0652 | 2590 | 36.6
4 Mscuk, apebeH 26.31 | 2.69 1.94 154 | 4270 | 0.751 | 25.80 | 43.1
4-1 Bsan npax, necbknue 3armuHeH | 33.10 | 2.30 1.51 115 | 40.71 | 0.840 | 1556 | 32.3
5 lNpaxoBa rnuHa 3161 270 1.81 138 | 49.07| 0966 | 21.13 | 38.6
5-1 lpaxoBa rnuHa - 3enexa 3222 | 2324 | 151 115 | 4145 | 0836 | 11.75| 257
5-2 [NpaxoBa rnuHa - cuHs 31.62 [ 235 1.53 117 | 4185 | 0838 | 3.02 | 129
5-3 OpaHxeBa necbunvea rnmHa 28.00 [ 272 1.77 138 | 4916 | 0967 | 2460 | 42.0
6 lNpaxoBa rnuHa nopecra 57.73 | 2.68 1.68 1.07 | 59.91 | 1525 | 17.08 | 43.6

Mnowagkarta nonaga B obnactta Ha pasnpocTpaHeHue Ha JloseHeukaTa cuTa. 3a pasrnexgaHata
ObnboYnMHa Onpeaensiy e ropHUAT KOMMMeKke, npeactaBeH npeobnafaBalio OT TIMHECTU OTIIOXKEHWS C
YaKbNeCTW 1 NECHUNUBY ML U NPOCTIONKMA C NECHUNIMBO-IMWUHECT 3aMbIIHUTEN, KaTo B OTAENHW NnacToBe ca
YCTAGHOBEHU W BapOBUTU BKIIOYEHUS [12]. XapakTepeH Ha/TbXeH WHXEHEPHO-TeonoXKku paspes npes
npobriemMHata 30Ha € npeacTaseH Ha durypa 3.

3a MPOEKTHO onpefenswns NpaxoBO-rNMHECT nnact ca npuetn obemHo Terno y= 17.50 kN/md,
aedopmaumoHeH moayn E = 10 MPa, koxeaus ¢’ = 16 kPa 1 brbn Ha BbTpelwHo TpueHe ¢’ = 200, 3a octaHanure
nnacTose npueTuTe AedopmaLmnoHH mogynu ca B rpaHuumute 30-35 MPa 3a necbunuBuTe M HapacTBallyM B
AbnboymnHa Ha nnact 5, 5.1, 5.2. 1 5.3 nopaay OTHOCUTENHO MO-rofnsmMaTa MOLLHOCT.

Heobxogumoctta 0T nogobpsiBaHe € CBbp3aHa C [OKarHO pasnpoCTpaHeHuTe npaxoBu W
NPaxoBO-IMWUHECTW NPOCIOAKM C HWUCKa KopaBuHa W KocT. MogxoguTe 3a yHaMpaHe u nogobpsisaHe npw
noao6HM nNoYBeHn ycnosus ca pasrneganu B [13, 14]. OrpaHn4eHOTO pasnpocTpaHeHue Ha ,crnabute” noysu B
nnaHa Ha crpagara Boau [0 pasnuyHa AeopMMpyeMOCT Ha OCHOBAaTa Noj OTAENHUTE KOHCTPYKTUBHY 30HMU.

ba30BuAT Mogen Ha HeTpeTUpaHaTa OCHOBA NokasBa MakcuMmanHo cnsraHe 174 mm npw npuer 3a
npoekTa Kputepui Sim = 120 mm. lpoBepkata No rpaHU4YHO CbCTOSIHUE Ha eKcnroaTauyoHHa rOAHOCT e
n3BbplUeHa B oblata pamka Ha Espokog 7 [4]. lMpeBuLLaBaHETO HA NPOEKTHUS KPUTEPUA € YCTaHOBEHO B
y4acTbka C JIOKasIHO pasnpoCcTpaHeHn NpaxoBu 1 MPaxoBO-rMHECTI NPOCIIONKX, NOpaau KOeTo nofobpssaHeTo
€ OrpaH1yYeHo [0 Ta3u YacT oT crpagara.

30HMPAHO PELLEHWE C KOPABW BKITFOYEHNA

INokanHoto nopobpsieaHe e m3mbnHeHo ¢ [15 200 HeapmupaHu GETOHHW KOpaBM BKIOYEHUS C
ovnameTbp Ha enemeHtuTe D = 320 mm W NPOMEHNMBO MEXOYOCOBO pPa3scTosHUE (pacTep) crnopen
reoTeXHUYeckUTe YCNoBMS W HaTOBapBaHETO. Bbanpuerata KOHCTPYKTMBHA KOHLENUMS CbOTBETCTBA Ha
obLwwmTe NPUHLMNKM 3a NPOEKTUPaHE Ha 3eMHa 0CHOBA, NoA0bpeHa ¢ kopasw BKMYeHust [1, 6, 11]. BknoueHusTa
ca pasmnonoXeHu Nog eANHUYHUTE YallKoBMAHM PyHOAMEHTU 1 NOA HacTUNKaTa Ha ToBapHaTa 3ana. Npeasng
BapMpallata MOLLHOCT Ha crabus nnacT, AbmkuHuTe Bapupat oT 4 go 14 m. B nnaH ca 060cobeHmn 30HM €
OBIDKUHN Ha BKoyeHusita 4,00-6,00, 6,00-8,00, 8,00-10,00 n 10,00-14,00 m (dur. 4).

B Han-HebnaronpusTHATE 1 NO-TEXKO HAaTOBAPEHW y4acTblLy € NpueTa kBagpatHa Mpexa 1.80x1.80 m.
KbM rpaHuuaTa Ha nopobpsiBaHeTo pacTepbT ce yBennyasa nocnegosatenHo npe3 2.00x2.00, 2.2052.20 u
2.40,2.40 m po 2.60,2.60 m B npexogHaTta 30Ha. [pu anameTbp 320 mm ToBa HamarnsBa KoeuuneHTa Ha
3amectBaHe oT 2.48% [0 1.19%. [paHnunTe Mexay 30HUTE NPEMMHABAT MEXIY €AUHUYHUTE PYHOAMEHTU U ca
cbobpaseHn C pas3npoCTPaHEHWETO Ha OTHOCWUTENHO NO-4edOpMUPYEMUTE MMACTOBE M C HUMBOTO Ha
HaToOBapBaHe.
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Que. 4. 3oHUpaHe Ha ObITKUHUME Ha KOPagume BKIIYEHUS.

e

2
i

Hag ,rmaBute” Ha BKMIOYEHUATa € NpedBuUAEH pasnpefensiy Crnon OT YNTbTHEH TPOLWEH KaMbK C
npomeHnuea AebenuHa A0 HWBOTO Ha dhyHAMpaHe. BkntoueHWsiTa He ca KOHCTPYKTUBHO CBbp3aHu C
(yHOaMeHTUTE 1 paboTaT KaTo enemMeHT Ha KomnoauTHata 3emHa ocHosa [1, 9]. MNpuHumunHaTa paboTta Ha
cucTemara ,(yHOoaMeHT-pasnpeaensiy Crion—kopasy BKIKOYEHNS—NoYBa“ e nokasaHa Ha durypa 5.

MNogocHoBeH crnoi oT HartoeapeaHe
HecBLp3aH Matepuan
;!;;;;;11 EAPM”pa”e
k. -In T n-q_r_,g-ﬂ,c)—_u R X S a <

Kanuren
TsNo Ha Kopaso
BKNKOYEHNe

Cnaba
noysa

Que. 5. MpuHyunHa cxema Ha 3eMHa 0CHO8a, No0obpeHa ¢ Kopasu ekyeHus [1]
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N3YNCIIUTENHA METONKA

N3uncnntenHuaT aHanus e u3BbpLUeH ¢ nporpamHata cuctema Tower 8 [10] 4pes npocTpaHCTBEH
MOZEN Ha BpbXHATa KOHCTPYKUMS U 3eMHaTa OCHOBa, MpeAcTaBeHa KaTo MHENHO-ENAcTUYHO
“3onapameTpuyHO nonynpocTpaHcTBo. CpaBHEHM ca ABa BapuaHTa C edHakBa reomMeTpusi, (hyHoaMeHTHa
CXeMa W HaTOBapBaHWS: HETPETMPaHa OCHOBA U NOKANHO NoaoOpeHa OCHOBA C KOPaBYW BKITHOYEHUS.

3a HeTpeTMpaHusi BapuaHT ca W3non3eaHn AeOpMaLMOHHUTE XapaKTEPUCTUKM Ha ECTECTBEHUTE
MOYBEHN MNACTOBE OT WHXEHEPHO-Te0NOXKNS foknaa. Npu nogobpeHns BapuaHT cuctemarta ,noyBa—kopasy
BKMKOYEHMS" e NpeacTaBeHa Ypes ekBMBaneHTeH fedopmalLyoHeH Moayn 3a Besika 3oHa [1]:

Eeq=n,as_Ec+(1 _as),Es (1)
KbOeTo:

E:=9000 MPa - gedopmaLMoHeH MOy Ha MaTepuara Ha BKITYeHNATa;

Es=10 MPa - nedhopmaLmoHeH Moayn Ha nogobpsiBaHUs NOYBEH NNACT;

s — KOEPULMEHT Ha 3aMECTBaHE;

n=0.85 — KopeKUMOHEH KOeUUMEHT 3a Cpsi3BaHe.

Tabnuya 2. ExguganeHmHu deghopmalUOHHU XapakmepucmuKu Ha 30HUME C KOPasU KITIYeHUSs

Mogyn Ha Mogyn Ha Koed. Ha KopekunoHeH MpoekTHo
Psac[:;?p 'u":"[';?p BKMIOYEHUATA noysara 3aMecTB., KoehuLMeHT npuet
’ ’ Ec, [MPa] Es, [MPa] as, [%] n, [-] Eeq, [MPa]
1 2 3 4 5 6 7

1.80 2.48 200
2.00 2.01 163
2.20 0.32 9000 10 1.66 0.85 140
2.40 1.40 120
2.60 1.19 100

M3uncnennte CTOMHOCTU Ha Eeq Hamanseat ot 199.6 MPa npu pactep 1.80 m go 100.9 MPa npu
pactep 2.60 m. B npocTpaHCTBEHUS MOAEN Ca M3MoMn3BaHW NPoekTHO npuetute ctomHocTu 200, 163, 140, 120 n
100 MPa 3a pactepu cvoteTHO 1.80, 2.00, 2.20, 2.40 1 2.60 m. O606LieHNTEe NapamMeTpK 3a NETTE 30HK ca
npeacTaseHu B Tabnuua 2. 3o0HNTe ca BbBeEHW cropes AeNCTBUTENHOTO pa3nonoXeHne Ha BKIKYEHUsTa, a
rpaHnLMTe MEXAY TSX NPEMUHABAT MEXAY EANHUYHUTE (DyHOAAMEHT.

CpaBHEHMETO € W3BBLPLIEHO 3a KBA3WUMOCTOSHHAaTa KOMOWHAUMA Ha Bb3LelcTBMSATa MO MbHUTE
CnsiraHmsl, OTHOCUTENTHUTE CSraHNs U 3aBbpTaHusiTa Ha PyHOAMEHTUTE.

MogesbT ce 13non3sa 3a cpaBHeHWe Ha obLuTe gedopMaLn npu HeTpeTupaHa 1 nogobpeHa 3emMHa
OcHoBa. HOCMMOCNOCOBHOCTTA Ha OTAENHUTE BKIHOYEHUS M OTPULATENHOTO TPUEHE HE Ca pasrnefaHn U
cnefsa aa 6baaT npoBepsiBaHK OTAENHO NpU UANOCTHOTO NPOEKTMpaHe Ha cuctemara [1, 5, 11].

PE3YNTATU 1 AUCKYCWA

[pu KBA3MNOCTOSIHHATA KOMOMHALMS MAKCUMAnHOTO CrsiraHe 3a HeTpeTMpaHaTa 0cHoBa fJocTtura 174
mm (dur. 6). Cneg BbBeXgaHe Ha 30HMPAHOTO NoaobpsiBaHe MakCUManHOTO cnsraHe Hamansea ao 71 mm,
T.€. ¢ npnbnuauntenHo 59% (dwur. 7). Mony4eHOTO MaKCMMarHO CrsiraHe e nog NPUEeTHS 3a NPOEKTa KpUTepUii
Sim=120 mm.

[MocnenoBaTeNHOTO yBENMYaBaHe Ha pactepa Hamanssa npueTus eksuaneHTeH mogyn ot 200 MPa B
Hal-MHTEH3MBHO nopobpeHata 3oHa g0 100 MPa B npexogHata 3oHa. [lo-BucokaTa KopaBuHA €
KOHLEHTpMpaHa B y4acTbUWTe C Haii-HebnaronpusiTHM NOYBEHM YCIOBMSI W OTHOCUTENHO MO-roNemMu
HaTOBapBaHusl, a KbM NepudepusTa Ha NogobpeHNeTo T HamansBa nocneaoBaTenHo.

W3onuHunTe Ha cnsraHeTo OTpassBaT MOCTENEHHOTO HamansiBaHe Ha MnpueTata KopaBuHa OT
OCHOBHaTa nogobpeHa 30Ha KbM eCTecTBeHaTa OCHoBa. [MonyyeHuTe pesynTaTit NO3BOMNSABAT KOMMYECTBEHO
CpaBHEHWe Ha MakCUManHuTe cnsraHns. EQekTbT BbpXy OTHOCUTENHUTE CRSiraHUs W 3aBbpTaHusTa MOXe aa
Obae OLUeHEH eANHCTBEHO KavyeCTBEHO, Thbi KaTo He Ca NpeacTaBeHW YMCHeHn Npodunmn Npes rpaHuLmMTe Ha
30HUTE.
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s,nousa [m}/1000

Que. 6. M34ucneHu crisieaHus npu HempemupaHa 3eMHa 0CHOBa: NPOCMpPaHcmeeHo pa3npederneHue (20pe);
xapakmepeH npoghun Ha uzonuHuume (dony)

Que. 7. M3yucneHu criseaHust npu 30HUpaHo no0obpeHa 3eMHa 0CHO8a: NPOCMpPaHCMeeHo pasnpedeneHue (20pe);
xapakmepeH npoghun Ha uzonuHuume (dony)
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N3MbJIHEHWE HA NMPOEKTHOTO PELLEHNE

[MPOEKTHOTO peLUeHVe € peanuanpaHo Ha NnoLaakata Ypes U3MbiHEHNE Ha HeapMuUpaHU GETOHHM
KOpaBK BKIIOYEHUSI CbC CneuuanuanpaHa BepuxHa MexaHusaums. /13non3saHn ca aga pasnuyHu HauvHa 3a
MPOHWKBAHE W W3MECTBaHe Ha MoyBaTa — Ype3 POTALMOHEH MHCTPYMEHT C W3MeCTBALl LUHEK U MbIHO
“3MecTBaHe, U Ype3 BUOPALMOHHO BrpaxaaHe MoA HaTUCK Ha TpbOeH WMHCTPyMeHT. [pu u3ternsHeTo Ha
WHCTPYMEHTa Ce nogaBa OeTOHHATa CMeCc M M0 TO3M HayuH ce (hopMupa TAMOTO Ha BKMKOYEHMETO.
W3non3saHaTa MexaHu3aLus e nokasaHa Ha ®urypa 8, a TexHonornyHaTa nocneaoBaTenHocT — Ha durypa 9 u
®urypa 10. XapaKkTepHo v 3a iBeTe TEXHONOMM €, Ye NOYBaTa He Ce U3BMNMYA Ha MOBBPXHOCTTA, a Ce U3MEeCTBa
CTPaHUYHO NpU NPOHWUKBAHETO Ha MHCTPYMEHTA. ToBa orpaH1yaBa 0bpa3yBaHETO Ha 3eMHM Macy 3a 13BO3BaHe
W ynecHsBa opraHusaumsTa Ha paboTHata nnowaaka. B 3aBucMOCT OT Buaa Ha noyBaTa M3MECTBAHETO MOXE
[a [0Befe M [0 NOKANHO YNibTHSBaHE U MOBULWIABAHE HA CTPAHWYHUTE HAMPEXEHWS OKOMO BKIHOYEHUSITA,
KOeTO AonpuHacs 3a 06LoTo nogobpsiBaHe Ha 3eMHaTa OCHOBA.

KopaBuTe BKMIOYEHUS Ca W3MBIHEHW CbIMACHO MPOEKTHOTO PasnofioXeHue MOA eauHUYHUTE
(yHOAMeHTW M Nof HacTurnkata Ha ToBapHata 3ana. Cnea M3MbiHEHWETO Ha BKIKOYEHUSTA € MOMOXEH

pa3npeaenawnar Crow o1 YTbTHEH TPOLUEH KaMbK 40 NPOEKTHOTO HUBO Ha cbyH,u,MpaHe.

- i N P
Tl - ﬂ—- = 4 i L®

Que. 8. CneyuanusupaHa MexaHu3ayus U UHCMPYMEHMU, U3N0I38aHU NPU U3NBIHEHUEMO Ha KOpasuUme BKIIYEHUS:
POMayUoHeH UHCMPYMEHM C NBIIHO U3MeCmeaHe Ha noysama (115160); 8ubpayuoHHa enaga CbC 3axgalyaly MexaHu3bm
3a mpbbeH uHcmpymeHm (0sicHo)

Que. 9. TexHonoeus Ha uU3nbiiHeHUe nocpedcmeoM uamecmsaly, WHek (menard.com).
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®ue. 10. TexHomoaus Ha U3nbIHEHUe hocpedcmeom subpayuoHHo Oelicmeue nod Hamuck (menard.com).

3AKINMIOYEHWE

3a pasrnexgaHus NOrMCTUYEH KOMMEKC JTOKANHO pasnpoCTPaHEHUTE NpaxoBu W NPaxoBO-rIUHECTU
NnacToBe BOAAT 4O MakCUManHO M34UCNEHO crnsraHe 174 mm npu HeTpeTupaHa OCHOBA. 30HMPaAHOTO
nogobpsisaHe ¢ HeapMmpaHu GETOHHM KOpaBK BKMOYEHMS ¢ AnameTbp 320 mm HamansiBa CTOMHOCTTa 4o 71
mm, unm ¢ npubnuantenHo 59%.

MpomsHaTa Ha pactepa ot 1.80x1.80 go 2.60x2.60 m HamansBa koeuUMEHTA Ha 3aMECTBaHE OT
2.48% po 1.19% v npueTuns exsuBaneHTeH gedopmaumoreH mogyn ot 200 go 100 MPa. Taka Han-BucokaTa
KOpaBKHa € KOHLEHTpUpaHa B Ha-HebnaronpusTHUTE 1 OTHOCUTENHO MO-TEXKO HATOBAPEHM y4acTbLy, a KbM
ecTecTBeHaTa 0CHOBa e 0(hOpMeHa NpexoaHa 30Ha.

lMpy NoKamHO pasnpocTpaHeHn AeopMUpYeMM MOYBM He € AOCTaTbYyHO [a Ce OCUrypu BUCOKa
KopaBWMHA CaMO B TpeTupaHata 30Ha. CblUecTBEH € W MpexogbT KbM €CTeCTBeHaTa 3eMHa OCHOBa.
M3non3BaHuaT MOAen e Noaxodsly 3a CpaBHUTEMNHA OuUeHka Ha rnobanHuTte AedopmMauuu, HO He 3ameHs
rioKanHMTE NPOBEPKW Ha BKMIOYEHUSATA, pa3npeaensys crov 1 noysata Mexay TsX.
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YTOYHEHME HA TEOMEXAHUYHATA TEOPUA 3A EKCTPEMHU A bNBOYUHNU

Hukonai XeueB, n_rafailov@abv.bg
Pachann Pachaunnos, r_rafailov@mgu.bg

ABSTRACT

This paper presents a refined geomechanical framework for the analysis of plastic zone development around
underground excavations at extreme depths. The study proposes a modified analytical model based on the
classical Bulychev theory, extended to account for key physical processes relevant to deep mining conditions,
including thermal stresses, time-dependent behavior (creep), and tectonic stress anisotropy.

A comparative analysis of established models—Protodyakonov, Hoek-Brown, and Bulychev—is performed to
identify their applicability and limitations. The proposed formulation introduces an equivalent stress
representation for anisotropic stress fields, a thermally induced stress component derived from thermoelastic
theory, and a logarithmic time-dependent function to capture creep effects. These modifications are integrated
into a unified expression for the radius of the plastic zone.

The model is applied to the TauTona gold mine in South Africa (depth ~4000 m), demonstrating improved
agreement with observed field data. Results indicate that the modified model predicts larger plastic zones and
increased convergence compared to classical approaches, providing a more conservative and realistic
assessment of rock mass behavior under extreme conditions.

The findings confirm that traditional models tend to underestimate deformation and plastic zone extent at great
depths, while the proposed approach enhances predictive accuracy and supports safer design of underground
structures. The model is particularly suitable for deep mining and tunneling applications, where coupled
thermo-mechanical and rheological effects are significant.

Keywords: geomechanics, plastic zone, deep mining, rock mechanics, Bulychev theory, thermal stresses,
creep behavior, stress anisotropy

1. BbBegeHwue

Mpu pbn6ounHm Hag 3000 m knacuyeckata Teopust Ha BynblMoB AaBa CUCTEMATUYHO MO-Marku
CTOWHOCTM Ha NfacTUyHaTa 30Ha, Tbi KaTO HE OTYMTA TEPMUYHUTE HaNPEXEHUS, TEKTOHCKATa aHU30TPONKS 1
Mbn3eHeTo. HacToAwmaT foknag npegnara moguuumpana gopmyna, Bepuduumupada ¢ AaHHU OT PYOHVK
TayToHa (4000 m).

/scnedBaHeTo NpeacTaBs TPU OCHOBHW MOAXOAA, KOMTO Ca OKasanW 3HAYMTESTHO BIMSHUE BBbPXY
pasBMTMETO Ha Haykata (Goodman, 1989). B ocHoBaTa Ha CbBpeMeHHWUTEe pa3paboTkn CTow
dyHaameHTanHuaT Tpyg Ha npod. H. C. Bynbivos (Bulychev, 1982), 4unTo TEOPETUYHM MOCTUXEHMS ca
BepuduMumMpaHu 1 paswupeHn BbB BTOPOTO M3gaHue (Bulychev, 1994). 3a npunoxeHue npu ekCTpemHM
obnboumHn (4000 m) knacuyeckata  TEOPWUSt  M3UCKBA  MOAMMMKALMKM,  BKIHOYBALLM TEPMUYHM
HanpexeHns, BpemMe, 3aBUCMO NMOBEAEHME (MbN3EeHE) 1 TEKTOHCKA aHU30TPONKS.

2. CpaBHMTENEH aHanu3 Ha MOAeNMTE U 06N1acTy Ha NPUOXeHNe B HeNMHeHaTa MeXaHUKa Ha
NNAcTUYHUTE 30HHU

CpaBHUTENHMAT aHanW3 Ha TpUTe OCHOBHM Mogena - Ha [lpomodskoHos, Xyk-bpayH u  bBynbi4os,
no3BosisBa Aa Ce UAeHTUdMUMPaT TEXHUTE MPEAUMCTBA, OrpaHUYEHIs 1 ONTUMAnHK 06nacTi Ha NPUNOXeHne
(Brown, 2008).

ObobuieHa hopma Ha TpuUTe Mogena Moxe Aa ce NPeacTaBm KaTo:

F(o,P)=0 (1)
kbeTo P e BeKTOp Ha napameTpuTe 3a CbOTBETHUS MOLEST.
Kputepuin 3a n3bop Ha mogen:
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M, =argmifaE(M)+ FC(M) -y A(M)] )

kbaeTo: E(M) - rpeLka Ha Moena CnpsiMo ekcniepuMeHTanHm aanHu; C(M) — CroxHOCT Ha npunaraxe;
A(M) — apgekBaTHOCT 3a KOHKpeTHaTa 3agaua; a,B3,y — TerMOBHU KOe(ULIMEHTM.

MepcnekTuBM 3a MHTErpaums
CbBpeMeHHUTEe TEHOEHUMM BOAAT KbM pa3paboTBaHETO Ha XuOpWAHM MoZenu, KouTo KoMBuHupaTt
npeauMMmcTBaTa Ha pasnuynute nogxoau (Singh & Rao, 2005):

Fyy

Ywi=1, wi>0 4)
KbOETO Wy, , W, , Wy Ca TEITIOBHU KOG(*)I/ILLMGHTM, onpeaenaHn 4pes o6paTeH aHanm3 unn MalllHHO

brid — WipEyp + Wp o + Wi Fy 3)

obyueHve.

Cno>xxHocT
(no-Hucko = no<fobpe)

peluka
o = no-nobpe)

AnekBaTReCT
(no-Bncoko = no-pobpe

—@— [1pOTOASKOHOB -ili- Xyk-BpayH =k - BysbIYOB (MOAUMDULIMPAH)

Queypa 1. CpasHumeneH aHanu3 Ha modenume no Kpumepuu — padapHa Ouazpama 3a [pomodskoHos, Xyk-bpayH u
moducpuyupaH bynbiios Moden — no mpu Kpumepus: epewwka cnpamo ekchepumMeHmainHu OaHHU, CrI0KHOCM Ha
npunazaHe u adekeamHocm 3a Ob/I60KU yCrosus

I'Ipm BCUYKWN KPUTEPUKM NO-BUCOKATA CTOMHOCT 03Ha4aBa I'IO-6J'|aFOI'IpI/IFITHO noBegeHne, a no-ronamaTa
Nnnow, Ha pafgapHata guarpamMa nokassa I'IO-,El,O6p0 CbBKYMHO npeacraBaHe. MopenbT Ha npOTOﬂﬂKOHOB ce
OTnn4aBa C HUCKa CNOXHOCT Ha NpUioXeHne, HO C No-orpaHi4YeHa afeKkBaTHOCT 3a €KCTPEMHN AbN6OYMHM.
MogenbT Ha XyK-BpayH 3aemMa MeXxguHHa nosnuma u ocurypasa BanaHc MeXay TOYHOCT, NPUNOXMUMOCT U
CITOXHOCT. MO,D,I/I(*)MLI,VIpaHMFIT mogen Ha ByJ'IbNOB “UMa Hai-ronsMa CbBKYyMHa nnoly, KOETo BK3yanHO
obocHoBaBa HEroBoToO M3non3eaHe kato 6asa 3a aHanu3 Ha Hal'lpeFHaTO-,D,e(*)OpMVIpaHOTO CbCTOAHKE NPU
ronemm obnooYnHu.

3. Mogudmumpana Teopus Ha BynbivoB 3a ekcTpeMHU AbN604MHM (4000 m)

MpeanoxeHata MoauduKaLms NpeacTaBnsaBa WHXEHepHO 060CHOBAH CUHTE3 Ha KacuyeckaTa Teopus
C YTBbPAEHN U3NYHN MexaHu3MK, HabnogaBaHy Npu ronemy AbAboYnHK, U cressa Aa ce pasrnexaa kato
pasLUMpeHue, a He KaTo 3aMecTBaHe Ha OpUrMHanHus Mogern.

3a npunoxexne npu gbnboumHa 4000 m  knacuyeckata Teopus Ce [OMbABA € TEPMUYHM
HanpexeHus, BpeMe3aBUCUMO  MOBefeHNe  (MTbfI3eHe) M TEKTOHCKka  aHusoTtponug.  Moaudukauuute  ca
N3BEeAEHN OT YTBBbPLAEHW (DU3NYHM MEeXaHu3MM (TepMOEenacTUYHOCT, peonorns Ha MakcBen, TEKTOHCKM
MOZenu) U ca nog4YepTaHn B ypaBHEHWSITa No-40Ny.
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3.1. OTyMTaHe Ha TEKTOHCKA aHM30TPONMUS

Mpu gbnboumHa 4000 m XOPWU3OHTANHWTE HAMPEXEHWS 3HAYUTENHO MpeBMULIABaAT BepTUKaNHUTE
nopagn TEKTOHCKM mpouecy. To3W noaxod ce OCHOBaBa Ha OOLLOMPUETM KOHLENUWW B reoTexHukata 3a
MOZenvMpaHe Ha aHM30TPOMHK HayarHu noneTa Ha Hanpexenue. Te ca LMPOKO 3aCTbNEHN B CTaHOAPTHM
pbKoBOACTBa 3a coptyepHu nakeTun (kato DIANA) v B HayyHaTa nutepatypa (Amadei, B., 1996) .Bbeexaa
Ce KOE(MULMEHT Ha CTpaHM4eH HaTucK K, W aHu30TPOnMsl Ha Ha4varHoTO HarperHato CbCTOSHUE:
o,=K,o,, K,,0,,= K0, xbgeto o, =yH,a K;, u K, caKoeduL1eHTUTe B [JBE XOPU3OHTaHM
HanpasneHns. EeKTMBHOTO HayanHO HanpexeHWe 3a U3YUCreHWe Ha paguyca Ha nnacTuyHaTa 30Ha ce
onpeaens kato CPeAHO XUAPOCTaTUYHO:

o,+0,+0, 108+194,4+129,6
= 2 =144 MPa (5)
3 3
3a pyaHuk TaytoHa (TauTona, HOxHa Adpuka) ce npuema o, =108 MPa, o,, =194,4 MPa (K|,

=1,8), 5,,=129,6 MPa (K,,=1,2).

dopmynata (5) npeAcTaBnsiBa ONMPOCTEH WHXEHEPEH MOAXOA, KOWTO TPaHCHOpMUpa CrIOXHOTO
aHM30TPOMHO TMOME Ha HamnpPeXeHUsiTa B eKBMBANEHTHO XWAPOCTAaTUYHO (CPeAHO) HampexeHue. ToBa
No3BOrIsiBa U3NON3BAHETO Ha KrackyeckaTta, akchanHo-CMeTpUYHa aHanuTYHa dopmyna Ha bynblvoB, kaTo
CbLLEBPEMEHHO CE OTYMTA pearnHaTa aHN3OTPONMS, MPUYMHEHA OT TEKTOHCKN NMPOLIECH.

3.2. BkntoyBaHe Ha TEPMUYHW HaNpexeHus

TeMmnepaTypHuAT rpagueHT Mexay ckanata u Oxnaxaaliata BeHTUnauusi cb3gaBa AOMbIHUTENHN
HanpexeHus. 3a CTauMoHapeH TOMMHEH NOTOK B Kpbria 13paboTka TEPMUYHNTE HANPEeXeHUs ce onpeaenst
no ¢popmynara:

EaAT
O-thermal = ﬁ (6)

kbaeTo AT e TemnepaTypHaTa pasnuka mexagy AbnbounHata u nosbpxHocTTa. 3a TaytoHa AT=40°C,
E=70 GPa, a=12- 10°K" ',v=0,25, nonyyasa ce o, 44,8 MPa.

hermal —

ToBa e knacuyecka hopmyna OT TeopusiTa Ha TOMMONPOBOAHOCTTA U TEPMOENACTUYHOCTTA, KOSTO Ce
npunara B MexaHukata Ha ckanute (Wu, Z. et al. , 2024). TemnepaTypHUST rpagueHT Mexay ropellara ckana
Ha ObnbounHa M Bb3gyxa B u3paboTkata cb3daBa AOMbAHMTENHM HanpexeHus. MoaudukauusaTa ypes
pobassHe Ha o [kbM uynMcnuTens Ha dopmynata 3a paguyca Ha nrnactuyHata 30Ha yBenuyasa

thermal
eheKTMBHOTO MOMle Ha HamnpexeHWsTa, KOETO BOAW [0 paslWwwupsiBaHe Ha 30HaTa Ha HeobpaTtumu
AecopmMaLmm.

BkniouBaHETO Ha TEPMUYHMS KOMMOHEHT € O0COBEHO BaxHO npu AbNOOKM PYAHWLM, KbAETO
TeMmnepaTtypHUTE rpagueHTn ca CbIocTaBUMM M0 KT C MEXaHUYHWUTE HarnpexXeHns

3.3. BpemesaBucumo noseaeHue (mbiseHe)

Ckanute Ha ronsama gbnboynHa NposiBsBaT Mb3eHe, KOeTO BOAW O YBENMYaBaHe Ha nnactuyHaTa
30Ha ¢ BpemeTo. BrBexpaa ce Bpemem aktop f(t), sseaeH ot peonornyHus mogen Ha Makceen( Dong, H. 1
Gao, Q., 2019), (Tran, M.-N. et al. , 2020):

6y =1+kin| 1+L )
Z‘0
kbaeTo k=0,1+0,2 (napameTbp Ha mbn3eHe), t0 — xapaktepHo Bpeme (Hanmp. 1 roguHa). 3a 10 roguHu
ekcnnoatauus f(ty=1,25.
OyHKumsTa (7) (norapuTMUYHa 3aBMCMMOCT) € OMPOCTEH PEONorYeH MOZen, YecTo M3non3BaH 3a
OnuCaHve Ha 3aTuxsallaTa ba3a Ha MbfideHe. TS Mokassa, Ye C TeYeHMe Ha BPEMETO MnacTuyHaTa 30Ha
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npogbikaBa Aa HapacTBa (Makap M C HamansBalja CKOPOCT), KOETO e OT pellaBallo 3HayeHvwe 3a
ObRrocpoyHaTa cTabunHoCT Ha u3paboTkuTe.

MpeHebpersaHeTo Ha BpeMe3aBuCMMUTE eqeKkT MOXe Aa JoBede [0 CbLyeCTBEHO MOALeHsBaHe Ha
necopmaLmmTe U CbOTBETHO 0 HEaleKBaTHO Opa3MepsiBaHe Ha KPENeXHUTE CUCTEMM.

3.4. MoanduumpaH paguyc Ha nnacTuyHaTa 3oHa

ToBa e kpanHaTa, UHTErpupaHa opmyrna, KosTo CbyeTaBa Knacuyeckus Mogen Ha bynbivos ¢ ropHute
TPU Mogndvkaumn. TS He e AMPEKTHO UWTUpaHa, a NpeAcTaBnsiBa CUHTE3 OT CbBPEMEHHW WM3CNeaBaHus,
KoWTO HaarpaxaaTt knacuyeckarta Teopust (Wu, Z. et al. , 2024), (Dong, H. n Gao, Q. , 2019) .
KomBuHMpaiki ropHuTe hakTopu, paguychT Ha NnacTuyHaTa 30Ha Ce U34ncnsBa no:
74 L
mod 2(pg K¢+ CCOt¢ + O-thermal) K¢’

R,"=1 (K, +)(p, + Ccotd) SO ®)

MoavduumpaHata opMyna (8) 3aMecTBa MbPBOHAYANHOTO XMAPOCTATUYHO HarpexeHue Fo ¢
off
KOMBMHALMA OT CPEHOTO aHM30TPOMHO HanpexeHre 0 1 ToNNUHHOTO HanpexeHue o, . . OcBeH ToBa

pobass MHoxuTen f(t), KoMTO ckanupa pesynTata BbB BpemeTo. [10 TO3M HayuH TS JaBa MO-TOMHA U
peanucTMyHa OLEeHKa 3a paguyca Ha HeobpaTumuTe gedopMaLm npu KOMMNEKCHUTE YCoBUS Ha AbNBOKMUS
PYLHUK.

4. WnTepnpeTauun 3a Hai-Abnookua pyaHuk B ceeta (4000 m) no moaudmumpaHata Teopus Ha bynbiyos

4.1. OCHOBHW XapaKTEPUCTWKN 1 paamycy Ha niacThyHa 30Ha

PyoHuk TaytoHa (TauTona), tOxHa Adpuka: [dbvnboumHa: 3900-4000 m nog NOBBLPXHOCTTA;
Temnepatypa Ha ckanata: 55-60 °C Ha gbHOTO; BeptukanHo HanpexeHnue: ~108 MPa; XopwaoHTamnHo
HanpexeHwve: 1,5-2,5 mbTn BEpTUKANHOTO (TEKTOHMYEH CTPEC).

EZ] Bes nopapbxKka
=3 Cnoaapbxka

wu
o
1

47.0

sy
o
1

30.0

w
o
1

N
o
L

16.0

Paguyc Ha nnacTuyHaTa 30Ha [m]

14.0
12.0 11.0
10 8.0 9.0
0
OCHOBEH CTBOJI Xopu3oHTaNHa OyncHa kamepa ApKOB TyHen
n3paboTka (knio4 Ha csofia)

Tun npaboTka

Queypa 2. Paduyc Ha nnacmuyHama 30Ha 3a pa3nuyHu munose uspabomku

durypa 2 nokassa paguycuTe Ha niacTMyHaTa 30Ha 3a YeTUpU Tuna u3paboTku B pyaHUK TayToHa
(abnboymnHa 4000 m) — OCHOBEH CTBOI, XOPM3OHTaNHa 13paboTka, O4MCHA KaMepa U XOPU3OHTAmNeH TyHen ¢
apkoBa ¢hopma (B kntoya Ha cBoAa). Han-ronsima nnactuyHa 30Ha ce Habntogasa nNpu ouncHata kamepa — 47
m 6e3 noaapwxka 1 30 m c nopapwbxka. OCHOBHMAT cTBON MMa pagnyc 12 m 6e3 noaapwbxka 1 8 m ¢
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nogapbxka. Mpn apkoBUsS TyHEN KOHLEHTpaUMsiTa Ha HanpexeHus B KNova Ha CBOAA BOAW 4O NOKamHO
paslMpsiBaHe Ha NnacTuyHata 30Ha Ao 14 m 6e3 nopaapbxka. Ynucnata Hag cTbnboBeTe NOKa3BaT TOYHUTE
CTOMHOCTM B MeTpW. TO3W aHanW3 nogyepTaBa KpUTUYHATa ponst Ha MopapbkkaTta 3a OrpaHnyaBaHe Ha
HeoGpaTumuTe gedopmauum.

4.2. PasnpefeneHve Ha HanpexeHusita (OCHOBEH CTBOJ) — MOAMDULMPaHO

CbC CTOMHOCTMTE OT MOAM(MUMPaHUS MOZEen ce Npeusyncnsasat HanpexeHusTa. Mpur=7m B
nnacTnyHaTa 30Ha:

3,60
o=(0+ 23,836)(%} —23,836 =53,9 MPa

0,=4,60-53,9+(4,60-1)-23,836 =333,8 MPa

Tean CTOMHOCTM OCTaBaT OnM3KM 00 Knacuyeckute, TbA KaTo MOD,I/ICbI/IKaLI,I/IMTe BNINAAT OCHOBHO Ha
paanyCa Ha nnactuyHata 30Ha, @ HE Ha JIOKalHOTO pasnpeferieHue. |-|pl/l r=15m B enacTuyHaTta 30Ha:

2,15
or,=23,836( ’5 ] 23,836~ 295,5 MPa

12,15Y
o =194,4—(194,4-295,5) S TH = 260,8 MPa

0,=194,4+(194,4-295,5)-0,656 =128,0 MPa

Tabnuya 1. CpasHeHue Ha pa3npedesieHuemo Ha HanpexeHusma (knacuyecku u ModuguyupaH moden)

i | som |7 | ) [ 7 ) e
5 I'panuna 0 0 0 0
7 ITnactnuna 53,9 333,8 53,9 333.,8
10 I'panuma 265,2 265,2 - -

12,15 I'panuma - - 295.5 295.5
15 Enactuuna 225.8 163 260,8 128
20 Emactinuna 209,8 146,6 242.5 135,9
30 Enacruuna 199,5 136,9 219 141,3

Ourypa 3 npeacTass pasnpeaeneHneTo Ha paguanHuTe (NTbTHA NUHKS) U TaHreHUManHuTe (MyHKTUpaHa
NMHUS) HaNPEXeHUst OKONO OCHOBHUS CTBOS Ha AbnboynHa 4000 m, M34ncneHn No MoanduLMpaHns Mogen.
BepTukanHaTa nyHKTMpaHa nMHUS Npu ro = 5 m Mapkupa CTeHaTta Ha CTBOMa, a BepTukanHata Touka-Tupe npu
R = 12,15 m - rpaHnyata mexagy nnacTuyHata M enacthyHaTa 3oHa. B nnactuyHata 3oHa (5-12,15 m)
TAHrEHUMarHOTO HanpeXeHue HapacTBa ps3KO, AOKATO pafuanHOTO HampexeHWe € HUCKO W HapacTea
nnaBHO. Ha rpaHuuata nnacTMyHa—enacTUyHa [BeTe HanpexeHns ce wuspasHsBat (=295 MPa). B
enactuyHata 3oHa (r > 12,15 m) TaHreHUManHoTO HanpexeHue cnaga u ce ctabunuavpa, a paguanHoTo
HanpeXeHue NocTeneHHo Hamansea. ToBa pasnpesereHre NoTBbpKAaBa KOHLEHTpaLMSaTa Ha HanpexeHns B
Brm3ocT Jo u3pabotkata M HeobxogumocTTa OT NOAApPbKKA 33 MOEMaHe Ha BMCOKATE TaHreHuuanHu
HanpexeHus.
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Queypa 3. PaznpedeneHue Ha paduanHume U maHeeHUUaIHUme HanpexXeHuUsi OKOI0 OCHOBHUS cmeon Ha ObiboquHa
4000 m (moducpuyupaH moden).

4.3. KoHBepreHums 1 ckanHu n3tnacksaHus

KoHBepreHLmsaTa Ha CTeHaTa Ha cTBora (7 =7, ) Ce U341cnsisa ro:

( R mod ) 2
u, :#( O.;lastic - é)lastic)
To

Ipu G=30 GPa, r0=5 m, 0" <128 MPa, o™ ~333,8 MPa, R/*"=12,15 m:

(12,15
u, =———128-333,8) = —0,101m =101mm
" 2-30000-5 )
Pesyntat: KoHBepreHuusTa ce yBenuyasa ot 57 mm (knacuyecku) go 101 mm (moguduumpaH), koeto
€ B ropHarta rpaHuua Ha Habniogasanute ctoinHocTvt (50-80 mm).

CkarnHo nstnackaaHe: EHepFVIFI, CbXpaHeHa B niiaCTn4yHaTta 30Ha:
1 ¢Rr
U~ EJ "(o2+ 02— 2vo,0. ) 2xrdr ~ 100150 MJ / m
[

4.4. CpaBHEHMWe C peanHu JaHHW OT pyaHuk TayTtoHa — Tabnuua 2

Kiacuuecka | Momudurmpana

Mapavers TeopHs Teopus (¢ TepM. |HaGmonaBano B| Pasmuka (Mo, —
P P (Bulychev, | namp., mbi3ene, Tayrona Hab1.)
1982) AHU30TPONHA)
Panuyc na 402
TUIACTUYHA 30HA, 10 12,2 8-12 2 (ropra
rpaHuLa)
m
+
KouBeprenims 57 101 50-80 21 (Hax ropHa
Ha CTBOJIA, MM rpaHuLa)

Hanpesxenne B

200-300 280-420 250-350 IMpuemnuso
ankepu, kN
Yecrora Ha
CKaJIHU Bucoka MHoro Bucoka | MHOro BHCOKa CboTBEeTCTBA

HM3TJIaCKBaHUA

3abenexka: MNo-Bucokata usuncneHa kousepreHums (101 mm) Hagxebpns HabnoaasaHus auanasoH (50-80
mm). ToBa MOXe Aa Ce AbIKM Ha KOHcepBaTUBHW npeanonoxeHus (Hanp. f(t)=1,25 3a 10 roguHu, gokaTo
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peanHoTo Mb3eHe Moxe fa e no-cnabo). Mpw f(t)=1,15 (cpeaHo) KoHBepreHumMsTa cTaBa okono 85 mm, koeTo
e B rpaHnuuTe. Bbnpeku ToBa MoguuumMpaHusaT Mogen aasa no-gobpa kayecTBeHa kapTuHa.

5. MpaKkT4eckn M3BOAU M Npenopbku

OcHoBHM mpobrnemn Ha abnboynHa 4000 m: PaswwupeHa nnactuyHa 3oHa (0o 12-16 m); Mongma
koHBepreHuus (4o 100 mm), uanckealla MHOTOKpaTHO MpekpensaHe; BMCOK pucK OT CKanHM M3TnackBaHus
(eHeprust > 100 MJ/m); TepMu4HK HanpexeHus oT nopsiabka Ha 45 MPa.

Ctpaterun 3a ynpaBneHue: M3non3saHe Ha komGuHupaHa nopgpbxka: aHkepu (300-400 kN) +
cTtomaHobeTOHHa 3anmBka; CTbnNanoBMAHO WM3KOMaBaHe C MEXAMHHA nogapbxka, MOHWUTOPUHT B peariHo
BpeMe (eKCTEH30METPM, MUKPOCEN3MMKA).

[MpeanoxeHnaT Mogen creaa Aa ce npunara ¢ NOBULLIEHO BHUMAaHWE MpU CUITHO XETEPOreHHN MacuBy,
OVMHAMUYHW HATOBApPBaHWS W HamMuMe Ha pasnoMHKM CTPYKTYpW, KbAETO NokanHWTe edektu Mmorat faa
LOMUHUPAT Haf pasrnexmnaHnTe MexaHu3mm.

Bbnpekn [obpoTo cboTBeTCTBME C HabntoaaBaHWTe JaHHW, MbfiHA BanuauWs Ha Mogena u3uckea
cUCTEMaTNYEH aHanm3 Ha MOHUTOPUHIOBM JaHHU OT MHOXECTBO AbIOOKM PyaHULM.
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TOPIC C

Measurements in geomechanics. Contact and remote
methods. Monitoring

U3MepBaHusA B reoMmexaHMkarTa. KOHTaKTHM n
AUCTAHLUMOHHU MeToAU. MOHUTOPUHI
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ABSTRACT

The increasing complexity of modern civil engineering projects requires reliable characterization of subsurface
conditions to ensure safe, economical, and sustainable geotechnical design. This review presents recent
developments in geotechnical site investigations, focusing on the integration of field exploration, soil sampling,
advanced in-situ testing, laboratory characterization, and engineering interpretation. Particular attention is
given to soil sampling procedures and specimen quality, as these directly influence the reliability of laboratory-
derived engineering parameters. Modern in-situ investigation techniques, including Cone Penetration Testing
(CPT/CPTu), Seismic Cone Penetration Testing (SCPTu), Flat Dilatometer Testing (DMT/SDMT),
pressuremeter testing, geophysical surveys, and continuous monitoring systems, are discussed with emphasis
on their complementary roles in site characterization. The review further summarizes recent advances in
laboratory testing, highlighting the application of resonant column devices, bender elements, advanced triaxial
apparatus, and cyclic testing for evaluating soil behaviour under static and dynamic loading conditions. Finally,
the paper discusses the growing importance of integrating geological interpretation, field measurements,
laboratory investigations, numerical modelling, and digital technologies to reduce uncertainty in geotechnical
design. The review demonstrates that modern geotechnical investigations increasingly rely on multidisciplinary
and integrated approaches rather than individual testing methods, providing more reliable engineering
parameters for contemporary infrastructure projects.

Keywords: geotechnical investigations, soil sampling, in-situ testing, laboratory testing, CPTu, triaxial testing,
soil characterization, geotechnical engineering.

1. Introduction

Reliable geotechnical design begins with reliable ground characterization. Regardless of the sophistication of
analytical methods or numerical models, the quality of engineering decisions cannot exceed the quality of the
geological and geotechnical information on which they are based. Consequently, geotechnical site
investigation constitutes one of the most important stages of every civil engineering project, providing the
information required for the safe design, construction, and long-term performance of geotechnical structures.
Insufficient site characterization remains a significant source of uncertainty, frequently contributing to
construction delays, unexpected ground conditions, increased project costs, and engineering failures.
Comprehensive investigation programmes therefore play a fundamental role in reducing geotechnical risk and
improving design reliability.

The rapid development of urban infrastructure, transportation systems, underground construction, offshore
engineering, and renewable energy facilities has substantially increased the demands placed on geotechnical
investigations. Modern projects require considerably more than the identification of soil layers and
groundwater conditions. Contemporary geotechnical engineering relies on the determination of representative
mechanical, hydraulic, and dynamic soil properties that accurately describe soil behaviour under various
loading conditions. Achieving this objective requires an integrated investigation strategy combining geological
interpretation, field exploration, laboratory testing, and engineering judgement rather than relying on isolated
testing methods.

During the last decades, remarkable progress has been achieved in both field and laboratory investigations.
Conventional borehole exploration has been complemented by advanced in-situ techniques such as Cone
Penetration Testing (CPT/CPTu), Seismic Cone Penetration Testing (SCPTu), Flat Dilatometer Testing
(DMT/SDMT), pressuremeter testing, and modern geophysical surveys, providing continuous information on
soil stratigraphy and engineering properties. At the same time, laboratory investigations have evolved towards
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advanced testing systems capable of reproducing complex stress paths, cyclic loading, and dynamic soil
behaviour with high precision. These developments have significantly improved the determination of
constitutive parameters used in numerical modelling and performance-based geotechnical design [1, 2].
Despite these technological advances, no individual investigation technique is capable of providing a complete
description of subsurface conditions. High-quality geotechnical characterization depends on the integration of
reliable sampling procedures, complementary in-situ testing, representative laboratory investigations, and
appropriate engineering interpretation. Recent developments in digital technologies, automated monitoring,
and data-driven analysis further support this integrated approach by improving data management and
reducing uncertainty associated with engineering decision-making. However, these technologies complement
rather than replace engineering expertise [3].

This review presents a concise overview of contemporary geotechnical investigation methods with particular
emphasis on their complementary roles in modern site characterization. The paper discusses recent
developments in soil sampling, advanced field investigations, laboratory testing, and integrated geotechnical
interpretation while highlighting future directions towards more reliable and sustainable geotechnical
engineering.

2. Modern Geotechnical Site Investigation

The primary objective of a geotechnical site investigation is to establish a reliable ground model that accurately
represents subsurface conditions and provides representative engineering parameters for design. Since soils
are naturally heterogeneous and their properties vary spatially due to geological history, depositional
processes, and environmental conditions, uncertainty cannot be completely eliminated. Modern site
investigations therefore seek to minimise this uncertainty through systematic planning, appropriate selection of
investigation techniques, and integrated interpretation of geological and geotechnical information. A well-
designed investigation programme not only improves the reliability of engineering analyses but also reduces
construction risks and project costs [1, 4, 9].

A contemporary investigation programme begins with a detailed desk study, during which available geological
maps, hydrogeological information, historical site records, previous investigation reports, and remote sensing
data are analysed. This preliminary stage provides the basis for selecting appropriate field methods,
determining the number and depth of boreholes, and identifying areas requiring more detailed exploration.
Such a risk-based approach has become increasingly important for large transportation projects, underground
structures, offshore developments, and urban construction, where ground variability may significantly influence
design decisions [4].

Borehole investigations continue to represent the fundamental component of geotechnical exploration because
they provide direct information on soil stratigraphy, groundwater conditions, and geological features while
enabling soil sampling and field testing. However, boreholes describe only discrete locations and may not
adequately capture the spatial variability of complex geological formations. Consequently, modern
investigation programmes increasingly combine conventional drilling with advanced in-situ testing and
geophysical methods to improve the continuity and reliability of subsurface characterization [4, 5, 6].

The scope of site investigation should always reflect the complexity of the engineering project and the potential
consequences of geotechnical failure. Projects involving deep excavations, high-rise buildings, tunnels,
offshore foundations, or critical infrastructure require substantially more detailed investigations than
conventional structures because of the higher demands placed on soil characterisation and numerical
modelling. In recent years, adaptive investigation strategies have gained increasing attention. Rather than
defining the entire investigation programme at the beginning of a project, additional field exploration is
performed whenever newly acquired information indicates greater geological complexity than initially
anticipated. Such an approach improves both technical reliability and economic efficiency [5, 7].

An important feature of contemporary geotechnical investigations is the integration of complementary
techniques within a single site characterisation programme. Boreholes provide geological verification and
enable specimen collection, penetration tests supply continuous mechanical profiles, geophysical surveys
improve spatial interpretation, and monitoring systems verify the behaviour of the ground during construction.
The value of an investigation programme therefore depends not on the number of individual tests but on the
ability to combine multiple sources of information into a consistent engineering ground model [8] .
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The evolution of modern geotechnical investigations reflects a transition from descriptive site exploration
towards quantitative ground characterisation. The emphasis has shifted from identifying soil layers to
understanding soil behaviour under anticipated loading conditions. Consequently, field investigations are
increasingly designed not as isolated measurements but as the first stage of an integrated process that
continues through laboratory testing, engineering interpretation, and numerical modelling.

Engineering implications. A successful geotechnical investigation is achieved through appropriate planning
rather than the application of a single advanced testing method. The integration of geological knowledge,
borehole observations, field testing, and engineering interpretation provides a reliable basis for design while
reducing uncertainty associated with subsurface variability. This integrated philosophy also establishes the
framework for obtaining representative soil samples and selecting laboratory investigations appropriate for the
engineering problem under consideration [9].

3. Soil Sampling and Advanced In-situ Investigations

The reliability of geotechnical parameters depends not only on the selection of appropriate investigation
techniques but also on the quality of soil specimens and the representativeness of field measurements.
Consequently, soil sampling and advanced in-situ testing should be regarded as complementary components
of a unified site investigation programme rather than independent activities. Their combined application
enables the development of reliable ground models while reducing the uncertainty associated with subsurface
variability [6, 10].

Obtaining representative soil samples remains one of the greatest challenges in geotechnical engineering.
During sampling, soils experience stress relief, mechanical disturbance, and changes in moisture conditions,
all of which may modify their natural structure and engineering properties. These effects are particularly
pronounced in soft clays, organic soils, and highly sensitive deposits, where even minor disturbance may
significantly reduce measured stiffness and undrained shear strength. Therefore, preserving the in-situ
structure of the soil is essential for obtaining reliable laboratory parameters [2, 5, 11].

The choice of sampling technique depends on soil conditions and the intended laboratory programme. Thin-
walled Shelby tubes continue to be widely used in cohesive soils because they provide satisfactory specimen
quality for routine engineering investigations. For advanced laboratory testing requiring minimal disturbance,
piston samplers offer significant advantages by reducing stress redistribution during penetration and sample
retrieval. Block sampling remains the preferred technique for research applications and high-quality
constitutive testing, whereas artificial ground freezing provides one of the few effective solutions for recovering
undisturbed specimens from loose sands and gravels. Regardless of the sampling method, careful
transportation, storage, and specimen preparation are equally important for preserving sample quality [6, 7,
12].

While sampling provides material for laboratory investigations, modern in-situ testing delivers continuous
information on the spatial variability of soil properties. Among available techniques, Cone Penetration Testing
(CPT) [23] and the piezocone test (CPTu) have become reference methods for subsurface profiling owing to
their repeatability, high resolution, and extensive empirical database. Continuous measurements of cone
resistance, sleeve friction, and pore-water pressure enable rapid identification of soil stratigraphy and support
the estimation of strength, stress history, and deformation characteristics [2, 13].

The introduction of seismic measurements into penetration testing has further expanded the capabilities of
field investigations. Seismic Cone Penetration Testing (SCPTu) combines conventional CPT measurements
with shear-wave velocity profiling, providing valuable information on small-strain stiffness and dynamic soil
behaviour. Because shear-wave velocity is largely unaffected by sampling disturbance, SCPTu represents an
important link between field investigations and advanced laboratory testing [14].

Flat Dilatometer Testing (DMT/SDMT) [24] and pressuremeter testing provide additional information regarding
in-situ stiffness, horizontal stress conditions, and deformation characteristics. These techniques are particularly
valuable for settlement analyses, foundation design, and the calibration of constitutive models. Rather than
replacing CPTu, they provide complementary information describing different aspects of soil behaviour.
Consequently, contemporary investigation programmes increasingly combine several field techniques to
improve the reliability of engineering interpretation [15, 16].
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Geophysical investigations have become an integral part of modern geotechnical exploration. Methods such
as seismic surveys and electrical resistivity tomography enable rapid assessment of subsurface continuity and
facilitate interpolation between boreholes and penetration tests. Their greatest value lies in improving
geological interpretation and identifying spatial variability over large investigation areas. When integrated with
conventional geotechnical methods, geophysical surveys significantly enhance confidence in the resulting
ground model [17].

Recent developments increasingly combine borehole investigations, advanced in-situ testing, geophysical
surveys, and continuous monitoring within a single investigation programme. Such an integrated approach
enables engineers to optimise field exploration, verify geological interpretation, and identify zones requiring
more detailed laboratory investigation. Rather than maximising the number of performed tests, modern
geotechnical practice focuses on obtaining complementary information that improves engineering
interpretation while reducing uncertainty associated with design [18].

Engineering implications. Representative soil samples and high-quality field investigations constitute the
foundation of reliable laboratory characterisation. Modern site investigations therefore emphasise the
complementary use of sampling, penetration testing, geophysical methods, and geological interpretation,
ensuring that laboratory testing is performed on representative materials and that field observations are
correctly interpreted within the geological framework [2, 7].

4. Advanced Laboratory Characterization of Soils

Laboratory investigations remain indispensable in modern geotechnical engineering because they provide
constitutive parameters that cannot be obtained directly from field measurements. While in-situ investigations
characterize the spatial distribution of soil properties, laboratory testing enables the evaluation of soil
behaviour under controlled stress paths and boundary conditions. Consequently, laboratory investigations play
a fundamental role in calibrating constitutive models, verifying empirical correlations, and supporting numerical
analyses used in contemporary geotechnical design [15].

The increasing demands of modern infrastructure have considerably expanded the scope of laboratory
investigations. In addition to conventional strength, compressibility, and permeability parameters, engineers
increasingly require information describing stiffness degradation [25], stress dependency, cyclic response [26],
damping characteristics, and pore-pressure generation under repeated loading [27]. Such parameters are
essential for the design of transportation infrastructure, offshore foundations, earthquake-resistant structures,
energy geostructures, and other facilities subjected to complex loading conditions [8, 16].

The determination of soil stiffness at very small strains [28] has become one of the most important
developments in laboratory testing during recent decades. Although serviceability problems are generally
associated with small deformations, conventional laboratory equipment often lacks sufficient resolution to
determine the corresponding stiffness accurately. Resonant column apparatus and bender element techniques
have therefore become standard tools for evaluating the initial shear modulus and wave propagation
characteristics of soils. These methods provide parameters that are fundamental for seismic analyses,
dynamic foundation design, and advanced constitutive modelling [1, 14].

As deformation increases, advanced triaxial testing [29] becomes the principal laboratory technique for
investigating stress-strain relationships. Modern computer-controlled systems allow accurate simulation of
drained and undrained loading paths while continuously monitoring pore-water pressure, volumetric strain, and
stress evolution. Such capabilities enable the determination of effective strength parameters, deformation
characteristics, stress dependency, and critical state behaviour. Compared with conventional testing
procedures, advanced triaxial systems provide considerably greater flexibility and allow laboratory conditions
to more closely reproduce field loading scenarios [2, 5, 7].

The growing importance of cyclic loading has further stimulated the development of specialised laboratory
investigations. Cyclic triaxial and cyclic direct simple shear tests enable the assessment of stiffness
degradation, accumulation of permanent deformation, excess pore-water pressure generation, and liquefaction
susceptibility under repeated loading. These investigations are particularly important for railways, highways,
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offshore structures, machine foundations, and seismic engineering, where long-term performance depends on
the response of soils subjected to thousands or millions of loading cycles [16].

Recent laboratory developments also address coupled hydro-mechanical, thermo-mechanical, and
unsaturated soil behaviour. Advanced testing systems equipped with suction control, temperature regulation,
and automated loading programmes enable investigation of processes associated with energy geostructures,
climate change, deep geological repositories, and environmental geotechnics. Such equipment considerably
expands the ability of laboratory investigations to reproduce complex field conditions and improves the
reliability of engineering predictions [14].

Despite the remarkable progress achieved in laboratory technology, the reliability of measured parameters
remains strongly dependent on specimen quality and appropriate testing procedures. Advanced laboratory
equipment cannot compensate for disturbances introduced during sampling or inadequate stress
reconstruction before testing. Consequently, laboratory investigations should never be interpreted
independently but rather as one component of an integrated geotechnical investigation programme combining
field observations, high-quality sampling, and engineering judgement.

Engineering implications. Modern laboratory testing has evolved from routine parameter determination
towards comprehensive characterization of soil behaviour across a wide range of strain levels. The selection of
laboratory methods should therefore be governed by the engineering problem under consideration rather than
by the availability of testing equipment. Integrating advanced laboratory investigations with representative
sampling and high-quality field measurements provides the reliable parameters required for modern
constitutive modelling and performance-based geotechnical design.

5. Integrated Geotechnical Characterization and Future Perspectives

The evolution of geotechnical investigations over recent decades has demonstrated that reliable site
characterization cannot be achieved through the application of a single investigation technique. Instead,
contemporary geotechnical engineering increasingly adopts integrated investigation strategies in which
geological interpretation, field observations, laboratory testing, monitoring, and numerical analyses are treated
as complementary components of a unified engineering process. This integrated philosophy significantly
improves the reliability of engineering parameters and reduces uncertainties associated with spatial variability
and soil behaviour [19].

The development of a representative ground model constitutes the principal objective of modern site
investigations. Such models combine information obtained from desk studies, borehole investigations,
advanced in-situ testing, laboratory experiments, groundwater observations, and geophysical surveys into a
consistent interpretation of subsurface conditions. Rather than considering individual datasets independently,
engineers increasingly integrate complementary sources of information to verify geological interpretation,
improve parameter estimation, and support engineering judgement. This multidisciplinary approach provides a
substantially more reliable basis for geotechnical design than any individual investigation technique alone [20].
The rapid development of digital technologies has further enhanced the efficiency of integrated site
characterization. Three-dimensional geological modelling, geostatistical interpolation, automated data
acquisition, continuous field monitoring, and machine learning algorithms increasingly assist engineers in
processing large and complex datasets [30]. These technologies improve the consistency of engineering
interpretation, facilitate uncertainty assessment, and support the optimisation of investigation programmes.
Nevertheless, digital tools should be regarded as decision-support systems rather than replacements for
engineering expertise, as reliable interpretation still requires a thorough understanding of geological processes
and soil mechanics [19, 21].

Future developments in geotechnical investigations are expected to focus on further integration of field
observations, laboratory testing, numerical modelling, and continuous monitoring within unified digital
workflows. Such approaches will facilitate real-time updating of geotechnical models during construction and
operation, improving both the safety and sustainability of civil engineering infrastructure. At the same time, the
growing complexity of engineering projects will require closer cooperation between geotechnical engineers,
engineering geologists, geophysicists, structural engineers, and data scientists. The future of geotechnical
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investigations therefore lies not in replacing established methods, but in integrating complementary techniques
into coherent engineering decision-making frameworks [22].

Engineering implications. The principal objective of modern geotechnical investigations is no longer the
collection of individual test results but the development of a reliable engineering ground model. The integration
of high-quality sampling, advanced field investigations, laboratory characterization, monitoring systems, and
engineering interpretation provides the most effective strategy for reducing uncertainty and supporting safe,
economical, and sustainable geotechnical design.

6. Conclusions

Modern geotechnical investigations have evolved from conventional subsurface exploration towards integrated
site characterisation combining geological interpretation, advanced field investigations, laboratory testing,
monitoring systems, and numerical modelling. This evolution reflects the increasing complexity of
contemporary infrastructure projects and the growing demand for reliable engineering parameters [31].

The review demonstrates that the quality of geotechnical design depends primarily on the quality of the
investigation programme rather than on the application of any single testing technique. High-quality soil
sampling, complementary in-situ investigations, and advanced laboratory testing each provide unique
information regarding soil behaviour and should therefore be interpreted collectively within a consistent
geological and engineering framework.

Recent advances in digital technologies, automated monitoring, and data-driven interpretation have
considerably improved the efficiency of geotechnical investigations. However, engineering judgement remains
essential for the interpretation of field and laboratory data, and digital tools should be regarded as supporting
rather than replacing professional expertise.

Future progress in geotechnical engineering will increasingly rely on integrated investigation strategies
capable of combining multiple sources of information into representative ground models that improve the
reliability of engineering analyses and contribute to safer, more resilient, and more sustainable infrastructure.
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NPUNOXEHWE HA AUCTAHUWOHHO NrEOTEXHUYECKO KAPTUPAHE YPE3 UAV-BA3UPAHA
®OTOMPAMETPUA B PYOAHWUK ENALUTE

Iv. Vasilev, Dipl. Eng. - i.vasilev@ellatzite-med.com

ABSTRACT

This paper presents a structured approach for performing remote geotechnical mapping in the Elatsite open pit
mine using UAV-based photogrammetry. The study focuses on the applied hardware platforms, image
acquisition techniques, and specialized software tools used for data processing and generation of
high-resolution three-dimensional models. Particular emphasis is placed on the adopted workflow and
methodology for extracting and interpreting geomechanical parameters of the rock mass. The advantages of
the proposed remote mapping approach in terms of improved safety, data accuracy, and operational efficiency
are discussed, demonstrating its applicability for geotechnical and geomechanical assessments in open pit
mining operations.

Keywords: geomechanics, geotechnical mapping, photogrammetry, UAV, open pit mine, rock mass.

1. BbBegeHue

[eOTEXHNYECKOTO (FEOMEXaHUYHO) KapTWpaHe € He3aMeHUM MHCTPYMEHT 3a CuCTeMaTuyHa M noapobHa
OLleHKa Ha reornoXKuTe U PU3NKO-MEXAHUYHUTE XapakTepuCTUKM Ha fadeH obekT. Ypes Hero ce nonyyasa
BaXHa MHopmaums, Heobxoguma 3a NPOEKTUPAHETO, M3rpaXgaHeTo W MOCMeABalMst MOHUTOPUHT Ha
WH(PACTPYKTYPHU MPOEKTU B CKANMCTW TepeHW. TO € W OCHOBEH WHCTPYMEHT 3a XapakTepusupaHe Ha
reosIOXKUTE YCIOBUS B NOA3EMHUTE 1 OTKPUTU PYSHULM.

B oTKpuTMUTE pyOHULM W Kapuepu NpOLECbT Ha reoTEXHUYECKO KapTupaHe no3BonsBa Aa Ce M3BbpLUM
NOeHTUMULMPaAHE M aHanu3 Ha reonoXKATE U reOMeXaHUYHUTEe XapakTepuCTUKW Ha ckanHata maca C uen
OLeHKa Ha HelHaTa CTabWUIHOCT W NpOEKTUPaHe Ha PyaHWYHUA Bopa C ONTUMArHW BIMW Ha OTKOCUTE U
LUMPOYMHM Ha CTbnanata (bepmu).

B ocHoBaTa Ha npoLieca e reonoxkoTo kapTupaHe. To ce (okycupa BbpXYy MAEHTUULMPAHETO M ONUCAHNETO
Ha NUTONOXKATE edVHWLW W TEeOMNOXKUTE CTPYKTYpW, NPUCHCTBALLM B pailoHa Ha wacneasaHe. [pu Hero
reonorbT  WAEHTUUUMPA HaNMUYHUTE  PasfWYHU  JIMTOMNOXKKM eOVHWLUM Bb3 OCHOBA Ha TeXHWTe
XapaKTepUCTUKK, KaTo NeTporpadicku TN, MUHEPANIOXKW CbCTaB, LBAT, TEKCTypa W CTPYKTypa.

[aHHuTe, cbbpaHu No Bpeme Ha reonoXKOTO KapTupaHe, Ce WU3MON3BaT 3a M3rOTBSHE Ha ABYMEPHU U
TPUMEPHU rEeONOXKN MOZENM, KOUTO NPefCcTaBAT pasnpeaeneHeTo Ha TUTONOXKUTE eAUHULM 1 TeONoXKUTE
CTPYKTYyp¥ B pailoHa Ha u3criedBaHe. ToBa € OT pellaBallo 3Ha4yeHWe 3a pasbupaHeTo Ha pernoHarnHara
reosiorus U yCTaHOBSABAHETO Ha re0NOXKUSA KOHTEKCT Ha MUHHUTE AENHOCTM.

[e0TEXHUYECKOTO KapTupaHe ce (hoKycupa BbpXy XapaKTepusupaHeTo Ha CKanHuTe NpeKbCBaHMs, KOUTO ca
PaBHWHM Ha CYynBaHe, pasfensliy ckanHata maca Ha OTaenHu 6rokose. [OMbAHWTENHO ce W3BBPLUBA
OLleHKa Ha CKanHMTe OTKOCK CbIMacHO npenopbkuTe Ha MexayHapogHata acoumaumus no ckanHa MexaHuka
(ISRM) n mexayHapogHO npueTUTe cUCTEMM 3a Knacudukauus Ha ckanute. To3u Tun KapTupaHe ce
N3BBPLUBA OCHOBHO 3a OL|eHKa Ha CTabuUIHOCTTa Ha U3KONUTE, ThI KAaTo NPEeKbCBaHWATa MoraT Aa reHepupat
CKITOHOBA HECTABMMHOCT KaTo CBMMYaHE UMK CPyTBaHe Ha ckanHn Briokose.

[ecetuneTuss Hapen Kracuyeckata reoTeXHuYecka KapTupoBka, 6asvmpaHa Ha [OUPEKTHW TepeHHU
HabniogeHus, Belle OCHOBHWAT MHCTPYMEHT 3a MAEHTU(MUMpaHe W XapakTepusupaHe Ha CTPYKTYpHUTE
0Cc0BEHOCTM Ha CKanHMsA MacyB. Bbnpeku cBosiTa BUCOKA MHDOPMATMBHA CTOMHOCT, TO3M NOAXOL € OrpaHnyeH
oT cybekTBHOCTTa Ha HabntogaTens, HEBb3MOXHOCTTA 3a MbIIHO MOKPUTME HA PYAHUYHATA MOBLPXHOCT U
BMCOKMS pUCK 3a NepcoHana npu pabota no CTPbMHY U TPYAHOAOCTBLIHW OTKOCK.

Mpe3 nocnegHute 15+16 roguHM M3non3BaHeTo Ha 6e3nunoTHM netatenHu anapat (Unmanned Aerial
Vehicles — UAV) HaBnese 6bp30 B OTKPUTUTE PYOHULM, KATO OCUTYPU MbBKaB, MKOHOMWUYECKN eheKTUBEH 1
MIECHO MPWUNOXMM METOL 3a FeHepupaHe Ha opTopekTUdMuMpaHn n3obpaxeHus u nabTHU 3D mogenm.
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Pa3BUTMETO HAa AMCTAHUMOHHMTE METOAM 3a CbOMpaHe Ha NPOCTPaHCTBEHA MH(opMauus [osede [0
KayecTBEHa MPOMSHA B HauyMHa, MO KOWTO Ce CbOMpaT M aHanMaupaT CTPYKTYPHW OaHHW. B Hawu aHu
[VCTaHLMOHHaTa reoTeXHUYECKa KapTUPOBKa e OT roNnsiMo 3HayeHre, 0Co6eHO B MaLLiaGHN OTKPUT PYOHULN C
BMCOKM OTKOCW U CIIOXHA CTPYKTYpHa TEOMOMsl, KaTo 3HAYMTENHO HamansiBa pucKa 3a nepcoHana
yBEn14aBa npoCTPaHCTBEHOTO MOKPUTHE HA HAOMIOAEHUATA.

2. PeTpocnekuus Ha pa3ButueTo u npunoxexHvero Ha UAV B pyaHuk Enayure

Mbpeute npunoxeHus Ha UAV B pygHuk Enauute (2000+2010 r.) ca envM304MYHM U HACOYEHU OCHOBHO KbM
Tonorpadpckm 3acHemanusi. [pe3 nepuoga 2012+2015 TexHonoruaTa 3anouBa Aa Ce U3Mon3Ba 3a
n3yucnsBaHe Ha 06emMn 1 KOHTPON Ha B3PUBHUTE AENHOCTH.
[pu reoTexHuyeckuTe MeponpuaTus npunoxeHneTo Ha UAV ctapTtupa npe3 2015 rog. ¢ Bu3yanHa MHCnekyus
Ha PYOHWYHUTE NNoLagku u oTkocu. MocTeneHHo ce MPUCTBNM KbM KapTUpaHe Ha roniemMu CTPYKTypu, npu
KOETO C MOMOLLTA Ha PbYHW UMK MOMYaBTOMATUYHU MHCTPYMEHTU Ce AWUMUTannU3upat 1 U3MepsaT reosioxKu
rPaHNLW, MbHKU, TEKTOHCKM HapYyLUEHUs 1 p. No-ronemu CTpykTypu. [eoTexHnyeckaTta WHTepnpeTauus npes
TO3M NMEepUOoA OCTaBa OrpaHWYeHa nopaay HepocTaTbyHaTa TOYHOCT Ha KamepuTe M nuncata Ha YCTOMYMBY
anropuTMu 3a (oTorpamMmeTpUiHa PEKOHCTPYKLMS.
C passutneto Ha Structure from Motion (SfM) u Multi View Stereo (MVS) anroputmute (2018+2023 r.) UAV-
GasnpaHata otorpameTpus 3amoyBa Aa Hamupa LUMPOKO MPWUMOXEHWe BbB BUpTyanHaTta CTPYKTYpHa
KapTMpoBka. 1osiIBABAHETO Ha aBTOMATM3MpaHW anropuTMW 3a W3BMWMYAHE Ha CTPYKTYpHaA MHMOpMauus
no3eonsBa W3BMMYAHE HA OPWEHTaLMM W TeOMETPUYHM napaMeTpu Ha CKarHuTe MNpeKbCHATOCTU CbC
CpaBHMMa U NO-BUCOKA CTATUCTMYECKa HAAEXAHOCT CNPSIMO TEPEHHUTE U3MepPBaHUs. bbp30To pa3suTHe Ha
UAV TexHornoriTe npes T0O3u nepuog no3Bonu U3BbPLUBaHETO Ha 6bp30 1 MalabHo 3acHeMaHe Ha Lenu
Bopaose M pyoHUYHW NPOCTPAHCTBA, BKMOYUTENHO 30HM, HEAOCTBLMHW UMM ONAaCHW 3a KNacu4eck TepeHHU
N3MepBaHUs, KaTo YNecH! npexoAa OT KaMnaHWMHW U3MEPBaHUS KbM MOYTU HEMpPeKbCHAT MOHUTOPWHT.
MoHacToswewm UAV-ghoTorpametpusita Beye ocurypsisa M3KMOYMTENHO BUCOKA NMPOCTPAHCTBEHA Pe3ontoums,
noaxoasLla 3a feTansiHa CTPYKTypHa KapTUPOBKa W KMHEMaTU4eH aHanma.
B momeHta B pyoHuk Enauute UAV ce u3nonsBa Kato MbIHOLEHEH TEOTEXHUYECKM WHCTPYMEHT, a
OMCTaHLMOHHATa reoTeXHMYecka KapTMpoBKa € HepasfesiHa YacT OT UHTErpupaHnuTe CUCTEMU 3a ynpaBneHue
Ha re0TEXHUYECKIUS PUCK W Ce U3MON3Ba LiefleHaco4eHo 3a:

o Tonorpachcko 3acHeMaHe;

e BuayanHa nHcnekums Ha TpyaHOLOCTBIHW 30HM;

o BupTyanHa CTpyKTypHO-reonoxka kapTupoBka;

e ABTOMaTMY4HO M3BNMYaHe Ha 3D opueHTauu 1 4p. napaMeTpu Ha CKarnHUTe NPEKbCHATOCTH;

o Knacudukaums Ha ckanHuTe NpekbCHATOCTH M ONpeaensHe Ha CTaTUCTUYECKUTE UM NapameTpy;

o ObBekTnBHO ONpeaensHe Ha AOMUHUPALLM CTPYKTYPHU CUCTEMM;

o KonuuyecTBeHa OLeHKa 1 aHanu3 Ha KMHemMaTuyHaTa yCTON4YMBOCT;

e [lpeHTndnumpaHe u MHTEPNPETUPAHE Ha FreOTEXHUYECKUTE OMENHM;

e KanubpupaHe Ha reoTexHU4eckuTe MOAENM 3a CTabUHOCT Ha OTKOCHUTE;

e MyntutemnopaneH geOpMaUMOHEH MOHUTOPWHI U PaHHO WAEHTU(MUUMPaAHE Ha NOTEHUManHo

HEeCTabWUMHW 30HMK;
e AHanus Ha pedpopMaLMOHHN NPOLECH 1 NPOTPECUBHI Pa3PyLUEHUS.

3. MUsnon3BaHo o6opyaBaHe

[lucTaHUMOHHaTa reoTexHUYecka kapTupoBka B pyaHUK Enauute ce u3BbpluBa N0 MeToAa Ha Bb3dylHaTa
coTorpameTpusi, kato ce m3nonsea uHayctpuaneH gpoH DJI Matrice 350 RTK ¢ kamepa DJI Zenmuse P1,
nmawa DL 35mm F2.8 LS ASPH ob6ekTus.

[IpOHBLT Ce xapaKkTepuaupa C BMCOKA YCTOWYMBOCT W 34paBa KOHCTPYKUMS, KOETO MO3BONsBa €XeAHEeBHa
ekcnnoatauus. Toil MOXe [a HOCU pasfMyHM CEH30pMW, edHa UMW NOBeYe kamepu C BUCOKa pasgenurenHa
cnocobHocT mnu LiDAR. Cuctemute My ocurypsiBat CTabWUiHOCT W CUIYpHOCT MO BpeMe Ha MoneT, Kato
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nognomarat u3bsrBaHeTO Ha MPENATCTBUS W AaBaT Bb3MOXHOCT 3a criefeHe (Mpy Hy)aa) Ha OBWXEWM ce
obekTn. Ypes TAX MoraT ga Cce OTYMTaT KNMMaTU4HU PakTopu KaTo TemnepaTypa, aTMOC(EPHO HansraHe,
BMaXXHOCT, eNEeKTPUYECKO N MarHUTHO Nosie 1 Apyry.
[poHbT € Cb3hajeH cneyuWanHo 3a W3BbpLUBAHE HA AMCTAHLMOHHO KapTorpadmpaHe, nopagn KoeTo
[OMbIHUTENHO e 0bopyaBaH C:
e CuBpemeHeH GNSS (rnobarnHa catenutHa HaBurauuMoHHa cucTema) NpUEMHIK, Nomarall, 3a TO4HOTO
riokanuaupaHe Ha ApoHa BbB Bb3ayxa BbB BCEKW eyH MOMEHT OT NoneTa;
e Bb3amoxHocT 3a obpabotka Ha faHHuTe ¢ TexHonornnte RTK (Real Time Kinematic) n PPK (Post-
Processing Kinematics), 4Upe3 KouTo MoraT fa ce Kopurupar 4ecTo CpeLlaHuTe rpeLLkit Ha cUcTemMmuTe
3a caTenuTHa HaBurauwms, 3a ga ce nogobpu TOYHOCTTa Ha NO3WLMOHMPAHETO Ha ApoHa (o 1. cm), a
0TTaMm W Ha 13cneaBaH1TE W KapTUpaHu AaHHMK;
e lHepumOHHa HaBMraLMOHHa CHUCTEMA 3a M3YWCISBaHE Ha OTHOCUTENHATa MO3WLWS, OpUEHTaLMs U
CKOPOCT Ha ApoHa.
Benukn cneynanuctv Ha otaen ,[eoTexHuYeckn” Ha pygHWKa ca npemuHanm obyyeHne 3a OWUCTaHLMOHHO
ynpasnsBealm nunotyn (nogkateropum A1/A3) u cneynanuanpaHo obyyeHme 3a pabota ¢ ApoHa.

4. MeToauka Ha U3BLPLIBAHOTO aepo-hoTo 3acHEMaHe

3a pasnuka OT 3emHaTa (oTorpameTpus, Npu Bb3dyllHAaTa He ce NPaBAT T.Hap. CTEPEOdBOMKM, a Ce
W3BbPLUBA MOCNELOBATENHO 3aCHEMaHe C MHOXECTBO CHUMKW Ha kapTupaHata nnow, cbe 70+80 %
3actbneaHe mexay Tax. opagu ToBa APOHBT NETW aBTOHOMHO Ha MBUUM (M3MbIHABAWKU NPeABapUTENTHO
pa3paboTeH nnaH Ha MuCWATa) C MOCTOSHHA CKOPOCT MO MpeABapuTEnHO onpefeneHa TpaekTopus,
noaabpalky NoCTOSHHO pascTosHue (B noBeyeTo crydan 50 + 100 m) ot oTkoca (dur. Not).

%bbbbbﬂ‘)btb/
IR
NI

Dp ...Interphoto distance

Dt ...Intertrack distance a

®ue. Ne1. a — nnaH Ha 8epmukanHuUme CHUMKU ¢ npedsapumesHo 3adadeHu pa3cmosHus Mexoy omoenHuUme CHUMKU 8
pedoseme u mexdy omdenHume pedoge 8 nosiema; 6 — umtocmpupaHe Ha omdenHUMe usuyu (pedose) UsNbHABaHU oM
OpoHa, noddbpxkaliku NOCMOSIHHO Pa3cmOosiHUE OM CKaslHUS OMKOC.

V/130bpaxeHusaTa ce 3acHeMaT aBTOMATUYHO C BEPTUKANEH, HAKIOHEH WM XOPU3OHTamNeH brbi Ha kamepata. B noeeyeTo
Cnyyam brbbT MeXay oTaenHuTe CHUMKKM e 30°+40° (chur. Ne2).
Nadir

b 5 b b b
>

| D, <2+ D,

Oblique = :
< 30 D

I”]

I
+ |
< 30° L ‘ ‘

j Camera, Camera,

®uz. Ne2. a — unocmpupare Ha NoOXeHUeMO Ha Kamepama CnpsiMo 0OMKoca Npu npeumaxemo Ha ApoHa 6
omadenHume usuyu; 6 — MakcumasnHo 0onycmumo pascmosiHue Ha omAeTHume cHUMKU Ao omkoca.
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Mpeaun 3anouyBaHe Ha noneta 3a W3BbPLUBAHE Ha KapTWPOBKa C Bb3AylHa oTorpameTpust ce onpegens
Heobxogumata ctorHoct Ha GSD (Ground Sampling Distance), 3a fa ce kopurupa BUCOYMHATa Ha noreTa B
3aBMCMMOCT OT cneuudmkaLmnTe Ha kamepaTa 1 M3UCKBaHMSTA Ha MPOeKTa.

Hanpumep: GSD or 5 cm os3HayaBa, 4e eOuH MNUKCEN B M300OpaxeHWeTo
npeacTaBnsaea NMHenHo 5 cm Ha 3emata (5 * 5 = 25 ¢cm?), a GSD o1 30 ¢cm, ye eauH
: nukcen B u3obpaxerneto e 30 cm Ha 3emsaTa (30 * 30 = 900 cm?).

| CroiHoctTa Ha GSD ce n3uucnssa (dur. Ne3) Bb3 0cHOBa Ha:
b’"’ e BucounmHata Ha noneta/pas3cTosiHMETO OT (poTOKamepaTta A0 TEpeHa Wnu

SW/ImW
—_—

1 ! obekra (H).
U oL o Cneuudukauumte Ha kamepata: LnpuHa Ha nsobpaxerneto (ImW); Wupuxa
':r ;‘ Ha ceHaopa (SW); dokycHo pascTosiHue (F).

KonkoTo no-ronsiva e ctoHoctTa Ha GSD, TonkoBa Mo-HUCKa € MpoCTpaHCTBEHaTa

1 : pasgenuTenHa cnocobHOCT Ha M306PaXeHNETO 1 NO-Manko ca BUAUMUTE AeTalinmn B

+ Hero. KoraTo e Heobxoanma nogpobHa peKoHCTPYKLMSA Ha panioHa, € Heobxoaumo da

T+ ce netn no-6mm3o (Hucka ctoiHocT Ha GSD) po obekTta, KOMTO NpeacTaBnsiza

M nHTepec. GSD oka3Ba BNMSIHWE M Ha TOYHOCTTA Ha KpalHWs MOAE, KaTo TOYHOCTTa B

) XOpU30HTarnHa nocoka e npubnuantenHo < 1 GSD, a TOYHOCTTa BbB BepTUKanHa
Pl nocoka - npuénuantenHo 1+2 GSD.

f \  CroiiHoctta Ha GSD npu u3BbplBaHata B PyaHUK Enauute reotexHudecka

f |H4Y  kaptuposka e 1cm.

5. PekoHcTpykumsa Ha 3D mogenu

3a pekoHcTpykumMsiTa Ha 3D mogenute ce m3nonssa codTyepHuat npoaykt DJI Terra. ToBa e UAnocTHO
NPUNOXHO peLleHe 3a reoaesns 1 kaptorpadupaHe, ¢ NPUNoXeHWe B MHOXECTBO WHAYCTPUM, KaTo NPEeHOC
Ha eneKTPOeHeprus, CTPOUTENCTBO, TPAHCMNOPT, CEMNCKO CTONAHCTBO M aBapuUitHi CUTYaLuu.
Co(pTyepbT NpeynsHo aHanuampa BCsAKa CHUMKA, 3a [a U3YUCIU HelHaTa TOYHa MO3WuMs U OpUeHTauus B
TPUMBMEPHOTO NPOCTPaHCTBO. C NOMOLUTa Ha MO3WULMOHHUTE AaHHW, TOW uarpaxada nogpobeH u ToueH 3D
MOZEN Ha pyaHuyHuTe oTkocu. Cbagasat ce reopedepupani Lndposu n3obpaxeHus, optomosaiiku (TDOM)
n nogpobHn 3D mogenu: AeTannHu noBbpXHUHM (mesh), LMpoBKM NOBBPXHOCTHM Mogenu (DSM), 3D
obnauu ot Toukm (point cloud). Cnep knacudgukaums Ha 3eMHaTa NOBBPXHOCT, TOW MOXe Aa u3Bese LndpoB
Mogen Ha peneda (DEM).
Upes u3nonssaHe Ha MynTUCMEKTPanH1 JaHHW MoraT Aa ce U3rOTBAT WHAEKCHW KapTW Ha pacTUTENTHOCTTA,
BkntountenHo NDVI u NDRE, 3a ga ce ocurypu npeacraBa 3a pacTexa W 30paBeTo Ha pacTeHusTa.
Monoobpxa ce paguoMeTPUYHA KOPEKLMS U MoraT [a ce reHepupar KapTu Ha OTPaxeHWeTo 3a U3crneaBaHns ¢
OMCTaHLMOHHO HabnoaeHve.
AnropuTbMbT My € ONTUMU3MPaH, 3a Aa Nogobpu 3HauMTENHO eqeKTMBHOCTTa Ha obpaboTkaTa, epekT1BHO
Aa u3berHe n3KkpuBsBaHeTo M AeopmaumsaTa Ha M306paxeHNeTo 1 Aa nonyyu NoapobHM 1 TOYHM pesynTaTu
OT M3MEePBAHETO 3a BCUYKM Lienesn 06eKTU 1 30HM Ha M3CreaBaHe.
3a nopobpsBaHe Ha ka4yecTBOTO Ha 3D MogenuTe W 3a OLEHKA Ha TOYHOCTTA COTYepbT M3ron3ea
aBTOMaTU4HK cBbp3Bawy Touku (ATP), HasemHn KoHTponHu Touku (GCP) u koHTponHu Toukm (CP). GCP 1
ATP ce u3nonseat 3a nopobpsiBaHe Ha abcomoTHaTa M OTHOCUTENHATA TOYHOCT Ha HOTOrpaMETPUYHMS
mogen, pokato CP ce wu3nonssBat 3a oOueHKka Ha kavectBoTo. ATP ce u3BnMYaT aBTOMATWYHO OT
nsobpaxeHusTa B Ha4anHaTta cTbrka Ha obpabortka.
3a GCP 1 CP ce n3uucnsear crefHuTe nokasatenu 3a rpeLuka:

o CpepHaTa rpellka BbB BCska nocoka (X, Y, z);

e CraHgapTHOTO OTKIOHEHWe Ha rpeLuKkaTa BbB BCska nocoka (X, Y, z);

« CpepHo KkBagpaTuyHa rpellka BbB BCska nocoka (X, Y, z).
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6. MeToamka Ha M3BLPLUBAHE HA reoTeXHUYeckaTa KapTMpoBKa

[Mpu N3BBLPLUBAHETO HA AMCTAHLMOHHATA re0TEXHUYECKa KapTUPOBKa B pyAHUK EnauuTe ce u3nonssa 0CHOBHO
coptyepsT PointStudio Ha aBcTpanuiickata komnavus MAPTEK. ToBa e MHTYWTUBEH nakeT 3a obpaboTka u
MofenvpaHe Ha 0bnauu OT TOYKM 38 MWHHW, FPaXOAHCKW, FEONMOXKA U reofesnyHu NpuroxeHus. Tow
npuTEXaBa UHTYUTUBHU MHCTPYMEHTU 3a 0BpaboTka 1 KOMOUHMPaHe Ha AaHHK OT 0Brauy OT TOYKM, NOSYYEHN
OT NnasepHu ckeHepu, dotorpameTpust, UAV nnn apyrv ceH3opu.

PointStudio nputexxasa CAD uHTepdeic W NpefocTaBs MHCTPYMEHTW 3a reopedepupaHe, MogenupaHe,
aHanus, TOYHO M3MepBaHe, KONMWYECTBEHO OMpeaensHe M aHanu3 Ha CbOTBETCTBMETO C Au3aiHa. Tou
noaabpka MHOXECTBO hopMaTh Ha AaHHW M C HeroBa NOMOLY MoraTt Aa Ce M3roTBAT MpodhecHoHaHu
AoKnaau.
CoTyepHMAT NakeT ce CbCTOW OT CReaHUTE MOAYIIN:

Photogrammetry — 3a obpabotka u reopedepupaHe Ha M300paxeHns OT APOH, U3BMMYaHE Ha
AeTannHu obnaun OT TOYKM, FeHepupaHe Ha TEKCTYpuUpaHu MOBBLPXHWHW W eKcriopTpaHe Ha
OpTOMO3aMKMm;

Position and Filter - cbabpxa 06w onuumn, cBbP3aHN C NO3NLMOHMPAHE Ha obnauy OT TOYKM B
peanHuTe KOOpAWMHATH, ONUMK 32 MaHUNyNUpaHe 1 UNTpUpaHe 3a NOYUCTBaHe Ha AaHHW;

Maptek Workbench - 3a necHo HacTpoliBaHe Ha aBTOMATU4HM W CTaHOAPTU3WUpaHW paboTHU
npouecu, 1 3a onepaTMBHa CbBMECTUMOCT C Apyri CohTyepH pelleHns Ha Maptek;

Underground Tools - npegHa3HayeH 3a npunoxeHne npy nog3emMH1 npoyyBaHus;

Query - npefnara MHCTPYMEHTW 3a aHanu3, W3YNCNSIBAHE W TeHepupaHe Ha MbHU OTYETW 3a
pesynTatute. B Moayna ca BKMOYEHN HAKOMKO NONE3HN MHCTPYMEHTU 3a aHanus, kato:

O

Design Conformance - 3a cpaBHeHWe Ha (akTWYeCKM M3MbIHEHATa MOBBLPXHOCT Ha
PYLHUYHWSA KOTNOBAH C NPOEKTHATa Uu Apyrin MOBbPXHOCTY;

Inter-Ramp Compliance Reporting - 3a aHann3 Ha NOCTUrHATUTE LWMPUHW Ha BepmuTe, BIMK
Ha eOuWHWYHUTE OTKOCWU, MakeTu OT CTbhana, obwus brbfil Ha HaKMoHa W LIMPOYMHA Ha
yyacTbLuTe;

Fragmentation Analysis — 3a npocTpaHCTBEHO aHanu3vpaHe ¥ Knacugukauus Ha
(hparMeHTaLusTa Ha CkanHaTa Maca cnef B3puBSIBaHe;

Haul Road Tools - HTYUTUBHW WHCTPYMEHTU 3a aHaNW3 1 OTYMTaHE Ha CbOTBETCTBUETO Ha
TpPaHCMOpTHUTE MbTWWa, nogobpsBaly npouecuTe Ha MPOEKTUpaHe M nomaraly, 3a
HaMansaBaHEeTO Ha onepaTUBHUTE Pa3Xoau;

Rock Bolt Analysis - npeaHasHayeH OCHOBHO 3a MOA3EMHM MWHW, 3a aHanu3 Ha
pasnpeneneHneTo Ha ckanHute 6onTose u nogobpsiBaHe Ha 6e3onacHoCTTa;

Geotechnical Tools - WHCTpyMeHTU 3a KapTUpaHe, rEOTeXHWYECKW aHanu3 Ha CTPYKTypu W
W3BbPLUBAHE Ha KMHEMaTuyeH aHanus. Te nossonssar paboTa KakTo AMPEKTHO Bbpxy obrak oT
TOYKM, TaKka U BbPXY TPUaHrynupaHa noebpxHuHa (mesh). C MHCTPYMEHTUTE B MOZYNa MOXE:

o

[la ce HanpaBu aBTOMATUYHO (our. Nod), nosmyaBTOMATUYHO WAKW PBYHO M3MEpBaHe Ha
TPUMepHaTa OpUEHTaLMs B MPOCTPAHCTBOTO Ha PasfMYHK FeoNOXKU CTPYKTYpU (pasnomu,
NYKHATWHK, rpaHuLK, honuaums u ap.);

[a ce yaobrmkaT paBHUHUTE Ha NpekbCBaHe (Hanpumep C Len NpecuyaHeTo UM ¢ pyaHudHaTa
NOBBPXHIUHA UV APYTI CKanHW CTPYKTYpH);

[a ce reHepupaT TBbPAM TENA, OrPaHNYEHN OT OTAESHUTE CKarlHU NPeKbCBaHMS;
CTaTucTMyeckn ba ce W3YMCIM Bapuauusita U CPeaHOTO PasCTOsSHWE Ha rpynuTe cKarHu
npeKkbCBaHMS;

[a ce onpefenv nokasatens 3a kKa4ecTBOTO Ha ckanute (RQD);

[la ce u3mepn Makpo rpanaBoCTTa Ha CKarHUTE MIIOCKOCTW U CTAaTUCTUYECKN [a Ce U3YMCIN
BapuaumsTa u cpegHata i CTOMHOCT;

[la ce HanpaBu BEPOSTHOCTEH KMHEMATMYeH aHamM3 Ha CTaburHocTTa Ha OTKocuTe 3a
KIMHOBMAHO M NAIOCKO CBRMYAHE, KaKTO W 3a NpekaTypBaHe;

[la ce HanpaBW aBTOMATUYHO KapTUpaHe Mo CKaHWpaLla M1HUS UK B KNETbYHa Mpexa;
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o [la ce M3roTBAT aBTOMATWUYHM I'IpOCbeCI/IOHaJ'IHVI OT4ETN C nepcoHanu3npaHu wabnoHu, B
KOUTO Aa ce npuka4vsat KapT, CHUMKN U JOKYMEHTU.

®ue. Ne4. AsmomamuyHO u3ssfieyeHUMe ckanHu npekbcHamocmu, Knacuguyupanu no epynu. B Report Window
(naHena g dscHama yacm Ha ekpaHa) ca U3nucaHu 0CHOBHUME CMamucmuYecKuU Xapakmepucmuku 3a ecska e0Ha om
2pynume.

Mo Bpeme Ha codryepHata o6paboTka Ha CTPYKTYPHUTE AaHHW, NpUOobUTM OT AUCTAHUMOHHOTO
re0TEXHWYECKO KapTupaHe, B pyaHUK EnauuTe ce n3nonasat CreaHuTe cneuuanuanpandin TeXHUKN:

o KaptupaHe Ha ronemu cTpykTypu. C noMOLTa HA PBYHW UMK NONYABTOMATUYHIN UHCTPYMEHTHU Ce
QUMATanuanpar, KapTupaT u U3MepBaT reonoXKW rpaHuLM, MbHKW, TEKTOHCKM HapyLLEeHWs U gpyri no-
ronemu CTpykTypu. ToBa ce U3BbpLLBA Ha MPUHLMNA HA PBYHOTO OYepTaBaHe, aHanorMyHo Ha pabota
C MOSMB W XapTus.

o KapTupaHe u KONMuYecTBEeHO onpefensiHe Ha XapakTePUCTUKUTE Ha MYKHaTMHHUTE rpynu. T.e.
NONMYKOHTPONMPaHa  UAEHTUMKAUMS,  KTbCTEPU3MpaHEe U Knacuukaums Ha  CKanHuTe
NPeKbCHATOCTK, TPYNPaHeTo UM B MyKHATUHHU TPYnM, W MocreaBaly CTaTUCTUYECKW aHanu3 Ha
TEXHUTE XapakTepucTuki: 3D opueHTauus, ObMKUHA, pasMep Ha BriokoBeTte Mexay Tax, AebenuHa u
rpanaBocT. V/3MepBaHETO Ha OpUEHTaUuWTE Ha PaBHUHHWUTE CTPYKTYpW (KaTo MOBBPXHOCTW Ha
NyKHATUHX UMK NAOCKOCTW) Ce U3BbPLUBA Ype3 OnpeaensHe Ha HOPManHU BEKTOPK 3a BCsKa edHa
Touka oT 3D obnaka (cour. Ne5) unm TpubrbneH enemeHT (daceTa) oT noBbpxHUHaTa. Llenta e aa ce
OTKPUAT TPYNM OT PaBHWHHW NPEKbCBAHWS B CKANMHW CKMOHOBE C MOAOOHA OpUEHTauus Mexay
paBHUHWTE BBLB BCska rpyna (cur. Ne6). To3u nogxoh ce OCHOBaBa Ha npegnocTaBkaTta, 4e
PaBHUHWTE Ce ONPEeaensT OT TOYKM, 3a00MKONEHN OT APYrv TOUKM C HOPMan¥ ¢ nogobHa opueHTaums
(8 onpegmeneHn pauanasonu). CnepoBaTenHo, 3a Aa ce MAEHTUMUMPAT TOYKA WAW  NAOLWM,
obpasyBalLy paBHWHY, € HEObXOANMO [a Ce U34NUCIAT HOpManuTe 3a BCska eaHa oT Tsx. Pasbupa ce,
NPEKbCBaAHMATA B CKarHUTE MacW He Ca HambSIHO MOCKK, HO B MOBEYETO Cryvaun Te ce fobnukasar
[0 pasHuHKM. OCBEH TOBA MOBLPXHOCTWUTE MOKA3BaT HEPABHOCTW, PasfMYMMK NO OTHOLLEHWe Ha
rpanaeocCT ¥ BbHOO6Pa3HOCT.

o KaptupaHe no ckaHupawa nuHuA. Tasn TexHWKa NO3BOMSBA KOSMMYECTBEHO KapTuMpaHe Ha
CTPYKTYPHWUTE NPEKbCBAHUS M OMPeaensiHe Ha HAKOW OT FeOTEXHUYECKUTE UM XapakTepucTukun. Mpu
Hes BbpXy JMLETO Ha OTKOCa Ce M34yepTaBa M3MepBaTenHa fMHUS (CkaHupalla) v BCsika CTPYKTYpa,

49



Proceedings of the XII International Geomechanics Conference
7 - 11 September 2026, Varna, Bulgaria

KOSITO § MPECcMYa Ce XapakTepuanpa Ypes U3MepBaHe Ha HelMHaTa OpUEHTaLIMs!, Pa3CTOsIHIE, OTBOP, U
T.H. CKaHupawmTe NHAM  OBMKHOBEHO Ca C AbikMHA OT okono 30 m u JaHHWTE NO TAX Aa ce
cbOMpaT 0T MHOXECTBO MecTa B eANHUYEH OTKOC, Cref KOeTO Aa ce 06paboTaT CTaTUCTUYECKM.

o KneTbuyHO KapTupaHe. KapTupaHeTo Ha KneTka Ce M3BbpLUBAa BbB BbOOpaaeM NpaBObIbIHMK
(4ecTO KBagpaT) BbpXYy CKamHWs OTKOC W M3cnepdBa CTPyKTypwuTe, nonagaim B Hero. OBUKHOBEHO
BEPTUKANHMAT pasMep Ha Mpo3opeLia CbOTBETCTBA HA BMCOYMHATA Ha CkanHus oTkoc. Knetkute
MoraT fa 6bgaT pbYHO UMM aBTOMATWYHO FEHEPMPaHW BBbPXY NIULETO Ha OTKOCA, KaTo KapTupaHe
MOXe [a Ce M3BbpLLUBA B HEMPEKbCHATa NMUHMS MO BCAKO KAapTUPaHO CTbMano Unu B NpaBuUiHa unm
LuaxmaTHa Mpexa, C KNeTku Ha onpefeneHo pascTosHWe eaHa OT gpyra.

due. No5. due. No6.

OT CBbLLECTBEHO 3HAYEHWE NPU M3BBLPLUBAHETO HA AWUCTAHLMOHHATA KapTUPOBKa € W3MON3BaHETO Ha MiTbTEH
obnak o1 ToukM. Mo-nnbTHUTE 3D 0bnauy OT TOYKM BOASAT 4O MO-BUCOKA Pe30ntoLys, NO-NoAPOBHN TEKCTYpH 1
nogobpeHa npewynsHocCT.

3aknoyeHune

CbBpEeMEHHOTO pa3BUTHE Ha TEXHUKATA U TEXHOMOTMUTE M3UCKBAT U B MUHUTE Aa 6baaT 13nonssaqu Bce no-
BMCOKOE(EKTMBHM, TOYHM W HAOEXOHW CPeacTBa M CUCTEMM 3a HabMo4eHWe, KOHTPON W ynpaBneHue Ha
TEXHONOTMYHK npouecy. MNpes nocneaHnTe ABafeceTUHa roAVMHM 3a Tasu Lien BCe No-4eCTo 3anoysaTt Aa ce
nsnonssar 6e3nunoTHUTE netatenHn anapath. C TAXHA MOMOLY MWHHWTE CMEeuWanucT W3MbIHaBaT
MHOXeCTBO [eMHOCTU, CBBbP3aHM C NPOYYBAHETO, NOArOTOBKATA W eKkcnroaTauusTa Ha Haxoguwara u TaxHata
pekynTuBaums. M3non3saHeTo Ha Te3U WHOBATWMBHM TEXHOMOMMM BOAWM OO OTKMOYBAHE Ha HEU3Non3BaH
noTeHUuarn, ONTUMM3MPaHe Ha OnepaTMBHUTE MPOLECM U HamansBaHe Ha ekcnroaTauuoOHHWUTE pa3xoau
(YCTaHOBEHO €, Ye 3a HAKOW AelHOCTM MKOHOMUKUTE MoraT Aa gocturHat Ao 90% ot pasxoauTte Ha yac) npu
pobuea Ha nonesHn nskonaemu. OT 0CO6EHO BaXHO 3HAYEHWE € U U3MON3BAHETO Ha APOHOBE 3a NPEBEHLMS
Ha pucKa OT aBapuu W 3rIONOSYKM, KaKTO U 3a OCUTYpsIBAHETO Ha 3apaBOCoBHa 1 6e3onacHa paboTHa cpeaa.
M3non3eaHeTo Ha BJIC u nocnegpalara 0bpaboTka cbe cneunanuampaHm oTorpaMeTpUyHN TEXHOMOMUK,
npy U3BLPLUBAHETO HA AMCTAHLUMOHHA reoTeXHUYecka KapTWPOBKa B OTKPUTUTE PYOHUUM MMa cregHuTe
Ba)XXHW NpeauMCTBa:;

o [lo-marnka ueHa B CpaBHEHWe C ApYrv UHCTPYMEHTU U METOAN;

o [lo-B1coka MOBUMHOCT;

o [lo3BonsiBa ynaBsHETO Ha BUCOKOKAYECTBEHW BU3YyariHU AeTannu, BKIOYMTENHO TEKCTYPU U LIBETOBE,
KOETO MpaBu TEXHONOTMATA MPEANoYNTaHa 3a MPUMOXEHWUS, NMPWU KOUTO BU3YanHO PeaniuCTUYHOTO
npeacTaBsHe Ha OKOMHaTa cpeaa € OCHOBHO M3UCKBaHe MW reoTeXHUYecKaTa KapTMpOBKa;

o [loBuwasa BesonacHocTTa npu paboTa, Tbi KaTo pedyLupa BpeMeTo 3a NPecTon Ha nepcoHana Ha
TEPEH Nog ckanHuTe otkocu 1 ap. lMonesuTe geiHOCTM ce M3BbpLBaT 6bP30 M OT BesonacHo
Pa3CTOsIHWE, KaTO He e HYXHO reofioanTe 4a CToAT B 6rM30CT O MaLUMHK UM HENOCPEeACTBEHO NOA
BMCOKM OTKOCH, KaKTO M ia Ce kaTepsT no NpocunuTe nog Tsx;
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o He e 3aabmxuUTENHO NEpCoOHANbT Aa MMa JOCTbN A0 06eKTa Ha KapTUPOBKA;

o [EOHOBpEMEHHO CbC ckamHUTE OTKOCK MoraT Aa ObAaT KapTupaHu W MIOWaAkuTe Ha pyAHWNYHUTE
cTbnana, koeTo Mo3BonsBa No-406pPOTO WAEHTU(MLMPAHE WU OKOHTYpPsIBaHe Ha 30HM C MPOSIBA Ha
AehopMaLMOHHN MPOLIECH (Ype3 TOYHO M3MepBaHe Ha crisiraHe, PaspvBHU MyKHATWHU Ha OMbH U
cpsi3BaHe 1 Ap.) B pyAHUYHUTe GopaoBe, 10pU B HEAOCTBIHU PaoHU;

o Bb3MOXHM Ca M3MEepBaHWS Ha reosioXKW CTPYKTYpW (KaTo 30HM Ha Cpsi3BaHe, pasrioMu, MyKHaTUHM,
reONIOXKN rpaHnLM, MbHKM, onuauum v ap.), Hamupaly ce Ha no-rofsiMa BUCOYMHA MO NULETO Ha
CKarHWsi OTKOC (HeAOCTBIHM 3a CreLManmueTa, M3BbpPLUBALL KOHBEHLMOHANHA KapTUPOBKA);

o /I3BbpLUBAT CE MO-TOYHM METPUYHI M3MepBaHUS (3D OpueHTaLNS, HAKMOHM, ObITKUHN, Pa3CTOSHNS,
nroww, obemn, rpanaBocT W [Ap.). Bbpxy M3MepBaHMsSTa He OKasBa BRMSHUE MarHuTHaTa
AEKNNHALNS, HAMMYMETO Ha MarHUTHU MUHepanu (KOeTo € HOpMarHo B pyaHMUMTe 3a [o6MB Ha
METasHu MoNesHu U3konaemu), pasmMepa Ha kanaka Ha reonioxkusi komnac (onpegensily, MUHAManHa
nnow, Ha M3MepBaHe) UnM MSCTOTO Ha nocTaBsHeTo My. OT 3HayeHWe B Cnyyas € (hakTbT, Ye
CKarHUTE MpPEeKbCBAHUS He Ca HaMmbfHO MNOCKM W CO(hTyepuTe 3a rEeOTEXHWYEecKa KapTMpPOBKa
OnpefensT TEXHUTe paBHUHK Ha 6asaTa Ha MHOXECTBO M3MepBaHuA ¢ u3nonssaHeTo Ha MHMK;

o [lo3BonsiBa aBTOMaTW4HA WAEHTUMKALMS, KITbCTEPU3MPAHE W Khacuukauus Ha  CKanHuTe
NpeKkbCHATOCTX  (OnpedensiHe Ha OCHOBHUTE MYKHATWHHW [PynuM), W MOCMEedBall, HadexaeH
MaTeMaTUKO-CTaTUCTUYECKM aHaNN3 HA TEXHUTE XapaKTEPUCTUKY;

o YCroBuMsiTa W XapaKTepPUCTUKUTE Ha CKaMHUsi MacKB Ce onpeaensT 06eKTUBHO 1 Bb3NPOKU3BOANMO.

o [onyyenute 3D Mopenu npefcTaBnsiBaT CBOEOOpA3eH reOTEXHUYECKM EK3EKYTUB Ha CKanHuTe
OTKOCM, KOWTO BMHArM MOXe BMOCNEACTBME [AOMbIHATENHO fAa Obge OTHOBO aHanMaupaH,
BKITKOUMTENTHO W OT APYIA CELManmucTy.

Bbrnpeku 13bpoeHuTe no-rope npeanmcTea, TpsibBa [a ce uma npeasud, Ye 3acera C AMCTAHLMOHHUTE
MEeTOaM He € Bb3MOXHO a ObaaT onpeaeneHn MUKpPO-HEPABHOCTUTE Ha EONOXKATE CTPYKTYPU, HalMyneTo
Ha CTpuaLuMu, BUOA HA MbIHEXA Ha Pa3NOMHWUTE 30HW, KOMMYECTBOTO BOAA, M3TMYALLA OT MyKHATMHWUTE B
CKarHus OTKOC, BiAa Ha MuHepanu3auusTa v ap. ToBa Hanara YCropeaHo ¢ AMCTaHLMOHHaTa KapTUpOBKa,
KbdETO TOBA € Bb3MOXHO, [Ja Ce WM3BbpLUBAT (Makap M 3a KpaTkO W C Mo-Marka 4ectoTa) W ormean u
KapTUPOBKM Ha MSICTO.
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NPEAOU3BUKATENCTBA NMPU HASEMHOTO JTA3SEPHO CKAHWUPAHE B NOA3EMHOTO MUHHO
CTPOUTENCTBO U NPAKTUYECKW NOAXOAU 3A TAXHOTO NPEOAONABAHE

Mapko Mapkos
YHuBepcUTET NO apXUTEKTYpa, CTpouTencTBo 1 reoaesuns, Codusa, Bbnrapus, markomarkov8@abv.bg

CHALLENGES OF TERRESTRIAL LASER SCANNING IN UNDERGROUND MINING CONSTRUCTION
AND PRACTICAL APPROACHES TO THEIR MITIGATION

Marko Markov

ABSTRACT

This paper examines the application of terrestrial laser scanning (TLS) for the generation of three-dimensional
models and the analysis of the geometric characteristics of mining infrastructure within underground
construction environments. The technology provides highly detailed spatial information in the form of high-
resolution point clouds, enabling the development of Digital Terrain Models. The study discusses the principal
stages of data acquisition and processing, as well as the specific challenges associated with operating in
underground environments. Drawing upon practical field experience, a set of recommendations and best-
practice guidelines is proposed to support the effective implementation of TLS in the mining sector.

Keywords: Terrestrial Laser Scanning, point cloud, Underground construction, Digital Terrain Models

1. BLeedeHue

B knacuyeckata reogesnyecka npakTuka MOHUTOPUHIBT Ha AedhopMaLi Ha MHXEHEPHN CbOPbXEHUS
ce OCHOBaBa NMPEAMMHO Ha NEpPUOANYHU U3MEPBAHWS Ha AUCKPETHU KOHTPOMHU TOYKW, peanusvpaHn Ypes
BMCOKOTOYHM TOTaNHW CTaHUUM w/vnu npeuusHn Hueenupu [8]. Toan noaxon no3sBonsiea noslyyaBaHETO Ha
HafeXOHW pes3ynTaTM NpednocTaBka 3a aHanM3 Ha MOBEAEHWETO Ha CbLOPbXEHUATa BbB BPEMETO.
BkriounTenHo, morat fa ObAaT HanpaBeHU aHanmMaW Ha 3aBUCUMOCTW MeXZy MPEMECTBaHMATa U BbHLUHM
(haKToOpU KaTo HaTOBapBaHe Ha CTeHaTa CnefCTBUE Ha BOOHOTO HUBO UMK KIMMATUYHW ycrnoBus [14].

HesaBuCMMO OT BMCOKATa CM TOYHOCT, M3MEPBAHMATA Ha €AWMHUYHW TOMKM MNpeacTaBnsBa
CbLUECTBEHO OrpaHuyeHne, Tbil KaTo He OCUrypsiBa MbilHa NPOCTPaHCTBEHA WH(OpMaLKs 3a 13cneaBaHus
0bekT. ToBa € 0COOEHO BaXHO MPU CMOXHU UHXEHEPHWN CHOPBXEHUS U MUHHW 13pabOTKK, KbAETO NOKanHu
feopMauum mMoraT Aa OCTaHaT HeperucTpupaHi npu HefocTaTbyHa MbCTOTA HA TOYKUTE OT KOHTPOMHO
namepsatenHata cuctema (KAC).

B Tasu Bpb3ka, Npe3 nocrnegHUTE roAnHN BCe MO-LUMPOKO NPUMOXEHWe B CBETOBEH Mallab Hamupart
TEXHONOMNTE 3a HA3EMHO NTa3epHO CKaHMpaHe, KOMTO NO3BONIABAT ObP30 W AETAHO 3aCHEMaHe Ha 06eKTK
nof copmata Ha obnavuu OT TOYKW C BUCOKa pasfennuTenHa cnocobHOCT. Tean AaHHu cbagaBat NpeanocTaBki
3a u3rpaxpaaHe Ha BUCOKOZETaNNHN TPUMEPHW MOLENN W 3a U3BBPLLBAHE HA NPOCTPAHCTBEH aHann3 ¢ BUCOKa
CTeNeH Ha u3depnatenHocT [2].

[MpUNoXeHNeTo Ha Ha3eMHOTO I1a3epHO CKaHWpaHe B MOA3EMHOTO MWHHO CTPOMTENCTBO NOCTaBS
obaye peguua creunduyHU NpeausBMKaTencTBa, CBbP3aHW C 0COOEHOCTUTE Ha cpepdaTta, orpaHuyeHata
BMOMMOCT W TPYOHOCTUTE Npu reopedepupaHe. ToBa Hanara pa3paboTBaHeTo W NpuUnaraHeTo Ha aganTupaxm
NoAxoam 3a eheKTUBHO U3NOM3BaHE Ha TEXHOMOTMATA.

2. MemodonozuyHu acnekmu Ha Ha3eMHOMO J1a3ePHO CKaHUPaHe npu ModesiupaHe Ha MUHHU 06ekmu

HaseMHOTO nasepHO CkaHuMpaHe Ce YTBbpxOaBa KaTo BMCOKOE(EKTUBEH WHCTPYMEHT 3a
MPOCTPAHCTBEHO MOLENMPaHe Ha CMOXHI UHXEHEpPHU 0BEKTI, KaTo HeroBaTa OCHOBHA CTOMHOCT MpoM3THYa
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He TOMKOBA OT TOYHOCTTA Ha CamOTO W3MepBaHe, KOMKOTO OT Bb3MOXHOCTTa 3a MoryyaBaHe Ha
NPOCTPAHCTBEHM [jaHHU C BUCOKA Pe3onioLms, npegnonaralla eqHa AeTainnHa nocneapalla uHTepnpeTaums.
B 1031 KOHTEKCT, obrayuTe OT TOYKW crieBa fa ce pasrnexaar He NPocTo KaTo pe3ynTtaT OT M3MepBaHe, a
KaTo HOCWTeN Ha WHgOpMauuWs, noanexalia Ha TpaHcopMauus B aHanuTUYHWM MoAenu. Te CbabpxaTt
Habopu OT JaHHM, OMWUCBALLM KOOPAMHATUTE HA MHOXECTBOTO OT TOYKM, AOMbIHEHW C aTpubyTh KaTo LBAT
(RGB), nWHTeH3uTET Ha OTpaxeHWeTo M ap. B 103U cMUCHA, edeKTUBHOTO NPUIOKEHWE HA HA3EMHOTO
Na3epHo CKaHWpaHe B MUHHOTO [ENo W3MCKBA He CaMO MO3HaBaHe Ha M3MepBaTenHaTa TEXHOMNOrs, HO U
cneynduyeH nogxor kbM obpaboTkata 1 MHTepnpeTaLmsaTa Ha NonyveHnTe NPOCTPAHCTBEHN AaHHu [1].

MeTogomnorMyHO NpoLechT Ha Cb3faBaHe Ha TPUMEPEH Moaen Moxe Aa 6bhe CTPYKTypupaH kato
nocrefoBaTenHoCT OT eTanW, BKMKOYBALLW NraHUpaHe Ha W3MepBaHUATa, akyMmynupaHe Ha [aHHu,
peructpauusi, obpaboTka v aHanmanpaHe [6].

EtanbT Ha nnaHupaHe uma 3a Len Aa gedvHupa obxsaTta Ha u3cnefBaHeTo, Heobxogumarta cTeneH
Ha W34epnaTefiHOCT Ha Mojena M KOH(Wrypauusta Ha ckaHupawute nosuuyun. OCHOBEH MpUHUMN e
OCUTYpPSIBAHETO Ha JOCTaTbYHO MPUNOKPUBAHE MEXAY OTAEMNHUTE ,CKaHoBE" (PErncTpupaHmn obnawm oT TOuKK,
npu BCAKa OTAENHa NO3NLMSA Ha NasepHUs CKeHep), KOeTo e NpeanocTaska 3a nocrnedsaliata UM ycneluHa
WHTerpauus.

ChbLUMHCKUTE M3MEPBaHNA Ce OCBLUECTBABAT Ype3 N3b0p Ha MOAXOASALM NapaMeTpu Ha CKaHupaHe,
BKIIOYMTENHO Pe30NtoLms, 00XBaT W NITbTHOCT Ha ToukuUTe. Te3n napamMeTpu ce ONpeaensT B 3aBUCUMOCT OT
LiennTe Ha aHanuaa 1 u31ckBaHaTa TOYHOCT Ha KparHus Mogen.

Peructpauusita npegcrasnssa npouec Ha NpuBexaaHe Ha OTAenHWTe obnauy oT TOYKM B eduHHa
KoopauHaTHa cuctema. To3W eTan ocurypsiBa reOMEeTpuYHaTa CbrlacyBaHOCT Ha AaHHWTe U dopmupa
0CHOBATa 3a Cb3/laBaHe Ha LiANOCTEH NPOCTPAHCTBEH MOAENT.

Cren peructpauusta ce u3BbplwBa o0BpaboTka Ha [daHHMTE, BKMKOYBALLA CTPYKTypUpaHe,
Knacudumkaums » NOAroToBKa Ha obrmauute OT TOYKM 3a MofenupaHe. B To3n etan ce cb3gaBa Bpb3kata
Mexay MbpBUYHUTE W3MEPBaAHUA U TAXHOTO M3MON3BaHe 3a aHanWUTUYHW npunoxeHus. Cb3gaBaHeTo Ha
TpUMepeH mMofen Moxe fa 6bae peanusupaHo Ypes pasnuyHu NOAXOAM, KaTo M3BOPBT Ha KOHKPETEH MEeTod
3aBuCM OT UenuTe Ha wacrnegsaHeto [9]. Cpen Hal-4eCTO WM3MNOM3BAHUTE Ca TPUAHTYNaYHW HeperynsapHu
mpexu (TIN), perynsapHn pewetku (Grid-based) n aupektHa pabota ¢ obnaum OT Touku. Bceku oT Tesu
NoAxoam npeanara pasnuyHa cTeneH Ha AeTannHOCT U Bb3MOXHOCTM 3a nocneasall aHanua.

3aKMOYMTENHUAT eTan BKOYBA M3BMMYAHE Ha WHQOpMauMs OT Cb3fafeHus mogern, KaTo
reHepupaHe Ha Npounu, onpesensiHe Ha reOMeTPUYHI NapamMeTpy 1 U3BbPLUBAHE HA KONMYECTBEHN OLEHKM.
Tesu pesynTaTi hopMupaT OCHOBATA 3a MHTEPNPETALMS 1 B3EMaHe Ha UHXEHEPHU peLLeHus.

B TO31 KOHTEKCT Ha3eMHOTO Na3epHO CkaHWpaHe criefsa da ce pasrnexaa kato UHTerpupaH npouec,
MpU KOWTO Ka4ECTBOTO HA KpanHWA pesynTaT 3aBUCK OT U3MbITHEHWE Ha BCUYKM eTani.

3. lpeduseukamencmea npu NPUNOXeHUEMO Ha Ha3eMHOMO J1a3ePHO CKaHUPaHe 8 MUHHU o6exkmu u
NPaKmMuy4ecKu peweHust

[MpUNOXeHNETO Ha Ha3eMHOTO Na3epHO CKaHUpaHe B MUHHATA UHOYCTPUS, U B YACTHOCT B NOL3EMHM
YCOBWS, € CBbP3aHO C peduua CneuuduyHu Npeau3BuKaTencTBa, KOUTO OKasBaT NPsSKO BAUSIHUE BbPXY
Ka4yecTBOTO Ha NOMyYeHUTe AaHHU U HAaOeXOHOCTTa Ha U3rpageHnTe Moaenu. Tesn orpaHyeHns NponusTuyaT
Han-BeYe 0T 0COBEHOCTUTE Ha M3MepBaTenHata cpeaa.

EauH oT ocHoBHWTE npobnemu e CBbpP3aH C npoueca Ha perncTpauus Ha OTAENHUTE CKaHUpaHUS.
M3non3BaHeTo Ha anroputMu, Kato Te3u 3a CbBrnageHue Ha reometpusita (cloud-to-cloud) okassa
CbLUECTBEHO BMMsHWE BbpXy KpalHaTa TOYHOCT Ha Mogena. B ycnosusita Ha orpaHuyeHa reomeTpuyHa
pa3HOOOpa3HOCT, XapaKkTepHa 3a MoA3eMHW W3paboTku (Hanmpumep TyHenu € NpUONU3UTENHO efHaKBoO
HanpeyHo CeyeHune), TO3U MOAXOL MOXe Aa AOBede A0 HaTpynBaHe Ha rpewkn. EQHO 0T Bb3MOXHWUTE
NPaKTUYECKN peLLeHUs Ha TO3u NPoBiem € M3Mon3BaHeTo Ha U3KYCTBEHU €NEMEHTU — CHO pa3no3HaBaeMu
mapkepu (laser scanner targets), pa3nonoxeHu Ha nogxopsii mecta, B obekta. Te moraT ga Gbgat
onpejeneHn B fokanHa KOOpAMHaTHa CUCTeMa W U3MOM3BaHW KaTo KOHTPOSHWM TOYKW MpU peructpaunsata,
KOETO 3HAYMTENTHO NOBULLIABA YCTOMYMBOCTTA U TOYHOCTTA Ha KpaHNS Mogen.
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[pyr cbluectBeH daktop e oTcbeTBUeTo Ha GNSS curHan B nogsemHata cpefa, KoeTo orpaHuyasa
Bb3MOXHOCTUTE 3a AMPEKTHO reopedepupaHe Ha JaHHWUTE B peanHo Bpeme. B Tean cnyyvan ce unanonasat
CTabunmanpaHn reogesnyeckn TOYKU (reofde3nyeckn Mapku), onpeaeneHn Ypes Knacuyeckn reoaesnyecku
meToam [10], kouTo peanuampaT fokanHa KOOpAWHaTHa cucTeMa B NOA3eMHaTa Cpeaa M CryxaT kaTo OCHOBa
3a U3BbpLUBAHNUTE U3MEPBaHUs. B 3aBUCUMOCT OT KOHKpeTHaTa Len Ha paboTa, Tean Touku Morat ga 6baat
npeaBapuTENHO NpUBbLP3aHN KbM rnobanHa KooparHaTHa cucTeMa Unu ga OCurypsiT Bpb3ka BroCNeacTBIE
4pe3 TOYKM, Pa3noSIOXEHN Ha MOBBPXHOCTTA.

OrpaHuyeHaTa BUAMMOCT U HaMMYMETO Ha NPENnsATCTBUS BOAAT A0 NosiBaTa Ha ,CeHYecTU unu oLle
,MBPTBN® 30HM, KOWTO OCTaBaT He3acHeTu [3]. ToBa Hanmara BHUMATENHO MNaHMpaHe Ha no3uuunUTE Ha
CKaHupaHe C Len MUHUMKU3MPaHE Ha NPOMYCKUTe, KaKTO U yBEnu4aBaHe Ha Bposi Ha CTaHLMKUTE MpW CRoXHa
reomMeTpus.

HebnaronpusatHute hakTopu Ha cpedata, kaTto Mmpax M Bnara okaseaT HEraTMBHO BIUSIHWE BbPXY
KayecTBOTO Ha JaHHWTe, BOAEWKN [0 yBenuyaBaHe Ha ,yma“ B obnauute OT TOYKMW. [pakTuieckuaT noaxos,
3a cnpaBesiHe C TO3K Npobnem BKMKYBa KOMOWHMPaHE Ha NOAXOLSLM NapaMeTpU Ha CKaHupaHe (pesoniouus,
CKOPOCT) C NocneaBalLo npunaraHe Ha UATpUpaLLW anropuTMi 3a pegyLmpaHe Ha napasuTHUTE TOYKM.

B o606LieHre, ehekTUBHOTO MPUNOXEHME HA HA3EMHOTO NA3epHO CKaHWpaHe B MWHHOTO Aeno
M3NCKBA He CaMO MO3HABaHE Ha TEXHOMOMMYHUTE Bb3MOXHOCTM, HO U aganTupaHe Ha MeTOAoNorUsaTa KoM
KOHKPETHWUTE YCNoBUS Ha cpefaTa. KomOUHMPaHeTo Ha pasnuyHn NOAXOAM 3@ PErucTpauynsi, BHUMATENHOTO
NnaHMpaHe Ha W3MepBaHMsTa W MpunaraHeTo Ha afekBaTHW cTpaTterum 3a obpaboTka ca Kn4voBM 3a
nocTUraHe Ha HagexXaHu pesynrtatu.

4. KpaliHu pesynmamu om Ha3eMHOMO /1a3epPHO CKaHUPaHe U MsiXHama UHXeHepHa NPuIoXumMocm &
pamkume Ha dueumanHu deolHuUyu

KpaiHuat pesyntaT OT Ha3eMHOTO Ila3epHO CKaHWpaHe npeacTaBnsBa reopedepupaH obnak ot
TOYKM, KOUTO CbAbpXKa AeTalnHa NpoCTpaHCTBEHa MHGopmaumsa 3a uacneaBaHust obekt. B 3aBucumocT ot
cTeneHTa Ha 0bpaboTka, TO3W MbpBUYEH pesynTaT Moxe Aa 6bae TpaHCHOPMUPaH B PasnnYHN NPOU3BOAHU
NPOAYKTW, BKMIOYATENHO AuruTanHun mogenn Ha TepeHa (DTM), HanpeyHn U HapgnbkHU npoduny,
KOMMYECTBEHW OLIEHKM Ha reOMeTPUYHI napameTpu u obemu [12].

CTOMHOCTTa Ha TeaW NpOAyKTU Ce Onpedens OT Bb3MOXHOCTTA 3a W3BMWYaHE Ha Lenesa
WHopmaLMs, KoSTO Moxe Aa Gbde W3nonaBaHa 3a HyxauTe Ha creuuanucTute B obrnactTa. Mpu MUHHNK
13paboTkM TOBA BKIHOYBA ONPEAEnsHe Ha reoMeTpusTa Ha u3paboTKuTe, KOHTPON Ha CeYEeHNsITa 1 OLeHKa Ha
OTKMOHEHWS OT MPOEKTHUTE napameTpu. B To3n KOHTEKCT obrauute OT TOYKM M MPOM3BOHMTE UM MOAENN
ocurypsBaT LANOCTHO U [EeTaiiHO MpOCTPaHCTBEHO Mpecb3faBaHe, KOETO 3HAYUTENTHO MPEBb3XOXAa
OMCKPETHUSA XapaKTep Ha KNacu4eckuTe n3mepBaHus.

OcobeHo 3HayeHWe Ma Bb3MOXHOCTTa 3a CpaBHEHWE Ha MOAENM, MOMyyYeHn B pasfniHu BPEMEBY
MOMeHTU. To31 NOAXOA NO3BONISBA U3BBPLLBAHE Ha aHanu3 Ha U3MeHeHusTa [5], Ypes KoiTo moraT fa 6baat
NOEHTUULMPaHKM NoKaHK AedopmaLum, 30H1 Ha 0bpyLLIBaHe U HaTpynBaHe Ha Matepuan. 1o T03u HauwH
[aHHUTE OT Na3epHO CKaHupaHe Ce MpeBpbliaT B WHCTPYMEHT He CaMO 3a [OKYMEHTWpaHe, HO W 3a
OTKpWBaHE Ha NpoLecy, NpOTHYaLLM B MUHHUTE 0OEKTU.

WHTerpupaHeTo Ha Te3n npogykT B oblya reomHopMaLMoHHa cpefa Cb3faBa NPeanocTaBky 3a
narpaxgaHe Ha gurutanHu ABOMHWUUM. B TO3M cryyvan TpUMEPHUAT MOLEN He ce pasrnexda Kato ctaTuyeH
pesynTar, a kato AMHaMU4YeH, KOWTO Ce aKTyanuaupa 4pes3 nepuoauyHn uamepsaHus. ToBa no3BorsiBa
npocneasBaHe Ha CbCTOSHUETO Ha 06eKTa BbB BPEMETO ¥ NoANoMara B3EMaHETO Ha MHXEHEPHMN peLLeHNs Ha
6a3a akTyanHa v aeTannHa nHgopmaums.

B TO31 KOHTEKCT AurnTanHuTe ABOMHWLM MoraT fa 6baaT pasrnexaaHu U kato 0CHOBa 3a CUCTEMU 3a
noanoMaraHe Ha B3eMaHeTO Ha pelueHus (decision-support systems), KOUTO M3NON3BaT aKTyanuavpaHu
NPOCTPAHCTBEHM JaHHW 3a OLiEHKa Ha pucka 1 ONTUMUNPAHE Ha UHKEHEPHUTE LENHOCTH.

Kato egHO eqheKkTMBHO [OMbIHEHWE KbM pasrnefaHuTe NpunoxeHus, nogobeH nogxon Moxe Aa
Obge wW3non3BaH WM NPU MOHUTOPUHT Ha HAA3eMHW WHXEHEPHW CbOPBXEHUS, CBbP3aHW C MUHHOTO
NPOM3BOLCTBO, KaKBWTO ca XBocToxpaHunuwara [4, 7]. Cb3gaBaHeTo Ha TPUMEPHU MOLENN Ha TeXHWTe
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KOHCTPYKTUBHW eNeMeHT MO3BONsBa aHamuM3 Ha reoMEeTPUYHU W3MEHEHMs, reHepupaHe Ha npodunn
oLeHKa Ha 06eMHU n3meHeHus:. [pu MHOroKpaTHO 3acHeMaHe Te3n Mogenu Morat Aa 6baat 13nonasaHu 3a
npocneasiBaHe Ha [edopMaLMOHHM MPOLECcH, KOeTO M NpaBW NOAXOAfWA OCHOBAa 3a M3rpaxhaHe Ha
OVruTaneH ABOMHVK 1 npy To3u Tun obekTu [11,13].

5. 3aknroyeHus

HaseMHOTO na3epHO ckaHWpaHe Ce YTBbPXAaBa kaTo e(heKTBHA TEXHOMOMS 3a MonyyaBaHe Ha
[eTaiiNHa NPOCTPaAHCTBEHA WHAOPMALMS, KOATO 3HAYUTENHO pasluMpsiBa Bb3MOXHOCTATE 3a aHanua U
NHTEpNPETaLMs Ha FTEOMETPUSITA HA MUHHUTE 0BEKTW. B cpaBHEHME C Knacuyeckute reofesnyecki MeToam,
GasnpaHn Ha AUCKPETHU U3MEPBaHMS, TEXHONOMMSATa OCUTypsiBa MO-U3YepnaTerHo W HafeXaHo MacneaBaHe
Ha CbCTOSHUETO HA MHXEHEPHUTE CLOPBXEHMS

MpeanoxeHata MeTOONOMMYHA paMKa W aHanMM3 Ha NPUIMOXEHWETO Ha Ha3eMHOTO NasepHo
CkaHMpaHe B MWHHW 0GekTu MmoraT fa GbaaT AMPEKTHO WM3NOoN3BaHM B MpakTikaTa 3a nogobpsiBaHe Ha
npouecuTe N0 W3MepBaHe, MOAENMPaHe U MOHUTOPUHT. CUCTEMaTU3MpaHeTO Ha paboTHUS MpoLec
nognomara no-ehekTMBHOTO MNaHMpaHe Ha U3MepBaHWsTa 1 onTUMM3Mpa 06paboTkaTa Ha AaHHUTE, KOETO
BOAV [0 NOBULLIABaHe Ha HAAEXOHOCTTa Ha KpaiiH1Te pesynTaTy.

PasrnefaHusT Noaxo4 € MPUIoXUM He camo 3a MOA3EMHM MUHHM M3palboTkK, HO W 3a CBbP3aHM
NHAPACTPYKTYPHIU CLOPBXKEHWS, BKIHOYUTENHO XBOCTOXPaHUNMLLA, KbAeTO MoOXe Ja Obae ManonssaH 3a
aHasnn3 Ha reOMETPUYHI M3MEHEHNS 1 OLiEHKa Ha CbCTOSIHUETO B JbIITOCPOYEH MMaH.

WHTerpaunsTa Ha pesynTaTuTe OT 1a3epHOTO CKAHMpaHe B paMKUTE Ha AWIUTamnHN [BOMHMLM
no3BoNisiBa MPemMUHaBaHe OT CTATMYHO KbM AMHAMWYHO MPEACTaBsHE Ha MUHHUTE 00ekTw. ToBa CbafaBa
YCrOBMS 3@ NO-€(hEKTUBEH MOHUTOPHHT, OLIEHKA Ha pucka 11 NOANOMAraHe Ha UHXEHEPHUTE PeLLEHNs KaKTo B
MoL3eMHM U3paboTKM, Taka W MpK CBbP3aHUTE C TSX MHPACTPYKTYPHU ChOPHKEHNS.

B TO3M CMUCBI, BHEOPSIBAHETO Ha TEXHOMOTMW 3@ HA3EMHO N1Aa3epHO CKAHMpaHe W AWruTanHu
[BOVHML MMa MOTEHLMAn Aa ce MpeBbpHe B CTaHAapTeH MoAXod NpW YNpaBNeHWeTO U MOHUTOPWHIA Ha
CbBPEMEHHN MUHHI OBEKTH.

MpencTaBeHnTe U3BOAM M HACOKM Ca C 0030PEH 1 MPaKTUKO-METOLONOTMYEH XapaKkTep U ca GasupaHm
Ha HaTpynaH ONMT OT MPWIOXEHME HA HAa3eMHO Na3epHO CKaHMpaHe Npu pasnuyHKM obektn, 6e3 aa ce
pasrnexmna KOHKPeTeH MHAMBMAYANEH Criyyail.
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ABSTRACT

A deformation monitoring survey involves performing several epoch measurements on a network of reference
and object points positioned across the structure or area under investigation. The main purpose of the
research is to determine whether any significant displacements have occurred between observation epochs
using statistical testing. This study investigates the minimal detectable displacements that can be reliably
identified using RTK-GNSS and examines methods for assessing point stability. The results demonstrate that
real-time GNSS provides effective deformation monitoring for early warning.

Keywords: GNSS, deformation analysis, deformation surveys, deformation monitoring, outlier

Introduction

Understanding the condition of the structure or terrains and the ongoing processes within it is crucial in making
informed decisions about its maintenance and secure functioning. We use our knowledge of the structure's
possible behavior throughout the design process to select suitable objects and monitor reference points. We
also consider critical displacement values to ascertain the required level of precision. In engineering surveying
deformation surveys the minimal detectable displacement defines the smallest movement magnitude that can
be distinguished from measurements. Using survey data collected at two epochs, a confidence ellipsoid for the
deformation vector of a single point in a three-dimensional Cartesian coordinate system is computed, allowing
for the detection of deformations and the estimation of their covariance matrix.

Deformation monitoring plays an important role in surveying engineering because it helps detect and evaluate
displacements (geometric changes) in terrains and structures. Such changes may result from tectonic activity,
unstable soil conditions, structural loads, temperature variations, or the long-term behavior of construction
materials. Accurately identifying these deformations is essential for maintaining structural safety, reducing
risks, and developing effective early-warning systems for potential failures. In recent years, Global Navigation
Satellite Systems (GNSS) have become one of the most reliable technologies for deformation monitoring.
They provide continuous, automated, and highly precise measurements, which makes them especially useful
for tracking even small movements. Since displacements often appear before more serious structural damage,
they serve as valuable early indicators. This is particularly important in landslide monitoring, embankment and
dam surveillance, and the observation of various engineering structures.

Principles of deformation monitoring surveys

A deformation monitoring survey involves performing repeated measurements on a network of points
distributed across the structure or area under investigation. The main objective is to determine whether any
statistically significant displacements have occurred. These displacements may be vertical, horizontal, or 3D
movements. The minimum detectable displacement in engineering surveying is a crucial measure that
depends on the direction of the displacements. The precision of GNSS results is influenced by a lot of factors,
including the length of the observation period, the satellite geometry, atmospheric conditions, and the
processing strategy applied. Extending the duration of observations typically enhances accuracy by reducing
random noise and mitigating multipath effects. By using a network of reference stations, we can apply
positioning techniques that make our measurements much more precise. Advancements in real-time kinematic
(RTK) and network RTK technologies have made it possible to perform GNSS-based deformation monitoring
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in real time. Modern communication networks now connect remote monitoring systems and instruments,
enabling information exchange [8]. Different communication and data-transfer protocols (NMEA 0183, RTCM,
and NTRIP) are used in RTK-GNSS measurements [9]. To assess the risk of dangerous landslide activity, the
terrains must be examined in detail with geodetic and geotechnical instrumentation. The stability of mining
areas depends on the use of GNSS technology for deformation monitoring. Reliable identification of the main
causes of slope instability is achieved by combining GNSS measurements with photogrammetric data
collected by unmanned aerial vehicles [7]. Several studies also explore how GNSS and InSAR technologies
can be integrated for effective landslide detection. Laser scanning is widely applied in urbanized areas [11].
The paper [1] investigates the principles and potential of creating 3D building models and evaluating their
quality using terrestrial laser scanning. Knowledge of three-dimensional models provides the opportunity to
analyze deformations. A scanner's advantage is the ability to capture spatial data with extremely high point
density. In practical applications for deformation monitoring surveys, the authors [4] present geotechnical
monitoring techniques for dams. In [3] the authors propose an approach for analyzing deformation
observations obtained during mine surveying. The paper [10] presents a monitoring system composed of
multiple sensor nodes equipped with inertial modules, which provide direct calculations of Euler angles and
quaternions. These nodes are connected through a Zigbee wireless network and deployed in an area
susceptible to landslides. A high-precision navigation system that integrates an inertial measurement unit with
a multiband GNSS module achieves high accuracy by employing dead reckoning (DR) and RTK algorithms
[12]. This study [2] analyzes the landslide along the northern Bulgarian Black Sea coast using a combination of
ground-based GNSS measurements and satellite INSAR interferometry. Due to the complex terrain, GNSS
results were complemented by DINSAR processing of Sentinel-1 data to ensure a more accurate interpretation
of the movements. The research [13] evaluates the real-world accuracy and noise characteristics of RTK-
GNSS technology for structural monitoring across four different environments: grass, concrete, water, and an
obstructed balcony. To improve data quality, the authors suggest using adaptive filtering and multipath
correction techniques to denoise the signals. GNSS technology is used for monitoring the structural health of
bridges [18]. The authors propose a new approach using the monitoring station located on the bridge tower as
a moving-base reference station and applies moving-base RTK-GNSS.

On October 21, 1966, after days of rain, a massive spoil tip of coal waste accumulated on a hill directly above
the Aberfan village collapsed. The primary engineering failure mechanism involves water accumulation at the
base, resulting in increased pore pressure and partial liquefaction of the waste material. In this case, there is a
lack of detailed engineering-geological and hydrological reports, stability analyses, landslide models and how
much water the material can retain. Furthermore, a monitoring system is missing. This process triggers a rapid
transition from a solid state to a liquid mass. The article [5] focuses on the modelling of fluidised geomaterials,
specifically the Aberfan. The article [14] is useful because it provides a methodology for detailed
physicochemical analysis of mine waste, including its reaction to water and temperature. This knowledge
would help specialists assess the risk of instability.

Experiment

The research [16] explored the potential contribution of low-cost high-rate GNSS receivers for Structural
Health Monitoring (SHM) applications. In our experiment, RTK-GNSS monitoring of horizontal displacements
involves establishing a stable reference station and a mobile station. By comparing the changes in distance
between these two stations, displacements can be derived. This is particularly important for long-term
observation programs, where continuous, reliable, and cost-effective measurements are essential for
assessing structural stability and detecting subtle deformation trends. In our experiment, the distance between
the base antennas and the mobile receiver is 1.105 m in the initial state. The values of the horizontal
displacements of the deformation are presented (Fig.1), where every step reflects a 10 mm decrease (till about
18000-22000 measurements) and then increase in the measured distances. Determining the GNSS sensitivity
in detecting displacements is based on the 3-sigma rule. If a value lies more than three standard deviations
away from the mean, it is identified and classified as a displacement. Relying only on the three-sigma rule
assumes a perfect normal distribution.
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Example:

1. first set of 30 distance measurements - from number 0 to 30 (Fig.1)

X1=(1.108;1.111;1.111;1.108;1.108;1.108;1.108;1.090;1.111;1.108;1.090;1.108;1.108;1.108;
1.108;1.108;1.090;1.108;1.090;1.108;1.108;1.108;1.108;1.090;1.108;1.108;1.108;1.090;1.090;1.108)

2. second set of 30 distance measurements — from number 8044 to 8074 (Fig.1)

X2=(1.069; 1.069; 1.069; 1.069; 1.069; 1.087; 1.069; 1.069; 1.087; 1.072; 1.069; 1.072; 1.069; 1.072; 1.087;
1.072; 1.069; 1.069; 1.069; 1.069; 1.072; 1.069; 1.072; 1.069; 1.072; 1.072; 1.072; 1.072; 1.072; 1.072)
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Fig.1 Distances in meters (ordinate) and number of measurements (abscissa)

For datasets like this, it is appropriate to apply complex outlier detection tests. Outlier tests applied to our
dataset are:

Grubbs’ test

Generalized Extreme Studentized Deviate (GESD)
Dixon’s Q-test

Iglewicz-Hoaglin test

Boxplot (IQR method)

3-sigma rule

Romanovsky'’s criterion

Nook~rowd

The listed tests are divided into:

1. Tests for normally distributed data

a) Grubbs' test

b) Generalized Extreme Studentized Deviate (GESD)
c) Dixon’s Q test

d) 3-Sigma Rule
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e) Romanovsky’s criterion

2. Tests for non-normally distributed data

a) Boxplot Rule (IQR Method)
b) Iglewicz-Hoaglin test

The check of whether our specific distribution is normal using the Shapiro-Wilk test shows that it is not
normally distributed. The first observation of the second epoch X2 (1.069) is added to the observations of the
first epoch X1. Then the second observation of the second epoch X2 (1.072) is added to the observations of
the first epoch X1. The analysed measurements from the second epoch of deformation monitoring X2 show
the following values: 1.069 m (appearing 14 times), 1.072 m (appearing 13 times), and 1.087 m (appearing
only 3 times). The value 1.069 shows the greatest variance from the initial value of 1.105 and also has the
highest frequency, making it the subject of our study.

a) Boxplot Rule (IQR Method)

The first step is to sort the dataset in ascending order. The first quartile (Q1), the second quartile (the median),
and the third quartile (Q3) are calculated. The interquartile range (IQR) is difference between the Q3 and Q1.

IQR = Q5 — 0 (1)
With Q1, Q3 and IQR the Lower Fence (LF) and Upper Fence (UF) are calculated.
LF=Q, — 1,5.IQR (2)
UF=Q;+ 15.IQR 3)
Statistically, according to the IQR method, the value 1.069 is classified as an outlier.

b) Iglewicz—Hoaglin Test

The dataset contains 31 observations, and the median corresponds to the 16th value when the data are
sorted, which is 1.108. After determining the median, the next step is to compute the absolute deviations of
each observation from the median. For example, for the analyzed dataset the Boxplot Rule (IQR Method) and
the Iglewicz-Hoaglin test identify the value 1.069 as an outlier. For completeness, the other tests (Grubbs’ test,
Generalized Extreme Studentized Deviate (GESD), Dixon’s Q test and 3-sigma rule) also give 1.069 for the
outlier.

Romanovsky'’s criterion is a parametric statistical goodness of fit test used to assess how well empirical data
correspond to a theoretically expected distribution. Compared with other statistical criteria, Romanovsky’s
criterion assesses the agreement between observed and expected frequencies and helps identify gross errors.
For the analyzed data set, Romanovsky's criterion identifies 1.069 as an outlier. The authors [6] analyze
Minimum Detectable Displacements (MDD) in deformation networks with theoretical MDD and empirical MDD.
In our experiment the MDD are investigated by outlier detection methods. The research [17] demonstrated that
the RTK-GPS system achieved a positioning precision of approximately 1.5 cm, confirming its suitability for
high-rise structural deformation monitoring. The article by [15] examines the same combination of tests and
shows that, in small univariate datasets, the different methods often identify the same outlier. Every significant
shift visible in Fig.1 corresponds to a displacement of 10 mm. That is, from 0 to the value about 20,000 the
distance decreases by one 10 mm step, and after that it increases by 10 mm. The conclusion we can draw is
that the detected displacement of 30 mm, according to the outlier detection tests, corresponds to an actual
displacement of 10 mm.
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Conclusion

The research has shown that GNSS receivers can achieve the accuracy required for horizontal deformation
monitoring. These methods enable displacement information to be produced almost immediately, making them
highly suitable for applications such as dam surveillance or landslide early-warning systems. Real-time GNSS
monitoring can be linked with automated processing software and alert systems. When displacement values
exceed predefined thresholds, notifications can be sent directly to engineers. Compared with traditional
displacement monitoring, this method has significant economic, efficiency, and data integrity advantages. By
employing the monitoring approach described for the analysis of outlier detection methods, it is possible to
improve the detection of movements and to enhance the evaluation of structural health in constructions or
terrain assessments.
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FrEOTEXHWUYECKA U KOHCTPYKTUBEH MOHUTOPUHIT B MOA3EMHOTO rPAACKO CTPOUTENCTBO

Bopucnae bopucos, b.borisov@mgu.bg
MuHHo-reonoxkm yHusepcutet ,,Ce. UBan Puncku“, Codua

ABSTRACT

This paper treats geotechnical and structural monitoring as an active risk-management process in urban
underground construction. The Observational Method provides the framework that links baseline
measurements, data reliability, engineering interpretation and predefined actions. Conventional instruments
are considered alongside DFOS, InSAR, DAS, automated total stations and wireless sensor networks.
Particular attention is given to TBM-induced ground movements, deep excavations, instrument placement,
adaptive monitoring frequency and hierarchical alert levels. The review shows that monitoring is effective only
when design assumptions, construction parameters, verified data and decision-making responsibilities are
connected through a clear and traceable procedure.

Keywords: geotechnical monitoring, Observational Method, TBM, DFOS, InSAR

BbBEJEHUE

[Mo43eMHOTO CTPOUTENCTBO B NITbTHO 3aCTPOeHa rpajcka cpefa HensbexHo e CBbP3aHo C reoTexHuyecka
HeonpeaeneHocT. [lopu npu nogpobHO MpoyyBaHe AECTBUTENHOTO MOBEAEHWE HA MacuBa, NOA3EMHUTE
BOAM, CbLLECTBYBALLMTE Crpadn U HOBOU3rpaxaaHaTa KOHCTPYKLMS Ce U3ACHSABA NOCTENEHHO C HaNpeaBaHETO
Ha paboTute. 3aTOBa MOHMTOPUHIBLT HE € MPOCTO PErucTpuUpaHe Ha OTAEMNHM npemecTBaHus. Herosata
3ajava e [a CBbpkKe MPOEKTHWUTE LOonyckaHus ¢ HabmogaBaHOTO NOBefeHWe W Aa OCUTypu HaBpPEMEHHA,
000CHOBaHa MHXEHepHa peakLus.

AMeHHO Tasn pons e 3anoxeHa B Habniopatenuus metogq no EN 1997-1. MetogbT wuauckea
npeaeapuTenHo Aa 6baart onpepeneHn AOnyCTUMOTO NOBEAEHME, Bb3MOXHWUTE OTKIOHEHWS, MNaHbT 3a
HabntoaeHue N MepkuTe Npu HaaBuwasaHe Ha npuetute rpaHuum. B EN 1997-1:2004 Toit e ypepeH B T. 2.7, @
B BAC EN 1997-1:2024 - B 1. 4.7 (CEN, 2004; BIS, 2024). Knto4oBMAT NpUHUMN € pelleHusTa Aa He ce
opmynupart eaBa cnep Bb3HWKBaHe Ha npobrema, a aa 6baaT NoAroTBEHW NpeaBapuUTENHO U 3aenCTBaHu
Bb3 OCHOBA Ha NOTBBLPAEHU M3MePBaHUS U ACHO onpegeneHun otroBopHocTu (Peck, 1969; Moritz & Schubert,
2009).

Cobluara noruka ctou 1 B ocHoBata Ha HATM, npu KOMTO HOCELMAT NOTEeHUMan Ha MacyBa ce M3non3ea
ype3 KOHTPONMPaHO passuTME Ha [fedopmauuuTe M CBOEBPEMEHHO ajanTupaHe Ha ykpensaHeTto. [pu
MexaHu3upaHoTo npokonaeaHe ¢ TMM To31 nogxofd Ce peanuavpa 4Ypes3 NOCTOSHHA CbMOCTaBKa MeXay
HansaraHeTo Ha 3ab0s, CKOPOCTTa Ha NPUABWXBAHE, 3aMLMTOBOTO MHXEKTUPAHE M peakuusita Ha TepeHa W
cbliecTByBalmTe 00ekTH. Taka MOHWTOPUHIBLT CE MpeBpblia B HepasgenHa 4acT OT CTpouTenHaTa
TEXHONOrWs, a He OCTaBa Nnocneapalla KoHTponHa AenHoct (Schubert & Lauffer, 2012). MpaktuyeckoTo
NPUNOXEHNE HA TYHEMNHO-NMPOOMBHA MalUMHA MPW M3rPaKAAHETO Ha BTOpPUS METpOTyHen Ha Codumiickus
MeTpononuTeH e npeactaBeHo oT Paviov et al. (2012) n paBa peneBaHTEH HauWOHaneH npumep 3a
MexaHu131paHo NpoKonasBaHe B CROXHa rpajcka cpeqa.

Ha npaktuka HabniogatenHuat MeToq e npeaBapuTeniHoO opraHuavpaHa npoueaypa 3a ynpasreHue Ha
pucka. 3a BCAKO CbLLECTBEHO MPOEKTHO [OnyckaHe Ce onpedensT HabniogaBaHa BervunHa, O4aKkBaH
[ManasoH, KpUTepuin 3a NPUEMIIMBOCT, HAYMH 3@ HE3aBMCUMO MOTBbPXKAABaHE W KOHKPETHO AeWCTBUe npu
OTKIMOHeHMe. /13MepBaHeTo Npuaobrea MHXEHEPHa CTOMHOCT, KOraTo € CBbP3aHO C BEPOSITEH MEXaHU3bM Ha
noBefEeHNe 1 C ACHO pasnpeaeneHa OTrOBOPHOCT 3a MHTepnpeTaumusaTa u pelenueto (Peck, 1969; Moritz &
Schubert, 2009; British Tunnelling Society, 2023).

HacToswmaT goknag npegnara LanocTHa pamka 3a 136op Ha 3mMepBaTenHu HanpaBneHNs 1 TEXHOMOMN,
pasnonaraHe Ha WHCTPYMEHTUTe, onpefensHe Ha yectorarta, obpaboTka Ha [JaHHUTE W NpemuHaBaHe OT
“3MepBaHe KbM UHXEHEPHO peLLeHne Npu rpafcku TyHeNM, METPOCTaHLMN 1 4bN6OKK N3KoMK.
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KOHUENLUWA N O6XBAT HA CUCTEMATA 3A MOHUTOPUHI

MoHUTOpUHIrOBaTa CUCTEMa Ce MPOeKTMpa W 3anoyBa fa (PYHKUMOHMpA Ole npeayn HavanoTo Ha
CTpouTencTBoTo. basoBuTe cepun onpeaensT HayanHOTO CbCTOSHWE, ECTECTBEHUTE CE30HHW KonebaHus
[ENCTBUTENHATA NOBTOPSIEMOCT Ha W3MepBaHWsTa. EABa BbpXy TasW OCHOBa MOraT HajexgHo fda ce
pasrpaHuyaT M3MeHeHWsTa, NpeansBuUKaHW OT CTPOWUTENHMA npouec. Bcsko nocneasawo u3mepsaHe
npeMyuHaBa Npe3 KOHTPOST Ha Ka4eCcTBOTO, CbMOCTaBKa C NPOEKTHUS MOZES, aHanM3 Ha TeHAeHUMUsTa W, KoraTo
€ Heobxoaumo, 3aAenCcTBaHe Ha NPeABapUTENHO ONPEAEneHo AencTeme. Tasn 3aTBopeHa obpaTtHa Bpb3ka e
CblUHOCTTa Ha HabnopatenHus MeTog.

Cuctemata obefuHsiBa YeTUpK B3aWMHO AOMbRBaALM ce rpynu Habnwogexns. Mbpeata npocrneassa
AedopmaLmmTe Ha NOBBLPXHOCTTA W CrPaamMTe Ypes HUBENayHn penepu, KOHBEHLMOHAMHM 1 aBTOMATU3MpaHu
TOTarHW CTaHUWW 1 KOHTPON Ha NykHaTUHWUTE. BTopaTa OueHsiBa NOBEAEHUETO Ha HOCELLMTE KOHCTPYKUMM 1
MacuBa 4Ype3 UHKIIMHOMETPU, MHOTOTOYKOBW EKCTEH30METPU, KOHBEPTEHTHI N3MEPBaHNS, KIETKW 3a HAaTUCK W
pasnpefeneHn OnTUYHU CeH3opu. TpeTaTta cneaw MOA3EMHUTE BOAW M MOPOBOTO HansraHe. YetbpraTta
BKMKOYBa OnepaTMBHUTE napameTpy Ha TIMNM M KMOYOBM NOKasaTenu Ha CTPOWUTENHWS  MpoLec.
WHTepnpeTaumsaTa Ha Bcska rpyna nooTAEerNHO e HedoCTaTbyHa, 3aLl0To eAHa U Cblya AedopMaums Moxe aa
ObOe cneacTeue OT MpOMsHA B HansraHeto Ha 3abos, 3aryba Ha oGem, KOHCOMMAauust Unu fokaneH
KOHCTPYKTUBEH MEXaHU3bM.

HapexgHocTTa Ha cuctemata He ce uamepBa C Opos Ha ceHsopute. TA 3aBUCM OT CTabunHuTe
pehepeHTHN TOYKW, KanubpupaHUTe MHCTPYMEHTN, PE3EPBUPAHETO HA KPUTUYHWUTE W3MepBaHUSs, eaMHHaTa
BpemeBa 6a3a, KOHTpONMa Ha AOCTbMa W Mpocneaumata npoueaypa 3a NOTBbpXAaBaHe Ha aHoMarmuu.
PewaBawa e u KoopauHauusta Mexay W3MepBaTenHWs ekun, NpOeKTaHTa, CTPOUTeNs W JUUETO,
OMpaBOMOLLEHO Aia pa3nopeam NpoMsiHa B TexHonorusaTa. durypa 1 npeactaBs Tasw UHTErpuUpaHa foruka.

lMopaau ToBa YeTupUTE rpynu HabnaeHns He Tpsibea fa ce BOAAT KaTo HE3aBUCUMMW PETUCTPU. 3a BCEKM
CbLUECTBEH PUCK € Heobxoaumo Aa ce OnpedensT BOAeL, nokasaTes, MOTBbpXAasally nokasaten u
onepaTuBEH NapameTbp Ha CTpouTENHUs npouec. Mpn puck oT 3aryba Ha yCTOMYMBOCT npef 3ab60s Hanpumep
Ce aHanuaupaT CbBMECTHO HansraHeTo B paboTHaTa kamepa, CKOPOCTTa Ha NMpuasuxBaHe, 00eMbT Ha
M3HECEHMS MaTepuan WU pasBUTUETO Ha MOBLPXHOCTHUTE crnsdraHus. [py NoHWXaBaHe Ha BOLHOTO HUBO Ce
CbMOCTaBAT NUE3OMETPUYHUTE CTOMHOCTM, CRSIraHWsITa, HakMoOHUTE W AedopMauunTe Ha YyBCTBUTESTHUTE
crpagn. Tasu B3aWMHa NpoBepka HamansiBa BEPOSITHOCTTA €AMHUYHA MHCTPYMEHTanHa rpellka aa 6bae
npueTa 3a peanHo reotexHmyecko cboutne (Dunnicliff, 1993; British Tunnelling Society, 2023).

OnepaTuBHaTa norvka Ha cucTemata BKMKOYBa YETWPWU NOCNEAOBaTENHM CTBMKW: YCTaHOBSIBAHE Ha
“3MeHeHuWe, NOTBbPXKAABAHe Ha JOCTOBEPHOCTTA, AMArHOCTULMPaHE Ha BEPOSTHUS MEXaHWU3bM W B3EMaHe Ha
peweHnune. pemuHaBaHeTo mMexay Tax Tpsbsa Aa Obae LOKyMeHTMpaHo. ToBa e 0COGEHO BaXHO Mpw
aBTOMaTM3MpaHN CUCTEMM, KbETO BUCOKATa YeCTOTa Ha 3anuc MOXe [a reHepupa MHOXECTBO curHanu, 6es
BCEKW OT TAX Aa Ma UHxXeHepHa 3HauumocT (Farrar & Worden, 2013).

BXOAHW AAHHU MOHWTOPWHIOBA CUCTEMA AHANU3 U UHTEPTPETALIAS i PEAKL|MM 1 PELIEHUS

Feonoxki n cpeactaa CpasHerive ¢ npoexTHIA MOgEN ! MpensapuTento paspabeTeHn
XMPOTeanoKkN Moaen (reopeaus, reoTexHuka, 1 6a30BUTE CTORHOCTH H MEPKM 1 AeFCTBHA
= cTpykTypw, TNIM) H
IpOSKT 1 MeTon |
tH crpoureE i pEsimay
L= 1 |
Cubupane Ha ganHn S f Peuenvie  Hapexaare
Ronycruwu gedpopuaum ’ s oy | {oTrosopHo AMus) BesonacHoct
Y TPaHIHI CTORHOCT i 11 KOHTPORN Ha prcka

|
|
OnuT 1 ganHn KoHTpon Ha kadectsoTe HuBa Ha npepynpexaeHue | Vianenkenue u npocneassaxe
ey 2 Dpoekn W yrpasnenve Ha ganHuTe (Hchopmuparie / anapma) ! Ha egexra
|

T OBPATHA BPB3KA

AHanu3 Ha TeHOeHuMM

VI OUeHKa Ha prcka

Que. 1. MHmeapupaHa MOHUMOPUH208a PaMKa 3a aKMUBHO yNpasrieHuUe Ha 260MEXHUYECKUS! PUCK.

W3MEPBATEJIHW CPEACTBA U CbBPEMEHHW TEXHOJIOI A

KOHBeHLl'VIOHaJ'IHI/ITe reoTexHn4yeckn wn reoges3n4eCckn WHCTPYMEHTM OCTaBaT OCHOBAaTa Ha BCAKa
MOHUTOPWHIOBa nporpama. I'ImesoMeTpMTe M3MepBaT NopoBOTO HanAraHe U BOOHWUTE HMUBA, UHKITMHOMETPUTE
npocnenasaTt pa3npeaeneHneTo Ha XOPU3OHTaNHUTE npemMecTBaHUA Mo AbnboYMHa, @ MHOrOTOYKOBUTE
EKCTEH30METPU OTYUTAT OTHOCUTENHUTE ﬂeq.)OpMaLl'I/IM Mexay npeaBapuTtenHo onpeaeneHn To4Kn B MacuBa.
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leope3nyeckuTe penepu 1 NpU3MK JOMbIBAT KapTUHATa CbC CRSraHUATa, HAKMNOHUTE W KOHBEPreHuuuTE.
TexHuyeckuTe MokasaTenn Ha BCEKM MHCTPYMEHT TpsbBa Aa ce OonpedensT Crnopes KOHKPeTHUs mMogen,
Ha4MHa Ha MOHTax U ycrioBusTa Ha ekcnnoataums (Dunnicliff, 1993; banes, 2024).

PasnpeneneHoTo ONTUYHO CeH30pupaHe 3HaYMTENHO YBenuyaBa NPOCTPAHCTBEHaTa MNITbTHOCT Ha
HabntogeHneTo. Bmecto faHHu ot otaenHu Toukm DFOS npegoctaBs HenpekbCHAT Npodun No AbfXuHaTa
Ha BIAKHOTO M M03BONsABa Aa 6bhaT NoKanMUaupaHu KOHUEHTpauun Ha aedopMauun 1 paHHO pasBuTUe Ha
nykHaTuHW. Rayleigh-OFDR cuctemnte ca nogxogswy 3a AeTannHo HabntogeHue Ha CTaHuuM U KpUTUYHM
ceyeHns, fokato Brillouin-6asupaHute pelweHns HamupaT MPUIOXEHUe MPW ObAMM TYHENHW y4acTbum.
OnutbT oT Semmering Base Tunnel u gpyr TyHenHu o6ekTW nOTBbpXAaBa MPUIOKMMOCTTA Ha
TEXHOMOrMsATa KakTo Mo BPEME Ha CTPOWUTENICTBOTO, Taka W NpW AbATOCPOYHO HabntoaeHue Ha obnnLyoBKuTe
(Lienhart et al., 2019; Monsberger et al., 2022; Zhang et al., 2024).

INSAR pombriBa Ha3eMHUTE W3MEPBaHWS C PErMoOHanHa KapTWHa Ha fedopMmauunte no NUHUSATA Ha
BMOMMOCT Ha caTenuta. MeTogbT ocurypsiBa LWMPOK MPOCTPaHCTBEH 0OXBaT M Bb3MOXHOCT 3a
PETPOCNEKTUBEH aHann3, HO MMa OrpaHWNYEHMs, CBBbP3aHK C reoMeTpusTa Ha HabnoaeHne, atmocdepHuTe
eekT, Aekopenauusta M HeBb3MOXHOCTTA OT edHa LOS komnoHeHTa [fa ce onpefenu MbIHOTO
TPUM3MEpHO NpeMecTBaHe. 3aToBa pesynTatute TpsbBa Ja Ce NOTBbPXKAABAT Ype3 HA3EMHU reoae3nyecki
“3MepBaHus 1 4a ce ThKyBaT CnpsiMo CTpoMTENHaTa nocnegosarenHoct (Hong et al., 2024).

DAS wu3nonsea ONTWYHO BRAKHO 3a perucTpupaHe Ha BUOPAUMOHHWM M aKyCTUYHM CbOUTMS W uMma
noTeHuMan npu HabnogeHne Ha OMHaMWYHM Bb3AENCTBUS, paboTaTta Ha MalWHW M NOKanu3upaHeTo Ha
aHomanuu (Lindsey & Martin, 2021). BeaxuyHnTe Mpexu ynecHsBaT CbOMpaHETO Ha AaHHW Ha CHOXHMU
CTPOMUTENHU MAOWAAKA, HO MOCTaBAT AOMbIHWUTENHW M3UCKBAHWS KbM 3aXpaHBaHETO, KOMYHWKALMOHHOTO
NoKpUTHE, KMOEepCUrypHoCTTa U BpeMeBaTta CUHXPOHW3aUuMs. Te3n TeXHOMOrMM He 3amMecTBaT YTBbpLEHUTe
METOAM, @ pasLumpsBaT Bb3MOXHOCTUTE UM. Haii-ronsiMa CTOMHOCT UMaT, KoraTto ca CBbp3aHu C HagexaHa
pedbepeHTHa cucTeMa 1 SicHa Norvka 3a MHTepnpeTaums.

Tabnuua 1. OcHO8HU Xapakmepucmuku Ha usMepsamesnHume cpedcmea

BenuuuHa WUHcTpymMeHT Tunnuen PaspenutenHa OcHoBHHM U3TOYHMK
nokasaren cnocobHocT orpaHu4eHus
lMopoBo HansraHe VWP 10,1% FS - TemneparypeH ISO 18674-4:2020
apend, MOHTax
XOpu3oHTanHo VIHKNMHOMETBP okono £0,2 mm/m - HaTpynBaHe Ha ISO 18674-3:2017
npemecTBaHe rpeLuka no
ObnboynHa
[ecdopmauws B MPBX okono £0,1 mm - COHAAX 1 ISO 18674-2:2016
macvea aHKepupaHe
CnsraHe u APTC mm knac BITI0BA U NIMHENHA |BMAUMOCT U Dunnicliff, 1993
KOHBepreHLms cTabunHocT Ha
pedepeHuunTe
[MyKHaTWHM 1 Rayleigh DFOS - okorno 10 mm  |orpaHunyeHa Zhang et al., 2024
noKanHu ObITKUHA,
AecopmaLiym TemnepatypHa
KoMmneHcauus
[bnrv TyHenHm Brillouin DFOS - 0,5-1m no-rpyba Zhang et al., 2024
yyacTbLp nokanusauus
PervoHantm INSAR mm no LOS 3aBMCKM OT CLeHaTa |aTmocdepa, Hong et al., 2024
cnsraHus aekopenaums, LOS
reomeTpus

WU3MEPBATEJNTHA NNOr'MKA W HAOEXOHOCT HA JAHHWUTE

MoaGopbT Ha W3MepBaTENHM CPEACTBa TpsibBa Aa TpbrBa OT PAHUYHUTE CbCTOSIHUS U BEPOSITHUTE
MexaHU3MW Ha OTKas, a He OT HanmW4yHWs KaTanor Ha obopynaBaHeTo. 3a Bcska BENWYMHA Ce onpeaensT
HeoBXOaNMUAT IUana3oH, TOYHOCTTA, pasenuTenHaTa CocoGHOCT, NOBTOPSEMOCTTa, AONYCTUMUAT Apeiid 1
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BNWSIHKETO Ha MOHTaXa. Te3n XapaKTepucTMKM He ca B3auMo3aMeHsemu. Bucokata pasgenutenHa
CNOCcOBHOCT He KoMMeHcupa HecTabunHaTa pedepeHTHa cucTema, a pabpuyHaTta TOYHOCT He obxBalla
HenpeMeHHO rpeLLKNUTe OT MHCTanauusTa, TemnepaTypHuTe Bb3aencTans n obpaboTkaTa Ha AaHHUTe. 3aToBa
cToMHocTUTe B Tabrmmua 1 ca OpUEHTMPOBBYHM W He 3aMecTBaT TexHuYeckata cCreumdukaums,
KanubpupaHeTo ¥ NPUEMHOTO W3NUTBAHE Ha KOHKpeTHaTa uamepsaTtenHa cuctema (Dunnicliff, 1993; British
Tunnelling Society, 2023).

HagexgHocTTa ce nosullaBa Ype3 (yHKLUMOHAIHO pe3epBupaHe, a He Ype3 MexaHWyHo aybnupaHe Ha
eOHOTUMHM ceH3opu. KpuTUYHMAT MexaHusbM TpsibBa ga ce HabnogaBa C He3aBUCUMM W3MepBaTeriHu
NpuHUMNKU.  TTOBBPXHOCTHOTO CrsraHe HampuMep Moxe fa 6Obde MNpoBepeHO Ypes3 HuBenauus W
aBTOMaTM3MpaHa TOTanHa CTaHUMs, a NpuYMHaTa 3a HEro Aa Ce W3SCHU Ype3 NUe3OMETPUYHU [aHHM,
WHKMMHOMETpUYHM npodmnm n napameTpn Ha TMM. 3a pgoctoBepHa cbnocTaBka ca Heobxogumu obuya
KoopauHaTHa M BpemeBa 6a3a, CTabWMMHW OMOPHWM TOUKM M CUHXPOHM3MPaHM 3anucu. B npoTuseH criyyait
npuBUaHAaTa Kopenauus Mexay ABe BPpeMEBU CEpUM MOXE Aia MPONU3TNYA OT PasfiuyHN MOMEHTU Ha OTYMTaHE,
npomsiHa Ha pedepeHumsaTa unn obwo TemnepatypHo Bb3aencTeue (Farrar & Worden, 2013; Hong et al.,
2024).

KOHTponmbT Ha kauecTBOTO 0BXBaLLa LENNS XU3HEH LIMKbI Ha JaHHUTE, OT MOHTaxa W 6a3oBuTe cepum 4o
apXMBMPaAHETO W WHXEHepHaTa uHTepnpeTaums. [TbpBuyHMTE 3anucu TpsbBa fa ce CbxpaHsBaTt
HEeNpOMEHEHW, a BCSKa KOpeKLus, PUNTpupaHe Unn OTXBbPIIsiHE Ha CTOMHOCT fa ocTasa npocneaumo. Korato
aBTOMaTu3MpaHaTa cucTeMa reHepupa CurHan, € Heobxogumo fAa Ce pasrpaHMyaT WHCTpyMeHTarHa
aHoManwus, NoKanHO CTPOWUTENHO Bb3LENCTBME W YCTOMYMBO pa3BUTUE Ha reoTexHuyecku npouec. Camo
nocrneaHoTo 060CHOBaBa NPOMSsIHA Ha NPOEKTHOTO UM TEXHOIOTMYHOTO PELLEHNE, OCBEH KOraTo € AOCTUTHAT
npegBapuTeNHO onpeaeneH npar, u3uckealy HezabaBHW AenCTBIS 3a 6e30nacHOCT.

TEOMEXAHWUYHO BINWUAHWE HA TrIM U PA3SMOJNIATAHE HA UHCTPYMEHTUTE

Mpy MexaHW3WpPaHOTO MNPOKONaBaHe MOBBLPXHOCTHOTO CrAraHe € KpalHa MnposiBa Ha  HSKOMKO
nocrnefoBatenHn mexaHuama. lpeg 3abos npomsiHaTa Ha HaNPerHaTtoTo CbCTOSHUE M HEAOCTaTbYHOTO
OMOPHO HansraHe Morat Aa npeawsBukaT HavanHu gedopmauun. B 30HaTa Ha LWMTa 3HaveHue umat
HagpaboTkaTa, B3aWMOLENACTBMETO MEXAy nouyBaTa M Kopnyca W YnpaBneHWeTo Ha TpaekTtopusTta. 3ag
MalumMHaTa onpeaensiun ca CBOEBPEMEHHOTO 3ambfiBaHe Ha CTpouTenHata xnabuHa, HansraHeto U 0bembT
Ha WHXEKTUPaHUS pasTBOp W Pa3BUTUETO Ha paHHaTa My AKOCT. [Py KOXE3WOHHM MOYBK AOMbIHUTENHN
CNsiraHMs MoraT Aa Bb3HUKHAT U MO-KbCHO BCMEACTBME Ha pascerBaHe Ha MOPOBOTO HansraHe U
KOHCONMaauus.

Obuwara 3aryba Ha obeM He e eOHOKPATHO SIBMEHWe, a HaTpynaH pe3ynTart oT gedopMmauunte npea
3abos, HagpaboTkata W TPUEHETO OKOMO LWMTa, HEMBbMHOTO MNM 3abaBEHO 3ambiiBaHe Ha 3ajwMToBaTa
xnabuHa 1 nocneggallarta koHconuaauus. EgHa u cblya popma Ha cnsiraHe Ha NOBbPXHOCTTa MOXe fa 6bae
NopoAeHa OT PasnnyHN KOMOMHALMM Ha TE3N MEXaHM3MU. 3aTOBa reoMeTpusiTa Ha CrsraHeTo cama no cebe
CW He € pocTaTbyHa 3a ONpeaensiHe Ha nmpuymHaTa. Heobxoguma e cbrnocTaBka C HansiraHeTo Ha 3abos,
GanaHca Ha n3konaHus maTepuan, napameTpuTe Ha MHXEKTUPaHeTo, NOPOBOTO HansraHe W aecdopmauunte
no abnbouunHa (Mair, 2008; Mair & Taylor, 1997).

Cnopeg nybnukyBaHuTe HabntoaeHus gecopmayunte Morat ga 3anoyHat npubnusutento Ha 1,0 go 2,5D
npea 3abos u aa ce crabunusnpat mexay 3D v 5D 3ap mawuHata, kbaeTto D e gnametspbT Ha TyHena (Mair
& Taylor, 1997). Te3u pa3cTosiHUS Ca OPUEHTUPOBBYHM, @ HE MPOEKTHW KOHCTAHTW. [py NAUTKO 3anoXeHue,
CUIMHO AeopMMpyeMuM NOYBM, MPOMSHA Ha BOSHWUS PEXUM UINK HaMW4uMe Ha YyBCTBUTENHA Crpaga 3oHaTa Ha
aKTUBHO HabnoaeHne Moxe Aa Obae 3Ha4MTenHo no-ronsiMa. Mopaam ToBa YecToTaTa Ha U3MepBaHe Tpsibea
[ia 0TYMTa HE CaMO Pa3CTOSHMETO A0 3ab0s, HO M CKOPOCTTa Ha M3MEHEHME W YCTaHOBEHATa Bpb3ka Mexay
napametpute Ha TIM v HabntogasaHuTe gecdopmaLmm.

PasnonaraHeTo Ha WHCTPyMEHTUTE TpsbBa Aa cneaBa NMPOTHO3HWS MEXaHW3bM Ha MOBEdEHWe, a He
CTaHAapTHa KaTanoxHa cxema. MHKNMHOMETpUTE ce pasnonaraT Taka, Ye Aa npecuyaT 0vakBaHUTE 30HU Ha
cpsi3BaHe M [fa gocturat crabuneH nnact. [ne3omeTpute Ce MHCTanMpaTr B XUAPABMAWYHO 3HAYUMUTE
XOPM30HTK, @ He caMo Ha yaobHa 3a coHanpaHe abnbounHa. eogesnyeckute penepy u Npuamm Tpsbea ga
obxBallaT KaKkTO 30HaTa Ha MaKCUManHO BrMsHWE, Taka W CTaburnHu pedepeHTHW TOYKM U3BBH Hesi. B
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TyHenuTe KoHBepreHTHUTEe Touk, DFOS u kneTkute 3a HaTUCK Ce KOHLEHTpUpaT B CEYEHWS C NPOMSHA Ha
reoNoXKUTe YCMOBUS, reoMeTpusiTa WNM KOHCTPYKTUBHaTa cxema. [lpu crpagute ce npocrneassat
abconoTHUTE U AndepeHLNanHUTe CRsraHns, HakNoHUTE U Pa3BUTUETO Ha MyKHATUHM.

Mpn MeTpoCTaHLMM 1 AbNBOKM U3KOMM MHTEPNPETALMOHHATa Noruka e pasniniHa. OCHOBHUTE MeXaHU3Mu
BKMIOYBAT OrbBaHe M MNpeMecTBaHe Ha orpaxpalyute CTeHu, Aedopmauuu Ha nognopHaTta cuctema,
nosauraHe wnw 3aryba Ha yCTOMYMBOCT Ha ABHOTO, NIOKANHO BOAOYEPNEHe W KOHCONMAALMS U3BBH U3kona.
3aToBa WHKIMHOMETPUYHUAT MPOUN ce pasrnexna CbBMECTHO C HaTOBapBaHUATA B aHKepuTe unu
pasmbHKUTE, CrAraHusTa 3aj cTeHaTa 1 Ne3oMeTpuiH1TE HuBa. OrpaHNYeHOTO NPEMECTBAHE Ha CTeHaTa He
WU3KNIOYBa HEBNAaronpUATHO BL3AENCTBUE BLPXY CbCEOHW Crpaau, KOraTo BOLHWAT PEXUM Ce U3MEHS B MO-
LuMpoka 30Ha. MamepBsatenHata cuctema Tpsbea fa obxBala W eneMeHT! U3BBLH HEerocpeaCcTBEHUS KOHTYP
Ha uskona (Dunnicliff, 1993; British Tunnelling Society, 2023).

lNpenBapuTENHOTO YKpenBaHe Ha MacuBa MOXe CbLUECTBEHO [a W3MEHW ovakBaHaTa [LeopMaLyoHHa
kapTuHa 1 3aToBa TpsibBa Aa 6bae 0TYETEHO B MOHMTOPUHroBaTa cxema (Paviov & Djorgov, 2014). durypu 2
n 3 npeactaBaT 06006LEeHN aBTOPCKM CxeMW. Te HE Ca YHMBEPCAmHM MPOEKTHWU PELUEHWS, a WMCTpUpaT
Bpb3kaTa Mexay reoMexaHuyHata Xunotesa, rbcToTata Ha M3MepBaTeNlHWTE TOYKM W YecToTarta Ha
HabniogeHue.

MNOCOKA HA ABWXXEHWE HA TNM ———

30HA NPEA 3AECA
=1,0-2.5D npeg TNM

YecTora:
MPOEKTHO Onpepenexa,

W UysCTBUTENHM 0BeKTH —

nosuwera

AKTMBHA 30HA OKONO TNM
Hali-AHTEHaNBHO passuTHe
Ha gecbopmaunmTe
Yecrora:
HenpeKLeHaTo
WM eXenHEBHO

NPEXOAHA 30HA 3A0 TNM
=2D - 5D trieq npemnHasaHeTo

YecroTa:
2 =3 NbTH COAMUMHO.

—
30HA HA CTABMITM3UPAHE
Crle/} 3aTUXBaHe Ha OCHOBHUTE
Aecbopmann
Yecrora:
cenmuHo
Ao craGunmanpane

1.0-25D 0

5D

D - BuHeH AnaMETEP
Ha T

Que. 2. OpueHmupoequu 30HU Ha enusiHue Ha TIIM u npoekmHo 3agucuma adanmusHa Yecmoma Ha usmepsaHusama.

a)

6)

B) o’ f | O6o3HayeHune CpencTeo KoHTponupaHa BenuumnHa
re [ ] leopeandecku penep Cnsrane
Hil Fi‘ Hi‘ Hi‘ ne E Mpuama MpocTpaHcTBeHO NpeMecTsaHe
1 M O o
— MNyK WH |I| WHKNMHOMETBD (B COHAAX) XOPUM3OHTANHO NPEeMECTBaHE (HAKIOH)
\
WH |I| WHKNMHOMETBD (Ha CTeHa) XOPW3OHTANHO NPeMEecTBaHe (HaKMoH)
— NYK n3 g Muesomersp MopoBo Hansraxe / BOAHO HNBO
\
[] [] EKC EXcTeHIoMeTsp BepTukantio npemecteate / Aechopmauya
I— = _I A=t B AbnboumrHa
\ — MK KT [ ] KoHBepreHTHa Touka [edopmaumn Ha onuuoskaTa (cBnimkasaHe)
| DFOS esse PasnpeneneH onTU4eH ceHaop HenpexbcHat aechopmauuoHeH npodun
o KH ez KneTka 3a HaTuck HaToBapBaHe / KOHTAKTHO HansraHe
L
Z
K I K nyK — HabniogeHme Ha nyKHaTuH1 OTBapsHe Ha NyKHaTUHW
e re re rp
TMpumevanue: Bouku usmepeamentu cpedcmea ca yc/iogHo oKasaHU.

®ue. 3. Tunoso pasnosiacaHe Ha UHCmpyMeHmu npu cmaHuyud, myHejiHa obnuyoska u capada 8 30Hama Ha 8JiusHue.
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YECTOTA, CUTHAITHA HUBA W YNPABNEHWUE HA OAHHUTE

Mpeau 3ano4BaHe Ha paboTuTe ce U3MbIHABAT 6a30BK CEpUM, YPe3 KOMTO Ce ONpeaensT pedepeHTHUTE
CTOMHOCTM W ecTecTBeHaTa W3MeH4MBOCT. [1Be cepum Morat fa 6bhaT MMHUMarHa OTrpaBHa TOYKa, HO Npu
CE30HHO M3MEHYMBM BOAHM HUBA, TEMMEPATYpHU Bb3JEeNCTBUS WKW HECTabWUIHU re0Ae3nyeckn YCrioBus e
Heobxoaum no-npoabImkuTeneH 6asos nepuod. Crief HAYaNoOTo Ha CTPOUTENCTBOTO YecToTaTa ce aganTipa
KbM NpubnukaBaHeTo Ha 3abos, TekyLlaTa CKOpOCT Ha Aedhopmauusi, U3MEHEHNETO Ha napameTpuTe Ha TIM
W OOCTUTHATOTO CUrHanHo HuBo. ITAtech npenopbyBa MMEHHO TakbB afanTWBEH NOAXOA BMECTO efHaKbB
pexuMm 3a Beuyku Toukn 1 etanm (ITAtech, 2015).

MpoabrokuTenHocTTa Ha 6asoBus nepuog ce onpedens crnopej AvWHaMmukata Ha HabniogaeaHata
BenuumHa. [Mpn reogesnyeckn namepsaHust B ctaburnHa cpefa HAKOMKO NOCReAoBaTENHM Cepun Morat Aa
Obaat foctaTbyHU. MMpyU CE30HHO M3MEHYMBM NOA3EMHU BOAW, TEMNEPATYPHO YYBCTBUTENHWU CEH30PU UMK
CbLUECTBYBALUM MNYKHATUHM € HYyXeH no-gbfbr nepuod. [lo cbliata npuuMHa npekpaTsBaHETO Ha
HabnogeHeTo He Tpsibea aa ce 0OBbp3Ba CaMO C M3MWHANM CPOK MNW C OTAAnevaBaHETO Ha 3abos.
Heobxogumo e fa 6baar ycTaHOBEHM 3aTUXBaHE Ha CKOPOCTTa Ha Aedopmaums, YCTOMYMBA TEHAEHUMS W
nunca Ha 3abaBeHa X1aporeonoxka unu koHconuaaumorHa peakums (ITAtech, 2015).

CurHanHuTe HuBa Tpsbea fa 0TpassBaT He caMo abconoTHaTa CTOMHOCT, HO M CKOPOCTTa Ha U3MEHEHME,
YCTOAYMBOCTTA Ha TEHOEHUMSTA M CbracyBaHOCTTa MeXAy HesaBuCUMWUTE M3MepBaHWs. EAHOKpaTHO
NPEBULLEHE MOXe [a Ce AbMKM Ha U3MepBaTenHa rpewka. MocnegosaTenHa NPOMsHA B HAKOKO CUCTEMM
obaye Moxe Aa M3NCKBa peakums oLle npeamn JOCTUraHeTo Ha abcontoTHMA npar. 3atoBa MHAOPMALMOHHOTO,
NpeaynpeanTenHoTo M KPUTUYHOTO HMBO ce 0OBBLP3BAT C fCHA NpoLedypa 3a NOTBbpXAaBaHEe, KOHKPETHM
OTTOBOPHM IULia M NPeaBapuTeNHO pa3paboTeHn TEXHOMOTMYHI UMM KOHCTPYKTUBHU MEPKM.

3a 4a umart onepaTyBHa CTOMHOCT, CUrHaNHUTE HKUBa TpsibBa Aa ObaaT CBBbP3aHM C MaTpuLa OT AENCTBUS.
T4 onpeaens ko NOTBbPXAABA CUrHaNa, B KakbB CPOK Ce 13BbPLUBA MOBTOPHOTO U3MEPBAHE, KOU y4aCTHULM
ce yBeOMSBaT, KakBW LOMbHUTENHM AaHHM CE M3UCKBAT W KO MMa NpaBOMOLLME Aa pasnopean NpomsHa
UK cnupaxe Ha pabotute. Mpn KPUTUYHM CTOMHOCTU, CBBP3aHMN C HEMOCPEACTBEH PUCK, AENCTBMETO MOXE Aa
npeaxoxga MbfHaTa AuarHoctvka. [lpu npegynpeauTenHu CTOMHOCTM MbPBO Ce YCTaHOBSIBA Aanw
N3MEHEHMETO e peasiHo, YCTONYMBO U CbBMECTUMO C reoTexHuyeckus mogen (Moritz & Schubert, 2009; British
Tunnelling Society, 2023).

Tabnuua 2. lMpumepHa pamka 3a Yecmoma, oyeHka u delicmeue

Eran / HuBo MpumepeH pexum OCcHOBHO pelicTBUE
basos eTan Han-Marko ABe Cepuy, MPOEKTHO pecdbepeHTHN CTOMHOCTH, OLIEHKa Ha Lyma
OnpeaeneHu 1 CE30HHOCTTa
AKTMBHa 30Ha, <2D HENpPeKbCHATO UM eXeaHEBHO cbnocraeka ¢ TIM v npoBepka Ha
TeHOeHumATa
MpexogHa 3oHa, 2D-5D [Ba-TpW MbTU CEAMMYHO npocrieasiBaHe Ha 3aTUXBAHETO WK
BTOPWYHA KOHCONMMAALMS
Cneg 5D CEeAMMYHO 710 cTabunuaupaqe NOTBbpXKAaBaHe Ha cTabunuaauvsTa
MpegynpeauTenHo H1Bo yBenu4yeHa yectoTa npoBepKa Ha AaHHWUTE 1 NPOEKTAHTCKN
nperneg
KpntnyHo H1BO HenpeKbCHAT KOHTPON npeaBapuTENHO ONPEAEneHn MepKM 1

Bb3MOXHO CnupaHe

ObpaboTkaTa Ha [JaHHMTE 3anoyBa C aBTOMATMYHW MPOBEPKW 3a NWMCBALLM 3anucu, CKOKOBE, Apeid,
npoMsiHa Ha pedepeHTHaTa cucTeMa 1 HECHLOTBETCTBUE MEXDY BPEMEBUTE cepun. PUNTpupaHeTo Moxe Aa
Hamanw wyma, Ho He 61Ba [a 3annyaBa peanHu KpaTKoTpaiHu cbbuTKs. 3a BCEKM aBTOMATUYHO reHepUpaH
curHan Tpsbea Aa ce CbxpaHsiBaT MbpBUYHATA CTOWHOCT, KOPUTMPAHUST 3arnuc, OCHOBAHWETO 3a KOpekumusTa
1 ncTopusTa Ha npeanpueTute genctans. Camo Npu TakaBa NpoCneaMMOCT AaHHUTE 3anasBaT TeXHUYeckaTa
1 LOroBOpHATa C1 CTOWHOCT.
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CBbp3BaHETO HA MOHUTOPUHIOBKTE AaHHM ¢ BIM 1 uncneH moaen cb3aaBa OCHOBA 3a LMdpoB OnusHak,
Npn KOWTO M3MEPEHOTO MOBEAEHME CMYXM 3a TEKylla MpeoLeHKa Ha NPOEKTHUS Moaen. Anroputmute 3a
MaLUMHHO 0Dy4eHne MoraT Aa noanomaraT OTKPUBAHETO Ha aHOMaNiW M MPOrHO3MPAHETO Ha KPaTKOCPOYHM
TeHaeHum. TpunoxumocTTa Ha ObnOOKM HEBPOHHM MPEXW NPK aHanM3a Ha reonoXKu nokasaTenu e
AeMOHCTpupaHa oT Arsova-Borisova n Hristov (2021), a cxogHu nogxoan morat fa 6bAat M3nonasaHn u npu
obpaboTkata Ha MOHWTOPWHrOBM fAaHHW. Te obaye He 3aMEHST WHXEHepHaTa MHTepnpetaums. [pu
orpaHnyeH obem OaHHW, NMPOMsSHA Ha CTPOWTENnHaTa TEXHOMOTUS WNW CUMHa reonoXka HeegHOPOAHOCT
CTaTUCTUYECKMAT MOAEN MOXeE MOrPELLHO Aa NpUeMe BPEMEHHa Kopenauus 3a NpuimHHa 3asucumoct (Farrar
& Worden, 2013).

Lincbposuat 6nmsHak He e NpocTo BW3yanHa nnatdopma, a akTyanuampaH MHXEHEPHO-M3YNCIMTENEH
mogen. HeroeaTa NporHOCTUYHA CTOWHOCT 3aBMCM OT Ka4eCTBOTO Ha BXOAHWTE AaHHW, ICHO OnpedeneHnTe
PaHNYHM YCNOBMS M CNOCOBHOCTTa [a Bb3npousBexaa HabnogaBaHOTO nosefeHve. [py npomsHa Ha
reonorusiTa, TEXHONoruaTa Unu noanopHaTa cxema MogensT TpsioBa aa 6bae oueHeH NoBTOpHO. bes Takasa
NpoBEPKa aBTOMATM3MPaHOTO 06HOBSIBAHE MOXE Aa Cb3dade NPMBMAHA TOYHOCT, KOSTO HE € NOAKPEeneHa ot
peanHus hu3n4eckn MeXaH3bM.

ONCKycua

BposT Ha u3mepBaTenHuTe kaHanu cam no cebe Cu He e Msipka 3a eIeKTMBHOCTTa Ha MOHUTOPWUHIrOBaTa
cuctema. OrpaHnyeH, Ho LieneHacoyeHo noabpaH Habop OT HE3aBMCUMU U3MEPBAHWS MOXE [a OCUTypU Nno-
HafexaHa OCHOBA 3a peLleHue OT rbCTa Mpexa 6e3 cTabunHu pedepeHTHN TOUKM, KOHTPON Ha KauyeCTBOTO W
npeABapuTENHO onpefeneHa forvka 3a uHTepnpeTauus. Han-uHopMaTMBHO € CbBMECTHOTO NpocreasBaqe
Ha PasnuYHM NPOSIBMEHNS HA elWH W Cbll reOTEXHWYECKU MEXaHU3bM, HanpuMmep HansraHeto Ha 3abos,
NOBLPXHOCTHUTE CRSraHusl, NOPOBOTO BOAHO HansraHe v AedopMaummnte Ha 6rimkuTe KOHCTPYKLMK.

CbWwusaT npuHUMN ce OTHaca M go u3bopa Ha Hoeu TexHomorun. INSAR e ocobeHo noneseH 3a
pervoHaneH npernes 1 peTpocnekTUBEH aHanns, Ho He 3aMeHsi NiokanHuTe reofesnyecku nsmepsanus. DFOS
MOXe [a flokanuaupa AeopMaLMOHHI aHOManuu, HO U3UCKBA HAAEXAHO CBbP3BaHE CbC CMefeHNs eNeMeHT
W TemnepaTtypHa KoMneHcauus. BbesxuyHuTe Mpexu ynecHsBaT asTOMartu3auusita, HO YyBenu4asaTt
3@BMCMMOCTTa OT KOMYHWKAaLMOHHOTO MOKPUTWE U 3axpaHBaHETO. TexHornoruyHusT u3bop Tpsbea ga
npousTya oT MHGopMaLKsaTa, HeobXoaMMa 3a KOHKPETHOTO MHXEHEPHO PELLEHWEe, a He OT CTPEMEX KbM
MakcumarHa CloXHOCT Ha cuctemara.

PasctosHuaTa CnpssmMo TyHernHus 3abon 1 NpUMEpHUTE YECTOTU Ha U3MEpBaHe Ca OPUEHTUPOBBYHN. 3a
BCEKM MPOEKT Te Ce OMpeaensT Crnopes reonoXKkWTe W XWOPOreoroxkuTe Ycrosus, AbnboynHata w
[vaMeTbpa Ha TyHena, YyBCTBMTENHOCTTA Ha 3acerHaTuTe KOHCTPYKUMW W npurnaraHata CTpouTenHa
TeXHOMorus.

HacToswmsaT 0630p He BK0YBa KONMYECTBEH aHanM3 Ha METPOMNOrMYHaTa HeonpeaeneHocT, B3aumHaTa
3aBMCMMOCT MeXIy W3MepBaTernHUTe BEMNYMHIA U OTPXKEHWETO UM BbPXY HALEeXOHOCTTa Ha WHXeHepHaTa
WHTepnpeTauus. B pearneH NpoekT Te3n BBLMPOCW Ce BKMOYBAT M3PUYHO B MraHa 3a KayecTBO Ypes
N3WCKBaHWA 3a KanubpupaHe, MeTpOriorMyHa NpOCMEAMMOCT, OLEeHKa Ha HeonpedeneHoCTTa, KOHTPON Ha
Ka4yecTBOTO Ha jaHHWUTE 1 NpoLieaypy 3a NPOBEPKa Ha aHOMaNNK 1 CUrHamnH1 CLeuTHs.

3aBMCUMOCTTa Mexay u3MepBaHWsiTa WMa [BOeH xapakTtep. EfHa uact e ¢usmdeckm obocHOBaHa,
HanpuMep Bpb3kaTa MexZy MOHWKABAHETO Ha MOPOBOTO HansraHe U KOHCONMMAALMOHHOTO cnsraHe. [pyra
MOXe Aa npousTiya oT obla pedepeHuns, TemnepaTypa, 3axpaHBaHe WNW anropuTbM 3a PuRTpUpaHe.
3aToBa oLeHKaTa Ha HeOMpeAerneHoCTTa He ce u3veprnBa C TOYHOCTTa Ha OTAENHUS ceHsop. T obxealya u
0bLWMTe N3TOYHWLM Ha TPELLKA, KAKTO W HauWHa, MO KOWTO Te BMNAST BbPXY 3aKMKYEHUETO 3@ NOBEAEHMETO
Ha cuctemata. [pu pellenns ¢ KPUTUYHO 3HaYeHue e Heobxoauma HesasucMMa MPOBEpKa, OCHOBaHa Ha
pasnuueH namepsateneH npuHumn (Dunnicliff, 1993; Farrar & Worden, 2013).

B 6bnrapckara npakTika OCHOBHUST BLIPOC HE € HaNMYMeTo Ha CbBPEMEHH U3MEPBATENHN TEXHONOTMK,
a nocnegoBaTenHoTo UM CBbpP3BaHe C NPOEKTHUTE JONYCKaHWUs, JOTOBOPHO ONpedeneHnTe OTrOBOPHOCTU U
npouenypute 3a B3eMaHe Ha pelueHus. CbluecTBeHO nogobpeHne 61 [JOHECNO CUCTEMHOTO MpuraraHe Ha
BAC EN 1997-1:2024, obwute npasuna Ha I1SO 18674-1:2015, npunoxumnute CneumanuanpaHn 4acti Ha
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cepusita ISO 18674 n npegsaputenHo paspaboTeHun npoueaypu 3a 6a3oBK N3MepBaHKs, NOTBbPXAABaHE Ha
CUrHanuTe, OUeHKa Ha TEHAEHUMMTEe W JOKYMEHTWpaHe Ha npennpuetute AencTsus. [laHHuTe MoraT fda
noAMOMOrHaT M TEXHWYECKOTO W3SICHSIBAHE Ha [JOrOBOPHM CMOPOBE, HO CaMO ako TAXHaTa [OCTOBEPHOCT,
BpemeBa NnocrefoBaTeNnHoCT U NPOM3X0[ ca NPOCNEeAUMM U NpeaBapUTENHO € CHO KO NPOEKTHU XMNoTesn,
rPaHNYHN CTOMHOCTU M PUCKOBM MEXaHU3MU Ce NPOBEPSBAT Ype3 CbOTBETHUTE N3MEepPBaHUS.

MOHWUTOPUHIOBMST NnaH TpsibBa Aa 6bae ynpaBneHCcKW 1 AOrOBOPEH AOKYMEHT, @ HE CamO NPUNOXeHNe
KbM npoekta. B Hero ce onpegenst cob6CTBEHOCTTa BbpXy AaHHUTE, opMaTuTe U MEpUOAMYHOCTTA Ha
obMeH, NpaBunaTa 3a apxuBMpaHe, CPOKOBETE 3a peakLusi, OTTOBOPHOCTTA 3a TEXHMYecKaTa UHTepnpeTaLms
1 Bpb3KaTa C MHCTPYKUMMTE 3a U3MbMIHEHWE. Taka MOHUTOPWHIBT nognomara kakto 6esonacHocTTa, Taka
0DEKTUBHOTO YCTAHOBSIBAHE Ha MPUYMHWTE MPKU OTKMOHEHWUS, MpeTeHuun u crnopoee. Korato nuncea
npocneayma Bpb3ka MeX4y W3MepBaHeTo, MPOEKTHOTO JOnyckaHe W MpeanpueToTo  AencTBue,
[oKa3aTencreeHaTa CTOMHOCT Ha AaHHUTE OCTaBa OrpaHWyeHa, He3aBUCUMO OT TEeXHWYeckaTa UM TOYHOCT
(British Tunnelling Society, 2023).

SAKNIOYEHUE

['€0TEXHUYECKUAT WU KOHCTPYKTUBHUST MOHUTOPUHT € HepasfenHa 4vacT OT aKTMBHOTO YnpaBrieHne Ha
pucka 1 OT camaTa CTpPOWTENHa TexHomnorus. Toi MMa peanHa CTOMHOCT, korato 6asoBuTe M3MepBaHus,
NPOEKTHUAT MOAEN, OnepaTUBHWUTE MapaMeTpu W CUrHamHWTE HMBA Ca CBbp3aHW B NOCneaoBaTeniHa
npoLenypa 3a OLeHKa 1 feicTame.

KonseHumoHanHute wuHcTpymeHT, DFOS, InSAR, DAS u 0e3kuyHuTe Mpexyu umaT pasnnyHu
npeauMcTBa M OrpaHuyeHns W TpsbBa [a ce W3nomn3BaT KaTo B3alMHO AOMbMBaWy Ce CpeacTsa.
PasnonaraHeTo Ha MHCTPYMEHTUTE W YecToTaTa Ha M3MEpPBaHe MPOM3TUYAT OT OYaKBAHWS MEXaHW3bM Ha
noBefeHne, YS3BMMOCTTA Ha CbLUeCTByBaWMTE OOEKTM U peanHo HabniopaBaHaTa TEHOEHUMS, a He oT
MEXaHWYHO NPEHACSHE Ha TUMOBU CXEMM.

HagexpgHaTa cuctemMa ce OCHOBaBa Ha Npocrneanmarta Bpb3ka Mexay W3MepBaHEeTO, MHTepnpeTaumsTa u
pelleHneTo. KayecTBOTO Ha [JaHHWTE, He3aBuCMMaTa NPOBEpKA, SICHO pasnpedeneHuTe OTrOBOPHOCTM W
npeaBapuTENHO pa3paboTeHnTe Mepkn ca No-BaxHW OT Opos Ha CeH3opuTe. ABTOMATU3MPaHWAT aHanmu3 W
Undopoute BGnM3HaUM paslUMpsBaT Bb3MOXHOCTUTE Ha WHXEHEPHWS €KUM, HO OKOHYaTenHaTa OLeHka W
OTrOBOPHOCTTA 3a MpeLnpueTUTe AECTBIS OCTaBaT WHXEHEPHU. 3penocTTa Ha MOHUTOPUHIOBaTa CUCTEMA
ce Onpedens He OT TEXHONOMMYHaTa HACMTEHOCT, a OT cnocobHocTTa fa npeobpasyBa HagexaHo
N3MepBaHETO B CBOEBPEMEHHO, 0DOCHOBAHO ¥ MPOCNEANMO NHXEHEPHO PELLEHME.
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ABSTRACT

The increasing use of anthropogenic aggregates in sustainable geotechnical engineering creates a need for
reliable and cost-effective permeability assessment. This paper proposes the TRIM (Test Reduction through
Interpretable  Machine Learning) framework for engineering-oriented  optimization of laboratory
characterization. The framework integrates ensemble-learning methods with explainable artificial intelligence
(XAl) to support the identification of a Lean Parameter Set (LPS), representing the smallest practical set of
laboratory parameters required for reliable permeability prediction. The proposed methodology provides a
conceptual basis for reducing laboratory effort while supporting transparent, interpretable, and practically
applicable machine-learning models for anthropogenic aggregates.

Keywords: anthropogenic aggregates, permeability coefficient, hydraulic conductivity, machine learning,
ensemble learning, explainable artificial intelligence (XAl), TRIM framework, Lean Parameter Set (LPS), blast
furnace slag, geotechnical engineering.

1. Introduction

The increasing implementation of circular economy principles has accelerated the use of anthropogenic
aggregates in civil and geotechnical engineering. Recycled concrete aggregate (RCA), blast furnace slag
(BFS), steel slag, and other industrial by-products are increasingly used in road embankments, pavement
subbases, drainage systems, and earth structures as sustainable alternatives to natural aggregates. Their
application reduces the consumption of primary mineral resources, limits landfill disposal, and supports
environmentally responsible construction practices. Comprehensive reviews indicate that the long-term
implementation of recycled geomaterials requires reliable characterization of their hydraulic, mechanical, and
environmental properties, particularly in transportation and geotechnical infrastructure [1,2]. Among the
engineering properties governing the performance of these materials, the permeability coefficient is of
particular importance because it directly influences seepage, drainage efficiency, filtration capacity, frost
susceptibility, and the long-term durability of geotechnical structures. Reliable permeability assessment is
therefore essential during material selection and engineering design. However, laboratory determination of
hydraulic conductivity remains laborious, expensive, and time-consuming, particularly for heterogeneous
anthropogenic geomaterials whose hydraulic behavior depends on particle-size distribution, density, porosity,
compaction conditions, and material origin. Similar challenges have also been reported for natural soils and
porous geomaterials, motivating extensive research into data-driven prediction methods [3,4].

Initial investigations of anthropogenic aggregates focused on experimental characterization of hydraulic and
environmental properties. Studies on recycled concrete aggregates confirmed their suitability for earth
structures while highlighting the relationship between permeability and leaching behavior [5]. Similar
investigations demonstrated the engineering potential of steel slags as alternative construction materials [6],
and analytical approaches for estimating the permeability coefficient of recycled aggregates were
subsequently proposed [7]. Comparable developments have been reported for porous rocks and carbonate
reservoirs, where machine-learning and analytical models have progressively replaced conventional empirical
permeability correlations [8,9]. The development of machine learning has created new opportunities for
predicting the hydraulic properties of soils and porous materials. Recent studies consistently demonstrate that
ensemble-learning algorithms, particularly Random Forest, Gradient Boosting, XGBoost, and CatBoost,
outperform many traditional empirical and analytical approaches in permeability and hydraulic conductivity
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prediction [1,3]. Comparable conclusions have been reported for permeability prediction in porous media using
neural networks and image-based learning [8], as well as for digital rock applications employing deep-learning
techniques [9]. Subsequent investigations also confirmed the applicability of Random Forest and boosting
algorithms to anthropogenic aggregates, showing that accurate prediction can be achieved using laboratory-
derived physical and granulometric parameters [10,11]. More recently, machine-learning techniques have
been extended beyond prediction itself to support the efficient management and engineering evaluation of
anthropogenic materials [12]. Despite these advances, current research has largely focused on improving
prediction accuracy by increasing model complexity or incorporating a growing number of laboratory variables.
At the same time, recent developments in explainable artificial intelligence (XAl), physics-guided machine
learning, and uncertainty-aware modeling indicate a gradual shift from purely accuracy-oriented prediction
toward more reliable and physically interpretable engineering models [13,14]. Despite these advances,
relatively little attention has been devoted to optimizing laboratory characterization itself, particularly with
respect to identifying the minimum set of experimentally determined variables required to maintain reliable
permeability prediction. From an engineering perspective, reducing laboratory testing while preserving
predictive performance could substantially decrease experimental costs and facilitate the practical
implementation of machine-learning methods. To address this research gap, the present paper proposes the
Test Reduction through Interpretable Machine Learning (TRIM) framework as a conceptual engineering
approach for optimizing laboratory characterization in permeability prediction of anthropogenic aggregates.

2. Evolution of Machine Learning-Based Permeability Prediction in Anthropogenic Aggregates
2.1 From Experimental Characterization to Predictive Models

Research on anthropogenic aggregates has traditionally focused on experimental investigations aimed at
understanding their hydraulic, mechanical, and environmental behavior, with particular attention devoted to
recycled concrete aggregate (RCA), blast furnace slag (BFS), and steel slag because of their growing
application in sustainable road construction and geotechnical engineering. These studies demonstrated that
anthropogenic aggregates exhibit hydraulic properties broadly comparable to those of conventional natural
aggregates, while also showing considerably greater variability associated with production technology, particle
morphology, residual mortar content, and internal pore structure [5,6]. Comparable observations have been
reported for natural soils, granular geomaterials, and porous rocks, where permeability has repeatedly been
shown to depend primarily on pore connectivity, particle-size distribution, porosity, tortuosity, and pore-network
geometry rather than on total porosity alone [3,15]. More recent investigations employing X-ray CT and digital
rock analysis have further confirmed that connected porosity and pore-throat architecture govern fluid transport
in heterogeneous porous media [16]. To facilitate engineering applications, analytical models relating the
permeability coefficient to selected physical properties were subsequently developed. An approach dedicated
specifically to RCA was proposed by Sas et al. [7], who demonstrated that permeability could be estimated
from experimentally determined physical parameters. Their applicability remained limited by simplifying
assumptions and reduced flexibility when applied to highly heterogeneous anthropogenic materials. Analogous
limitations of empirical permeability equations have also been reported in soil mechanics, motivating the
search for more robust, data-driven prediction methods [4].

2.2 Emergence of Machine Learning Approaches

The rapid development of machine learning introduced a new paradigm for permeability prediction, replacing
predefined analytical relationships with data-driven models capable of learning complex nonlinear interactions
among laboratory variables. Over the past decade, machine learning methods have gained increasing
popularity in geotechnical engineering, as they require fewer assumptions about material behavior while
delivering substantially improved predictive performance. Early review studies highlighted the considerable
potential of machine-learning algorithms for estimating flow parameters in recycled construction materials and
identified ensemble-learning methods as particularly promising tools for civil engineering applications [1,17].
These conclusions are consistent with broader developments in hydraulic conductivity prediction, where
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Random Forest, Gradient Boosting and XGBoost, have repeatedly outperformed conventional empirical
equations [3,18,19].

Machine learning has likewise gained importance in rock physics and porous-media characterization. Neural
networks, transformer-based architectures, and hybrid deep-learning models have demonstrated excellent
predictive capability when permeability is estimated directly from pore-scale images or CT-derived structural
descriptors [9,20]. Random Forest demonstrated excellent performance for permeability estimation of blast
furnace slag while preserving satisfactory model robustness and interpretability [10]. Comparable conclusions
were obtained using AdaBoost, confirming that ensemble-learning techniques constitute reliable tools for
permeability prediction under heterogeneous laboratory conditions [21]. More recently, machine-learning
methods have also been proposed as decision-support tools for the sustainable management of
anthropogenic materials [12].

2.3 Current Challenges in Machine Learning-Based Permeability Prediction

Despite the substantial improvement in predictive accuracy achieved in recent years, several important
challenges remain unresolved. Most published machine-learning models rely on relatively large laboratory
datasets describing particle-size distribution, density, porosity, compaction characteristics, moisture conditions,
and additional material descriptors. Increasing the number of input variables frequently improves prediction
accuracy but also increases laboratory effort, experimental cost, and model complexity. At the same time,
recent advances in Explainable Artificial Intelligence (XAI) indicate that only a limited subset of laboratory
variables dominates model predictions. SHAP-based analyses consistently identify physically meaningful
descriptors, such as characteristic particle diameters, porosity, dry density, void ratio, and particle-size
distribution parameters, as the most influential predictors of permeability and hydraulic conductivity [22,23].
Recent advances in explainable artificial intelligence and uncertainty-aware machine learning have shifted the
focus from prediction accuracy alone toward developing models that are more robust, interpretable, and
suitable for engineering applications [13,14]. These observations suggest that future advances in permeability
prediction should focus not only on developing increasingly sophisticated algorithms but also on optimizing
laboratory characterization through systematic reduction of input variables while preserving engineering
reliability.

2.4 Motivation for the TRIM Framework

The evolution of permeability prediction demonstrates a clear transition from laboratory characterization and
analytical formulations toward advanced machine-learning models with increasing predictive capability.
Despite this progress, the literature has focused predominantly on improving model performance, whereas
comparatively little attention has been devoted to optimizing the laboratory information required for reliable
prediction. Consequently, the next logical step is not necessarily the development of increasingly sophisticated
prediction algorithms but the optimization of laboratory characterization itself. This observation motivates the
proposed Test Reduction through Interpretable Machine Learning (TRIM) framework, which introduces an
engineering-oriented perspective by considering predictive performance together with laboratory effort and
practical applicability. Table 1 summarizes this evolution and highlights the research gap addressed in the
present study.

Table 1. Evolution of permeability prediction in anthropogenic aggregates

Research stage |Main objective Representative methods Representative studies [Remaining challenge

Time-consuming and
expensive laboratory
investigations

Experimental Determine  permeability|Constant-head and falling-head|Gtuchowski et al. [5]; Sas
characterization |through laboratory testing|tests; laboratory characterization |et al. [6]

Estimate  permeability
using empirical
relationships

Analytical
prediction

Analytical equations based on
physical parameters

Limited applicability to

Sas etal. 7] heterogeneous materials
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Research stage |Main objective Representative methods Representative studies [Remaining challenge
Dzigciot & Sas [1];

Machine-learning |Improve prediction[ANN, Random Forest,|Dzigciot [17]; Dzigciot &|Increasing number  of

prediction accuracy AdaBoost, XGBoost, CatBoost [Sas [10]; Yaghoubi et al.|laboratory input variables
(2]

Advanced Improve robustness and|CNN, Transformers, transfer|Zhong et al. [8]; Meng et|High data requirements

machine learning |predictive capability learning al. [9]; Geng etal. [20]  [and limited interpretability

Interpretable and Improve transparer)cy SHAP, XA, Physics-Guided ML, Zoupe.mat-Kgrmanl & Optlmlzatllon.of Iaboratgry

) . and engineering . ) Kheimi [13]; Zhang &|characterization  remains
physics-guided Al I Physics-Constrained ML :
credibility Darilmaz [11] largely unexplored

As illustrated in Table 1, previous developments have primarily focused on improving predictive capability,
whereas engineering-oriented optimization of laboratory characterization remains largely unexplored. The
proposed TRIM framework is intended to address this research gap.

3. Proposed Test Reduction via Interpretable Machine-learning (TRIM) Framework

Building upon the research gap identified in Section 2, this paper proposes the Test Reduction through
Interpretable Machine Learning (TRIM) framework as a conceptual engineering approach for optimizing
laboratory characterization in permeability prediction of anthropogenic aggregates. Rather than introducing
another machine-learning algorithm, the proposed framework is intended to support the identification of a Lean
Parameter Set (LPS), defined as the smallest practical subset of laboratory parameters expected to maintain
reliable predictive performance while reducing laboratory effort.

The proposed framework is based on the assumption that laboratory variables do not contribute equally to
permeability prediction. Previous studies have consistently demonstrated that a limited group of physically
meaningful parameters, including particle-size distribution descriptors, dry density, porosity, and void ratio,
often dominate prediction performance, whereas additional laboratory measurements may provide only
marginal improvements despite increasing experimental effort [11,22].

Consequently, the proposed optimization strategy assumes that laboratory characterization may be simplified
without substantially compromising predictive capability, provided that variable selection simultaneously
considers predictive relevance, physical interpretation, measurement effort, and engineering applicability.
Unlike conventional feature-selection procedures, which primarily optimize statistical performance, TRIM is
intended to integrate engineering considerations directly into the optimization process. Instead of selecting
variables solely because they improve prediction accuracy, each laboratory parameter would be evaluated
according to four complementary criteria reflecting both machine-learning performance and practical
engineering requirements (Table 2).

Table 2. Engineering-oriented criteria applied in TRIM.

Criterion Objective Engineering significance
Predictive importance |Maintain high prediction accuracy Preserve model performance
Physical relevance Retain physically meaningful variables Improve engineering credibility
Laboratory effort Minimize required laboratory measurements Reduce testing time and costs
Practical applicability |Use parameters routinely determined in engineering laboratories Facilitate practical implementation

The proposed TRIM process is shown in Figure 1. First, laboratory data would be collected, verified, and
preprocessed using standard quality-control procedures. Second, baseline ensemble-learning models would
be developed using the complete laboratory dataset. Third, Explainable Artificial Intelligence (XAl) techniques
would be employed to quantify the contribution of individual laboratory parameters and establish their relative
engineering relevance. Finally, laboratory variables would be progressively evaluated for elimination through
an iterative optimization procedure in which predictive performance and laboratory effort are jointly assessed.
The objective of this process would be to identify a candidate Lean Parameter Set (LPS) representing the
smallest practical subset of laboratory variables expected to preserve satisfactory predictive performance.
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Figure 1. Workflow of the TRIM framework.

The proposed framework extends conventional machine-learning workflows by introducing an engineering-
oriented optimization stage intended to identify a candidate Lean Parameter Set (LPS) for reliable permeability
prediction with reduced laboratory characterization. TRIM is formulated as an algorithm-independent
conceptual framework that may be implemented using various regression techniques.

4. Explainable Atrtificial Intelligence within the TRIM Framework

The proposed Test Reduction through Interpretable Machine Learning (TRIM) framework assumes that
Explainable Artificial Intelligence (XAl) may provide the analytical basis for identifying the Lean Parameter Set
(LPS). Rather than treating explainability solely as a post hoc model interpretation tool, the proposed
framework considers XAl as a potential mechanism supporting engineering-oriented reduction of laboratory
testing by identifying variables that contribute most significantly to reliable permeability prediction. Among
currently available explainability techniques, SHapley Additive exPlanations (SHAP) appear particularly
suitable for this purpose because they provide both global and local measures of feature importance while
preserving physical interpretability through a theoretical foundation based on cooperative game theory [25].
Recent reviews indicate that SHAP has become one of the most widely adopted explainability techniques in
hydrology and geotechnical machine learning [15]. SHAP may effectively identify laboratory variables
governing permeability and hydraulic conductivity across different geomaterials. Studies involving compacted
bentonite [23], polymer-amended soil-bentonite cutoff walls [24], and coarse-grained road materials [26]
consistently indicate that only a limited subset of experimentally determined variables dominates model
predictions. These findings provide the conceptual motivation for applying explainability-based feature
optimization to anthropogenic aggregates. Within the proposed TRIM framework, laboratory variables would
be ranked according to their contribution to predictive performance using SHAP and complementary
explainability techniques. Variables exhibiting consistently low importance could subsequently be considered
candidates for elimination, whereas variables demonstrating both high predictive contribution and clear
engineering interpretation would form the proposed Lean Parameter Set (LPS). Consequently, feature
selection would no longer depend exclusively on statistical performance but would additionally consider
physical relevance and laboratory practicality. Although SHAP constitutes the principal explainability technique
considered within TRIM, complementary methods may further strengthen the proposed optimization
procedure. Partial Dependence Plots (PDP) may verify whether identified relationships remain physically
meaningful, Individual Conditional Expectation (ICE) may support interpretation of sample-specific behavior,
whereas permutation importance may provide independent validation of feature rankings (Table 3).

Table 3. Role of explainable artificial intelligence within the TRIM framework.

XAl technique Primary purpose Potential contribution to TRIM
SHAP Global and local feature attribution Identification of candidate variables for the Lean
Parameter Set

Model-based feature importance  |Initial ranking of predictor relevance  |Preliminary feature screening

Independent validation of feature

Permutation importance
relevance

Confirmation of variable ranking robustness

Partial Dependence Plots (PDP)  |Analysis of nonlinear feature effects  |Verification of engineering consistency

Individual Conditional Expectation

(ICE) Analysis of sample-specific responses |ldentification of heterogeneous predictor behavior

79



Proceedings of the XII International Geomechanics Conference
7 - 11 September 2026, Varna, Bulgaria

The combined application of these explainability techniques is expected to increase confidence in the
proposed optimization process by reducing the likelihood that variable selection is driven by statistical artefacts
rather than genuine physical relationships. This aspect may be particularly important for anthropogenic
aggregates, where heterogeneous material origin and relatively limited experimental datasets frequently
complicate predictive modelling. It should be emphasized that the proposed role of XAl within TRIM remains
conceptual. The present study does not demonstrate the effectiveness of explainability-based laboratory
optimization but proposes a research framework integrating recent advances in ensemble learning,
explainable artificial intelligence, and engineering-oriented feature selection. Experimental validation of the
proposed Lean Parameter Set (LPS) using laboratory datasets representing different categories of
anthropogenic aggregates constitutes the next stage of this research.

5. Conclusions

This paper proposes Test Reduction through Interpretable Machine Learning (TRIM) as a conceptual
framework for engineering-oriented optimization of laboratory characterization in permeability prediction of
anthropogenic aggregates. Unlike conventional machine-learning studies, which primarily focus on maximizing
predictive accuracy, the proposed framework shifts the optimization objective toward reducing laboratory effort
while maintaining reliable engineering predictions. The central concept of TRIM is the proposed Lean
Parameter Set (LPS), defined as the smallest practical subset of laboratory variables expected to preserve
satisfactory predictive performance. Within this framework, Explainable Artificial Intelligence (XAl) is proposed
not only as a model interpretation tool but also as a potential mechanism supporting engineering-oriented
feature selection by combining statistical importance with physical relevance and practical laboratory
considerations. It should be emphasized that TRIM represents a conceptual engineering framework rather
than a validated optimization methodology. The present study establishes its theoretical foundations by
integrating current developments in ensemble learning, explainable artificial intelligence, and engineering-
oriented feature selection into a unified approach for laboratory test reduction. Experimental verification of the
framework, including validation of the proposed Lean Parameter Set using laboratory datasets representing
different categories of anthropogenic aggregates, constitutes the next stage of this research.

If successfully validated, the proposed framework may contribute to the development of simplified,
interpretable, and practically applicable machine-learning models requiring fewer laboratory measurements
while maintaining reliable permeability prediction. Such an approach has the potential to improve the efficiency
of laboratory investigations and support the broader implementation of anthropogenic aggregates in
sustainable geotechnical engineering.
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ABSTRACT

Natural cyclical global climate change increases extreme rainfall and flooding in some regions, raising risks in
opencast mining. These changes affect hydrogeological and hydrological conditions, requiring continuous
redesign and optimization of dewatering systems aligned with geomechanical conditions and environmental
standards. Evolving geotechnical properties of excavated materials demand careful monitoring of slope
stability, including factors of safety and failure probabilities, especially for overburden dumps. This paper
analyzes slope instability at the upper bench of an overburden dump at the opencast coal mine Field E,
highlighting key risks and mitigation measures.

Introduction

Dewatering of opencast mines is conditioned by very dynamic mining processes that are influenced by many
natural, geotechnical, technological, economic, climatic, ecological, and safety factors and restrictions
throughout all periods of the life cycle. Dewatering is one of the key processes for slope stability and for
providing technical support for the realization of the opening, planned development, production, and closure of
an opencast mine, as well as the process of rehabilitation with reclamation.

Management of stochastic processes of opencast mine dewatering, geotechnical (slope stability), and
hydrological subsystems, serially connected as a complex system (DGH), should continuously ensure
unhindered, environmentally sustainable functioning in increasingly challenging climatic conditions. Extreme
and increasingly frequent precipitation, stormwater, and the possibility of flooding due to climate change
generate additional risks for surface water-related equipment, infrastructure, production, and slope stability,
requiring an ever-increasing need for new decisions and adaptive dewatering measures in opencast mines [3,
6, 7, 9]. The current impacts and future anticipated risks associated with extreme climate events demand
sustainable solutions for climate change adaptation and stormwater and flood disaster risk reduction, which
are particularly pronounced in opencast mines. These solutions include flood insurance, forecasting, and early
dewatering and slope stability monitoring and warning systems, constant designing and planning of the
dynamics of DGH operation in accordance with reliability, costs, new return periods, and increasing the level of
management, education, and responsibility. Quantitative analysis with calculation of the probabilities of
occurrence of such stochastic events and assessment of the corresponding economic consequences enable
the definition of risk and optimization of DGH parameters.

Increased requirements for the process of progressive and integrated dewatering in all phases of the
development of opencast mines have led to a significant step forward in technical and technological research,
and the improvement of equipment, which is accompanied by many papers, standards, and regulations in this
area [1, 2, 10]. There is also a considerable amount of research worldwide in all water-related scientific fields
regarding floods and hydrological and geotechnical conditions [4, 5, 6, 9, 11].

Catastrophic floods around the world have caused enormous consequences, including high costs for the
rehabilitation of infrastructure facilities, equipment, the stabilization of landslides, and production [7, 8] (Figure
1). This has caused the need for serious changes in the approach to dewatering and the planning of DSH
facilities for opencast mine construction, with respect to shortening the return periods of heavy rainfall and
increasing DSH reliability, in accordance with life cycle risk and environmental management analyses and
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procedures and the series of globally accepted standards ISO 14001:2026 and ISO 31000:2018, aligned with
the Plan-Do-Check-Act cycle, which is a common model for management system design.

Figure 1 Landslide and flood on Serbian opencast mines

The dewatering systems play a key role in controlling the flow and accumulation of water in opencast mines.
Effective systems maintain a balance of forces in the working environment and reduce the risk of opencast
mine slope instability, which often geotechnically results in reduced shear strength and potentially catastrophic
slope failure. Progressively correct dimensioning of dewatering facilities enables the reduction of pore water
pressure in the working environment materials, the prevention of slope erosion, and the control of the inflow of
large amounts of water, thereby mitigating the effects of flooding. Therefore, it is necessary to optimize the
capacities of the elements of the surface and groundwater drainage subsystems in relation to the costs of
increased risk.

A detailed study of the problem of flooding is mainly related to large cities, but these experiences and research
can also be applied to opencast mines. The changes in the 21st century compared to the 20th century are
significant. Thus, for the Tokyo area, it was determined that the return period of floods and storms of 50 years
before global climate change now corresponds to a return period of 20 years (Figure 2) [4].

()]
o
o

— 500 &

200
100

_.
o B
?o

w
o

-
o

(6]

Return period (year) after climate chang

-
-

Return period (year) before climate change

Figure 2 Return periods for the 20th and 21st centuries [4]

Increasing the reliability of the opencast mine dewatering system and slope stability, i.e. reducing the risk of
catastrophic flooding, requires, in addition to the optimization of the facilities' parameters, an increase in
dewatering and production costs.

1 Risks of the complex DGH system

According to the classic definition, the risk of DGH system failure is the probability of occurrence of a situation or event
that can have negative consequences for the function and operation of the opencast mine. For multiple serially
connected subsystems of the opencast mine DGH system, which have mutually exclusive failure causes, the risks
associated with them are evaluated and accumulated into the total risk, which generally is:

RoeH = Pu*Cit...+ Pi*Ci = Py *Crt...+ Pi*Ci (1)
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Where: RpeH - total risk of opencast mine system failure

Py - failure probability of the i-th element or subsystem (i = 1...., n)

Ci- expected losses due to failure of the i-th DGH system subsystems
Any individual risk of failure R; = Ps*C; could be acceptable, while the aggregate risk might be unacceptable.
The total risk of opencast mine failure in serial systems consisting of subsystems or elements might be
unacceptable because it may cause a high risk of system failure as a whole, even though the risk of failure of
every individual subsystem or element is acceptable.
The basic losses resulting from failures due to hydrological storm water, dewatering, and geotechnical causes
can be classified into several main categories [6, 9]: Loss of life or damage to health; losses associated with
damage to the environment, mine contour slopes, equipment, and infrastructure of the opencast mine;
financial losses, including loss of planned production, the cost of intervention and repair, social unrest, cost
overruns, changes in capital costs, legal penalties, etc.; and loss of reputation, including mistrust in production
stability and management, social changes, etc. Total dewatering failure losses in opencast mines are usually
expressed in monetary units.
The cost of stormwater or flood risk in current known conditions Co and in conditions of future increases due to
climate change C1 is Po*Co and Px*Cy respectively. The change in flood risk costs is the difference between
these two values: A(Ps*C) = Pr*C1 - Pr*Co. The impact on flood and stormwater risk costs on opencast mining
can be determined by the simple, worldwide adopted factor FRIF (Flood Risk Impact Factor) [4]. The value of
this factor is:

FRIF = (P#1*C1 - Pro*Co)/Pr*Co (2)

A positive value of the FRIF factor indicates an increased risk of flooding, while a negative value indicates a
decrease in the effect of risk in case of changes in opencast mining dewatering and slope stability and other
environmental conditions.

Complex DGH system failure probability of i-th elements or subsystems within a serial connection can be
described by different distribution laws, depending on the characteristics of the system and its elements,
operating conditions, failure characteristics, and so on. The simplest, in practice for systems with non-
stationary processes, verified and most commonly used, is the exponential distribution law of the DSH system
with n subsystems reliability:

P.(t) =exp(—a;-t),i=1,..,n (2)

Where: t - set operating time, a; - distribution parameter (failure intensity).
For the given acceptable operation reliability, the necessary subsystems failure intensities are: a; = In(Po)/.
The average time to the first operation failure of the DGH system for each of the subsystems is:

Toi = [ Poi (t)dt = [ exp(—a; - t)dt = 1/g, (3)

The structural schemas can define unambiguous operation or failure of the system. System elements are
connected in series. If the DGH system consists of n elements connected in series, the DGH system reliability
or probability of functional operation until failure, ProgH(t) is:

Prpeu(t) = exp(—a; - thexp(—ay - t) ... exp(—ay - t) = exp(—t Xi=; a;) (4)
Probability of the system failure is:
Prpon = 1-Prpgu(t) (5)

In addition to the already shown probabilities of operation and failure of the dewatering system at time t, used
in designing stormwater-related hydraulic structures, it is especially important to add the probabilities of failure
that cannot be controlled in cases of extreme rainfall, with consequences such as stormwater floods or
possible accompanying bench slope failures and severe erosion. They can cause extremely high costs for
opencast mines, both due to remediation and due to the accompanying jeopardy to production. It is usual that,
in addition to discrete geometric distributions, in these non-stationary cases, to obtain the probability of failure
of the hydrological subsystem, a continuous exponential distribution is more suitable [9, 11], with a parameter
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related to the return period or time to failure (T;) of a rainfall event and catastrophic flooding events with
intensity ¢, where ¢ = 1/T;, when this probability amounts to:

Por = 1-exp(-c*t) (6)

Geological, hydrogeological, geotechnical, and opencast mining dewatering risks with corresponding
consequences due to slope sliding and floods are mostly associated with insufficiently defined models with a
lower than expected level of confidence for the relevant project level, non-compliance with established
procedures, insufficient monitoring, and human errors. Once the hazards have been identified, it is necessary
to determine the associated risks in terms of what can happen, when and where, how events affect the
objectives of the opencast mining operation, and why. For DGH system risk analysis, as a complex integral
process, qualitative, semi-quantitative, or quantitative methods are used. From several engineering
techniques, qualitative effects and criticality analysis (FMECA), or the developed modified quantitative analysis
VFMECA [6], which is recommended by the ISO 31000 standard series, can be effectively used.

Integrated DSH system probabilities and risks

The basic determination of the dewatering subsystem reliability (Prq) generally includes surface dewatering
objects (canals, water collectors, pump stations, etc.) with pipelines and groundwater dewatering objects
(dewatering wells, pipes, collectors, etc.). The geotechnical subsystem reliability (Py) is related to the
influence of open-pit mine slope stability safety factor (FS) in connection with probability of failure (PF) and
pore pressure (pu) with reliability (P), and also the hydrological subsystem, calculated on the basis of
rainfall return period with reliability (Pm), should be added to that in a total serial connection. Then, generally,
the total failure probability of the complex DGH system (PrsH) is:

Proer =1 - (Pra * Prg* Prn) (7)

Acceptable DGH risk can be obtained by previously defining acceptable risk reliability criteria, which can also
be presented as a percentage of the share of acceptable costs in relation to the total cost of remediation of
consequences that are acceptable to the company. This also means that the probability of failure must be
equal to or less than the maximum percentage share of costs acceptable for the company in relation to the
total DGH system failure consequences rehabilitation costs. DGH system risk can be reduced either by
reducing the loss given by a failure, or by reducing the probability of failure, or by reducing both. The DGH
system's only protection against interconnected risks is integrated risk management, which includes the
assessment of all individual subsystem risks and the overall risk after deciding on each risk reduction
measure.

For a DGH serial system with mutually exclusive realizations of failure and estimated individual subsystems
consequences (Cq, Cg, Cn) and risks of subsystems, the aggregated risk is determined from the expression:

Roet = Pra*CatPrs*CrtPrn*Ch (8)

2 Case study

The opencast mine Field E, which is in the opening phase, represents the future basis of coal production from
the Kolubara basin. Moderately cohesive clay-sand overburden material dumping is realized according to the
adopted mining project with two benches in the inner dump of the closed opencast mine Field C. With a
spreader, the upper bench of the dump is realized with a height of 16 m with a natural slope angle of 38° with a
legally permitted factor of stability Fs = 1.1 [3], predicted pore pressure ru = 0.2, reliability of slope stability Prs
= 0.80 and reliability of extreme hydrological storm water P, = 0.90 for a period of five years with a return
period of RP = 50 years (Figure 3 and Table 1).
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Figure 3 Internal dump of opencast mine Field E

Taking into account the frequent rainfall and the type of material of the working environment, signs of instability
of the dump bench slope (Fs < 1) were observed (Figure 4). Additional hydrogeological data and monitoring
show that the pore pressure has increased to ru = 0.3, that the reliability of hydrological extreme rainfall P =
0.85 has decreased and that it is necessary to reduce the rainfall return period to 30 years, that the reliability
of slope stability Prs = 0.75 has decreased and that the planned efficiency of the dewatering system with
reliability Py = 0.7 is insufficient for the observed changes with strict adherence to standard process
procedures.

The intervention analysis shows that in the first rehabilitation phase it is necessary and urgent to supplement
the dewatering system with six more wells in order to reduce the pore pressure to planned ru = 0.2. Also, it is
necessary to change the spreader technological geometry of the dumping scheme with slightly reducing the
width of the spreader block and with the formation of a supporting embankment (toe berm) with a height of 3.5
to 4 m, so that the acceptable legal factor of safety Fs = 1.1 is achieved (Figure 4). In this option, the slope
stability reliability is increased to Py = 0.90, the probability of stormwater remains P, = 0.85 for a period of five
years, within the legal validity of the project, with a return period of 30 years, the practically parallel dewatering
system reliability increases to Py = 0.85 (Figure 4 and Table 1) and an acceptable reliability of the serial DGH
system is achieved at 0.7 (4). Field experience shows that the consequences of a bench slope sliding of Cy =
3 M€, a drainage system failure of Cy = 2 M€ and stormwater and flooding failure in the amount of C, = 6 M€
can be expected and include equipment and slope slide rehabilitation after the failure and production losses.

Table 1 Risk analysis of complex DSH with precipitation return periods of 50 and 30 years

States options Dewatering Hydrological Geotechnical DSH system FRIF
failure failure failure probability risks (8) (2)
probability (5) probability (7) (5) (Prs) (M€)
(Prd) (Prr) (RDGH)
Projected 0.20 0.10 0.20 1.60
RP=50y; ru=0.2
Existing 0.30 0.15 0.25 2.25 +0.41
RP=30v; ru=0.3
Proposed 0.10 0.15 0.10 1.50 -0.33
RP=30y; Ru=0.2

After the realization of this crisis situation, it is necessary in the shortest possible period, depending on the
implementation of complex technological changes, to reduce the height of the overburden bench to 10 m in
order to achieve the minimum acceptable factor of safety Fs = 1.2 (Figure 4) [3], which also indicates the
necessity of accelerating activities on amendments to the appropriate legal geotechnical-mining regulations in
accordance with the consequences of climate change.
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Figure 3 Factors of safety depending on the bench height (H = 16 m) and the coefficients of pore pressure ru = 0.2
(upper line) and ru = 0.3 (lower line) with the natural bench slope (a = 387)

Proposed acceptable option with almost double increased capacity of pumping stations, canals, and water
collectors, with an investment of 0.55 M€, has increased efficiency and achieves a reduction of the total
complex DGH system failure probability by 55% compared to the previously unacceptable existing state. The
risk reduction with the risk impact factor FRIF = -0.33 justifies the additional investment in increasing capacity
and possible dewatering system water flow in the amount of 0.55 M€. This is also economically acceptable to
the company, bearing in mind the increased dewatering costs of creating a more reliable system for the
stability of all dump benches and the general slope, and that with the reduced risk by 33%, expressed in
euros, the total costs are lower than the costs in the existing option risk scenario. Bearing in mind the constant
development of the mine boundary, the dewatering facilities and geotechnical parameters are also being
progressively upgraded in accordance with the Life Cycle Management system approach, so that the
permissible risk check is practically carried out in accordance with the annual production plans. At the same
time, it is necessary to maintain high technological discipline and monitoring in the implementation and
maintenance of the progressive and integrated DGH system.

Conclusion

Growing climate changes accompanied by frequent heavy rainfall and flooding of opencast mines lead to
significant necessary changes in dewatering system parameters, deterioration of hydrological conditions and
geomechanical characteristics, especially when it comes to disposal of loose clay-sand overburden materials.
These conditions impose certain changes in the integrated approach to the calculation of acceptable values of
influential factors included in the processed example, such as the safety factor, return periods, failure
probabilities, and technical parameters of the functioning of complex DGH systems. On the example of the
opencast mine Field E dump, the possibility of applying the set specific model for risk assessment with a
quantitative approach to the analysis of acceptable failure probabilities and accompanying increased
consequences was demonstrated. Practice shows that for risk optimization, it is extremely important to perform
progressive and integrated monitoring of the probability of failure of the DGH system along with constant
technological, geotechnical, and hydrological research. In this way, improved characteristics of the DGH
system are achieved with more accurate and time-efficient assessments of the minimum possible
consequences in changed climatic conditions in accordance with globally accepted risk and environmental
management standards.
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ABSTRACT

Rocks in the coal massif are in a stressed state caused by the influence of the mass of rocks located above
the massif, as well as by the action of other forces of tectonic origin, which increase horizontal stresses. In the
upper layers of the lithosphere, a change in rock pressure occurs not only due to technogenic influences,
sometimes sharp changes are associated with the state of stress of the sedimentary layer. One of the
manifestations of rock pressure in coal massifs is sudden emissions of coal and gas or rock and gas, which
allowed us to develop a predictive criterion based on changes in the characteristics of gas mixtures. A
generalization of geological materials and a comparison of gas mixtures at different states of rock pressure in
coal mines were carried out.

Unstable rock pressure in the coal massif correlates with a temporary increase in the gas underflow and its
redistribution in mining operations during the formation of modern technogenic sections of the lithosphere.

Introduction.

Under the influence of mineral deposits development, physical processes in the upper layers of the
lithosphere are constantly changing. Geological processes activated by disturbances during the development
of coal massifs determine the nature of their displacement and collapse in mining operations. Visible
manifestations of rock pressure are observed in mining operations without precise tools - deformation and
destruction of reinforcement, marginal zones of mining operations, pillars, extrusion of host rocks and coal,
collapse and shooting of rocks, collapses into mining passages. To conduct safe work, it is necessary to have
the maximum amount of not only geological data, but also the physical and deformation properties of the
contact of coal seams and rocks, fracturing, and the ability to stratify them.

In the upper layers of the lithosphere, a change in rock pressure occurs not only caused by man-made
influences, sometimes sharp changes are associated with the state of stress of the sedimentary layer. In such
cases, when the rock pressure increases, there are no changes in the massif, and when it decreases, the
zones of decompression and destruction of rocks are activated, which are poured into the workings. Invisible
manifestations of rock pressure can be measured with precise instruments, provided that they are constantly
monitored, which is not always possible during active coal mining [4].

A system of measures to determine changes in rock pressure in the directions necessary to ensure the
safety of coal field development is a necessary condition.

One of the manifestations of rock pressure in coal-bearing massifs is sudden emissions of coal and
gas or rock and gas, which allowed us to develop a predictive criterion based on changes in the characteristics
of gas mixtures [1, 3, 6].

A significant contribution to the research and development of this area was made by A. Radziwill, V.
Lukinov, I. Buchynska, D. Gunia, O. Pravotorova and others [1-6].

Purpose of the work: to develop a predictive criterion for changes in rock pressure based on the
quantitative characteristics of the gas mixture of coal-bearing rock massifs.
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Materials and methods of the study.

The study was based on materials obtained in 2022 in the Lviv-Volyn basin and in 2005-2021 in the
Krasnoarmiyskyi district of Donbas. A generalization of geological materials and a comparison of gas mixtures
at different rock pressure states in coal mines were carried out. Laboratory gas chromatography studies were
performed in the laboratory of the State Enterprise "Ukrnaukageocenter" in Poltava, headed by the Integrated
Laboratory, Candidate of Geological Sciences N. Sira.

Presentation of the main material.

Rocks in a coal massif are in a stressed state caused by the influence of the mass of rocks located
above the rock massif, as well as by the action of other forces of tectonic origin, which increase horizontal
stresses. The rock massif, before mining, is in equilibrium, which is disturbed after mining and bringing both
coal and rocks to the surface [1]. When mining coal in the massif, the following rock pressures are
distinguished: primary, permanent, non-permanent, vertical and lateral. Primary pressure is caused by the
redistribution of stresses in the rock massif during mining. Permanent pressure does not change over time in
mining. Non-permanent pressure changes over time due to mining, rock creep and other reasons. Vertical and
lateral pressures can be defined as both permanent and non-permanent. The investigated workings of the
Krasnolymanska Mining Company (-720 m) and the Vidrodzhennia Mine (-560 m) can be appropriately
characterized as workings with unstable rock pressure.

The following processes occur in the coal massif, which are controlled by rock pressure:

1. The stress state of the rock massif is formed and the stress caused by the laying of mining works
changes.

2. Coal and the rocks containing it shift in various forms.

3. Interaction of the fastening of mining works with rocks.

So, as a result of mining operations, forces arise, under the influence of which deformations and
displacements of rocks occur. These processes proceed until the equilibrium is restored, it is advisable to
indicate that the restored equilibrium may be disturbed by minor impacts on the coal massif. In such cases,
rock pressure manifests itself (additionally) in the deflection of the roof rocks, the lifting of the sole, the
formation of newly formed cracks in the rocks, deformation of the fastening, squeezing of coal from the surface
of pillars and faces, and the destruction of the walls of the workings. Special forms of rock pressure include
rock blows, sudden releases of coal and gas or rock and gas. Considering that sudden releases of coal, rock
and gas occurred in the investigated workings without subsequent ignition, we propose a comparison of gas
mixtures in the investigated workings (Tables 1, 2).

Table 1. Gas mixtures determined for sudden emissions, by individual control components, % vol.

Mine CH, CO+CO, H, N, CsH1z + CsHi4
SE VK "Krasnolymanska" 251-283 14-25 1,0 69,0-71,0 g0 0,025
EP " Mine Vidrodzhennia" 8,0-12,0 06-15 0,0001 82,0-85,0 1o 0,6

Table 2. Gas mixtures determined after sudden releases, by individual control components, % vol.

Mine CH4 CO+CO; H, N, CsH12 -CeH14
SE VK "Krasnolymanska" | 22,5-256 |25-3/1 1,0 70,0-77,0 | §o 0,0004
SE "Mine Vidrodzhennia" | 6,0-8,0 35-40 0,0001 88,0-91,0 | go0,0005

We note the features of the Krasnolymanska coal mine: sudden release, coal, rock and combine
thrown 200 and 100 m, respectively, along the preparatory work, the fastening is unsuitable for further use. A
furrow sample was taken from two packs, where the gas indicators from the lower pack are somewhat higher.
Given the powerful, in terms of force, release at a depth of about 720 m, coal and rock were not crushed to a
powder state. In our opinion, it was the sharp increase in the rock pressure of the coal massif that caused the
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sudden release. Given the insignificant changes in the indicators of gas mixtures and the amount of methane,
it was methane that acted as a stabilizing gas and contributed to the non-flammable course of the situation.

Peculiarity of the SE "Mine Vidrodzhennia": a significant amount of medium-coarsely crushed coal and
rock was carried out into the prepared working within the limits where a rupture without displacement was
recorded. The fastening of the working was broken at the place of coal fallout. Given the increased nitrogen
indicators, we believe that this situation occurred at the time of a sharp decrease in rock pressure and led to
the destruction of the coal massif, which was calmer than in the first case considered.

Therefore, sudden emissions during the growth of rock pressure are characterized by powerful
consequences and in most cases their development is stopped. The gas mixture contains more than 22.5%
vol. Methane, with stable hydrogen and nitrogen.

Sudden emissions during a sudden decrease in rock pressure are characterized by significantly less
destruction, and the gas mixture contains a significant amount of nitrogen (over 80% vol.) and carbon dioxide
(up to 4% vol.). After eliminating the consequences of the emission, coal mining can be carried out.

Unstable rock pressure in the coal massif correlates with a temporary increase in the underflow of gas
and its redistribution in mining operations during the formation of modern technogenic sections of the
lithosphere [6]. The consequences of a sharp increase or decrease in rock pressure are observed in the zones
of decompression of the rock massif.

Conclusions.

The rock pressure in the coal massif correlates with the underflow of gas and its redistribution in the
mining operations during the formation of modern technogenic sections of the lithosphere. When the rock
pressure increases, methane (22.5% vol. and more) is the control component in gas mixtures, and when it
decreases, nitrogen (over 80% vol.). Considering that when studying the gas composition of the mine
atmosphere in coal mining operations, both methane and nitrogen are common components, their use as a
predictive criterion for safe work is relevant.
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ENGINEERING-GEOLOGICAL ANALYSIS OF THE STABILITY OF THE FINAL SLOPES IN MARL MINES

Radmila Karanakova Stefanovska', Zoran Panov', Risto Popovski', Blagica Doneva'
University Goce Delcev, Faculty of natural and technical science, Stip, Republic of Macedonia,
radmila.karanakova@ugd.edu.mk

ABSTRACT

The stability of final slopes represents one of the key factors for the safe and economically sustainable
exploitation of mineral resources in surface mines. This paper presents an analysis and assessment of the
stability of final slopes in a mine of marl, with particular emphasis on the geomechanical properties of the
material and the influence of hydrogeological conditions. Interactive limit equilibrium methods were applied
using the student version of the GeoStudio (Slope/W) software, with the aim of determining the factor of safety
and enabling more effective and reliable recultivation of final slopes of the open pit.

Keywords: marl, slope stability, Geostudio, engineering-geological analysis, final slopes

INTRODUCTION

Slope stability represents one of the key factors for the safe and economical operation of surface mines.
Particular attention should be given to the analysis of final slopes, which remain as permanent
geomorphological features after the completion of mining activities and may represent a potential source of
geotechnical hazards. Their stability directly affects environmental safety, the protection of surrounding
infrastructure, and the potential of land reclamation.

Marl, as a sedimentary rock composed of varying proportions of clay and carbonate materials, exhibits specific
engineering-geological and geomechanical characteristics. Its pronounced sensitivity to water, susceptibility to
weathering, and reduction of strength parameters under saturated conditions make this material particularly
critical in the design and construction of mine slopes. Furthermore, the presence of discontinuities, bedding
planes, and tectonic disturbances may significantly reduce the stability of slopes in marl deposits.

The formation of final slopes is influenced by numerous factors, including geological structure, hydrogeological
conditions, slope geometry, mining technology, and various external influences. Therefore, the application of
modern engineering-geological investigation methods and geomechanical modelling techniques is essential to
obtain a realistic assessment of the factor of safety and to define appropriate stabilization measures.

The aim of this study is to perform an engineering-geological analysis of the stability of final slopes in marl
surface mines by determining the relevant geological and geomechanical parameters and incorporating them
into analytical and numerical models. The research examines the key factors affecting slope stability,
evaluates the factor of safety through stability analyses, and proposes technical measures to improve the long-
term stability of final mine slopes.

GEOLOGICAL AND ENGINEERING-GEOLOGICAL CHARACTERISTICS OF MARL AS A GEOLOGICAL
MEDIUM

Marl is most commonly found within sedimentary basins, where it forms stratified sequences of varying
thickness and continuity. It consists of a mixture of clay minerals and calcite, and the proportion of these
components determines its classification and engineering properties. An increase in the clay content makes
the material less resistant and more plastic, whereas a higher carbonate content results in greater strength
and brittleness.

From a stratigraphic perspective, marl occurs as layers of different thicknesses, frequently interbedded with
clay, limestone, or sandstone. These interlayers create a heterogeneous geological environment, which
represents an important factor in slope stability analyses. The marl rock mass is commonly affected by various
tectonic structures, such as joints, faults, and bedding discontinuities. These discontinuities reduce the overall
strength of the rock mass and may act as potential slip surfaces. Of particular importance are weak zones that
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can be activated by external factors such as water infiltration, blasting-induced vibrations, and other dynamic
loads.

In general, marl exhibits low to moderate permeability; however, its mechanical behaviour changes
significantly when saturated with water. The presence of water leads to a reduction in shear strength
parameters, an increase in plasticity, and progressive degradation of the marl structure. Infiltration of surface
water, together with the presence of groundwater, may generate pore water pressure, which directly reduces
the effective stress within the rock mass and consequently decreases the stability of mine slopes.

GEOMECHANICAL CHARACTERISTICS OF MARL

In slope stability analyses, the most influential factors are the physical-mechanical prarameters, strength
parameters, and deformation characteristics of the rock mass. These parameters serve as input data for
analytical and numerical models used to calculate the factor of safety.

Physical-mechanical parameters

The most important physical-mechanical parameters include natural density, unit weight, porosity, moisture
content, degree of saturation, and permeability. These properties primarily depend on the relative proportions
of the carbonate and clay components, as well as on the degree of compaction of the material.

Strength parameters

The Mohr-Coulomb failure criterion is most commonly used to define the shear strength of marl. According
to this criterion, shear strength is determined by two fundamental parameters:

- Cohesion (c)

- internal friction angle (¢)- the component of shear strength generated by friction between particles.

In engineering practice, the following approximate values are commonly adopted for marl:

Parameter Typical range
Cohesion (c) 50-300 kPa
Internal friction angle () 200-350

Deformation characteristics

Deformation properties are essential for evaluating the displacements and stress distribution within a slope.
The most important deformation parameters include:

e Young's modulus (E);

o Poisson's ratio (v);

o Deformation modulus;

o Compressibility.
Young's modulus represents the stiffness of the material. The higher the value of Young's modulus, the smaller
the deformations under the same loading conditions. In marl, Young's modulus may vary considerably, typically
ranging from 0.5 to 10 GPa, depending on the degree of fracturing and the compactness of the rock mass.
Poisson's ratio generally ranges between 0.20 and 0.35, indicating a moderate degree of lateral deformation
under loading. Due to the pronounced heterogeneity of marl, these parameters are usually determined through
laboratory testing and in-situ geotechnical investigations. Accurate determination of these properties is
essential for reliable numerical modelling and for obtaining realistic assessments of slope stability under
various geological and hydrogeological conditions.

Factor of safety

Every slope stability analysis produces a single numerical value that indicates the degree of safety against
slope failure or sliding under the specified conditions. This value is referred to as the factor of safety (FoS),
safety coefficient, or safety factor. The factor of safety can be expressed as the ratio of resisting forces to
driving forces or, alternatively, as the ratio of resisting moments to driving moments.

In geotechnical engineering, the analysis of slope stability and bearing capacity begins with the assumption of
a potential failure surface or slip surface, after which the resisting forces acting along that surface are
calculated and compared with the forces promoting failure.
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Table 1 presents the recommended ranges of the factor of safety for different types of geotechnical structures,
as proposed by Jumikis, Terzaghi i Peck.

Table 1 Recommended Factors of safety

Type of structure F
Cut slope 1.1-1.5
Dam 1.15-1.7
Waste dump 1.0-15
Surface mine slope 1.1-1.5

Several methods are available for the geotechnical analysis of slope stability, including the Method of Slices,
the Bishop method, the Janbu method, and the Spencer method. Among these, the Bishop simplified
method is one of the most widely used limit equilibrium methods due to its balance between computational
efficiency and accuracy, making it particularly suitable for the analysis of circular failure surfaces in
homogeneous and moderately heterogeneous slope conditions.

STABILITY ANALYSIS OF FINAL SLOPES IN A MARL SURFACE MINE

One of the primary objectives of this study is to evaluate the geotechnical stability of the final benches in a
marl surface mine. A case study of a typical open-pit marl mine was considered, where the highest bench
elevation is 450 m above sea level (a.s.l.), while the lowest bench is located at 390 m a.s.l.. The bench
height was set at 10 m, the working bench face angle was adopted as 42°, whereas the overall final slope
angle of the inactive slopes was designed to be less than 30°. During the formation of the final pit limits, 8 m
wide safety berms were incorporated to improve long-term slope stability. Temporary haul roads were
designed with a maximum longitudinal gradient of 7% and a minimum curve radius of 20 m, in accordance with
standard surface mining practice.

Fig.1 View of the surface mine slopes from southwest

Fig.2 View of the surface mine slopes from the southeast
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The geotechnical stability analysis of the final pit slopes was carried out using the student version of the
GeoStudio Slope/W software package. The calculations were performed using the Bishop simplified
method, one of the most widely applied limit equilibrium methods for circular slope stability analysis.

Two separate analyses were conducted to evaluate the stability of the final slope under different
hydrogeological conditions. The first analysis considered a dry slope condition, assuming no groundwater
influence and using the predefined geomechanical properties of the marl. The second analysis included a
hypothetical piezometric line, representing groundwater conditions within the slope, in order to assess the
influence of pore water pressure on slope stability. The geomechanical parameters adopted for the stability
analyses were as follows:

c=5kPa, cohesion
=490, internal friction angle
y=18 kN/m? Unit weight

Materials
O Laporec
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Model: Mohr-Coulomb 480 —
Unit Weight: 18 kN/m®
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Phi-B: 0 °

390 | l

Fig.3 Geotechnical model of the final slope with defined geometry and physical-mechanical properties of marl

Figure 3 presents the geotechnical model of the final slope of the marl surface mine developed using the
GeoStudio Slope/W software package. The model represents the actual geometry of the final slope,
consisting of several benches with a height of 10 m, resulting in a total elevation difference of approximately
80 m (from elevation 390 m to approximately 470 m). The slope is composed of working benches and safety
berms, with the geometry designed to ensure the long-term stability of the open pit after the completion of
mining operations.

The analysis was performed using the Mohr-Coulomb failure criterion, one of the most widely applied
constitutive models in engineering-geological and geotechnical analyses of rock masses. The model
incorporates the physical and mechanical properties characteristic of marl, which define the shear strength of
the rock mass and serve as the primary input parameters for calculating the factor of safety.

The model shows a continuous slope geometry without abrupt changes in inclination, contributing to a more
uniform distribution of stresses within the rock mass. The incorporation of safety berms reduces the overall
effective slope angle, provides storage for potential rockfall material, and facilitates surface water drainage,
thereby reducing the likelihood of localized slope failures.

This model represents the initial stage of the geotechnical stability analysis, in which both the geometric
configuration and the geomechanical properties of the open pit are defined.

Based on this model, the subsequent analysis involves the determination of the critical slip surface and the
calculation of the factor of safety using the Bishop simplified method. The obtained results provide an
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assessment of the stability of the final slope and serve as the basis for optimizing the slope geometry and
defining appropriate measures to ensure the long-term safety and stability of the surface mine.

Figure 4 shows the computational mesh and the search radii used to generate the potential slip surfaces for
which the factors of safety of the final slope will be calculated

Matenals,
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wdel: Mohr-Coulomb-
it Weight: 18 kNim*
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48" 5
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Fig.4 Geotechnical model with computational mesh and potential slip surfaces in GeoStudio Slope/W

Figure 4 presents the geotechnical model of the final slope prepared for stability analysis using the
GeoStudio Slope/W software package. After defining the slope geometry and assigning the physical and
mechanical properties of the marl, the model was discretized using a computational mesh, enabling a more
accurate numerical evaluation of the stress distribution and potential failure mechanisms within the rock mass.
The lines shown in the model represent the potential slip surfaces generated by the software during the search
for the critical failure mechanism. By automatically generating a large number of possible slip surfaces, the
program identifies the one associated with the lowest factor of safety, which represents the most critical
stability condition. This approach provides a realistic assessment of the possible failure mechanisms and
allows for reliable identification of the critical state of the rock mass.

The model indicates that the potential slip surfaces develop mainly through the toe and the central part of the
slope, which is characteristic of homogeneous materials analyzed using circular slip surfaces according to the
Bishop simplified method. This type of analysis makes it possible to evaluate whether the selected geometry
of the final slope provides an adequate level of stability during the operational phase of the mine as well as
after mine closure.

The developed numerical model serves as the basis for determining the final factor of safety and evaluating
the overall stability of the final slope. The results obtained from this analysis can be used to optimize the slope
geometry, modify the slope angle where necessary, implement appropriate drainage systems, and introduce
other engineering measures aimed at ensuring the long-term stability and safety of the surface mine.

Figure 5 presents the results of the slope stability analysis under dry conditions, showing the factor of safety of
the potential slip surfaces in the absence of groundwater.

Figure 5 presents the results of the stability analysis of the final slope, in which the factor of safety was
calculated for multiple potential slip surfaces under dry ground conditions, i.e., in the absence of
groundwater and without the influence of pore water pressure. The analysis was performed using the Bishop
simplified method, whereby the software automatically generated a large number of possible circular slip
surfaces and identified the most critical failure mechanism. The contour plot illustrates the distribution of the
factor of safety, with different colors representing different levels of slope stability. Most of the analyzed model
is shown in dark black, indicating high values of the factor of safety and a stable slope condition.
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The results indicate that the minimum factor of safety is FS = 2.343, which is significantly higher than the
minimum recommended values for permanent slopes in surface mines (typically FS 2 1.30-1.50). This
demonstrates that, under dry conditions, the rock mass possesses sufficient shear strength and that there is
no risk of global failure of the final slope.
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The high factor of safety is attributed to the appropriately selected slope geometry, the relatively favorable
slope angle, and the adopted geomechanical properties of the marl. In the absence of water infiltration, no
pore water pressure develops to reduce the effective stresses within the rock mass, allowing the shear
strength to remain at its maximum value. The obtained results indicate that the designed geometry of the final
slope satisfies the criteria for long-term stability under dry conditions.

However, this represents an idealized scenario, since in actual field conditions rainfall infiltration and
groundwater may significantly reduce the factor of safety. Therefore, the subsequent analysis considers the
influence of the groundwater table and the saturation of the marl in order to obtain a more realistic assessment
of the long-term stability of the final slope.

Figure 6 presents the results of the stability analysis of the final slope under groundwater conditions,
represented by an assumed piezometric line incorporated into the geotechnical model. The analysis evaluates
the influence of pore water pressure on the stability of the rock mass.
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Fig.6 Results of the stability analysis of the final slope with an applied piezometric lines
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By introducing the piezometric line into the model, a condition is simulated in which part of the rock mass is
saturated with water. Under such conditions, pore water pressure occurs, which reduces the effective stresses
in the material and consequently decreases its shear strength. As a result, the factor of safety is reduced, and
the probability of slope instability increases.

From the results shown in the figure, it can be observed that the minimum factor of safety is FS =1.233, which
represents a significant reduction compared to the dry condition analysis, where the factor of safety was FS =
2.343. This reduction is a direct consequence of the influence of groundwater, which decreases the strength of
the marl and facilitates the activation of potential slip surfaces. The contour plot of the factor of safety shows
that the most unfavorable conditions occur at the toe and the central part of the slope, where the highest pore
pressures are concentrated and where there is the greatest potential for the development of a critical slip
surface. These zones are indicated by warm colors (red and orange), while the stable parts of the model are
represented by green and blue shades.

The obtained factor of safety value is lower than the recommended value for permanent final slopes (FS 2
1.30-1.50), indicating that under such hydrogeological conditions there is an increased risk of instability.
Although the slope is not in a state of immediate failure, its stability is significantly reduced and additional
stabilization measures should be considered.

The results clearly confirm the high sensitivity of marl to the presence of water. Therefore, in the design and
operation of surface mines, it is of particular importance to ensure an efficient surface and groundwater
drainage system, control of atmospheric water infiltration, and continuous geotechnical monitoring. The
implementation of such measures enables the reduction of pore pressures, an increase in the factor of safety,
and the long-term stability of final slopes.

CONCLUSION

The engineering-geological analysis of the stability of final slopes in a marl open-pit mine has shown that slope
geometry, geomechanical properties of the rock mass, and hydrogeological conditions are key factors
determining its long-term stability. Due to the specific properties of marl, particularly its sensitivity to the
presence of water, it is necessary to consider these factors already in the design phase of the final slopes.

By applying the limit equilibrium method (Bishop) in the GeoStudio Slope/W software package, two
characteristic conditions were analyzed: a dry slope and a slope with an assumed piezometric line. Under
conditions without groundwater presence, a minimum factor of safety of FS = 2.343 was obtained, indicating
that the designed geometry of the final slope provides a high level of stability and meets the criteria for safe
operation and long-term security.

On the other hand, the analysis with an applied piezometric line showed a significant reduction in the factor of
safety to FS = 1.233. This result confirms that the presence of groundwater and the development of pore water
pressure have a considerable negative impact on the stability of marl, as they lead to a reduction in effective
stresses and shear strength. Although the analyzed slope does not show an immediate failure condition, the
obtained value indicates that under such conditions additional stabilization measures are necessary. The
results of the study emphasize the importance of proper definition of slope geometry, accurate determination
of geomechanical parameters, and adequate assessment of hydrogeological conditions in the design of open-
pit mines.

The obtained results confirm that the application of modern numerical methods, such as GeoStudio Slope/W,
represents a reliable and efficient tool for assessing the stability of final slopes. Such analyses enable timely
identification of potential risks, optimization of slope geometry, and the development of engineering solutions
that ensure safe, economical, and long-term sustainable exploitation of marl open-pit mines.
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AHAIU3 N ONTUMU3ALIUA HA NAPAMETPUTE HA ,,lBP*“ B OTKPUT PYAHUK ,ENALUTE" 3A
OrPAHWYABAHE HA NMPEXBBPNAHETO HA B3PUBEHA CKAITHA MACA KbM MO-A0JIHU PABOTHU
XOPU3O0HTH

mar. nHx. PagocnaB AceHoB
r.asenov@ellatzite-med.com

PE3IOME

[Mpu u3gbpWeaHUMe Macogu 83pussgaHus 8 OMKpUmMUmMe pyoOHUUU, NPEX8bPISHEMO Ha 83pUBEHa CKarHa
maca KoM no-00/1HU pabomHu xopu3oHmu Moxe Oa dosede 00 HexenaHo cMecsaHe Ha pyda U OmKpueka,
koemo 8o0u Qo enowasaHe kayecmgomo Ha dobusaHama CyposuUHa U hoguluagaHe Ha npou3sodcmeeHume
pa3xodu. B 0oknada e aHanu3upaHo enusHUemo Ha OCHOBHUME hapaMempu Ha 83pusHuUme pabomu ebpxy
0BUXEHUEMO Ha CKallHama maca C Uen ogpaHu4agaHe Ha npexgbprsiHemo. [TpednoXxeHu ca MepKu 3a
onmumu3auus Ha lBP 3a 0a ce nosuliu eghekmusHocmma Ha 00buBHUS npouec.

ANALYSIS AND OPTIMIZATION OF DRILLING AND BLASTING PARAMETERS IN THE ,ELATZITE"
OPEN-PIT MINE FOR LIMITING THE DISPLACEMENT OF BLASTED ROCK MASS TO LOWER WORKING
LEVELS

msc. eng. Radoslav Asenov
r.asenov@ellatzite-med.com

ABSTRACT

Mass blasting operations in open-pit mines can result in the displacement of blasted rock mass to lower
working benches, leading to undesirable mixing of ore and waste rock. This negatively affects the quality of the
extracted material and increases production costs. This paper analyzes the influence of the main drilling and
blasting parameters on rock mass movement with the aim of limiting such displacement. Measures for
optimizing drilling and blasting operations are proposed in order to improve the efficiency of the mining
process.

BbBeneHue

KauecTBoTO Ha M3mbnHeHWe Ha MBP okasBa npsiko BNMsSIHUE BbPXY CTENEHTa Ha pasapobsiBaHe Ha
ckanHaTa Maca, NPOM3BOAUTENHOCTTA HA MUHHATA TeXHUKa, pasxofa Ha eHeprust 1 obluata edhekTMBHOCT Ha
no6usHMA npouec. Mopaay Toa oNTUMM3MPaHETO Ha napameTpuTe Ha MNBP, npefcTaBnsBa BaxeH pe3eps 3a
MOBMLIABAHE HA TEXHUYECKUTE M MKOHOMUYECKUTE MOKasaTen Ha OTKpUTUS [06MB. MpexBbprsHETO Ha
B3pMBEHA CKaHa Maca KbM MO-HOMHKM PabOTHM XOPU3OHTW OKas3Ba OTPULATENHO BIUSHUE, KakTo BbPXY
GesonacHoCTTa Ha Tpyaa, Taka ¥ BbpXy MpOWU3BOACTBEHATa edekTBHOCT. Cb3faBaT ce MpeanocTaBkv 3a
Bb3HWKBaHe Ha aBapuiHN CUTyaLMn, NOBPEXaaHe Ha MUHHA TEXHUKA 1 OrpaHuYaBaHe JOoCTbna A0 paboTHUTE
3abon. OCBEH TOBa Ce YBenu4yaBaT HEMpekuTe NPOM3BOLACTBEHN 3aryu, CBbp3aHu C MPUHYAUTENHI NPecTou
Ha 00opyaBaHeTo, He0BXOAMMOCT OT AOMbIHUTENHA MEXaHU3aLMs 3@ PA3YNCTBaHe Ha 3aCerHaTuTe y4acTbLK
1 HamansBaHe Ha NPOM3BOAMTENHOCTTA Ha TOBAPO-TPAHCMOPTHUS KoMnnekce. 10 Tasn npuumHa U3cneaBaHeTo
Ha chakTopuTE, Onpeaensily ABMKEHNETO Ha B3pMBEHaTa ckanHa maca, U pa3paboTBaHETO Ha noaxoau 3a
ONTMMMU3MpaHe Ha napameTpute Ha [IBP npeactaBnsiBaT akTyanHa HayyHa W MpaKkTUYecka 3afjaya.
MonyyeHuTe pesynTatM MoraT Aa MOCNyXaT, kaTo OCHOBa 3a YCbBbPLIEHCTBAHE Ha MpakTukata no
npoekTupaHe Ha MBP 1 3a HamansiBaHe Ha NPOM3BOACTBEHUTE PUCKOBE MPU EKCTNoaTauusiTa Ha OTKPUTH

PYAHMLM.
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Tabnuya Ne1. BbaMoxHU ompuyamestHu nocnedcmeusi om npexebprisHe Ha 83pueeH Mamepuan KbM no-00IHu

pabomHu Xopu3oHmMu
OtpuuatenHo nocneacreue Edexr
Puck 3a nepcoHana Bb3MOXHM HapaHsABaHKS OT pa3neT Ha CKamnHU KbCOBE
lNoBpena Ha TeXHWKa LLleTn no Garepw, coHaaxHo obopyaBaHe 1 aBTOCaMOCBaru
3acvneaHe Ha MbTULA M NNOLLaaK 3aTpyaHeH JOCTHN U NPOU3BOACTBEHM NPECTON

BrowaBaHe ka4ecTBOTO Ha pydaTa u yBenn4yasaHe Ha

CmecBaHe Ha pyaa ¢ OTKpMBKa
PYA P pasxoauTe 3a npepaboTka

[NoBuLLEHN pasxoan U HamaneHa JonbnHUTENHN pas3xoan 3a no4ncTeaHe, PEMOHTU U 3ary6a Ha
Npon3BOAUTENHOCT TEXHONOrMYHO BpeEME

KpaTka xapaktepucivka Ha pyaHuk ,Enaumte”

PyoHuk ,Enauute” e Han-roneMmsT OTKPUT PYAHWK 3a JO0OMB Ha MeaHO-NOpdMpHM pyamn B Penybnika
Bbnrapus u eauH oT Hait-3HaunmmuTe B KOroustouHa EBpona. PasnonoxeH e Ha Teputopusita Ha Coduicka
obnact B ceBepHuTe CKIOHOBE Ha ETpononcka Ctapa nnaHuHa, mexay Bbpxosete Mapa M'maus (1789 m) u
MypraHa (1639 m). Haxoguwe ,Enauute npuHagnexu KoM MeOHO-MOPCUPHMS TUM Haxoauwwa u ce
Xapaktepuaupa ¢ ronemn no obem 3anacu OT HUCKOCbObpXKaTenHu megHu pyau. [obusaHata pyaa ce
TpaHcnopTupa go OboratuteneH komnnekc- ,Enauute” kpait c. MMpkoBO Ype3 noa3eMeH TPaHCMOPTEH TyHen
(MI'TI) ¢ neHTOoB KOHBeWep. PyaHukbT paboTit ¢ BMCOK MPOW3BOACTBEH KamauuTeT M exerogHo fobusa
MWUITMOHW TOHOBE pyAa W OTKPWBKA, KaTo NPeACTaBnsBa OCHOBEH W3TOYHUK HA CypOBMHA 3a NPOM3BOACTBOTO
Ha Me[leH KOHLeHTpaT B CTpaHara.

Tabnuua Ne2. OcHo8HU (hu3UKO-MEXaHUYHU NOKa3amesiu Ha cKanume, Koumo ce cpewam 8 paspabomeaHume Macugu
Ha pyOHuk ,Enayume”

£KOCTHM napameTpu HOedopmaunoHHn napameTpu
AkocT Ha Hapnbxuu HanpeyHu BbHK
Jlntonorus flkocT Ha onbH

€HOOCOB HaTUCK BbHK Vp Vs

MPa MPa m/s m/s
dunuty 11,24 2,09 3714,45 1864,62
MBryecTu M NETHUCTU LUMCTK 35,65 4,34 5010,70 2404,76
XopHenan 75,49 7,69 5303,76 2519,38
MoHLoamopuTOoBM NOpdUpUTH 87,05 742 4245,01 2037,16
I'paHoanopnTy 93,77 9,11 4911,31 2400,76

I'Iopap,Vl 3HaunTenHaTa ObnboynHa Ha PyAHUKa 1 BnmskoTo pasnosiokeHne Ha CbCeAHN XOPU3OHTH,
Nnpu npoBeXxaaHe Ha MacoBU B3pMUBABAHNA CbLUECTBYBA PUCK OT NPEXBbPNAHE Ha B3PMBEHA CKanHa Maca KbM
No-A0JTHU pa6OTHVI nowankn, KoeTo Hanara npeumMsHo nNpoekTupaHe U onTUMU3MpaHe Ha napameTpute Ha
MNBP.
OcurypsiBaHe Ha B3puBHUTE paboTu B pyaHuk ,Enaunte’

BapueHuTE paboTu B pyaHuK ,Enauute” ce n3sbpLUBAT NPy BUCOKA LIENOrOAMLLIHA UHTEH3WUBHOCT M ca
OCHOBEH TEXHOMOrM4YeH npoLec 3a OcurypsiBaHe Ha HeobxoauMMOTO pasgpobsiBaHe Ha CkanHata maca.
PyoHuka pasnonara cbC cobcTBeHa B3puBHa (habpuka, KOATO ocurypsiea HeobxogumuTe KonndecTsa
B3pVBHM BeELLECTBA 3a NPOM3BOACTBEHWUTE HyXau. B npakTukata ce u3nonasaT, KakTo rpyboamcnepcHu
B3puBHK BewlectBa oT Tuna ANFO, Taka M €eMyncMOHHW B3pWBHM BeljecTBa OT cepusita ,Enauut.
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3apexaaHeTo Ha NPOM3BOACTBEHUTE COHOAXW Ce W3BbPLUBA HAMbIHO MeXaHU3MpaHO MOCPEACTBOM
creumanu3npalin  COHLAXHO-3apsaHy KaMWMOHM, KOETO rapaHTMpa BWMCOKA TOYHOCT MpWU BRaraHeTo Ha
NPOEKTHUTE KOMMYeCTBa B3PUBHO BELLECTBO W OCUrypsiBa Heobxoaumata Npou3BOAUTENHOCT NpK ronemute
obemn B3puBHM paboTu. Crien 3apexgaHeTo Ce M3BbpLUBA MEXaHU3MpPaHO M3MbHEHWe Ha 3abuBkata,
MpunaraHuTe TEXHOMNOTMM Ha B3pUBSIBAHE Ca ENEKTPOHHA TEXHOMOrWs 3a B3pWBSBaHE C Mporpamupyemm
kancyn-aeToHaTopu Ha dmpma ,Austin Powder” n Heenektpuyecka cuctema 3a B3pussiaHe- NONEL.

MeToauka Ha n3cneaBaHeTo

Llenta Ha HacToAWOTO M3cneaBaHe e Aa Ce YCTaHOBM BIMSIHUETO HA OCHOBHWTE NapameTpu Ha
NPO6MBHO-B3PMBHIUTE PaboTU BBbPXY MPEXBLPMSHETO HA B3pWBEHA CKanHa mMaca KbM MO-AO0MHM paboTHM
XOPU30HTU W Aa ce pa3paboTAT NpakTUYHK peLleHns 3a HeroBoTO orpaHnyaBaHe. C Len onTuMmUsnpaHe Ha
napameTpute Ha npobuBHO-B3pUBHUTE PaboTW, M3CMeaBaHETO € CTPYKTYpUpaHO B ABa MOCEA0BaTENHM
eTana. [TbpBMAT eTan BKMKOYBA aHanW3 Ha WM3MbAHEHU MPOU3BOACTBEHW B3PWUBSABAHMA MPU Pa3NUYHU
napametpu Ha lNBP ¢ HepascpefoToveHa KOHCTPYKUMS Ha 3apsauTe oT BB. V3cnedBaHo e BAMSHUETO Ha
OCHOBHWTE TEXHOMOMMYHM (haKTOpK — COHOAXHA Mpexa, OTCTOSIHUE Ha MbPBUS pef COHAAXMU OT ropHUs pbb
Ha OepmaTta, pasnpedeneHue Ha B3puBHATa €Heprisi, NMUTONOXKM OcoBeHocTU. BTopuaTt eTan BkntuYBa
aHanu3 Ha M3MbfHEeHN NPOU3BOACTBEHM B3PUBABAHWS Npu CxogHW napameTpu Ha MBP Ho ¢ pa3cpegotoyeHa
KOHCTpYKUMs Ha 3apsgute oT BB ,kato e HanpaBeHa oOuUeHKa Ha eMEKTUBHOCTTAa Ha BbBeLeHuTe
TEXHOMOMNYHU PELLEHUS U TAXHOTO BAIMSIHWE BbPXY ABWKEHWUETO Ha B3puBEHaTa CKanHa Maca.

MexaHn3bM Ha pa3pyLlaBaHe Ha cKanHWs MacuB NocpeacTBOM nposexaaHe Ha [BP

Pa3pyluaBaHeTo Ha CkarnHus MacyB Npy NpoBEXAaHe Ha NPOBUBHO-B3PMBHM paboTu ce OCHLLECTBSBA
BCNEACTBME Ha GbP30TO 0CBOBOXAABAHE Ha rONAMO KONMMYECTBO EHEPrust Npy AETOHALMATA HA B3PUBHOTO
BeWecTBo. [lp [ETOHALMOHHMS MPOLEC Ce reHepupaT BWCOKM HansraHus M TemnepaTypn, KOouTo
Bb3AECTBAT BbpXY CTEHUTE Ha COHAaxa 1 Npean3BMkBaT 00Gpa3yBaHe Ha yaapHN BbIHU B CKanHWs MacKB.

Tabnuya Ne3. MNocnedosamenHocm Ha husuyHUMe Npouecu Npu paspywasaHe Ha CKalHUsi Macug 4ypes npunazaHe
Ha e3pusHU pabomu

Eran Mpouec Peaynrar

1 [JetoHauna Ha BB ObpazyeaHe Ha yAapHa Bb/Ha

2 BuapeiicTBre Bbpxy cTeHWTe Ha coHaaxa  (CmadkeaHe Ha ckanata

3 PaznpocrpaHeHue Ha HanpekeHWATa ObpazyBaHe Ha paaMaiH1 MyKHaTMHW
4 PazwmpaeaHe OT B3pMBHWTE rasose PazButHe Ha NykHaTUHWTE

5 OtaensaHe KbM cBOBOAHA NOBLPXHOCT PazapobsAeaHe 1 pasmecTBaHe

6 [levbkeHWe Ha ckanHaTta maca dopmMupaHe Ha B2pUBEH Hacun

Moo BbL3AEUCTBMETO Ha Te3W BbMHW MbPBOHAYaANHO OKOMO COHAaxa ce opmupa 30Ha Ha
WHTEH3MBHO CMaukBaHe W pa3gpobseaHe Ha ckanata. C yBenuyaBaHe Ha pa3CTOSHWETO OT 3apsga ce
Cb3aBaT paguanHM U KOHLEHTPUYHW MyKHATWMHM, KOWTO oOTcrabear Bpb3kuTe B MacuBa. Crep
NpemM1HaBaHeTo Ha yaapHaTa BbilHa B3PUBHUTE ra3oBe NPOHUKBAT B 0Opa3yBaHWUTe NykHaTUHWU M nognomarat
TAXHOTO paslumpsiBaHe, KaTto MpPeau3BUKBAT OTAENsHE U M3MEeCTBaHE Ha ckanHaTa Maca kbM cBobogHaTa
NOBLPXHOCT. KpaiHWAT pesyntaT OT B3aMMOLEWNCTBMETO MexAy yAapHaTa BbfiHA, B3pWUBHWUTE ra3oBe W
ceoboaHaTa MOBLPXHOCT € pa3apobsBaHe, pa3MecTBaHe U PasxBbPMSHE Ha cCkanHaTa maca B rpaHuum,
Onpegernexn oT napameTpuTe Ha B3PUBABAHETO M (DU3NKO-MEXaHNYHIUTE XapaKTEPUCTMKW Ha ckanuTe.
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®ue.1. CxemamuyHa duazpama Ha npouyecume Ha HampolwiagaHe OKOJTO 3apsi0 OM 83PUBHO BELLECMBO 8 CKaNeH
macus: Explosive (B3pugHo sewiecmego); Detonator ([JemoHamop/[JoHopeH 3apsid); Crushed Zone (3oHa Ha
HampowasaHe); Cracked Zone (30Ha Ha HanykeaHe); Fragment Formation Zone (3oHa Ha hopmupaHe Ha Kbcose); Gas
Flow Velocity (Ckopocm Ha dsuxeHue Ha 2a3oeeme); Wave Propagation Velocity (Ckopocm Ha pasnpocmpaHeHue Ha
gwbiHama); Fractures initiated from the blast-hole (MykHamuHu, uHuyUUpaHu om coHOaxa); Cracks which are not directly
connected to the blast-hole (MykHamuHu, KoumMo He ca NPSKO c8bP3aHU CbC COHOaxa)

OT rnepHa Touka Ha AaHHWUTE 3a Vp (HAZTbXHU CEU3MWUYHU BbAHM) M VS (HanpeyHn CEM3MUYHN
BbIHK), pasmepsbT Ha (Wave Propagation Velocity) Wwe 6bae no-ronsam npu XopHMEN3uTe 1 rpaHognopuTuTe,
OTKOMKOTO MpU (PUANTUTE, 3aLLOTO CKOPOCTUTE Ha CEU3MWYHUTE BBIHM Ca MO-BUCOKW. ToBa O3HavaBa no-
Obp30 pasnpocTpaHeHWe Ha eHeprusiTa 1 pasfnyeH XxapakTep Ha HanykBaHe U (hparMeHTauust Ha CKamnHus
macuB. PeanHata eHeprisi npu B3puBsSiBaHe Unu MexaHu4Ho pasapobssaHe obukHoBeHo e 10-100 nbTu no-
ronsMa OT TeOpeTUYHaTa eHeprus Ha paspyllaBaHe nopagu 3arybu, NyKHAaTUHHOCT, aHM30TPOMUS W
HeeeKTMBHOCT Ha npoLieca.

Tabnuya Ned4. Heobxoduma meopemuyHa eHepeus (MJ) 3a paspywasaHemo Ha 1000 m® ckanHa maca

Nuronorua Heobxoauma eHeprus (MJ)
Puantn 90

MBnyectn u NeTHNCTH LWMCTK 530

XopHbenzu 2150

MoHuoanopuToBM NOpdWpUTH 4380

[paHoavopuTk 3680

AHanu3 Ha NBP B ,ETan-1" ¢ Hepa3cpeaoToyeHa KOHCTPYKLUMS Ha 3apaanuTe oT BB

3a oueHKa Ha BIUSHWETO Ha napameTpuTe Ha NPOOMBHO-B3PUBHWUTE pPaboTi BbPXY MPEXBBLPIISHETO
Ha B3pMBEHaTa MWHHA Maca KbM MO-AOMHW PabOTHM XOPWU3OHTWU Ca aHanmuaupaHuW neT B3pPUBHK MoneTa
pasnonoXeHn Ha Xopu3oHT-1210. JIMTONOXKMAT CbCTaB € MpefcTaBeH OCHOBHO OT rPaHO4MOpUTM C
ocpefHeHa NITbTHOCT 2,66 g/cm® 1 rpaHoAMOpUT-XOpHEen3oBa acoumnaLys ¢ Manko no-B1coka nimbTHocCT 2,70
g/cm®. HanykaHoCTTa Ha ckarnHus Macus e cxofHa 3a Bcudku noneta (0,3-0,5 m), a npegsaputeneH npocun
npeg 6opaa Ha paboTHUTE NMOLLAAKM HE € Hanu4eH.
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Tabnuya Ne5. OcHOgHU NPOEKMHU U MeXHOMo2UYHU Napamempu Ha uscnedeaHume 83pusHu nonema e ,Eman-1¢

CoHpaxHa Mpexa
Ocpeareta Mpocunka | Mexay 18 1 2ph Broweiu espueku sewecmea, kg | Tenepupara evepeus, MJ | ey npeg Magtan obew, %
MALTHOCT pen,m Ibnxuka ped, 6p. omemosHue Ha Nagwan o6em,

Ha MacuBa, ,m Ha B, m m m3

npea BN, m3 m3
glom3 v a | b t65mm| % |%5mn| % | spenpum | E30 | % | nooE | o |BfEMHEM| Ofuow
penHa BNl [B3puBHoTO none

Bpoil cordaxu e feu u 2pu Cpedko

Ne | B, Ne |Xopu3on |Mopopa ckanu

% | mlm

T 1 1210 | paronuoput | 2,66 0305 0 65 55 5 0 ] 0| 19 |100 185 73958 | 810 | 7172 (190 42520 337424 90200 17000 188 315

2| 19124 1210 | rpavonuopnt | 2,66 0305 0 65 | 55 65 010 2 |100 1,66 164570 (994 | 900 | 06| 64704 570430 119200 14000 "r| a5

3| 13 1210 | rparonuoput | 2,66 0305 0 65 55 46 0 ] 0 16 |100 256 114720 | 100 0 0 45190 420793 93200 9000 97 1%

4118 1210 | rparonuoput | 2,66 0305 0 5 4 3% 8190 2 |10 41 66700 | 965 | 2450 | 35| 22976 254093 65500 5400 82| 154

5] 154 1210 27 0305 0 65 | 55 8 0 [0f 2 |10 347 98910 | 100 0 0| 80109 362802 81600 9000 1o
OpHensu

06uo/Cpento 2,66 0305 0 62 | 52 21 4 |18 17 | 8& 273 01771 | 95 | 404 5| 51009 389108 449700 54400 121 194

BIM Ne143 nokassa Hail-gobpw pesyntatu OT neTTe aHanuaupaHu noneta. lo-rbCcTata CoH4axHa
Mpexa ocurypsisa no-paBHOMEPHO pa3apobsiBaHe 1 KOHTPON BbPXY ABWKEHNETO Ha B3pMBEHATa MWHHA Maca.
YBENMYEHOTO OTCTOSIHME HA MbPBUS ped OT TOPHWS pbb € OrpaHNyuno MPEXBBLPIISHETO KbM AOMHUTE
XOPU30HTMU.

[H] & A A B B B B B B B B B AA & 0
412 —={4mp— =55 me [=5.5 mey e M
fiy
1210 /
17 17 m
1195 /
F
=

1180
Que.2. HanpeyeH pa3pe3 Ha Bl Ne143. Kamezopuu coHOaxu, pascmosHus Mmexdy pedoseme

dur.2. uniocTpupa NpoekTHaTa Cxema Ha COHAAXHOTO More 3a MacoBO B3puBsBaHe. PascTosHusTa
Mexgy coHgaxute Bapupart ot 4,0 4o 5,5 m B 3aBUCMMOCT OT KaTeropusta Ha COHAaxa U MecTOrNOOXKEHNETO
My B 6noka. CoHpaxute ca npoekT1paHm ¢ abnbounHa 17 m u HaknoH, CbobpaseH ¢ reoMeTpusiTa Ha OTKoca.
Upes OuepeHUMpaHOTO pasronaraHe Ha KpalHWTe W BbTPELHWTE COHAaXW Ce Lenu nocturaHe Ha
paBHOMEPHO pa3apobsiBaHe Ha CKanHUA Macue, 3anas3BaHe YCTOMYMBOCTTA HA OTKOCUTE U MUHUMU3MPaHE Ha
puCKa OT NPEXBbPSHE Ha B3pMBEHA CKanHa Maca KbM CbCefiHU paboTHN yyacTbLM.

Tabnuua Ne 6. OcHosHU npoekmHU nokasamenu 3a NNBP Ha Bl Ne143,

Kateropus OuameTbp | MpoekTeH ] TiE MatpoH MEADRIERED EL2 KoHcTpykuus
P Tun coHpaxu PP o | ABNn6ounHa P "Enauur 3400" B Pyku 3abuBka, m
COHOAXM , mm bIb, ... 60eBuLM, Op. Ha 3apapa
,m eAVH coHpax, kg

A MPOU3BOACTBEHM 165 90 17 2 320 HenpekbcHaTa 5

B MPON3BOACTBEHM 250 90 17 2 760 HenpekbcHaTa 6

C OychepHu 165 90 15 2 220 HenpekbcHaTa

D NpON3BOACTBEHM 165 85 17-18 2 320-350 HenpekbcHaTa

Tabnuua Ne6 cbabpxa NPOEKTHUTE XapakTEPUCTUKM Ha COHOaXWTe U 3apsiauTe, U3MOoN3BaHu Mpu
MacOBOTO B3pUBSBAHE, BKIOYUTENHO reOMETPUYHUTE MapaMeTpu Ha COHOAXWUTe, KONuYecTBaTa B3pUBHO
BELLECTBO W KOHCTPYKLMSITA Ha 3apsiANTE 3a OTAENHUTE KaTeropun COHLaxM.
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®ue.3. KoHcmpykyus Ha 3apsidume Ha omdesiHUMe Kamea0puu CoHOaxu, npunoxeHu eve BITNe143.

VHnymmMpaHeTo Ha 3apsauTe e NoCpPeACcTBOM EneKTPOHHO-MPOrpamMmpyeMm Kancyn-geTtoHaTopyu Ha
cdupma ,Austin Powder®. MocnegoBaTtenHocTTa Ha B3puBSIBaHE € OpraHM3vMpaHa Mo [AuaroHanHo-peaoBsa
CXema, KaTo ca MpUIOXKEHN 3aKbCHEHWS MeXay COHAaXWTe U pefoBeTe, aHanorMyH1 Ha W3Mon3BaHuTe npu
HeenekTpuyeckute cuctemm NONEL - 25 ms, 42 ms, 65 ms u 109 ms.. bnarogapeHue Ha Bucokata TOYHOCT
Ha ENeKTPOHHWUTE AEeTOHATOpW Ce MOCTUra HaZEeXOHO M3MbIHEHWE Ha NMpOeKTHaTa CXema Ha B3pUBSBaHE W
OrpaHu4aBaHe Ha pucka OT NPEXBBLPIISHE Ha CKanHa Maca KbM MO-A0MHN PaboTHW XOPU3OHTH.

OcHOBHM 13B0AM 3@ onTUMM3MpaHe Ha napameTpute Ha [1BP B ,ETan-1" ¢ Hepa3cpenoToYeHa KOHCTPYKLMS
Ha 3apsauTe ot BB

AHanuabT Ha MBP ot ,ETan- 1“ nokassa, ye 3a orpaHuyaBaHe Ha NPeXBbLPSISHETO Ha B3puBeHaTa
MWHHA Maca KbM MO-[ONHUTE XOPWU3OHTU € LienecbobpasHo npuraraHeTo Ha Mo-rbera COHAaxXHa Mpexa
(MpubrmantenHo 5 x 4 m cbeC coHaaxu ¢ d=165 mm), yBennyeHo OTCTOSHIWE Ha MbPBUS pef OT FOPHUS pbb 1
ajanTupaHe Ha napaMeTpuTe Ha 3apexgaHe CnpsMO MITbTHOCTTA W 3[paBuHaTa Ha nuTonorusTa.
MpunaraHeTo Ha enekTpoHHo-nporpamupyemu K[ Lie gonpuHece 3a peanusnpaHeTo Ha no-gobpu pesynTatu.

Ananus Ha [BP B ,ETan-2“ c pascpenotoyeHa KOHCTPYKLUMS Ha 3apsauTe ot BB

BTopusT eTan oT U3cneaBaHeTo NpeacTaBnsABa npunaraHe Ha NPaKTUYeCKN ONKUT W HaLrpaxaaHe Ha
N3BOAMTE, MOMYYEHU MpU aHanM3a Ha B3pWBHWTE nomneTa oT ,ETan-1‘. Crieg YCTaHOBEHOTO BRMSHUE Ha
COHO@XHaTa Mpexa, OTCTOSHUETO Ha MbPBUS PeA COHAAXM OT FOPHUS PO M pasnpeneneHNeTo Ha B3puBHaTa
EHeprUsl BbpXy MPEXBbLPISHETO Ha B3pMBEHaTa CkanHa Maca, B ETan-2 ca MmpunoXeHu LOMbAHUTENHM
TEXHOMOTUYHM PELUEeHNs, KaTo pascpeoToYeHa KOHCTPYKUMS Ha 3apsaute oT BB ¢ uen nopoGpsiBaHe
KOHTpOMNa BbpXy ABWKEHWETO Ha MacuBa 1 OrpaHWyYaBaHe Ha MagHanata maca KbM MO-4ONHUTE paboTHM
XOPU3OHTH.

Tabnuua Ne7 OcHOBHU NPOEKMHU U MEXHOMN02UYHU napamempu Ha uscnedgaHume 63pusHu nonema 8 ,Eman-2*

Xopu3onr |Mopoga canu

Ocpeprena

TBTHOCT

Ha MacHBa,
glem3

Hanyatoct
,m

Mpockn ka
nnowagkara
npeg B, m3

CorpaxHa Mpexa
Mexay 184 1 2p
peg,m

JbnKuHa

Bpoti condau 6 16u u 2pu
ped, Bp.

Cpedko
OMCMORHUE K
N

Browenu e3pueHu eeujecmea, kg

Tenepupana enepeus, M)

a b

Ha BN, m

165mm | % (250mm| %

om

20pe p6, m

E3400 | % | AHOOE | %

B 181 u 2pn
peqHaBi

0610 Ha
[B3pHBHOTO none

06em npean
BIHBABHE,
m3

TlagHan o6ew,
m3

Napwan o6ew, %

% | mdm

1180 | maxonvopir

266

0305

55

0 [ 0] 8 (10

3%

200 |10 0

1234 it

4428

6000

B

1185

TRaHOmOpIT
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0305

5500

7 §

1

9 (3] 0 |6

39

80 (100 0

%6703 76367

400194

1000

25 8

06wo/Cpenxo
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0305

50

575

1

155 #

39

1375

=

19514 85739

67462,2

7000
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AHanuavpaHu ca ABe B3pWBHW MofeTa B €4Ha U Cblya CKanHa cpefa — rpaHoaMopwUT C efHakBa
ocpefHeHa NITbTHOCT (2,66 g/cm?) u cxogHa HanykaHocT (0,3-0,5 m), kKoeTo No3BonsBa CpaBHEHMETO Aa Ce
Basnpa OCHOBHO Ha MapameTpuTe Ha NpobuBHO-B3PUMBHUTE paboTn W pesynTaTuTe OT B3puBsBaHeTO. BIT
Ne214 e peanusupaHo npu nunca Ha Npocun npeg B3pUBHOTO MOME W CPABHUTENHO KOMMAKTHA COHAaXHa
Mpexa 6,5 x 55 m. Manonseann ca w3usno coHpgaxu d=250 mm, koeTo B KOMOMHALWS C BMCOKOTO
KONMWUYECTBO BNOXEHO B3puBHO BellecTBo (25 930 kg ,E-3400%) n obia reHepupaHa eHeprust ot 95 111 MJ e
ocurypuno obpo paspylwasaHe Ha MacuBa. B pesyntar e nocturHat nagHan obem ot 6 000 m?®, koeTo
npeactaensea 21,9% ot obema npeam B3puBSABaHE.

A B c [ b [ D [ b
*I4m<-5‘5m- 5,5 mey 5,5 ey
1180
1163 L
T
1150

Que.4. HanpeyeH paspe3s Ha BIT Ne214. Kamezopuu coHdaxu, pazcmosiHusi mexdy pedoseme

dur.4. wnioctpupa npoekTHata cxema Ha coHpaxHo none Ne214. CoHpaxwuTe ca rpynupaHu B
kateropun A, B, C n D, kaTto pasctosiHusTa Mexay peaoseTe € 5,5 m, a Mexay coHgaxute 6,5 m. Beuuku
COHA@XM Ca NpoekTupaHn ¢ AbnboynHa 17 m. Pas3cTosHUETO OT MbpBUAT pef COHLAXW [0 NPOEKTEH rOpeH
pbb Ha paboTHaTa nnowjaaka € 4 m.

Tabnuua Ne 8. OcHosHU npoekmHu nokazamenu 3a [NBP Ha Bl Ne214.

Kateropus Ounametbp | NpoekTeH TEETE MatpoH LEUTRIIEED) L2 KoHcTpykuums
P Tun coHpgaxu pItiP o |AbNbOYMHA P "Enauur 3400" B Pyku 3abuBka, m
COHAAXU ,mm | Bbron, ... 6oeBuLy, 6p. Ha 3apsaja
y M eAuH coHpax, kg

A MPOU3BOLCTBEHN 250 90 17 3 noneH-300; ropeH-60 |pascpegotodenal 30

B NpOV3BOACTBEHM 250 90 17 3 ponex-360; ropex-120 |pascpepotoderal 210

C NpOV3BOACTBEHM 250 90 17 2 760 HenpekbcHaTa 10

D NpOV3BOACTBEHM 250 90 17 2 760 HenpekbcHaTa 6

PascpefioToyeHaTa KOHCTPYKLUMS Ha 3apsiauTe OT B3PUBHO BELLECTBO € MpUoXeHa C Lien onTUManHo
pasnpederexre Ha eHeprusita Mo BMCOYMHATA Ha COHaxa W HEMHOTO CbobpassiBaHe C MPOMEHSILUTE ce
reoNioXKA W reOMEeTPUYHM YCIOBUS B CKanHUs MacuB. Ype3 paspensiHe Ha OCHOBHUSI 3apsia Ha OTAeEmHM
CeKUMW, pasfeneHn C WHepTHa MeXauHHa 3abuBka, ce OcurypsiBa Mo-paBHOMEPHO Bb3feicTBUE BbPXY
ckanata, HamansBa Ce KOHLEHTpauusiTa Ha EHeprus B OTAENMHM 30HW W Ce OrpaHi4YaBa PUCKBT OT
CBpbXpasgpobsiBaHe W HapyliaBaHe Ha NPOEKTHUSI KOHTYp Ha oTkoca. [lOMbfHWTENHa LEN Ha Tasu
KOHCTPYKUWS! € OrpaHNyaBaHe Ha MPexBbpIISHETO W Pa3nunsBaHETO HA B3pUBEHATa CKarHa mMaca KbM Mo-
[ONHUTe PabOTHM XOPWU3OHTM, KOETO MOBWLIABA OE30MacHOCTTa Ha MPOW3BOACTBEHWS MPOLEC, Hamansea
HeobXoAMMOCTTa OT MOCreaBallo MouYMcTBaHe Ha pabOoTHUTe MNOWAdKM W CbAECTBa 3a 3anasBaHe Ha
HOPMaIHUst TEXHOMOTUYEH LMK B ChbCeAHNTE PabOTHM y4acTbLy.
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®ue.5. KoHempykyus Ha 3apsdume Ha omdenHuUme kameaopuu coHdaxu, npunoxeHu ebe BITNe214, om nseo Ha
0siCHO- 8 Nbp8U ped (cunHo pedyyupaHo Konudecmso Ha BB), 86 8mopu ped, 8 mpemu u yemebpmu ped U NocedHo
om nemu ped 0o desemu ped

lMoBbPXHOCTHATa B3pWBHA MpeXa € NPOeKTUpaHa C HeemnekTpuyecka cucTemMa 3a WHULMpaHe Tvn
NONEL, ocurypsiBalla BMCOKA HAZEeXOHOCT HA  B3PMBSABAHETO W MPELM3EH  KOHTPON  BbPXY
nocnefoBaTenHoCTTa Ha B3puBSIBaHE Ha OTAenHUTE coHfaxu. Cuctemarta w3nonsea KoMOGuHaums oOT
MOBBbPXHOCTHU KOHEKTOPM C BpemeHa 17 ms, 42 ms, 65 ms n 109 ms, ype3 KoMTO € peanuanpaHo NoeTanHo
pasBuTME Ha B3pMBHUS npouec. INpu obwo 41 coHpaxa, 3apeaeHu ¢ 25 930 kg B3puBHO BewlecTBO ,Enaynt-
3400 u obwa npogbmxkutenHoctT Ha B3puesBaHeTo 2378 ms, NONEL wmpexata ocurypsisa nnaBHO
npuaBMKBaHe Ha (PPOHTA Ha B3pMBsIBaHE MO NPOTEXEHWe Ha 6roka. ToBa e 0COGEHO BaxHO Npeasua
Pa3noNOXEHNETO Ha COHAaXMTE MO ropHus pb® Ha OTKoca, Tbil KAaTO nognomMara Haco4BaHETO Ha
paspyLueHaTa ckanHa Maca KbM NpOEKTHaTa 30Ha Ha HaTpynBaHe M OrpaHnyaBa NagaHeTo Ha MaTepuan KbM
No-A0MHMTE PabOTHW XOPU3OHTY.

3aknioyeHve

CpaBHuTenHuaT aHanus mexay “Etan-1" u “Etan-2” nokassa nonoxuteneH eqekt OT NpUoXeHUTe
MepKu 3a onTUMK3aLUms Ha napameTpute Ha MNBP. CpegHnat gsan Ha npexsBbprieHaTa ckanHa Maca Hamansiea
ot 12,10% Ha 10,38%, koeTo npeacTasnsaBa nopobpenue ot 14,2%. EgHoBpemMeHHO C TOBa CpeaHOTO
OTCTOSIHME Ha MbPBUS PEA COHAAXMW OT ropHMs pbb e yBennyeHo oT 2,73 m Ha 3,93 m, a reHepupaHaTa
eHepris B MbpBUTE ABa peda e HamaneHa ¢ 61,8%. Han-CbluecTBeH pesynTaT e OTYETEH Npu nokasaTens-
m?/m, konTo Hamansga ot 193,6 Ha 47,6 m*m unu ¢ 75,4%. MonyyeHnTe pe3ynTaTi NOTBbPKAABAT, Ye:

- YBenuyaBaHETO Ha OTCTOSHUETO Ha MbpBUS PEA COHAAXKM HamarsiBa BepOSTHOCTTa 3a NPEXBLPSHE;

- [lpu n3nbnHeHne Ha coHpaxu ¢ d=165 mm B NbpBUTe ABa [0 YeTUPK peda OT B3PUBHOTO Mose ce
nonyyaeat fobpu pesynratiu;

- PascpepoTouyeHata KOHCTPYKUMS Ha 3apsianTe nogobpsiBa KOHTPONA BbPXY ABWKEHWETO Ha CkanHaTta
maca;

- HamansiBaHeTo Ha eHeprusiTa B MbpBUTE Ba PeAa MMa CbLLECTBEH e(heKT BbPXY OrpaHM4aBaHe Ha

NPEXBBbPIISHETO;

- [pegBapuTenHo opmupaHuTe NPOCUNW Nped B3PUBHWTE MOMeTa, OKas3BaT CbLUECTBEHO BIUSHUE

BbPXY pesynraTure;

BM Ne143 nokassa Haw-gobpu pesynTat cpeg aHanuaWpaHutTe B3pWBHM MoneTa ¢
HepascpegoToyeHa KOHCTPYKUMS Ha 3apsauTe WM € U3nonsBaHo, kato 6a3oB mogen 3a paspabotBaHe Ha
pelLeHusaTa, npunoxexn B “Etan-2".Cneapa na ce otbenexu, ye Bl Ne143 nokassa Han-HUCHK OTHOCUTENEH
[N Ha nagHanata ckarnHa Maca cpej BCUYKW aHanuaupaHu B3puBHU noneTa, u3nbiHeHn 6e3 npegsapuTenHo
copmmupaH npocun npea B3pMBHOTO none. ToBa no3sonsiBa pe3yntatute ga ObaaTt pasrnexgaHu, kato
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o6eKkTMBHa OuUeHKa Ha BIMAHMETO Ha napameTpuTe Ha MBP BbpXYy NPEXBLPIAHETO Ha B3pUBEHATa CKallHa
Maca.

Tabnuya Ne9 CpasHeHue mMex0dy nosiyyeHume pesynmamu om npunoxeHume [1BP e ,Eman-1“u ,Eman-2*

Mokasaten Eran1 Eran2 Pa3nuka
Bpoit aHanuaupaHu B3puBHM noneTa 5 2 -
CpenHa coHaaxHa Mpexa a x b, m 6.2x 5.2 6.75x5.75 MMo-paspeneHa B Etan 2
CpenHa abmkuHa Ha Bl m 56.2 735 +30.8%
CpegeH 6poit coHgaxu B mbpsu 1 BTopu peg 17 14 -17.6%
CpenHo 0TCTOsIHWE OT ropeH pbo, m 2.73 3.93 +44.0%
CpegHo konuyectso BB, kg 101771 23375 -17.0%
CpegnHa eHeprvis B mbpBu 1 BTopu peg, M 51099 19514 -61.8%
CpepnHa obLa reHepupaHa eHeprus, MJ 389108 85739 -78.0%
CpeneH obem npeau B3puBsiBaHe, m* 89940 33731 -62.5%
CpepneH nagHan obem, m? 10 880 3500 -67.8%
CpepneH nagHan obem, % 1210% 10.38 % 1 14.2%
CpepneH nokasaten m¥/m 193.6 476 1 75.4%
CpegeH npocun npeg BI1, m? 0 2750 +2 750

CpaBHeHne Ha KNo4Y0BUW NokasaTenu ot Tabnuua 9

[MagHan EHeprus
obem (%) m3/m 1-2 pen (M)

200 H

51,099.0

12 H 50000

104

150+ 40000 +

8 —
30000
100

20000 4 19,514.0

50

2 10000

0- 0- 0-

Etan 1 Etan 2 Etan 1 Etan 2 Etan 1 Etan 2

Que.6. CpasHeHue Ha Ko4o8uU nokazamenu om npunoxeHume lBP e ,Eman-1“u ,Eman-2*
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FEOMEXAHUYHA CBLLUHOCT HA BAPUEPHWUTE LIENULIA U NOAXOAU 3A TAXHOTO
OPA3MEPABAHE

npod. M'eoprn Muxamnos, MI'Y Cs. UB. Puncku e-mail: mihayg@mgu.bg

PE3IOME

[pedcmaseHa e KoHuenyus 3a opasmepsisaHe Ha bapuepHU Ueuyu Kamo OCHOB8EH KOHCMPYKMUBEH
enieMeHm 8 pydodobusHume mexHonoauu. [locoyeHu ca mpume cmMbNKU, U3UCK8aWU yChewHomo pewasaHe
Ha npobnema.

- W3yyagaHe Ha cmpykmypHama HapyweHocm Ha Macuea;

- U3epaxdaHe Ha adekgameH 6510k08 MoOen;

- PaspabomeaHe Ha hodxo0sw us4ucumeneH memoo.

Bvpxy peaneH obekm ca NnOCOYEHU OCHOBHUME 3aKOHOMEPHOCMU npu U3yyagaHe Ha HanpeaHamo u
degpopmuparo cuemosiHue (HLC) usnonsealiku cobemeeH npoepameH npodykm no memoda Ha KpalHume
enemeHmu-Finite element method (FEM). 3a Hyxdume Ha cbeMecmHO OMKpUMOo-no03emMHo paspabomeaHe
ce npednaea xubpudeH no0xod 3a opasmepsieaHe Ha bapuepHus yenuk. Toli ce ocHogasa Ha Cb4YemaHuemo
Ha Memoda Ha kpatHume enemeHdmu u Distinct element method (DEM). ®opmynupaHu ca mpu
O2paHuyasawu ycrosusi 3a ocueypsieaHe Ha MOYHOCMMa Ha NOMy4YEHOMO PeweHuUe: HenpPeKbCHamocm Ha
npemecmeaHusima, Cb8MECMUMOCM Ha nNpeMecmeaHusima U Ccuiogomo HamogapeaHe Ha interface,
onpedensw, epaHuyama mexdy deama memoda, pecn. 0se obocmu.

Knroyoeu dymu: cmpykmypHa HapyweHOCm Ha Macusa; HanperHato 1 aeopMm1paHo CbCTosHIE; XbpUaeH
mogen.

CROWN PILLAR MINE DESIGN, USING NUMERICAL HIBRID MODELS

ABSTRACT

This paper presents a contemporary conception for crown pillar dimensioning as basic element in ore mining
technology. It must be recognized three technical steps assuring successful solving the problem:

- Field Mapping and Geometric Properties of fractures;

- Mining Operation Block Model construction;

- Explicit Discrete Element Method for Approximation to Derivatives,

Investigations are based on the real ore mine object in Chelopech mine. The strain-stress condition (SSC)
analysis are made on the basis of Finite Element Method (FEM) using mesh of triangular and quadrilateral
elements. In transition from open-pit to underground mining is proposed a hybrid numerical method, including
Distinct Element Method (DEM) and Finite Element Method (FEM). The successful solution to dimensioning
the crown pillar needs to formulate three boundary conditions: displacement compatibility, displacement
continuity and stress equilibrium without separation and slipping between two regions.

Keywords: Rock Mass Discontinuity; Strain-Stress condlition; Hybrid Model.

BbBeaeHue

YCTaHOBEHO €, Ye ronsMoTo MHOroobpasne Ha W3NOoN3BaHUTE NPAKTUKK, PECh. TEXHOMOrNYHUTE CXeMU
3a paspaboTBaHe Ha PyAHW HaxoaWLia ce AbIDKA Ha LWUMPOKUTE rPaHMLM, B KOUTO CE U3MEHSAT NPUPOAHUTE U
MWUHHO-TEXHWYECKN chakTopu. ToBa 3aTpygHsABa ONUTUTE 3a Knacudukauus Ha LOOWMBHMTE TEXHOMOrMM,
0COOEHO aKko ce TbpCAT noaxoau 3a obWo pasrnexpaHe Ha OTKPUTO UM nogseMHo paspaboTBaHe. B
KOHKPETHWUS Cryyalt ce npeanara BapuaHT, OCHOBAaBaLY Ce Ha KnacuuKauWOHHUS MpU3HaK ,rpynupaHe Ha
HaxoauwaTa“ kakTo crnepsa:

| rpyna Paspa6oTBaHe Ha Haxo4uLia caMo MO OTKPUT HAYMH;

Il rpyna PaspaboTBaHe Ha Haxo4uMLLa camo Mo NoA3eMeH HauuH;
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Il rpyna KombuHupaHo pa3paboTBaHe ¢ Tpu nNoarpynu:

l1l.1 EpHoBpemeHHO pa3paboTBaHe NO OTKPUT M NOA3EMEH HaUMH;

lIl.2 NMocnepoBaTenHo pa3paboTBaHe Ype3 NpeMUHaBaHe OT OTKPUT KbM Noa3eMeH Jo0uB;

ll.3 MocnepoBatenHo pa3paboTBaHe Ype3 NpeMMHaBaHe OT NOA3eMEH KbM OTKPUT AOOMB.

B oBa ot cnyyaute Ha kombuHupaHo paspaboteaHe (II.1 n 111.2) 3agbmKkUTENHO YCoBKe € OCTaBSHETO Ha
GapuepeH Lenuk 3a u3onupaHe Ha B3aMMHOTO BIMSIHUE HA MUHHWUTE paboTu U ocurypsisaHe Ha GesonacHu
ycnosus 3a pabota. Tow ce oka3Ba OCHOBEH KOHCTPYKTMBEH €NeMEHT, YNETO HafeXOHO opas3MepsiBaHe ce
SIBABa rapaHT 3a epekTMBHO 1 6e30nacHO pasBuTME Ha MUHHWUTE PaboTK Npe3 Lenus nepuog Ha u33emMBaHe
Ha 3anacute B rpaHULMTE Ha PYAHUYHOTO nore.

C HaBmm3aHe Ha [obuBHWTE paboTu B ObNOOYMHA PA3KO Ce MPOMEHST MPUPOAHWUTE YCNOBUS Ha
3ansraHe (B oTpuuatenHa nocoka). CblyeBpeMeHHO TeXHUYecKaTa PeBOnioLMs criomMara 3a Cb3fjaBaHe Ha
HOBUM W e)eKTMBHM MalUMHW , CMOCODHWM [Aa Ce afanTupaT KbM MPOMEHSLMTE Ce MPUPOLHN YCHOBUS.
KoHioHKTypaTa Ha nasapa noctaBs BCE MO-BUCOKM W3MCKBAHWA KbM eqeKTMBHOCTTa Ha CUCTEMUTE Ha
paspaboTBaHe, KOETO HaW-4yeCcTO Hanara TAXHaTa 3aMmsHa C Mo-eheKTMBHW (pecr. Mo-NpOWU3BOAUTENHM).
CmsiHaTa Ha JobuBHaTa TEXHOMOMS ChLUO € CBbp3aHa C 0CTaBAHeTo Ha Bapuephun uenuuu. CnegosaTtenHo,
Hanara ce BbBeXJaHe Ha HoBa YeTBbpTa rpyna B NoCOYeHara no-rope KnacupukaLmus:

IV rpyna MNpomsaHa Ha fo6UBHaTa TEXHONOrUA B NOA3EMHUSA PYAHWK C TPV NOArPynu:

IV.1 Mpu npemnHaBaHe ot MopetaxHo obpylwaBaHe kbM KamepHo-LuenukoBa cuctema
(KLC);
IV.2 Mpu npemuHaBaHe oT Cuctema C OTKpUTO [AOOMBHO NPOCTPAHCTBO KbM
TexHonorus ¢ MogetaxHo obpywasaHe:
IV.3 Mpu npemnHaBaHe KbM TexHonorua ¢ bnokoBo o6pyLaBaHe;
IV.3.1 [lpemuHagaHe om cucmema CbC 3anbfieaHe KbM 6/10k080 06pywasaHe;
IV.3.2 [lpemuHasaHe om cucmema ¢ nodemaxHo obpywaeaHe KbM 6710K080
obpywasaHe.

Tasn ctatud Mma 3a Len [a Nokaxe CMNOXHUS XapakTep Ha pasnpefeneHve Ha [edcTBaliute
HanpexeHus OKONo NOArOTBUTENHUTE U BOBUBHM U3pabOTKK NpU KOMBUHMPaHO pa3paboTBaHe 1 NPOMSHA Ha
pobusHata TexHonorus npu nogsemeH fobws (rpyna Il m rpyna IV). Ta ugBa ga nokaxe AuHamukata Ha
W3MeHeHWe Ha HanperHaToTo u aedopmupaHo cbetosiHre (HOC) B nepuoga Ha odopmsiHe Ha HapuepHus
yenuk. OyepTaBaT ce MHOXECTBO BapuaHTU, KOETO Hanara TbPCEHETO Ha ONTUMANHO peLleHue. ToBa Moxe
[a ce MOCTUrHe camo MpU SCHO (POPMYNMPaHW M3YUCIUTENHA CXeMa W TPaHUYHM YCMOBUS, KOETO
npeacTaBnsaBa MbpBY eTan OT LANOCTHO KOMMMEKCHO 13cnefBaHe, CBbP3aHo C paLMoHanHoTo paspaboTeaHe
Ha 3anacuTe B rpaHuLMTe Ha JageHo PYAHWUYHO none.

1./3yyaBaHe Ha CTPYKTYpHA HapYLIEHOCT Ha MacuBa KaTo dakTop, onpeaensLy, yCTon4MBocTTa

Bb3 ocHOBa Ha HaTpynaHusi ONMT NO W3y4yaBaHE Ha CTPYKTypHaTa HapyLUEHOCT Ha MacuBa Ca YCTaHOBEHM
(hakTopuTe Ha HamykaHOCTTa, BMMSIELLM BbPXY YCTOMYMBOCTTA. Ha MbpBO MSCTO creaBa fa ce oTbenexu
OposT Ha cUCTEMMTE MyKHATWHW C TAXHATa OPUEHTaLMs B MPOCTPAHCTBOTO M YecToTaTta [6p. nykHATUHM/M].
Odopmsi ce enemeHTapeH CTpYKTYpeH Bok ¢ onpegeneHa copma 1 pasmepu. B peanHus macv otaenHuTe
€NEMEHTAPHN CTPYKTYpHM OnokoBe o6pasyBaT KOMOMHAUMS C OTKPUTUTE MPOCTPAHCTBA HA MUHHUTE
n3pabotkn. COOCTBEHOTO TErNO W XapakTEPbT HA KOHTAKTUTE MEXOy OTAENHWTE MyKHATWHM, KaKTo W
KMHEMaTM4HaTa CbLIHOCT Ha ABWKEHWETO Ha GNOKOBETE ONPEAEnsT HauMHa Ha 3aKpenBaHe Ha u3paboTkuTe
(aHkepwn, mMpexu v np.). Tyk cneaBa ga ce nogyepTae, Ye NMPOLECHT Ha paspyllaBaHe Ha peanHns MacuB
OKOMO MMHHUTE M3paboTKM MOXe Ja Ce pa3Bie KakTo Mo CbliecTByBalLMTE, Taka M Mo HOBOOOpa3yBaHu
NOBbPXHUHK. CnenoBaTenHo, Bb3HMKBA BBMPOCHT 3a CLOTBETCTBMETO Ha MEXaHWYHUTE CBOWCTBA,
onpeaenexn B NabopaTopHM 1 HATYPHK YCNOBUS. KaTo KONMMYECTBEH M3MEPUTEN Ha TOBA HECLOTBETCTBIE Ce
n3non3Ba KoegUUMEHTBT Ha CTPYKTypHa HapylweHocT Ky. Toil ce ompedenst 3a pasnnyHu SIKOCTHU W
AeopMaLMOHHI NoKa3aTenm KaTo SKOCT HATUCK ae, SIKOCT Ha OMbH at, MOAYN Ha enactuyHocT E, Mogyn Ha
cpsisBaHe G, koeduumeHT Ha [loacoH U u np. B KOHKPETHWTE NPUPOAHW YCMOBWSI CTOAHOCTUTE Ha
koeduuneHta Ky Bapupat B MHOro Lumpoku rpanuum (0.1 go 1.0). ToBa cb3aaBa ronemu OTKIIOHEHUS U e
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npeanocTaBka 3a BbBeXAaHe Ha CyOEKTWBHM OUeHKM. Taka ce cTura [0 MacoBO M3Mon3BaHe Ha
KnacuguKaumoHHUTE XapaKTepUCTUKM Ha MacuBa. Bcuuku Te ce ocHoBaBaT Ha Rock Quality Designation
(RQD) — egnH 0OEKTMBHO CbLUeCTBYBall MoOKasaTen C SCHW npaBuna 3a HEroBoTO OnpeaensiHe.
HeCcbOTBETCTBMETO Ha MeXaHW4YHWTe mfokasaTenn B NabopaToOpHM U HATypHU YCMOBWSI € OCHOBHO
HanpaBneHne B CUCTEMHOTO M3yyaBaHe Ha HanykaHoctTa. Cpen nokasaTenute, KouTo Hai-pobpe onmceat
ToBa HecboTBeTCTBME € Geological Strength Index (GSI). Ha dwmr. 1 e nokasaHa rpacpuyHaTa uHTEpnpeTaums
Ha aBTopa. GS/ ce pa3rnexpaa kaTto ABymepHa Matpuua Ha Structure Rate (SR) u Surface Condition Rate
(SCR). bnarogapenne Ha maTpuyHaTta dopma Ha npefctaBsHe, GS/ faBa Bb3MOXHOCT [a ce onpenenst
KOHCTaHTUTe m 1 s, y4actealm B kputepuute Hoek-Brown (H-B) u Mohr-Coulomb (M-C). Tosa ca asata Hait-
4eCTO W3MON3BaHN KPUTEPUM 3a pa3spyLUaBaHe B YCMOBUATA HA 34paBH, HO HaMyKaHuW CKanw.

Que.1 [Juacpama Ha usmeHeHuemo Ha GSI e 3asucumocm om Structure Rate (SR) u Surface Condition Rate (SCR).

CTpemexbT KbM BbBEXAaHE Ha MakcumanHo OnuMskM OO peanHuTe CTOMHOCTW B MOAEenuTe 3a
n3yyaBaHe Ha HC paBa Tnacbk Ha egHO HOBO HampaBMeHue, CBbP3aHO C eKcTpanonauusta Ha AaHHuTE,
nonyyeHn B nabopaTopHW M KpynHo-MalabHu nonesu wacneasaHus. Gray [1] npegnara nogxod 3a
W3ron3BaHe Ha MOMMHOMM 33 OnpefensHe Ha 3aBuCMMOCTTA y=f (X), KbAeTo y e (yHKUMSTA, Hanpumep
Young’'s modulus, E, a X € apryMeHTbT-pasMepbT Ha KOHCTPYKTUBHWS €MEeMEHT, 3a KOWTO Ce W3BbpLuBa
n3cnegBaHeTo. Taka Hampumep Npy M3MOM3BaHe Ha MOMMHOMK OT YeTBbpTa CTENeH 3aBKUCMMOCTTAa Ha
Young’s modulus E 0T pa3amepa Ha KOHCTPYKTUBHUS €NeMEHT X u3rnexaa Taka [2]

y=ao+aix+axx2+asx3+asx*

B cnyyasi @1, @2,...a4 ca KoeULMEHTN Npes apryMeHTa X.
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MacoBOTO 3amepBaHe Ha NyKHAaTUHW B MUHHWTE 13pabOoTKV € Hal-LUMPOKO WM3NON3BaHUST METOZ 3a HaMupaHe
Ha NnokasaTenuTe Ha HanykaHocT. B pe3ynTaT Ha Tasu eiHOCT ce (hopMMpaT ronemMm YUCHEHN MAacUBH, KOUTO
ca npegnocTaBka 3a craTucTuyecka obpaboTka Ha gaHHuTe. Priest and Hudson nokassart, Ye pa3cTosHUETO
Mexay nykHaTUHUTE Npu fobpe pasBuTa Mpexa ce NoaUYMHsIBa Ha EKCNOHEHLManeH 3akoH oT Buaa:

flx) = de™™ (1)

1 _
KbAETO /1 = g € CpefdHaTta 4eCToTa Ha NyKHATUHUTE; X — CPedHO Pa3CToAHME MeXOy NyKHaTUHWUTE. 3a
HyXOouTe Ha aHanm3a Ha yCTOl7I‘-IVIBOTO CbCTOSIHME Ha MacuBa MO-rONsIMO € 3HaYeHMeTo Ha 0beMHuTe
nokasatenu. Taka ce goctura go obemMHaTa WHTEH3WBHOCT Ha HanykaHoCTTa Jv. HeitHo npegumcTeo e

OTYUTAHETO M Ha HECUCTEMHITE MyKHATUHW Ha AafeH y4acTbK. 3a onpedensHe Ha Jv ce M3nonasa crieaHnsT
n3pas

Jv =15 [NG): + N(ns)i] , Gpim? @

kbaeto  Si e  Obuwarta AbmK1HA Ha M3MEPUTENTHUTE YYaCTbLM MO i — TO HanpaBreHue,
1=1,3
NG} -  BposT Ha nykHaTUHWUTE OT j — Ta cucTema; j=1, k; k-061L, 6poit Ha cucTemuTe
NyKHATUHWTE MO | — TO HanpaBneHne
N(ns), BposiT Ha HECUCTEMHIUTE NYKHATWHM NO | — TO HanpaBneHne

BbB dhopmyna (2) ce npuema i=3, 3all0TO MACOBOTO 3aMepBaHe Ha MyKHATUMHUTE Ce W3BBLPLUBA MO TPY
B3aMMHO-NEPNEHANKYNSPHU HanpaBneHus. OnpeaensHeTo Ha Jv CbrnacHo 13pasa (2) Cryxu 3a OCHOBaHWe
[a ce Tbpcu aHanorus ¢ u3pasa (1). ToraBa BepOSTHOCTHOTO pasnpeaenexne Ha Jv Moxe fa ce npeacTaBu
BbB BMAa

P(Ve) = Ae Ve (3)

KbOETO A € peuunpoyHaTa CTOMHOCT Ha CpeaHaTta BenuyMHa Ha 0bema Ha enemeHTapHUs CTPYKTYPeH 6ok
Ve . Viaxoxaaikv OT NOCTaHOBKATa, Ye peanHusT ckaneH MacuB npeacTaBnssa AUCKPeTHa Cpeaa oT OTAeNHM
Brokose, kakTo 1 uspasute (1), (2) (3), ce ycTaHOBSBa, Y€ 3@ HYXAUTE HA CTOXACTUYECKOTO MOLENMpaHe e
Ha-NoAX0AALLO W3MNOMI3BAHETO Ha BEPOSTHOCTHOTO pasnpegeneHne Ha Weibull. Ha d¢wr.2 e nokasaHa
kymynaTtueHata gyHkums (CDF) 3% €[HO OT pyaHUTE Tena Ha pyaHuK ,Yenoney’.
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Que.2 BeposmHocmHo pa3npedeneHue Ha pa3cmosHuemo mexdy nykHamuHume 3a mpu cucmemu Sa, Sg, Sc 8 dadeH
yyacmuk Ha pyOHuk ,Yenoney*; a — Probability Density Function; b — Cumulative Distribution Function.
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FcHO ce oyepTaBaT pasnuyHWUTE 3HaYeHWs Ha obema Ha ernemeHTapHWs CTPYKTypeH Briok Ve 3a Tpute
cuctemMn nykHatuHU Sa, Sg U Sc. lMpu noctposieaHe Ha BeposiTHocTHaTa (yHkumus (PDF) ce yctaHossiBa
3HAUYUTENHO W3MEHEHWe Ha pasnpefeneHneTo Ha Pas3CTOSHWETO Mexay MyKHaTWHUTE | KaTo crnyvanHa
BENMYMHA. AHanNM3bT Ha CPABHEHUETO C PYr1Te PyAHM Tena nokassa, Ye MHoroobpasneTo e oLLe No-rofismo.
ToBa e npepanocTaska 3a HeOHXOAMMOCT OT UHAMBIAYaNeH Noaxog npy 13bopa Ha NOAXOAALLM reoMexXaHUYHI
nokasaTenu 3a OLeHKa Ha NPUOXUMOCTTa Ha AOOUBHUTE TEXHOMOTUN.

2. OpasmepsiBaHe Ha bapuepHu Lenuuy Npu npeMuHaBaHe 0T cMCTeMa C NoJeTaXHo 00pyLIaBaHe KbM
kaMepHO-LIEN1KoBa cucteMa Ha paspaborsare (rpyna IV.1)

MpeMnHaBaHETO OT cUCTEMaA C MofeTaxHo obpyliaBaHe KbM kamepHo-Lienvkosa cuctema (KLIC) Ha
pa3paboTBaHe € NOrM4YHa CTbIKA, CriedBaiiku CTpemMexXa KbM YBennyaBaHe Ha epekTUBHOCTTa Ha J0OMBHO
n33eMBaHe. B OCHOBaTa Ha TEXHWKO-MKOHOMMYECKOTO CPaBHEHWE CTOM PABHULLETO Ha 3aryoute a. U
obeaHsBaHeTO b, KOWTO MpW [BETe TEXHOMOMMW CbLUECTBEHO Ce pasnuyasaTt. Kputepusit 3a OLEHKa €
KOE(ULMEHTBT Ha KONNYECTBOTO Kyon , KOMTO CE ONpPeaens CbriacHo u3pasa

Kyon = 11_abe:%,

KbAETO N U P Ca CbOTBETHO KOE(ULIMEHTHT Ha M3BNNYAHE W KOEUUMEHTBT HA UBMEHEHNE Ha Ka4eCTBOTO.
Kion> 1, kOrato b > ae,
Kion < 1, KOrato ae > b.

Cuctemata ¢ nogetaxHo obpylwaBaHe OocuUrypsiBa 3HauuMTeSHA MPOWU3BOAWUTENHOCT Asn, HO TOBa Ce
nocTura CbC CbLUECTBEHO 00efHsBaHE, PECM. MO-HUCKO PaBHMILE Ha KOe(MUMEHTA Ha KavyecTBOTO p.
MpegumcTBo Ha KLIC e HWUCKOTO paBHuwle Ha obBedHsBaHETO, 0COGEHO MpU M33eMBaHe Ha MbPBUYHUTE
kamepu. [pemnHaBaHeTo OT cucTema ¢ nogetaxHo obpywasaHe kbM KLIC nanckea ocTassiHe Ha GapuepeH
LenuK C Len enMMUHUpaHe Ha B3alMHOTO BAIWSIHUE HA MUHHUTE paboTu. ToBa € KOHCTPYKTUBEH ENEMEHT C
SICHO M3paseHa reoMexaHM4yHa CbLHOCT. T ce ¢opMupa OT CbYETAHMETO HA MUHHO-TEXHUYECKUTE
napameTpu kato: u3bop Ha MbPBUYHM W BTOPUYHW KaMepu CbC CbOTBETHATA reoMeTpus - Ob/KUHA Ly,
LwMpKHa By 1 BUCOUMHA Hy, BUCOUMHA Ha NofeTaxa hne M CBbP3aHUTE C HESt COHAAXHO 0TOMBaHE M NPoBUBHO-
B3puBHK pabotu (MBP), pen Ha paspaboTBaHe B rpaHULMTE Ha eTaxa, a Taka Cbli0 NOCReAoBaTENHOTO
W33eMBaHEe B T[PaHULMTE Ha PYAHWYHOTO none. MWHHO-TEXHWYECKUTE napameTpyu Ce pasrnexgatr B
HepaspuBHa Bpb3ka C reOMexaHWYHUTE NokasaTenu: MeXaHUYHW CBOWCTBA Ha pydaTa, CTPaHUYHUTE CKanu n
BTBBbPAABALLOTO 3aMbIIHEHWE; CTPYKTYPHATa HapYLWEHOCT Ha MacuBa; KnacuuKaLMoHHUTE XapaKTepuCTUKN
Ha pyAata W CTpaHUYHWTE cKanu.

3a nacnegsaHe Ha HOC Ha macuBa okono gobusHUTe WM3paboTku Npy NpemuHaBaHe OT NOLETaXHO
obpywasare kbM KLIC ocobeHo noaxogswo e u3nons3saHe Ha U3YWUCIUTESTHU CXEMU, OCHOBaBalUM Ce Ha
MeToaa Ha kpanHuTe enemeHT MKE. Tyk ca mOCOYeHU pesynTatute OT KOHKPETHO W3cnenBaHe 3a €4HO OT
pyoHUTE Tena C ronsmMo MrIOWHO pasnpocTpaHeHne B pyaHuk ,Yenoney’. M3nonssaHa e cobeTeeHa
nporpamHa cuctema FEMEL, kato 3agavaTta ce peluaBa B YCIOBWE HA PABHUHHO-OE(POPMUPAHO CHCTOSHME.
HeeqHOpPOAHOCTTa Ha cpefaTa Cce OTYMTa KaTo Ce BbBEXAAT pasfnyHU MexaHW4YHU nokasaTenu Ha pyaarta,
CTPaHUYHUTE CKamM M BTBLPASBALLOTO 3ambiiHEHME. 3a MOLENMpaHe Ha TEKTOHCKUTE HapylieHus ce
“3NON3BaT NPaBObLIbLIIHM E€MEMEHTU, KaTO anropuTbMbT NPEABMKAA CbBMECTUMOCT Ha KOHTaKTUTE MEXay
TPUBIBAHUTE U NPaBObIbIHM eneMeHTW. [onsaMo NpearMcTBO Ha M3NON3BAHUTE U3YUCIUTENHM CXEMU €
Bb3MOXHOCTTA Aa Ce NpourpaBaT MHOXECTBO BapuaHTX, BKIHOYBALUM Pa3fMYHN reOMETPUYHU pa3mepu Ha
KamepuTe, pasnnyHa NOCneaoBaTENHOCT HA U33EMBAHE, PasfNiHU MEXaHUYHW CBOWCTBA Ha BTBbPASBALLOTO
3anbnHeHve. Ha dur.3 e nokasaHo pa3npefeneHneTo Ha XOPU3OHTamHUTE Gx W BEPTUKANTHU Gy HAaMpPeXeHus
B TaBaHa Ha AobuBHaTa kamepa. Bb3 OCHOBa Ha MonyyeHuTe pesynTaTi NpPeaBapuUTENIHO Ce OnpeaensTt
NPOUIHN IMHWAW, NO KOWTO CE OTYMTAT CTOMHOCTUTE Ha HanpexeHusTa. Taka ce noctura Heobxogumarta
npeacTaBa 3a xapakTepa M OMHamukaTa Ha UMEHEHUE Ha Gx W Gy B MPOCTPAHCTBOTO OKOMO O0BWBHUTE
n3paboTkn. BaxHO yCroBue 3a OLEHKA Ha YCTOMYMBOTO CLCTOSIHUE € OMpedensHeTo Ha rpagueHTa Ha
n3meHeHve Ha HAC.
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% XOpHSOHTaJ'lHH HarpexKeHHs, Oy

Que. 3 PasnpedeneHue Ha HanpexeHusma 8 masaHa Ha dobusHama kamepa, onpedeneHu no MKE.

3a LuenTta Ha I'IpOC*)VIJ'IHVITe nnHUK ce oTbensseat HanpexeHudaTa B HEHapyLleHnA MacuB O'JSO)I/I O'JEO).

YBennyaBaHeTo Ha rEOMETPUYHMTE pasMepu Ha MbPBUYHUTE KaMepu WMa BaxHO NPEAUMCTBO:
HamansBear ce LeTute oT 06eAHABaHETO U HApacTBa MHTEH3WMBHOCTTA Ha J06OMBHUTE paboTu. [pekomMepHOTO
yBENMYaBaHe Ha reoMeTpuyHUTEe pasmepy obaye fgoBexaa A0 PSA3KO BOWABaHE Ha CbCTOSHUMETO Ha
kamepuTe B TaBaHa W CTpaHnyHUTe cTeHn. OcopmaT ce 6MOKOBE (Ha-4eCTo MO ChLUECTBYBALLMTE NYKHATUHM
11 pa3rnomu), KOWTO Ca B CbCTOSIHME Aa ce 0BpyLuaT JOpK CaMo OT CEU3MUYHUS eqpeKT OT B3pUBHUTE PaboTy 1
[a NpeausBMKaT aBapuu, BBMPEKW W3NON3BAHETO Ha TOBAPO-TPAHCMOPTHW MAaLUMHU  C AMCTaHLMOHHO
ynpasnexne. OCBEH TOBa, HANMYMETO Ha AOMbIHUTENHW NYKHATUHW JOBEXAA A0 3aTPyAHEHO NpOKapBaHe Ha
B3PUBHUTE COHAAXW BbB BTOPUYHUTE Kamepu. YBenuyaBa Ce OTHOCMTENHWMAT pasxod Ha BB, a ot Tam u
0beHsABaHETO, NPEeaM3BMKAHO OT paspyliaBaHETO Ha 4acT OT 3aMbIIHEHWETO Ha MbPBUYHUTE KaMepw.
CnepoBatenHo, Hanuue e egHa ONTUMW3aLMOHHA 3a4adva: Unu yBenuyaBaHe Ha reOMETPUYHNTE NapaMeTpu
Ha KamepuTe, WNW OCUrypsiBaHe Ha MO-BMaronpusiTHU MUHHO-TEXHWYECKW YCMOBUSI 3a W3BbPLUBAHE Ha
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LANOCTHOTO M33eMBaHe Ha oOWBHMA OMOK. YCMEewHOTO pellaBaHe Ha Tas3n 3ajada WM3WUCKBa AETalnHO
nscnegsane Ha HOC Ha macuBa npe3 pasnuyHUTe eTanu Ha passuTMe (BKM. NPOKAPBAHETO U CbCTOSHUETO
Ha NoAroTBUTENHUTE U3paboTKM), KOETO € CMUCHLITBLT Ha Taka onucaHaTa no-rope npoleaypa .

Mpu paspaboTBaHe Ha PyaHM Tena C rofieMm pasmepu No NIMHUATA Ha 3anafaHe PYAHWUYHOTO none ce
pasgens Ha eTaxu Kato rpaHuuaTta Mmexay Tax ce aBsBaT MexayeTaxHute uemvum (MEL]). OcseH 3a
BEHTUNaUMs 1 TPaHCMOPT B TAX Ce pasnoraraTt cpeacTeaTa 3a crefeHe Ha CbCTOSHUETO Ha MUHHWUS MacwB.
Mpouenypata 3a opa3mepsBaHe Ha MELL He ce pa3nuyaBa oT Tasn 3a opasmepsiBaHe Ha GapuepHns Lenuk
(BL). Tyk ce noctaBsAT oule TPU MHOTO BaXHM YCMOBMS: OCUrypsiBaHe Ha 6e3onacHa ekcrnmoatauws npu
“33eMBaHe Ha 3anacute B OTAENHUTE eTaxu; Ge3onacHa ekcnnoartauus Ha MOArOTBUTENHUTE W3PaboTKK,
HAKOW OT KOWTO MMaT [Obfbl CPOK Ha CbLUECTBYBaHe; OCUTypsiBaHe Ha TeXHMYecka BBb3MOXHOCT 3a
nocredBawo u33emBaHe Ha Onokupanute B MEL| 3anacu. OcobeHo akTyaneH e BbMpOCLT 3a
nocnenoBaTenHocTTa Ha 133eMBaHe Ha eTaxuTe. ANTepHaTUBUTE ca [Be: Bb3X0AAL, U Hu3xoasLw,. Beekn ot
TAX MMa CBOWTE MpeauMMCTBA W HedocTaTbuUM. 3aToBa cnefBa fAa Ce OLUEHsBaT KOMMMEKCHO, KaTo
reoMexaHnyHaTa CbLUHOCT MMa CBOS npuopuTeT. Ha dur.4 e nokaszaHa NpUHLMNHA CXeMa 3a W33eMBaHe Ha
3anacuTe npu NnpemnHaBaHe oT nogeTaxHo obpylwasaHe kbM KLIC.

i
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Que. 4 [lpuHyunHa cxema 3a u33eMeaHe Ha 3anacume npu hpeMuHasaHe om nodemaxHo o6pywaeaHe KbM KamepHo-
yersnukosa cucmema Ha pa3pa6omeaHe.

MocoyeHn ca TEXHOMOMNYHWUTE pasMepu Ha OCHOBHUTE KOHCTPYKTUBHM enemeHTU. OTAenHuTe eTaxu ce
133eMBaT B HU3XOASL, ped — edHa OT Bb3MOXHWUTE anTepHaTMBW. Tasn MOCTaHOBKA MOXe Aa NOCcnyxu 3a
OCHOBa Npy CbCTaBsAHE Ha noaxogsiya usuucnurenHa cxema no MKE. HeiHo ronsmo npeguMmcTso e, Ye morat
[a Ce CbCTaBAT BapuaHTW Bb3 OCHOBA Ha pasnMYHMTE eTanu Ha pa3paboTBaHe: MOCMeAoBaTenHo
nNpemMuHaBaHe OT efnH eTax Ha ApYr, KakTo 1 NocnefoBaTernHo 3anbriBaHe W U33eMBaHe Ha MbPBUYHUTE W
BTOPUYHN kKamepy. HaTpynaHuat onuT oT uscneasanusta Ha HOC B pygHuk ,Yenoney’ nokassa, ye ca Hanvue
HAKONMKO SIBMEHUS, KOUTO MoraT da ce W3ronasaTr B Obewy M3CrnedBaHWs 3a HamupaHe Ha eqeKTUBHM
peLLeHus.

e Jluncea cumeTpus B pasnpesenieHeTo Ha OeMCTBaluUTe HanpexeHus oKoro A0BUBHUTE KaMepw.
ToBa ce [AbMXM Ha ronsmata CTeNeH Ha HEeegHOPOLHOCT, 3anoXeHa B M3YUCIUTENHUTE CXEMW NpU
MoZenvupaHe Ha cpeaara: pyaeH Macus, CTPaHUYHM CKarnu, 3ambiHeHUe C pasrivyHn MexaH4HN CBOWCTBA.

e Ha nuue e CblLecTBeHO npepasmnpenenieHne Ha [eiCTBalLmMTE HanpexeH!s npu nocnefoBaTenHoTo
n33eMBaHe Ha kamepute. 3afbIIKWTENHO YCMOBME € ONpedensHETO Ha HanpexeHusiTa B HeHapyLleHus
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MacuB, 3a [a MOXe peariHo Aa Ce OLEHU PagMeHTbT Ha TAXHOTO W3MeHeHue B nepuoga Ha AobuBHWUTE
pabot.

e YCTaHoBsIBa Ce, Ye 30HaTa Ha BINSIHWME HA MUHHUTE PabOTU BBbPXY CTPAHUYHUTE CKanu JocTura 4o
10 m. ToBa 03Ha4aBa, Y& HOCUMOCMOCOBHOCTTA Ha KPEMEXHUTE CUCTEMM 32 HY)XOMTE HAa MOArOTBUTENHUTE
n3paboTkm TpsbBa fa CLOTBETCTBA Ha BMUCOYMHATa Ha TO3u CTbN6. [pakTukaTta nokasea, Ye Npu TakuBa
MWUHHO-TEXHNYECKM YCOBUS HAN-MOAXOAALLM Ca BbXEHM 1 CTOMaHOBETOHHM aHkepu. B TaBaHa Ha obuBHUTE
kamepu CblLo ce HabriogaBa eekT Ha pa3ToBapBaHe. B TakbB crnyyail YCTOMYMBOCTTA Ha TaBaHa Ha
kamepata (npu onpegeneHa LUMPUHA) OCHOBHO CE OCUrypsiBa OT B3aMMHOTO 3aKNMHBAHE Ha CTPYKTYpHWUTE
Brokose.

e [Ipn MogenupaHe Ha egHOBPEMEHHa paboTa Ha neT W NoBeye kamepu He ce 3abenssea ohopmsHe
Ha CBOJ Ha ecTecTBeHO paBHOBecue. ToBa ce 0BsicHsBa C OBCTOATENCTBOTO, Ye MpU NOCNEA0BATENHO
“33eMBaHe Ha MbPBUYHUTE KAMEPW B TaBaHa (3a CMeTKa Ha HEeJHOPOAHOCTTA) Bb3HMKBAT NPEAnOCTaBky 3a
pasnnyHa KopasuHa npw Aedopmupare, KOeTo JoBexaa 40 pasnyHa nogatimneoct.

e BusyanHute HabntoaeHUs nokasear, Ye NPy Hamuune Ha CBPbX BUCOKM KaMepu Bb3HWKBA PS3KO
BMOLWaBaHe Ha CbCTOSIHUETO Ha CTEHUTE UM. TO Ce AbMKM Ha NPEKOMEPHO YBEnuYeHaTa 30Ha Ha
pasToBapBaHe (BKM. 30HA Ha OMbHOBM HAMPEXEHWS), B KOATO YCTOMYMBOCTTA Ce 00yCnaBsi €AMHCTBEHO OT
B3aMMHOTO 3aKMMHBaHe Ha OTAeNHWUTe BrIoKOBe, KakTo W OT 3afbpXalynsi eqekT Ha 3ambiHeHUeTo. Toau
aKT € npeanocTaBka 3a Bb3HWKBAHE HA aBapuW W CUIMHO 3aTpyAHsIBA NPOKAPBAHETO HAa COHOAXWUTE BbB
BTOPUYHUTE Kamepw.

MocoyeHuTe [0 TyK pasCbkaeHus nokaseaT, 4ve npunaraHeto Ha KUC uma [fgBe cTpaHn Ha
pasrnexgaHe. OT efHa cTpaHa e NpPekOMEepHOTO YBENUYaBaHe Ha reOMETPUYHUTE P3MEPU HA MbPBUYHUTE
Kamepu, KOETO BOAM A0 YBENnW4YaBaHe Ha WHTEH3WBHOCTTA Ha [oOWBa M OO0 CbLUECTBEHO HaMmansiBaHe Ha
obegHsBaHeTo. OT gpyra CTpaHa TOBa € NpeanocTaBKka 3a BNOLLABAHE Ha PaBHMLLETO Ha TexH. 6e3onacHocT,
Bb3HWKBAHE Ha TPYAHOCTM MpW NpobuBaHe Ha COHAAXMTE BbB BTOPUYHUTE KaMepPW, YBENMYaBaHe Ha
obenHsBaHETO 3a CMeTKa Ha 0BpyLuaBaHe 1 CMeCBaHe Ha pyfaTta € 4acTu OT BTBbPASABALLOTO 3ambIHEHWE Ha
MbPBUYHUTE KAMEPH.

3. OpasmepsBaHe Ha HapuepeH Lienuk Npu npemuHaBase oT OTKPUTW KbM MOA3EMHW MUHHM paboTu (rpyna
1.2

XapaktepHa 0COBeHOCT npu opa3mepsiBaHe Ha OapuepeH LenWK 3a pasgensiHe Ha OTKpUTW OT
NoA3eMHN MUHHU paboTu e HEroBOTO rOfsAMO MMOWHO pasnpocTpaHeHne. CbluecTBEHO NpeauMCcTBO €
HanM4YMeTo Ha OrpoMeH 06eM OT U3XOAHM [aHHW 3a MPUPOAHUTE W MUHHO-TEXHWYECKU YCNOBUS. TaxHaTa
WHTepnpeTauus obaye ce 3aTpyaHsiBa OT cneuuduyHuTE 0COBEHOCTM, KOUTO CbMBLTCTBAT NOA3EMHNS A06MB.
Ha mbpBO MSCTO TOBa € BMMSIHUETO Ha CTPYKTypHaTa HapyleHocTt. Cnopep n3BecTHaTa knacudukaumus [4]
CbLUECTBYBAT YETUPU TPYNM TEKTOHCKM HapyleHus. B mbpBaTa rpyna nonagaT KpynHUTE pasnomu ¢
pascTosiHue nomexay um 5-10 km, a B nocnegHata — NykHaTUHY C LUMPUHA OKONO 1 mm 1 pa3npocTpaHeHne B
rpaHnuMTe Ha MUHHWUTE M3paboTku MpakTukaTa Nokasea, Ye 3a HYXAWTE Ha reOMEXaHUYHWS aHanu3 BbpXY
YCTOAYMBOCTTA HA KOHCTPYKTUBHUTE €MEMEHTU, HaN-CLLECTBEHO BIMSHIWE OKa3BaT MyKHAaTUHUTE OT BTOPU U
TpeTn nopsigbK. M3nonseaiku TEXHUTE eneMeHTW Ha 3ansaraHe W (OPMUPAHETO Ha OCHOBHUTE CUCTEMMU
NyKHaTWHW, B TPaHULMTE Ha [afeHO PYAHUMYHO nofe  ce u3rpaxaa OnokosuaT Mogen. Hai-ronsma
NPEeAMMCTBO B Non3a Ha Gbaelly 13cneaBaHns € Bb3MOXHOCTTa 3a NOCTOSHHOTO My oboraTsiBaHe C Hanu4Hu
[aHH/ OT MOMEHTAa Ha MpoKapBaHe Ha MbpBWTE MPOYyYBATENHW COHAAXMW, Mpe3 eTana Ha OTKPUTOTO
paspaboTBaHe, A0 NpPOKapBaHe Ha MbPBUTE paskpuBaLLM W NOArOTBMTENHM M3paboTku B eTana Ha NOL3EMHO
paspaboTtBaHe. Ha cur. 5 a e nokasaHa NpUHUMNHA CXeMa Ha peanHo HanykaHa cpefa, KOSTo MOxe Aa
MOCNYW KaTo OCHOBA 3a U3rpaxaaHe Ha 6nokoBus Moden Ha HaxoamweTo [3]. CTpeMexbT KbM MakCUMaIHO
OTYMUTaHE Ha peanHaTa npupoaHa cpeda He U3KMKYBa Bb3MOXHOCTTA 3a M3bop Ha Representative Elementary
Volume (REV) — cour. 5 b.
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Que. 5 Cxema Ha peanHo HanykaHa cpeda a — fractured medium and equivalent continuum; b — Representative
Elementary Volume (REV) (Jing and Stephansson).

Pasmepute Ha REV TpsbBa fa ocurypsT yCrioBueTo, Ye M3BbH HEroBWUTE rPaHMLM BIUSHWETO HA MUHHWTE

paboTu e npeHebpexnMo mManko. Ha ¢ur.6 e nokasaHa cxema Ha pa3nioMHWTE CTPYKTYpW B pyaHuK Acapen
[4].

NE

Que. 6 Cxema Ha pasnomHUme cmpykmypu 8 pyOHuk ,Acapen” (Kucbos AH.).

C ycnosueto 3a 3D npencraBsHe, Te ca AOCTaTbyHM 3a uM3rpaxdaHe Ha OnokoB Moaen, CBbp3aH C
opa3smepsiBaHe Ha 6apuepeH LennK Mexay OTKPUTU 1 eBEHTyarnHu noa3emMHn paboTi. AHanormyeH nogxog e
n3nonaeaH 3a HamupaHe Ha REV B ycrnosusita Ha pyaHuk Kowasa“ [2]. Llenta Ha n3cnensaHeTo e aa ce
MoKaXe HanMymeTo Ha aHoOManuy B HaMperHaToTo CbCTOSIHUE HA HEHAPYLUEHWS MacuB, OTYUTAMKM
AabnboynHaTa Ha paspaboTBaHe W rnaBHUTE TEKTOHCKM NuHMM. OBobLlaBaikv npakTukaTta no u3yvyaBaHe Ha
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HaNperHaToTo CbCTOSHWE Ha HEHapyLUEHUs MacuB, CE YCTAHOBSBA, Ye Bb3MOXHUTE aHOManuu ce Obixart
[MaBHO Ha:

- Hanuuve Ha npeceveH NNaHWHCKW TEPEH, KOWTO PA3KO M3KPMBSABA NMpedcTaBaTa 3a LelCcTBre Ha

reoctaTuyHus Toeap yH;

- CobluecTByBalynTe TEKTOHCKW NIMHWAW (PA3nOMM), KOWTO BMHArK ca CbMPOBOLEHW C Hanuyue Ha

OCTaTbYHW HaNPEXeHUs;
- OuvakeaHO npepasnpefeneHne Ha [feiAcTBaWWTE B MacuBa HamnpexeHWs B pesyntar Ha
N3BBPLUEHNTE BEYE OTKPUTU MUHHM paboT.
B Han-06Ly, B1A HavanHWUTe HanpexeHus MoraT 4a ce NpeacTaBsaT Taka

Oz = a1 Y(H) + b1

Oyy = a2 M1 Y(H) + b2

Oxx = a3 M2 Y(H) +bs

KbAEeTo a1, a2, a3 Ca KoeUUMEHTUTE Npes reocTaTuyHus Toeap yH;

b1, ba, bs — cBOBOAHM YNEHOBE;

M1, M2 - KoeduuneHTUTe Ha Poisson B ABe B3aMMHO MepreHaKyNspHN NOCOKU B XOPU3OHTanHaTa
paBHuHa XOY.

B cbBpemeHHM ycrnoBus MeTogonorysaTa 3a onpefensiHe Ha HanpexeHusTa B Macuea e 4OCTUrHana
BreyaTnsBallo HMBO Ha AO0CTOBEPHOCT. CblUeCTBYBAT TEXHWKM, KOWTO MOraT Aa Ce afgantupaT KakTo KbM
NoA3EMHU, Taka 1 KbM OTKPUTW YCHOBUS.

3a ouUeHKa Ha BMMSHWMETO Ha HaMykaHOCTTa BbpXy OpasMepsiBaHe Ha GapuepHu Lenuun mexay
OTKPUTK 1 NOA3EMHU MUHHM paboTh B HacTosLMS naparpad € NoTbpceH Apyr nogxod. Toi ce ocHoBaBa Ha
Bb3MOXHOCTTA 32 W3rpaxaaHe Ha AWUCKPETHU MOLENM, OTYATaMKW BIIVSHUETO Ha OTAENHWUTE MyKHATUHM,
CTaTMyHaTa M AMHAMMYHA CBLUHOCT Ha MOBEAEHMETO Ha (hopmupanute ce GnokoBe Mpu HaTOBapBaHe.
YcnelwHoTto cbhagaBaHe Ha REV po ronsma creneH pelwasa npobnema, HO 3a Ja ce JOCTUrHe OO0 pearneH
pesynTaT He0DX0AMM 3a NpakTukaTa, Ce M3MCKBA TOYHO OMpedensiHe Ha Bb3MOXHUTE CTeneHn Ha ceoboada B
NPOCTPAHCTBOTO, BKM. Ha rpaHuuata ¢ u33emBaHusi 0bem (OTKPUTOTO MpOCTpaHcTBO). CrnegoBaTenHo, ako
nbpBaTta CTblKa € u3rpaxaaHe Ha rnobaneH GMokoB mogen, BTopaTa CTbMKa € CbCTaBsSiHe Ha afeKBaTeH
LMCKPETEH MOAen 3a u3cnefBaHe, TO TpeTaTa CTblka € onpegensHe Ha Bb3MOXHUTE CTeneHn Ha ceobopa.
Ha cur.7 e nokasaHa NpuHUMMNHA CXema, XapakTepuaupalla LEeCTTe CTeneHn Ha cBoboaa B MPOCTPAHCTBOTO

[3].

Joint =
.~

(d) (e) (f)
Que. 7 CmeneHu Ha ceoboda Ha nykHamuHume 8 npocmpaxcmeomo (Jing and Stephansson).

Upes Tx MOXe a Ce Onpefent NoBeeHNeTo Ha peanHus MacuB Npy HaTOBapBaHe, KakTo 1 Bb3MOXHOCTUTE
3a HEroBoToO 3a3apaBsiBaHe. CblUECTBYBA Lisina nopeauLa oT napamMeTpu, XapakTepuanpally CbCTOSIHUETO Ha
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nykHaTUHMTE. Bb3 OCHOBA Ha TSX Ca (hOpMynmMpaHu KNnacuguKaLMOHHUTE XapaKTepUCTUKM Ha Ka4eCTBOTO Ha
mMacuBa. Te pernmamMeHTMpaT  3aBUCUMOCTUTE MeXOY KOMMYECTBEHWTE M KAYECTBEHM 3HAYEHWS HA
nokasaTenuTe u criyxar 3a cBoeobpaseH BXOA Npu CbCTaBsHe Ha MofdenuTe. B Ta3n Bpb3ka creadsa ga ce
otbenexu eowH MHOTO BaxeH noctynat. B Hal-2onsiMa cmeneH paspywagaHemo Hacmbnga no
cbuwjecmeysawjume nykHamuHu, okamo deTbm Ha Ho8006pa3ysaHUmMe NO8bPXHUHU € MUHUMareH (0Koo
15%). OtunTaitkn 0BCTOATENCTBOTO, Ye PearnHusiT CkaneH MacuB Ce CbCTOW OT 3-4 CMCTEMMW NyKHATUHW, Ha
npeaeH nnaH u3nusa npobrnemsbT 3a hopmata W rofeMuHaTa Ha eneMeHTapHus CTPYKTYpeH 6ok, KakTto
NOBEAEHNETO MY CMPSIMO OTKPUTUTE MPOCTPAHCTBA, Cb3dadeHN Npu NPOKapBaHETO HA MUHHMTE M3PabOTKM.
Ha ¢pur.8 e nokasaH Mogen Ha MacvB, U3rpafieH OT TPU CUCTEMM MyKHATUHK [3].

> Zh
L=
i | <
- il L= Y
é.
) X
Z > é Fracture
L~ Rock matrix

Que. 8 CxaneH macus, usepadeH om mpu cucmemu OpMO20OHaTHO Pa3nonoxeHu nykHamunu (Jing and Stephansson).

Makap 4e, MOXe [ja Ce pasrnexaa kaTo YacTeH Cryyaii, Toi NpeacTaBnsBa MbpBa CTbiKa 3a ChCTaBsHE Ha
MaTPUYHOTO YpaBHEHME, M3Pa3siBaLLO 3aBUCMOCTTa Mexy HanpexenusTa { oij } n aecdopmaumnte { €ij }

{oij} = [Eijkl] {eij }

KbOEeTo {O-U} = {O-xx, Oyy, Oz, Oxy, Oyz, O-ZX}T

{ei} = {exx, &y, €22, Exyy Eyz, Ex } T

[Eix] e maTpuuaTa Ha kopaBuHaTa Ha cucTemara.
UneHoBeTe Ha Matpuuata [Eix] cbabpkaT CTOMHOCTUTE Ha MOJyra Ha enacTuiHoCT E u koeduuneHTta Ha
lMoacoH | B TPUTE NOCOKW Ha KOOpAMHATHATa cucTema. ToBa Hanara 13nonasaHeTo Ho T.H.Matpuua Ha Chen.
Upes Hest ce onpenenst HezaBucumMnTe koHcTaHTu [Cik], kaTo B cuna e ycrnosmeTo [3]

[Cii] = [Ei]*

BapuvaLrOHHNAT NPUHLMN, BbPXY KOMTO CE rpagu CbLLHOCTTA Ha YMCTIEeHUTe METOAM, U3MON3BaHN B TeopusTa
Ha enacTU4HOCTTa, M3MCKBa (POpPMUPaHe Ha (PyHKUMOHaNa [T Ha noTeHUManHaTa eHeprius Ha dedopmaumute

M=>(Ui)+K+W (4)
Upes npupaBHsBaHe Ha Hyna Ha MbpBaTa Bapuauus CMPSMO KOMMOHEHTUTE Ha MpeMecTBaHe Ce NosyvaBa
ypaBHeHMeTo Ha GarnaHca Ha obluyata noTeHUmanHa eHeprust Ha Aechopmanmumre

Zo=[3a(Ui) + DK + OW)a{d) = 0 (5)
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B uspasunte (4) u (5) ca npuetn cnegHUTe 03HAYEHNS

U1 - Potential energy due to deformation (strain energy);

u2 - Potential energy due to external loads (work done by point forces);

u3 - Potential energy due to bolting between blocks (works done by bolting forces);

K - Kinetic energy due to block mass (kinetic energy due to inertia);

U4 - Potential energy due to displacement constraints at boundaries (boundary) conditions;
us - Potential energy due to blocks contacts (interaction between blocks);

W - Dissipated energy in the system;

d= {d} - Displacement vector.
Taka onucaHaTa TeopeTWyHa MOCTAHOBKA € Hamepuna MpaKTUYecko MPUOXEHWE B MHOXECTBO 3HAKOBU
obekT no ceeta. EAMH OT TAX e nog3emHata 3ana B Lillehammer, noctpoeHa 3a HyxauTe Ha 3UMHWUTE
onumnuiacku urpmn npes 1994 rog. B Hopserus. HeitHute pasmepw ca wupuHa 62 m, gbmkuHa 91 m, BUCOYMHa
24 m, kaTo cBeTnmuAT oTBOp Haaeuwaea 1300 m2. Ha cur.9 e nokazaH 6110KOBMAT MOAEN Ha CbOPBXEHNETO.

E lce hockey cavern Bostalsomies
GPa
220
20 N
175 4.5
1
30 [160
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Que. 9 [eomempus Ha nykHamuHume cnoped briokosusi moden Ha Olympic Ice Hockey at Gjévik-Norway (Jing and

Stephansson).

Cepro3Hu TEXHUYECKN NOCTKEHUS NpeaCcTaBnsBaT: NOCNeA0BaTeNHOCTTa Ha MUHHUTE paboTu 3a 0dopMsiHE
Ha HaNpeyHOTO CeYeHue; 3aKpenBaHETO Ha TaBaHa C U3MNON3BaHe Ha KOMBWHALMS OT Pa3fMYHN KOHCTPYKLMN
aHKepu; Cb3gaBaHe Ha Mpexa OT M3paboTKM 32 MOHUTOPWHT 1 KOHTPOM KakTO MO BpeMe Ha CTPOUTENCTBO,
Taka 1 crej ToBa — N0 BPEME Ha eKcnnoaTtaums.

Otuutankn cneumduyHute 0cobeHOCT Ha OGapuvepHUs LenuK 3a U30NMpPaHe Ha OTKPUTUTE OT MOA3EMHM
MWHHWM paboTu, ce npepniara xubpuaeH NOAXOA 3a HEroBOTO oOpas3MepsiBaHe. TOM Ce OCHOBaBa Ha
€HOBPEMEHHOTO M3MOJI3BaHE Ha METOAA Ha KpanHuTe enemeHTn (FEM) n meToaa Ha ANCKPETHUTE eNEMEHTH
(DEM). 'pachmyHOTO NpeAcTaBsHe Ha M3Non3BaHWs Mofen e nokasaHo Ha ¢ur.10. B Hero ca o6ocobeHn ase
obnactu. Obnact ,Excavation 1, cboTBeTCTBaL@ Ha OTKPUTUTE MWUHHM paboTn U obnact ,Excavation 2
CbOTBETCTBALLA Ha noa3emMHn MuHHK paboTu. Odopms ce Interface mexay asete obnactu. CbLLeBPEMEHHO,
SICHO Ce 0YepTaBaT 30HUTE, B KOUTO peLleHneTo Ha 3afayaTta ce peanusupa no FEM n DEM. 3oka 1, B kosiTo

peLLeH1eTo Ha 3adadata ce Tbpcu no FEM upes guckpeTusauust Ha cpefata ¢ MoAXOAALM YETUPUBIbIH
enemMeHTH.
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Que.10 WM3yucnumenHa cxema Ha xubpudHus moden, eknoysaw; FEM u DEM.

30Ha 2, B KOATO 3a AWCKPETM3auWsl Ha cpedata Ce W3Mom3BaT peariHo CblyeCTBYBALLMTE TEKTOHCKM
HapyLeHns u ocopmeHnTe BNOKOBE CbIMacHO Beve CbCTaBeHust 6okoB mogen. B Tasu 3oHa ce npunara
DEM. Mexgy ,Excavation 1“ n , Excavation 2° ce Hamupa Gapuephuat uenuk, yveto HOC (3aegHo ¢
npunexaymte noa3eMHM MUHHW WM3paboTkM) € ODEKT Ha aHanM3 M OLEHKa Ha YCTOMYMBOTO CbCTOSHME.
PeanusaumusaTa Ha M3YMCIUTENHUS NPOLIEC NPU M3MON3BaHE Ha Taka npefcTaBeHus xmbpuaeH mogen FEM-

DEM e Hemucrimma 6e3 ocurypsiBaHe Ha HAKOMKO OrpaHiyaBaluy yCrnoBus. TaxHaTa CbLYHOCT Ce U3SICHSIBA C
nomoLuTa Ha dur. 11.

| L L Interface

“FEM Elements

Que.11 DopmupaHe Ha 2paHUYHUME ycro8us npu peanusayus Ha xubpudHus FEM - DEM moden (Jing and
Stephansson).

o KrioyoBMAT MOMEHT € ocurypsiBaHe Ha CbBMECTUMOCT Ha MPEMECTBaHMATA Ha rpaHuuata Mexay
nsete obnactu (Excavation 1 n Excavation 2);

e Ha BTOPO MSICTO BEKTOPLT Ha CWUOBOTO HATOBapBaHe [Aa YAOBNETBOPSBA YCIOBMETO 3a
HenpekbcHaTOCT Mexay Excavation 1 Excavation 2;
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e Ha TpeTo MACTO ocurypsisaHe Ha HEMPeKbLCHATOCT Ha npemecTBaHusTa W stress equilibrium Ha
rpanuuata mexay Excavation 1 n Excavation 2 1.e. HegonyckaHe Ha pa3pus Unv NpuUnITb3BaHe.
Crefsa fa ce noayeptae, Ye yOOBNETBOPSIBAHETO Ha Taka (HOPMYNMpaHUTE OrpaH1yaBally YCrioBus e
TPYOHO peanusyema 3ajadva. [lpaktukata nokasea, 4Ye W3NON3BaHETO AOPU Ha  M30MapameTpuyHu
YETUPUBLIBIIHA eneMeHTa C OCeM Bb3efla He [aBaT YAOBMETBOPUTENEH pesynTaTt, Tbil KaTo ,KopaBuTe
Brokose* Ha DEM ¢ paBHUHHI CTEHU Ca B KOH(IUKT C KpUBONMHENHUTe enemeHTn Ha MKE (Bx. cour. 11).
Taka npefcTaBeHUsAT anropuTbM 3a npunaraHe Ha XxwbpuaeH MOAEn W3WCKBa Cb3faBaHe Ha nporpamHa
cUCTEMA C Bb3MOXHOCT 3a peluaBaHe Ha cucTema anrebpuyHi NUHENHN ypaBHEHWS CbC 3HaunUTeneH 6poi
HeussecTHW. OcBeH TOBa, T4 TpsabBa Aa OCWUrypU M3NON3BaHETO HA MHOXECTBO WTepauwm c ornep
YAOBMETBOPSBAHE Ha rpaHnYHMTE ycnoBus. [pakTukaTa nokasea, Ye Han-CUrypHO YCrioBKe 3a nocTuraHe Ha
HeobxoAgumaTa TOYHOCT € pellaBaHe Ha TEeCTOBM 3afayu, 3a KOWTO € W3BECTHO TOYHOTO aHaruTU4HO
peLLeHne, HanpuMep rpefocTeHa, rpesa Ha 4Be Onopu, NPbTOBU KOHCTPYKLUK.

3akmioyeHve

Bbnpekn ronsamMoto MHoroobpasvMe Ha MpUPOOHWTE U MUHHO-TEXHMYECKW YCMoBMS, pyaopobuBHUTE
TEXHONOMW MoraT Aa Ce rpynupaTr B 4eTupu rpynin. B Tpetata rpyna ce npegswxaa KOMOGWHMpPaHO
pa3paboTBaHe — NpeMnHaBaHe OT OTKPUTW KbM MOA3EMHU MUHHK paboTy, a B YeTBbpTaTa rpyna — NnpomsiHa
Ha fobWBHATa TEXHOMOrMs B NMOA3EMHUS PYAHWK MO TEXHMKO-MKOHOMWUYECKM MPUYMHW. W B gBaTa crnydvas ce
Hanmara OCTaBSHETO Ha GapuepeH LenuK 3a M30NMpaHe Ha MPUHLMMHO PasnMyHN METOAM Ha WM33eMBaHE.
HeroBoTo opa3mepsiBaHe € KOMMEeKCHa MHOroMMaHoBa 3ajaya, KosTo N3uckea CbyeTaHue Ha labopaTopHMm,
NONy-NPOMULLNIEHN U PYAHNYHM N3CNEABAHMS.

e [lpn onpegensHe Ha onTumanHute napametpu Ha KLC pelenneto ce Tbpcn Mexagy ABe
anTepHaTVBM. YBENWUYaBAHETO Ha pa3MepuUTe Ha MbPBUYHWTE Kamepy AOBeXAa A0 YBeNWYaBaHe Ha
WHTEH3VBHOCTTA Ha [OOMBA M HaMansBaHe Ha MbPBUYHOTO 06eaHsIBaHe. ChLLEBPEMEHHO, PA3KO Ce BIioLLaBa
reOMeXaHNYHOTO CbCTOSHWE Ha CTEHMTE W TaBaHa Ha kamepute. ToBa € NPeanocTaBka 3a Bb3HUKBAHE Ha
aBapuu npu ToBapeHe W poctaBka. OCBEH TOBA, Bb3HWKBAT CEPUO3HM Npobrnemn npu npobuBaHe Ha
COHA@XMTE BbB BTOPUYHWUTE Kamepn U ps3KO yBenuyaBaHe Ha 0DegHSBAHETO 3a CMETKA Ha CeM3MUYHMS
edhekT 1 CMecBaHe Ha 0TOMTaTa pyaa C 3amblHEHNETO Ha MbPBUYHUTE KaMepM..

e [lpn u3cnegsaHe Ha HOC OKOMO KOHCTPYKTMBHWUTE efleMEHTW Ha [0OMBHUTE TEXHONOrUu
3abIDKUTENIHO YCMOBME € OMPEeAensHeTO Ha HanpexeHusiTa B HEHapyleHWs MacvB. HamuumeTo Ha
aHoOManuu, KakTo 1 NPUYMHITE 3a TSXHOTO CbLUECTBYBAHE MOraT Aa Ce OKaXaT peLlaBally Npu u3yyaBaHe Ha
[VHaMWKaTa ¥ Bb3MOXHOCTUTE 3a €(DEKTUBHO MPOTMBOAENCTBME NPE3 PasNMYHWTE €Tanu Ha pasBuTHe Ha
MUHHUTE paboTy.

e B CbBpeMeHHW YCMOBMSI LUMPOKO MpuUroxeHue 3a u3yyaBaHe Ha HOC Hamwupat xubpupHute
mogenu. Hai-yecto ce u3nonssa kombuHaums ot umcneHute metogn FEM v DEM. ToyHocTTa Ha nonyyeHute
PELLEHNS 3aBUCAT OT CTPUKTHO CMas3BaHe Ha rPaHUYHUTE YCIOBMS, HEMPEKbCHATOCT Ha NMPeMecTBaHuATa,
CbBMECTUMOCT Ha MPEMEeCTBaHMATa U CUNIOBUTE HATOBapBaHus Ha interface, onpeaenswy rpaHuLata Mexay
[iBaTa MeToAa, Pecr. OTAenHUTe obnactu.

e [EdpekTvBHOCTTA OT M3NON3BaHe Ha [OWCKPETHUM MOLENM B Hal-ronsma CTeneH 3aBucu OT
OCUTYPSIBAHETO Ha TPU BaXHMW CTHMKW: M3y4aBaHe Ha CTPYKTYpHATa HapyLeHOCT Ha MacuBa, Cb3faBaHe Ha
afeksateH O510KOB Mogen, n360p Ha Bb3MOXHWTE CTEMEHM Ha CBOOOAA B U3YMCTIUTENHUTE CXEMM.
BapvepHuTe LemMuy ca BaXHO YCroBue B €(EKTUBHOTO MPUIOXKEHWE Ha PynodoOMBHWUTE TEXHOMOTMM.
YcTaHoBsBa Ce, Ye e LenecbobpasHO BbBEXJaHEe Ha YeTBbpTa rpyna B npepfiaraHaTa Knacudukaums
,JlpoMsiHaTa Ha JobMBHATa TEXHOMNOTUS B MOA3EMHMS PYAHUK', KbAETO ponsiTa U 3Ha4YeHWEeTO Ha BapuepHus
LiennK e HenocpeLCTBEHO CBbP3aHa C LANOCTHOTO pa3paboTBaHe Ha PyAHUYHOTO nosie.
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APPLICATIONS OF NEURAL NETWORKS TO SLOPE STABILITY PREDICTION
Kremena Arsova - kremena.arsova@mgu.bg, Dimitar Kaykov

ABSTRACT

This study explores the application of neural networks to slope stability prediction. Monte Carlo simulation was
used to generate representative examples of slope stability assessments. Iterative variations of the physical
and mechanical properties of soil and rock masses were applied to determine the factor of safety, probability of
failure, reliability index, and overall distribution of the factor of safety. The probabilistically generated dataset
can be used to train neural network models capable of identifying complex nonlinear relationships between
geotechnical parameters and slope stability outcomes. This approach enables faster stability assessment with
minimal information loss. This in turn can support more reliable decision-making in probabilistic geotechnical
engineering by accelerating the design stage.

Keywords: slope stability, multilayer perceptron, Bishop method, probability of failure, reliability index

1. Introduction

Managing geotechnical uncertainty and ensuring long-term structural reliability are broader concerns shared
across geotechnical engineering, from meeting quality-management and regulatory requirements for the
service life of reinforced concrete structures (Borisov et al., 2023) to safeguarding the durability of small-scale
structural elements with significant impact, such as tunnel linings and portals, against corrosion (Borisov,
2025). Slope stability can also be considered an equally challenging area within this field of engineering,
where maintaining a sufficient factor of safety and stability from possible failures is very important (Duncan,
2000). The problem is important for geotechnical engineering and appears when designing highway
embankments, surface mine slopes, earth dams, as well as natural slopes influenced by rainfalls, seismic
actions and human intervention. Conventional methods of slope stability are limit equilibrium methods where a
failure surface of the mass is divided into several slices and the equilibrium of forces and moments is
calculated to obtain the factor of safety. There are multiple limit equilibrium methods which have been
developed during last decades but the Simplified Bishop method is still among the most commonly used ones
due to its relative simplicity and the long time of validation on the basis of field case studies.

Deterministic slope stability analysis utilizes single best-estimate values of mechanical and physical properties
of the soil or rock mass. It fails to consider natural variability of geotechnical parameters like cohesion, friction
angle and unit weight. The variability results from natural heterogeneity of geological materials, limitations in
field and laboratory testing and from spatial variability within the site. In order to overcome this limitation,
probabilistic slope stability analysis makes use of input parameters as random variables with specific
probability distribution and propagates uncertainty through slope stability analysis using Monte Carlo
simulation method. The output of probabilistic analysis is a complete probability distribution of the factor of
safety which makes it possible to derive the probability of failure and the reliability index.

Probabilistic slope stability analysis performed with Monte Carlo simulation method has the disadvantage of
being computationally costly, especially when slope geometry and boundaries between lithological structures
within the slope are complex. Moreover, deriving reliable estimate of the probability of failure, especially for low
probabilities needed in engineering design, may require evaluating tens of thousands of individual limit
equilibrium analyses. This becomes practically problematic when a probabilistic analysis needs to be run many
times in case of multiple design options or when it is to be used as a part of an optimization/sensitivity
analysis.

Artificial neural networks appear to be good candidates to solve this computational problem. Trained on
representative Monte Carlo datasets, neural networks are able to approximate the nonlinear relationship
between input geotechnical parameters and factor of safety and hence predict the factor of safety for new
parameter sets at significantly lower computational cost than conventional limit equilibrium analysis. This study
evaluates the potential of this technique. Multilayer perceptron networks of various architectures are trained on
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a Monte Carlo generated dataset obtained using the Bishop Simplified method. Their performance is examined
depending on network architecture and training sample size.

2. Background on Artificial Neural Networks in Slope Stability

Artificial neural networks are computational models that simulate the workings of biological nervous systems.
They do not follow explicit programming instructions but learn the mapping between inputs and outputs from
examples by adapting a large number of internal parameters known as weights. This capacity to learn
complicated nonlinear mappings from data makes neural networks one of the cornerstones of modern
machine learning (Goodfellow et al., 2016) and a growing area of application in geotechnics where
relationships are highly nonlinear. Multilayer Perceptron is a classical feedforward neural network, consisting
of input layer, one or more fully connected hidden layers with nonlinear activation functions and output layer.
Multilayer Perceptrons are trained with backpropagation algorithm, which propagates the prediction error
backwards through the network and updates the weights with the gradient descent (Rumelhart et al., 1986).
One important theoretical result says that a multilayer perceptron with a single hidden layer and a sufficient
number of neurons can approximate any continuous function with arbitrary accuracy, explaining why such
networks are called universal approximators (Hornik et al., 1989). This property makes multilayer perceptron
particularly suitable for the current study, which aims at approximation of the nonlinear mapping between the
set of geotechnical input parameters and the factor of safety. The validation can afterward be performed on the
estimated probability of failure and reliability index obtained from Monte Carlo simulation of the input
parameter values from the actual slope stability analysis.

Because of this flexibility, multilayer perceptron is used wherever it is necessary to learn a nonlinear mapping
between numerical features and some target quantity from the data. Their applications for slope stability
prediction has been developed since early 2000s, motivated by the same computational problem addressed in
this research. Among the first researchers who demonstrated that backpropagation neural networks can
estimate the factor of safety and stability of slopes with accuracy similar to conventional limit equilibrium
analysis were Sakellariou and Ferentinou (2005). Extending this approach Choobbasti et al. (2009) and Das et
al. (2011) applied multilayer perceptron and differential evolution based neural networks respectively for
classification of slopes and prediction of factor of safety, while Manouchehrian et al. (2014) combined genetic
algorithms with slope stability models to find critical slip surfaces. More recently, Suman et al. (2016)
compared the performance of several artificial intelligence approaches including neural networks, support
vector machines and ensemble methods and found that data driven models have good predictive accuracy
once they are trained on sufficiently informative dataset. One common feature in this line of research is that
the model performance is highly dependent on the quality and informativeness of the training dataset, thus
making the idea of combining neural networks with Monte Carlo simulation used in the current research
relevant, as the network is trained on the same probabilistic space, where reliability analysis is performed.

3. Methodology

The dataset used to train and evaluate the neural network models was generated by Monte Carlo simulation of
slope stability, using the Simplified Bishop limit equilibrium formulation. The method discretizes the sliding
mass into vertical slices and performs force and moment equilibrium analysis along a trial slip surface to
compute a factor of safety, assuming horizontal interslice forces and satisfying the moment equilibrium about
the center of the circular slip surface (Bishop, 1955).

The Monte Carlo datasets used to train the neural network models in this study were generated from a a
benchmark single slope cross-section (Slide 2), comprising the following geotechnical units: a weathered
sandy-silt unit (MH weathered A), an underlying weathered silty-sand unit (M weathered A), and a deeper
Upper Marine Sediment unit. For each unit, cohesion and the angle of internal friction were treated as normally
distributed random variables, with the mean, standard deviation, and relative minimum and maximum
truncation limits summarised in Table 1. Within each material, cohesion and friction angle were sampled as a
correlated pair rather than independently, reflecting the physical tendency of shear strength parameters
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derived from the same soil unit to co-vary. Monte Carlo sampling and stability analysis was compared for
efficiency, requiring a comparable computation time of approximately 127 seconds to generate the 1000
simulation results.

Table 1. Geotechnical input parameters and probability distributions for the case study slope

Material Property | Distribution | Mean | Std.Dev. | Rel. Min | Rel. Max Correlation
. Correlated with Phi
MH weathered Conesion Normal 8 2 6 6 (same material):
A (kPa) -
r=-0.5
Correlated with
MH we:thered Phi (°) Normal 34 3 10 10 Cohesion (same

material): r=-0.5

Correlated with
M weathered A Phi (°) Normal 24 3 9 9 Cohesion (same
material): r=-0.5

Correlated with Phi

Cohesion

M weathered A Normal 7 2 6 6 (same material):
(kPa) r=-0.5

Uoper Marine Correlated with

pSpe ot Phi (%) Normal 17 2 6 6 Cohesion (same

material); r=-0.5

. . Correlated with Phi

Upper_Marlne Conesion Normal 4 1 3 3 (same material):

Sediment (kPa) =05

The governing physical and mechanical properties of the soil mass such as cohesion, angle of internal friction,
and unit weight together with the slope geometry were considered as random variables, described by
representative probability distributions, instead of fixed deterministic values. In each Monte Carlo realisation, a
value was sampled independently for every random variable, the factor of safety was calculated using the limit
equilibrium equations of the method under study with the software Rocscience Slide 2. The process was
repeated 1000 times, so as to create the complete simulated distribution of the factor of safety. The probability
of failure was calculated as the ratio of the number of realisations with a factor of safety below 1 to the total
number of realisations, while the reliability index was calculated under the assumption that the factor of safety
follows either a normal or log-normal distribution.

The output of the Monte Carlo procedure therefore included a large set of input-output data for the Bishop
Simplified method, which served as the basis for the dataset used to train and test neural network models.
Multilayer perceptron networks were trained on the dataset. Three different network architectures were
considered: 4-3-2, 5-4 and 5-4-3, where each number indicates the number of neurons in consecutive layers
of the network. For every architecture, four training sample sizes were considered: 50, 100, 250 and 500
examples from the dataset, so that the effect of training data size on the quality of the approximation can be
identified and the point of diminishing returns can be found.

Training was performed using backpropagation with gradient-based optimisation, minimising the mean
squared error (MSE) between the predicted and simulated values of output parameters on a part of each
dataset, reserved for testing. Model performance was then evaluated on testing data set, using R? the mean
absolute error (MAE) and the root mean squared error (RMSE). Besides those accuracy measures, the time
taken to train the network and to perform predictions was measured in order to quantify computational
efficiency gain achieved by the use of the trained neural network instead of the repeated Monte Carlo
procedure.
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4. Results

Figure 1 presents the probabilistic slope stability results obtained for this cross-section, the minimum factor of
safety and the critical slip surface superimposed on the slope geometry. The deterministic factor of safety for
the critical surface was 1.188, closely matched by a mean simulated factor of safety of 1.190, indicating that
the probabilistic analysis is well-centred on the deterministic solution. The resulting probability of failure was
2.900%, corresponding to a reliability index of 1.840 under a normal distribution assumption and 1.966 under a
lognormal distribution assumption for the factor of safety. These outputs, together with the full simulated
distribution of the factor of safety, constitute the target values used to train and evaluate the neural network
models discussed in Section 5.

Table 2 summarises the results of experiments conducted to evaluate the multilayer perceptron models trained
on the Bishop Simplified Monte Carlo dataset. Predictive performance significantly increases when the training
sample size grows from 50 to 500 examples. R? increases from approximately 0.96 to over 0.99, and both
MAE and RMSE values decrease accordingly. The increase is the largest between 50 and 100 examples of
training data and becomes progressively smaller as the training sample size increases, showing that the point
of diminishing returns is reached when the sample size exceeds approximately 250 examples. This means that
the underlying input-output mapping can be efficiently approximated by a relatively compact neural network,
and increasing the training sample size appears to be more effective way of improving prediction accuracy
than the increase in depth or width of the architecture. The deeper 5-4-3 architecture does not consistently
show advantages over the shallower 5-4 configuration, and sometimes shows worse performance, which is in
accordance with low dimensionality and relative simplicity of the mapping being approximated.

Safery Factor

2.000

5.000

Figure 1. Monte Carlo probabilistic slope stability analysis of the case study cross-section and critical slip surface (FS
deterministic = 1.188; FS mean = 1.190; PF = 2.900%; RI normal = 1.840; Rl lognormal = 1.966).

In terms of training times, there is an insignificant increase in the training time as a function of the sample size,
which does not exceed 0.32 seconds for any of the architecture and sample size combinations considered.
Also, the inference time does not significantly depend on the sample size and architecture after training and
stays below 1.5 milliseconds per inference. This verifies the basic hypothesis, underlying the usage of neural
networks in this case, which states that a properly trained model is able to deliver predictions regarding slope
stability several orders of magnitude faster than Monte Carlo simulation and conventional analysis.
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Table 2. Neural network performance metrics (Bishop Simplified method dataset)

Probability | Reliability Reliability

Architecture — Sample R MAE RMSE of failure index index Training | Inference
size (%) (normal) (lognormal) time (s) time (s)

43-2-50 09575 | 0.01305 0.02081 2.34 1.987 2123 0.0705 7.84 x 10
4-3-2-100 09919 | 0.00587 0.00900 3.84 1769 1876 0.1208 113 x10°
4-3-2-250 09979 | 0.00315 0.00463 3.92 1760 1.869 0.2856 9.69 x 10
4-3-2-500 09947 | 0.00434 0.00728 385 1768 1877 0.2766 9.59 x 10
5:4 - 50 09858 | 0.00829 0.01201 359 1.801 1912 0.1539 7.24 10"
54-100 09979 | 0.00307 0.00462 385 1.769 1.877 0.1846 1.07 x 10°
54 - 250 09977 | 0.00292 0.00486 3.90 1762 1.871 0.2669 130 x 10°
54 - 500 09981 | 0.00244 0.00440 384 1769 1878 0.2963 523 x 10
54-3-50 09751 | 0.00969 0.01592 3.03 1876 1.996 04770 120 x 10°
54-3-100 09870 | 0.00763 0.01143 361 1798 1.909 0.2469 110 x 10°
54-3 - 250 09977 | 0.00308 0.00487 383 1770 1.880 0.2877 1.11x10°
54-3 - 500 09978 | 0.00287 0.00464 388 1.764 1.873 0.3175 115 10°

Along with numerical estimates of the model's accuracy given in Table 2, a kernel density estimate plot of the
simulated and network predicted distributions of the factor of safety helps us to assess the quality of the
reproduction of the probability distribution shape apart from only the point prediction values. Figure 1 presents
the plot for the Bishop Simplified case.

Training sample size: N =
Best archltecture 5-4 | RMSE = 0. 0120 \ R2 = 0.9858

Training sample size: N =
Best archltecture 5-4 | RMSE = 0. 0046 \ R2 = 0.9979
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Figure 1. Kernel density estimate of the factor of safety distribution (simulated vs. predicted by Bishop Simplified method)
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5. Discussion

It appears that neural network models trained on relatively small number of Monte Carlo samples, as little as
100-250 cases, are capable of replicating the output of a fully probabilistic slope stability analysis with
relatively high fidelity for the widely used Simplified Bishop limit equilibrium method. It is a favorable result,
supporting engineering effort and it means that the time-consuming stage of producing a Monte Carlo sample
needs to be done just once and even on a smaller sample size before the surrogate model will be created. The
network trained on the method faithfully reproduces the inherent bias of that particular method without
correcting it, thus the surrogate model should be seen as an acceleration tool of the selected probabilistic
analysis method and not as a replacement of engineering judgement based on a full-scale stability analysis.
The nearly constant, sub-millisecond inference time regardless of the architecture combination and sample
size is perhaps the most important result of this work. This implies that once trained, these models may be
integrated into any interactive design tool, real time monitoring system or large-scale parametric analysis of
different slope geometries, without the need for computation of numerous Monte Carlo simulations in the
process. This property may prove especially useful in probabilistic design, where the factor of safety needs to
be recalculated multiple times with different combinations of parameters, load cases or design options.

There are several limitations to the present study worth noting, however. The datasets used to train and test
the networks were generated for a single slope geometry and a fixed set of assumed probability distributions
for the input parameters. Generalisation to other geometries or parameter ranges would require retraining, or
an expanded and more diverse dataset. The analysis was also restricted to a single simplified limit equilibrium
formulation, the Simplified Bishop method, and did not extend to other methods such as Spencer's method or
the Morgenstern-Price method, nor was the surrogate model validated against field monitoring data or
documented slope failures. In the future, the scope of the presented methodology needs to be extended by
considering a wider variety of slope configurations and parameters' distribution. Moreover, another method of
sampling, which focuses on the tail end of the factor of safety distribution, needs to be considered for
improving accuracy and performance of the neural network with respect to relatively smaller amount of
simulations and in turn training sample size.

6. Conclusion

This study investigated the possibilities of application of neural networks for slope stability prediction based on
Monte Carlo simulation generating a representative probabilistic dataset using the Simplified Bishop limit
equilibrium formulation. Multilayer perceptron neural networks of different architectures, trained using 50 to
500 samples, achieved close approximations of the factor of safety, probability of failure and reliability index
obtained from Monte Carlo simulation.

The accuracy of approximation improved with the increase in training sample size. The differences between
the structures used were not significant, indicating that a reasonably sized and trained neural network is
adequate enough to describe the nonlinear behavior between geotechnical variables and the slope stability
performance. Training time remained low regardless of configuration, and the inference time was consistently
sub-millisecond, hence, faster than direct Monte Carlo evaluation.

Firstly, it is important to note that the prediction obtained through a neural network is different from the result
derived using the Monte Carlo technique since some residual errors will always exist even with very large
sample sizes when MAE and RMSE have non-zero values and the coefficient of determination is not equal to
one. This implies that the surrogate model may be considered as a complete substitute to perform a complete
probabilistic analysis for design verification purposes. On the contrary, the results demonstrate the suitability of
this method as a fast and accurate approximation tool to be used in slope design at an early stage where it
can be used to filter out design options, make a preliminary parameter selection and detect cases where
further probabilistic analysis must be done before performing the Monte Carlo simulation for final design
confirmation. In addition, the fact that the reliability index value predicted by the neural network always
resembles the behavior of the limit equilibrium model shows that the properties of the model are reproduced
but not ideally improved by the surrogate for the amount of data utilized. This limitation is due to the
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underrepresentation of the left-hand tail of the factor of safety distribution in the training data, where the small
number of failures limits the ability of the surrogate model to improve predictions of the reliability index.
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PE3IOME

XsocmoxpaHunuwama 6 bbrieapus ce npoekmupam U u3spax0am 6 npodbixeHue Ha decemurnemus 3a
ocueypsisaHe Ha Hyxo0ume Ha MUHHO-006UsHUSI cekmop. [lapanenHo C aKmueHUME CbOPbXEHUS
cbljecmeysam U MHOXecmeo u3gedeHU om ekcnioamauyus — He3agucumo 0anu pexkynmueupaHu unu He,
npeycmaHossigaHemo Ha 0enoHupaHemo Ha omnadbKa He U3K/I4Y8a Hanuyuemo Ha 2e0mexHUYecKU
onacHocmu, 0cobeHO npu CceusMuyHo eb3delicmeue. PasnuyHume mexHonoauu Ha OenoHupaHe,
nocrnedosameniHocmma Ha Ha0z2paxdaHe U onepamusHOMO ynpagneHue Ha CbopbXeHuUsima ca (hopmupanu
npocmpaHcmeeHo HeeOHOPOOHU X80CMOBU Macugu, YUsimo Cmpykmypa ompa3sga XpOoHonmozusima Ha
msxHama ekcninoamayus. [Joknadbm npocnedsea pa3sumuemo Ha bbreapckume X80CmoxpaHunuwa 4ype3
npumepu 3a MAXHOMO u32paxdaHe, ekcnioamayus, MexHOM02UYHU NPOMEHU, asapuu U PeKOHCMPYKUUU.
Xudpasnu4Homo HamugaHe e pa3anedaHo 8b8 8pb3Ka CbC 3bPHOMEMPUYHAMa 30HaIHoCm, C1oecmocmma,
Newj08uGHUMe BKMIYeHUs1 U unmpayuoHHama aHusomponus. CbCmosiHUemo Ha xeocma (nTbmHocm,
KoeghuyueHm Ha nopume U eheKmuBHU HanpexeHus) e pasepaHudeHo om cmpykmypama, hopmupaHa om
HayuHa Ha omnazaHe, KOHmakmume Mex0y Yacmuyume, cmapeeHemo U nomeHyuanHama YumMeHmayus.
Tesu ¢hbakmopu en1usisim 8bpxy ,pOXKomo*“ unu ,,cbumomo* peacupaHe, 2eHepupaHemo Ha NOPEH HamucK U
CKITOHHOCMMa KbM CmMamu4Ho U OUHaMU4YHO 8meyHsieaHe. VIHxXeHepHama npakmuka 3a ycmaHoesgaHe Ha
CMPYKMYPHUSA ehekm cb4yemaga apxusHU 0aHHU, nonesu U 2e0(hu3uyHU u3scrnedsaHusi u nabopamopHu
U3nuUMeaHusl.

Knroyoeu dymu: xeocmoxpaHunuwa, bbrieapusi, mexHonoeuu Ha usspaxdaHe, XuOpaenuU4YHO HamugaHe,
cmpyKmypa Ha Xxeocma, 8me4HsisaHe

TAILINGS STORAGE FACILITIES IN BULGARIA: HISTORICAL DEVELOPMENT, CONSTRUCTION
TECHNOLOGIES AND THE SIGNIFICANCE OF TAILINGS FABRIC FOR LIQUEFACTION ASSESSMENT

Momchil Boyadzhiev' and Nikolay Milev2
1PhD Student — Department of Geotechnics, University of Architecture, Civil Engineering and
Geodesy, 1 Hristo Smirnenski Blvd., Sofia 1046, Bulgaria; mgboyadzhiev@abv.bg
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ABSTRACT

Tailings storage facilities (TSFs) in Bulgaria have been designed and constructed over decades to fulfill the
needs of the mining sector. In parallel with active facilities, numerous TSF have been decommissioned—
whether reclaimed or not—where the cessation of tailings deposition does not preclude the presence of
geotechnical hazards, particularly under seismic impact. Different deposition technologies, raising sequences
and operational practices have produced spatially heterogeneous tailings deposits whose fabric reflects their
construction history. The paper traces the development of Bulgarian tailings storage facilities through
examples of their construction, operational events, technological changes, failures and reconstructions.

132



Proceedings of the XII International Geomechanics Conference
7 - 11 September 2026, Varna, Bulgaria

Hydraulic deposition is discussed in relation to grain-size zonation, stratification, lenticular inclusions and
hydraulic anisotropy. The state of the tailings, described by density, void ratio and effective stresses, is
distinguished from their fabric, which is governed by the mode of deposition, particle contacts, ageing and
possible cementation. These factors influence contractive or dilative response, pore-pressure generation and
susceptibility to static and dynamic liquefaction. In engineering practice, fabric effects are assessed by
combining archival records, field and geophysical investigations, and laboratory testing.

Key words: tailings storage facilities, Bulgaria, construction technologies, hydraulic deposition, tailings
fabric, liquefaction

BbBEJEHNE

XBOCTBT € OTMafHUSAT NPOAYKT cried npepaboTkaTa u 0boraTsBaHETo Ha pydaTta, CbCTaBEH OCHOBHO
OT (PMHO HATPOLLEHM U CMIIEHM CKanu, KONTO OBUKHOBEHO C& TpaHCmopTUpa Mo XMApaBnMYeH crnocob noj
(hopmaTta Ha nNynn, CbAbpXall TEXHOMOMMYHM BOAM M OCTaTbYHM peareHTW. XBOCTOXpaHWnuLiaTa ca
XMOPOTEXHUYECKM CLOPBHKEHUS 3a MpUEMaHe, yTasBaHe W ObITOCPOYHO CbXpaHeHWe Ha To3u MaTepuarn,
KaKTo W 3a ynpaBrieHe Ha KOHTaKTHUTe BOAW. B 3aBMUCMOCT OT npunaraHaTta TEXHONOMS! MUHHUTE OTMafbLy
MoraT fa 6baaT AenoHUpaHu kaTo Nynm, B CrbCTEHO CbCTOSIHUE, UNK Cried NpeaBapuTENHO 06e3BOaHsIBaHE.
Mpy KOHBEHLMOHAMHOTO XMUAPABNMYHO HAMMUBAHE TOIA Ce MofiaBa No HamnopHW TpLOOMPOBOAM U Cce AenoHMpa
0T NOCNeAOBaTENHO NPEMECTBAHM M3TIYana, NPX KOETO ce (POPMMpAT NMnaxHa 30Ha 1 yTaguHo e3epo.

3a pasnuka OT 38MHO-HACUMHUTE S30BUPHN CTEHU, KOUTO 0BMYAIHO Ce U3rpaxaaT no NpeaBapuUTentHo
onpeaeneHa KOHCTPYKTVBHA CXeMa, XBOCTOXPAHUINLLETO Ce pa3BiBa NoeTanHo, 3aefHO C ekcnroatauusta
Ha MPOM3BOACTBEHOTO NpeanpusTve. OrpaxgaluuTe CTEHM Ce HaarpaxaaT MocnegoBaTeNiHo, MecTaTa Ha
3ayCTBaHe W NOMOXEHMETO Ha YTAEYHOTO €3EP0 CE U3MEHST B TEYEHIE HA BPEMETO, a XapaKTepUCTUKUTE Ha
MOCTbNBALLMS XBOCT MOraT [a Ce W3MEHST B pe3ynTaT Ha pasBUTMETO Ha [o6MBa ¥ TeXHomorvsiTa Ha
npepaboTBaHe. Taka CbliECTBYBALIMAT MacB € pesyntaT He caMO OT MPOEKTHUTE PELUEHMS, HO W OT
MHOTOroWlIHATa  eKcrnoaTauuoHHa  ucTopusi.  [poekTMpaHeTo,  eKcnrnoaTtauusTa, TeoTEeXHUYECKOTO
XapaKkTepuaupaHe 1 KOHCepBaLMsiTa ca CBbP3aHu Tanu OT pa3BUTUETO Ha HO OTNaabKoXpaHunmLe [5).

B Bbnrapusi XBoCTOXpaHUNLLEA Ce U3rpaxaaT 1 exkcnnoaTupar Npu pasninyHn TEXHOMOTUYHIA PEXUMM,
a HamuyHaTa TexHWYecka [OKyMEHTaUus 3a OTAenHuTe 00eKTM € C HeedHakBa MbiHOTa. [pomeHuTe B
no6uea, oboraTsBaHeTo M yNpaBNeHUeTo Ha BOAUTE Ca OCTaBUMM Pa3nYeH OTNEYaTbK BbpXY rEOMETpUSITa U
BbTPEWIHNS CTPOEX Ha XBOCTOBWTE MacuBM. XPOHOMOrMYHaTa WHdopMauus € Heobxoguma, 3a
Bb3CTaHOBsIBaHe JECTBUTENHIUTE YCIOBUS Ha (hopMUpaHe 1 NocneaBallo NOBEAEHUe Ha MacuBUTE.

MoabpaHuTe NPUMEPK MMIOCTPUPAT BIUSIHUETO HA TEXHOMOTUSITA Ha JEnOHUpaHe BbPXY BbTPELLHUS
CTPOEX Ha MacKBa 1 CKITOHHOCTTA My KbM CTaTU4YHO U AMHAMUYHO BTEYHSIBAHE. APXMBHIUTE U TEXHOMOMAYHUTE
[aHHM cryxaT 3a 6a3a npu NNaHMPaHEeTo U MHTeprpeTaLusTa Ha NoneBuTe, reodnsnyHITe 1 nabopaTopHUTe
n3cnemBaHms.

XBOCTOXPAHVINULLATA B BBITTAPUA — PA3BUTUE, CTATYC W CENEKTUPAHW NMPUMEPK
e PasBuTie 1 eKCNNoaTaLMOHEH CTaTyC

Pa3BnTneTO Ha XBOCTOXpaHunuLiaTa B Bbnrapus e cBbp3aHo rmaeHO ¢ Jobvea 1 oborataBaHETO Ha
MeaHW, MESHO-3M1aTHW M ONIOBHO-LIMHKOBW pyaun. YacT OT CbOpbXeHUsTa ca HagrpaxaaHu U ekcnnoaTupanu B
NPOAbIKEHNE HA JEeCeTUNeTUs, KaTo C pasBUTUETO Ha AOOMBA N TEXHOMOrMMTE Ca W3MEHSHM TeXHOMOorusTa
Ha [enoHWpaHe, KOHCTPYKUMSATA Ha orpaxgaliute CTEHW, APEHaXHUTE CUCTEMMU U PEXUMBT Ha ynpaereHue
Ha BoauTe.

Mo paHHM Ha MOCB kbm 2010 r. B cTpaHaTta ca OT4eTeHM 33 XBOCTOXpaHWnWLWa, OT KouTo 12
[encTBalm u 21 cnpeHW OT ekcnnoatauus W pekyntueupaHu [18]. [aHHuTE ca MCTOpUYeckn W He
NpeacTaBnsaBaT akTyaneH PernucTbp, HO NokaseaT 6post M pasHOObPa3METO Ha CLOPBKEHUATA.

EkcnnoataumoHHUAT CTaTyC Ha CbOPBLXEHUETO UMA NPSKO BIIUSIHUE BBbPXY HErOBUTE re0TEXHUYECKN
XapakTepucTukn. [pn aKTMBHWM CLOPLXEHUS AEMOHUPAHETO W HaArpaxgaHeTo W3MEHAT reoMeTpusiTa,
HaNperHaToTo CbCTOSHWE U UNTPALMOHHMS pexuM. [Mpu n3BedeHu OT ekcrnroaTauus CbOPbXeHUs npoTuyaTt
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npoLecn Ha KoHconuaaums u unTpauus npe3 MacuBa M OCHOBaTa, Bb3AeNCTBUS OT MOBbPXHOCTHM BOAW U
CTapeeHe Ha ApeHaXHNUTe cucTemu. PekynTuBaLUMOHHUAT cnon nogobpsea NOBbPXHOCTHUTE YCMOBMS, HO Cam
no cebe cu He rapaHTupa OGRaronpusTHO CbCTOSHWE Ha XBOCTa B ObfbounHa. Mpu CbluecTByBaLyyn
CbOPbXEHMS e Heobxogumo pga 6ObgaT BbL3CTAHOBEHW ETanMTe Ha HaarpaxgaHe M HamuBaHe,
[EACTBUTESTHOTO BOAHO HUBO U HAEXAHOCTTa Ha ApeHaxHaTa cuctema [9).

o TexHonoruu Ha AEenoHnpaHe 1 HaarpaxaaHe

TexHonorusiTa Ha AenoHupaHe TpsbBa Aa Obhe pasrpaHnyaBaHa OT CxemaTa Ha Haarpaxaae.
OCHOBHWTE TEXHOMOTMM BKITIOYBAT HanMBaHe 3af NperpagHa CTeHa OT S30BUPEH TWUM U3rpageHa OT BbHLUHM
CTPOUTENHM MaTepuanu, XvapaBnMyHO HaMuBaHe W AENOHWpaHe crned npeaBapuTenHo 006e3BOAHsIBaHe,
[I0KaTO KIachYeckuTe CXEMM Ha HaarpaxgaHe ca Harope NO TEYEHWETO, Hapomny Mo TEYEHMEeTO U Mo
LieHTpanHarta oc [5, 6].
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Que. 1. MpuHyunHu cxemu Ha 0enoHUpaHe Ha xeocma: a) HanuseH mun (2ope) 6) HamuseH mun (cpeda); B) cyxo
denoHupaHe (dony). Adanmuparo om: [2,9,14]

[lenoHnpaHeTo 3aa NpeaBapWUTENHO M3rpadeHa orpaxaalla CTeHa ce ocCbliecTBsBa B GaceilH,
0hOpMEH Ype3 3eMHOHACUMHA WM KaMEHHOHACKMHA KOHCTPYKUMS OT BBHLUHKM MaTepuans. XBOCTBT ce
3aAbpka B YallaTa 1 He U3MbIHABA OCHOBHA KOHCTPYKTUBHA (DYHKLMS B CTEHaTa. Toa) TN CTeHa Nno3sonsea
KOHTPON BbPXYy CbCTaBa U YNIbTHSBAHETO HA OrPaXdalloTO CHOPBLXEHWE, HO M3WCKBA 3HAYMTENHMU
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KONMW4YecTBa CTPOUTENHW MaTepuanu. 3agbpkKaHWAT XBOCT MOXE [Aa OCTaHe BOAOHACUTEH U POXbK
He3aBWCKUMO OT TN Ha CTeHarta.

XuopaBnnyHOTO HaMMBaHe NMO3BOSISBa HEMPEKbCHATO TPAHCMOPTMPaHe M AeNOHMpaHe Ha XBOCTa Nog
cdopmaTta Ha nynn. MartepuanmbT Ce nopaBa OT HaMWBHM W3TWYana, PasnofioXeHW Mo KOpoHaTa Ha
cbopbxeHueTo. [o-eapute dpakumm ce otnarat B 6nM30CT A0 M3TMYanaTta 1 opmupat nnaxHata 30Ha,
[0KaTo NO-(hMHMTE YaCTMLM JOCTUraT Onallkata Ha CbOPBbXEHUETO, KbAETO Ce PopMMpa YTaeyHOTO e3epo 1
ce cbbupaT TeXHONMOMMYHUTE BOAW. BBTPELHUAT CTPOEX Ha MacyBa 3aBWCK OT 3bPHOMETPUYHUS CbCTaB U
KOHLEHTpaLmsTa Ha nynna, febuta, MectaTa Ha 3aycTBaHe, Ab/KWUHATa Ha Nnaxa, NOMOXKEHNETO Ha e3epoTo
W DEeNCTBMETO Ha [peHaxHaTa cuctema. [lepuoanyHOTO NpeMecTBaHe Ha u3Thyanata M U3MEHeHusiTa B
pexuma Ha paboTa JOMbHUTENHO YCMOXHABAT NPOCTPAHCTBEHOTO pasnpeaenexne Ha matepuana [5, 6].

MpenBaputenHo 00€3BOAHEHWAT XBOCT Ce TPaHCMOPTMpA, pascTuna Ha MnactoBe U, Korato
TEXHONOMMATa 0 NPeaBMKaa, Ce YNITbTHABA. HamaneHoTo BOAHO ChbpKaHWe U KOHTPONMPaHOTO nonaraHe
MoraT Aa nofobpsT NITbTHOCTTa, OTBOAHABAHETO U MEXaHUYHOTO NoBeAeHWe Ha Hacuna. CamaTta TexHonorms
He W3KMYBa BTEYHSIBAHE, 3HAYeHMe MMaT [ocTUrHaTata MibTHOCT, CTENEHTa Ha BOLOHACULLaHE W
Ka4ecTBOTO Ha W3MbIIHEHWE. TTPUHLMMHM CXEMW HAa HAMUBHO W CyXO AenOHMpaHe Ha XBOCTa ca NpefCTaBeHN
Ha ®urypa 1.

"Harope no TeueHieTo"

"HenTpanso”

Que. 2. OcHosHU cxemu 3a Ha0zpaxdaHe Ha X80cCmoxXpaHunuwa: Haezope no me4yeHuemo (2ope); 6) Hadony no
meyeHuemo (cpeda); no yeHmpanHama oc (dony). AbanmupaHo om [15]

Hanrpam,u,aHeTo Ha orpaxgawiuTte CTeHn ce U3nbJiHABa OCHOBHO MO €4Ha OT CNeAHUTE CXEMU:

o Harope no Te4yeHMeTo: BCAKa cneaBalla gura ce M3MecTBa KbM XBOCTOBMA MacuMB U ce
narpaxmga 4aCctu4Ho 1nun n3uano BbLPXy no-paHo AEnoHUpaH maTepuarn. HeobxoaumusT obem
Hacun € OTHOCUTENHO MWHUManeH, HO o6maTa yCTOI7NI/IBOCT 3aBuUCK B rondmMa cCteneH ot
CbCTOAHMETO Ha npeflwecTBallnuTe OTNOXEHUA, HUBOTO Ha AenpecuoHHaTa MOBBbPXHOCT,
Hanu4mMeTo u e(*)eKTVIBHOCTTa Ha ApeHaXHaTa cnucrema;

o Hapony no TeyeHneTo: Bceku cneaBaly eTan ce pa3suBaT B NOCOKa KbM Bb3AYLLIHUA OTKOC U
06MKHOBEHO Cce n3rpaxaat BbpXy KOHTPOJIMPAHO NONOXEHW MaTepuanu. Tasu cxema nsnckea
3Ha4UTENHO no-ronemm oGemu OT Hacun W nnow,, HO HamansaeBa 3aBMCUMOCTTa Ha
orpaxgaliarta KOHCTPYKUNA OT CbCTOAHUETO Ha HAMUTUAT XBOCT;
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o

LleHTpanHo HagrpaxaaHe: KOpoHaTa Ce 3amnasBa I'IpI/I6J'II/I3VITeJ'IHO Nno NbpBOHa4asrHaTa oc,
KaTo OTAENMHUTE €Tann Cce pa3BMBaT €QHOBPEMEHHO HABBLTPE U HABbLH. Mo Heobxoanmus
obem Matepmanu n cteneHta Ha 3aBUCMMOCT OT AenOoHUpPaHWA XBOCT CXemMaTta 3aema
MEXAWHHO NOJI0XKEeHWe.

OCHOBHWTE CXEMM Ha HaarpaxnaaHe ca npefcTaBeHn Ha Ourypa 2. TexHomnorvsTa Ha JenoH1paHe 1
cxemaTta Ha HaarpaxajaHe OnpefensT YCroBusTa Ha OTraraHe, HaToBapBaHe U ApeHUpaHe, Ype3 KOUTo ce
(hopMMpaT CbCTOSHUETO, CTPYKTypaTa 1 MPOCTPaHCTBEHATA M3MEHUNBOCT Ha XBOCTOBUSI MACcyB.

o CernekTpaHm Cryyan, TEXHONOMYHY PELLEHMS 1 PEKOHCTPYKLMK

Cl'le,El,BaLLlVITe npumepn npeacTaBaT pa3niuyH eTann oT PasBUTUETO Ha 6'bJ'IFapCKI/I XBOCTOXpaHUnuLla
- 0T aBapVIIZHVI cbOuMTMA M 0COBEHOCTN Ha reonoxkaTta OCHOBa A0 NPOMEHN B TEXHONOIMMATA Ha AENOHUPaHeE,
MHXEHEPHN peLleHnd, PEKOHCTPYKLMM N OBNTOCPOYHO YNpaBneHNe Ha CbOPbXEHNATA.

(0]

(0]

o

LInakanHuua-3ropurpag”: Ha 1 man 1966 r. paspywaBaHeTo Ha XBOCTOXPaHWUIULLETO Hag
c. 3ropurpag npeaussnkea 6bP30 pPasnpocTpaHsBaly Ce MOTOK OT BOAA W XBOCT C TEXKM
nocrneacteus no gonuHarta. OcsobogeHusT obem e oueHeH Ha okono 450 000 m3 [13].
ABapusita € cpef Hail-TexkuTe CbOMTUS, CBbp3aHM C XBOCTOXpaHunuwa B Bbnrapus.
OrpaHnyeHaTa TexHu4ecka JOKYMeHTaUusi He No3BoNsiBa MexaHuamMbT fa 6bae onpedeneH
€[0HO3HAYHO, HO HaNMWYHUTE AaHHM CouaT 3a katacTpodanHa 3aryba Ha YCTOMYMBOCT W
MoBunManpaHe Ha MexaHU3bM Ha pa3pyLUeHne, KONTO € 0BBbP3aH C BOLOHACUTEHMS XBOCT;
Komnnekc ,JIbkun-2“: lMpes aHyapu 2011 r. B yawarta Ha xBocToxpaHunuwe Kommnekc
JIbK/-2° mponaja kapcToBa KyxwHa, BCMeACTBME Ha KOETO XBOCTbT € YBMeyeH npes
€CTECTBEHM NOA3EMHU KONEKTOPW, a 3aMbpCSBAHETO AOCTUra MOCNeAoBaTErNHO pekuTe
tOroscka 1 Yenenapcka [19]. KbM MOMeHTa Ha MHUMAEHTA CbOPBXHUETO He Ce 13Nor3ea 3a
TEKYLLO AENOHMPaHe, HO CbabpXa XBOCT OT NPEAXoAHa exkcnnoaTauus. PanoHbT e kapcTos, a
CXOfEH WHUMOEHT € PerucTpupaH OKOMo [Be roguHu no-paHo. B otroBop ca npensuaeHu
TaMNOHWpaHe Ha NponagaHeTo W NPOAbITIKaBaHe Ha nporpamaTta 3a NPOTUBOPUNTPALMOHHM
MEpPOnpuUATUS € Len OrpaHMyaBaHe Ha unTpauusiTa npe3 kKapctoBaTa OCHOBa W
nNpeaoTBpaTsSBaHe Ha NOBTOPHO YBAMYAHE Ha XBOCT;

Jlronakouua“: CbopbKeHNETO € U3rpafeHo B yalaTta Ha kapuepa Jltonskosuua“ u ce
pasBuBa MOETANHO C M3MON3BaHe Ha AenoHupaHWs XBoCT. M0 [JaHHW OT TexHudyeckarta
LOKYMEHTALMSA B HEro ca CKiagupanu Haj 333,10° m3 xBoCT, a OCHOBHaTa CTeHa jocTura
npubnuautenHa sucounHa 200 m u gbmkuHa 2 500 m. [MbpBOHA4anHO € M3MbNHEeHa
KaMeHHOHacunHa CTeHa C KoTa Ha KopoHaTta +722.7 m, BNOCNeACTBUe HarpajeHa C KaMeHeH
Hacun o +750.0 m. [lo koTa +793.0 m HagrpaxznaHeTo e U3BbPLUBAHO C LMKIIOHMPaH XBOCT,
a Haf Hesl — Ype3 OMPEKTHO HamuBaHe no nnaxa, 6e3 npeaBapuUTENHO XMAPOLMKIIOHUPaHE.
Mpu passutneto go kota +900.00 m ca pasrnexgaHn WHXEHEepHW MeponpuaTus 3a
ynpaBreHne Ha NOPHUSA HaTUCK, BKMKOYUTENHO HaNpaBnsBalln AWM U BEPTUKANHW COHLAXM,
3ambiHEHN C egbp XBOCT. 3a CLOPBLKEHWETO e paspaboTeHa KOMMMEKCHa nporpama 3a
reoTeXHNYECKO XapakTepusupaHe, CbuyeTaBalla nonesu, reou3nyHm u nabopaTopHu
n3cnegBaHnWs 3a OLEHKa Ha CTaTUYHOTO W AMHAMUYHOTO BTEYHABaHE, AedHMpaHe Ha
KPUTUYHOTO CbCTOSIHWE M OTYUTaHe Ha CTPYKTypaTa Ha xBocTa [17]. PasnuyHute TexHonorm
Ha JenoHMpaHe W eTanu Ha HaarpaxiaHe ca OTYETEHU MPU NAHUPAHETO Ha U3cneBaHNaTa
W MHTEpNpeTaumsTa Ha pesynTaTuTe;

+beHkoBckn-2“: lpe3 2018 r. e BbBedeHa TexHonorusita Mud Farming 3a MexaHW4HO
0bpaboTBaHe Ha HaMMTWS XBOCT B MMaxHWUTE 30HKW, a B Kpas Ha 2021 r. e gobaBeHa BTOpa
mawwuHa. ObpaboTkata yckopsisa 006€3BOAHABAHETO W KOHCONMAAUMSATA U CMOPES apXMBHM
[aHHu ocurypsisa okorno 12% ponbnHuteneH obem 3a AenoHupaHe B 06paboTBaHWUTE 30HU
[16]. EdpekTnbT Ha TexHOMorMATa BbpXy CbCTOSHUETO HA XBOCTa € OTHETEH W B NOCNeBalloTo
reoTeXHNYECKo xapaktepuaupare [17];
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o yEpMa peka“: XBOCTOXPAHWNULLETO € CbOPLKEHWE OT S30BMPEH TUM 3a CbXpaHsiBaHe Ha
MWHHW OTNagbUW M MOBBLPXHOCTHM BOAW. [POEKTHOTO My pas3BuTME 0OXBaLla TEXHWKO-
MKoHOMMYecka paspaboTka ot 1981 r., paboteH npoekT ot 1986 r. u akTyanusaums ot 2014 r.
lMpeaBuaeHo e noeTanHo HagrpaxaaHe ot kota 583.00 go 586.00 m u BnocneacTeue 4o KoTa
592.00 m. MbpeudaT etan Bknoua okono 42 000 m? pyaHuyHa Ganactpa, nonoxeHa Ha
nnacToBe W ynibTHeEHa 40 obemHa nibTHOCT 2,0 t/m3; obmkMHATa Ha Hacuna no ocTa Ha
kopoHaTta e okorno 350 m, a cpegHata wupuHa — 40 m. OcurypeHusT obem e oT nopsigbKa Ha
1,5¢10° m3. MpoeKTbT BKMOYBA JOKalHa CUCTEMA 3@ PaHHO MNpeaynpexaeHve U
onosecTsBaHe. [opaan HEBL3MOXHOCTTA 3a M3BEXaHe Ha Boay oT Bogocbopa Ha p. Epma,
CbOPBLKEHWNETO LLie NPOABIIKA Aa M3MbIHABA S30BMPHA (OYHKLMS W Cnef NpekpaTsBaHETo Ha
nobusa n npepaboTkata Ha pyau [20].
3a TEKYLLOTO CbCTOSIHME Ha TE3W CHOPBKEHNS HE MOXE [a CE CbaM EAUHCTBEHO MO MbPBOHAYAMHMS
NPOEKT WM ekcnnoaTaumoHHus cratyc. Heobxogumo e [fga Obaar Bb3CTAaHOBEHM [eicTBUTENHATA
CTPOMTENHA NOCNEAOBATENHOCT, NPOMEHWTE B  TEXHONOrUATa, W3NBIHEHUTE  YKPENUTENHU U
eKkcnnoaTaLuyoHHN MEPKN.

OT TEXHONOMMATA HA OEMNOHUPAHE O CTPYKTYPATA HA XBOCTA
e XuapaBnuyHo pakumoH1paHe

[Mpy XuapaBnMYHOTO HaMMBAHE NYNMbLT Ce Pa3nuBa No NnaxHaTta 30Ha, kKaTo YacTuUMTE ce yTassar B
3aBMCMMOCT OT CKOPOCTTa Ha NOTOKa, eApuHaTa, NbTHOCTTa U hopmaTa cu. B HenocpeacTeeHa 6nm3ocT fo
HaMWBHUTE W3TW4Yana OOMKHOBEHO Ce oTnaraT no-eapuTe NACbYHM hpakuymn. C oThanevyaBaHeTo OT TAX
npeobnagaeaT NpPaxoBUTE U CMECEHUTE (pakLnW, a Hal-OUHUAT MaTepuan 4OCTUra 30HaTa Ha YTae4yHoToO
e3epo. Taka ce 0opMAT edpO3bpHECTa, NMPexodHa U (PMHa 30HA, YMETO MPUHUMMHO Pa3monoXeHne e
nokasaHo Ha durypa 3.

CTAPTOBA -
- CTEHA

Que. 3. CxemamuyHO (hopMupaHe Ha 3bPHOMEMPUYHA 30HaTHOCM NPU XUOPaBIUYHO HaMusaHe Ha Xxeocma.
Adanmupatxo om: [10]

O6warta 30HaMHOCT He e MnaBHa M MOCTOSHHA MO Ob/KMHATa Ha nnaxa. [lonoxeHueTo Ha
n3tMyanata, AeOMTBT W KOHUEHTpauwsTa Ha nynna, NPOABIDKUTENHOCTTA Ha HAMMBHWTE LMKMM W
MECTOMONOXEHNETO HA YTAEYHOTO €3ep0 Ce U3MEHST BbB BPeMeTO. JIoKanHuUAT HaKMOH, pasKroHSABAHETO W
MeaHApVPaHETO (KPUBOMWYELLOTO ABMKEHME) Ha MOTOKA, KAKTO M MPEKbCBaHUSATA Ha HAMWBAHETO, Cb3aaBaTt
3HaunTeNnHa MeCTHa HeeJHOPOAHOCT.

XngpaBnnyHOTO (DpaKUMOHMPaAHE BrMsie He CamMO BbpXy 3bpPHOMETPWUYHWSI CbCTaB, HO M BbpPXY
pasnpefeneHneTo Ha NITbTHOCTTa, ApeHMpaLlaTa CnoCoOHOCT Y MeXaHUYHUTE XapaKTepUCTUKU. 30HM C No-
eapu Yactuuy oBUKHOBEHO MpUTEXaBaT NO-BUCOK KOEMUUMEHT Ha (unTpaums, SOKaTo PUHWUTE NPOCIIONKM
MoraT Ja orpaHuyaT BepTUKAIHOTO OTBOAHSIBAHE M [a 3agbpkaT MOBWLLIEH NOPEH HATUCK — Mopaau Teaw
MPUYMHU XWMOPABIMYHO AENOHWPAHWST MacB He MOXe Aa Ce OMWCBa C eAuH OCpepHeH Habop ot
xapaktepuctuks [5]. ETO 3awo, npu nnaHupaHe COHAAXHUTE [AEWHOCTW, MONeBUTE M3NUTBAHUS U
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npo6083emaHeTo, cneaBa fa ce VI,D,eHTVI(*)VILLVIpaT KOHTPACTHH I'IpOCJ'IOI7IKVI, JIOKanHoO POXKW 30HK U MaTepuanu
C OrpaHl4yeHa Bb3MOXHOCT 3a ApEeHUpaHe.

o Cnoecrocr, newioBNOHU BKITHOMEHMA U aHU30TpONUA

BbB BepTuKaneH paspe3 OTAENHUTE LMKMM Ha AenoHupaHe (opmupar pedyBaHe Ha NACHYHM,
NpaxoBy 1 OTHOCUTENHO MO-WHM NPOCHONKN C Pa3NWUYHN MITBTHOCT W BOAHO ChAbpXKaHue. paHnumTe Mexay
TSX HEBMHArX CbBNAZaT C NPOEKTHUTE eTanu Ha HaarpaxaaHe. Mpumep 3a TakbB CMOECT CTPOEX € NokasaH
Ha ®urypa 4.

Que. 4. Mpumep 3a crnoecm cmpoex Ha xudpasnuyHo OenoHUpPaH X80cmos macus. M3moyHuk: [11]

B nnaH MeaHapupaHeTo (KPUBOMMYEL|OTO [BWXEHUE) Ha MOTOKa Cb3faBa KaHamu, KOUTO npw
MPOMSiHAa Ha TOYKWTE Ha [enoHupaHe ce 3ambnBaTt M obpa3syBaT NewoBuaHM Tena. B pamkute Ha egHa
Cblla pa3HOBWMAHOCT XBOCT MOraT fa Ce CpeliHaT NOKamnHM 30HW C PasnuyHi OU3NYHW U PUNTPALMOHHM
XapaKTepucTukm [5, 6).

CbyeTaHMeTo Ha OTHOCWUTENHO MO-MPOMYCKMMBM MACHYHM NPOCONKM M (huHKU Ccrnoese obycnass
(hunTpaLmoHHa aHN30TPONMS, KaTO OTHOLLEHNETO MEXAY XOPU3OHTamNHUS, Kn, U BEPTUKANHWS, Ky, KoeduumeHT
Ha dunTtpauus mMoxe ga 6bae B WMPOKM rpaHnun Kuk,=5-20. XOpM3OHTANHWUAT UNTPaLMOHEH NOTOK ce
Haco4yBa MPEMMYLLECTBEHO MO MACBYHUTE NPOCIOMKM, AO0KAaTO (DUHWTE BKIIOYEHWS OrpaHnyaBaT
BEPTUKANHOTO OTBOAHSIBAHE W MOraT JlOKanHO [a 3agbpXaT MOBWLEH MOpeH HaTuck. Hewo noseve,
OpWEHTaLMSTa Ha YacTULMTE U KOHTPACTUTE B KOpaBMHaTa Cb3AaBaT 1 MexaHu4Ha aHu3otponus [3, 5).

Bb3 ocHoBa Ha ToBa Moxe [a 6bae HanpaBeH W3BOA, Ye NPOUTLT OT eAUHUYEH COHAAX He creaBa
aBTOMaTWYHO Aa Obae pa3npocTpaHsBaH (Bb3npveMaH) BbpXy rofsMa 30Ha OT CbOPBHXEHUETO —
Heobxoaumo e Aa 6baaT CbhocTaBeH AaHHW OT pa3HoobpasHW NokauwW, pe3yntaT OT HEenpekbCcHaToTo
noneso npogunmpare 1 aa bbae oTyeTeHa UCTOpUsTa Ha HamueaHeTo. OcpeaHeHUTE XxapakTepUCTIKM MoraT
[a NPUKPUST POXKW MPOCIONKK, CriaboapeHnpaHn 30HW WM KOHTPACTHM KOHTAaKTU CbC 3HaYeHWe 3a
untpauusTa, gedopmauunte 1 BTEYHSBAHETO.
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o CbCTOSHME U CTPYKTYpa

CbCTOSIHMETO Ha XBOCTa CE ONUCBA YPe3 HEroBUS KOEUUMEHT Ha MOpUTE, NITbTHOCT U eheKTUBHN
HanpexeHus, a npu ,noaxoasiym” (06MKHOBEHO HECBBP3aHM) MaTepuani — U Ype3 OTHOCUTENHaTa MITbTHOCT.
B pamkuTe Ha ,3eMHaTa MeXaHWka Ha KPUTUYHOTO CbCTOSHWME® TEKYLLOTO MOSIOXKEHWE Ha maTepuana ce
OLEeHsBa CMPSIMO JIMHUSTA HA KPUTUMYHOTO CbCTOSIHWE MPU €4HO U CbLUO CPEAHO E(EKTUBHO HamnpexeHue.
MoNoXeHWeTo CNPsAMO NMHKUATA MOKa3Ba Aanu Npu CpsiaBaHe XBOCTLT € CKIOHEH KbM 06EMHO CBMBaHE MK
paswmpenue [1, 7].

CTpykTypaTa Ha xBocTa 0OxBalla NOAPEXOaHEeTO, OPUEHTALMATA W KOHTAKTUTE MEXAY YacTuumTe,
KaKTO 1 CMOECTOCTTa, NELLOBUAHUTE BKIKYEHMS 1 aHU30TponusTa, (hopMmupaHn Npy HaMmmMBaHeTo. Bbpxy Hes
BMUSIAT HAYWHBT Ha OTNaraHe, NMOCNedoBaTENHOCTTA HA HAMWBHWTE MKMW, UCTOPUSTA HA HaNpexXeHusTa,
M3CyLLIABaHETO, CTAapEEHETO M NOTeHUManHaTa UmeHTauus. XapakrepHata opma v nogpexaaHe Ha egpute
¥ (OMHUTE XBOCTOBM YacTuLM ca untocTpupauu Ha durypa 5. CbCTOSHUETO U CTPYKTypaTa ca CBbp3aHu, HO He
Cca B3aMMO3aMeHSIeMI XapaKTEPUCTUKA.

©HHH YACTHITH C
ILIOYECTA #OPMA

Que. 5. MNpumep 3a mopghonozusi u nodpexdaHe Ha edpu u huHU xeocmosu Yacmuyu. Adanmuparo om: [4]

Matepuanu ¢ 6nn3ku 3bPHOMETPUYEH CbCTaB, KOEULMEHT Ha MOpUTE U €PEKTUBHM HaNpPeXeHUs
MoraT Aa MposiBAT pasfiniHa KopaBuMHa, SIKOCT M HePEHUPaHO pearvpaHe, ako ca (opmMy1paHm Npu pasfnyHi
ycrnoBus Ha penoHupaHe. [lpu nabopaTopHO Bb3CTaHOBEHUTE 00pa3suu MbpBOHAYanHata CTPYKTypa
0BOMKHOBEHO He MOXe Aa 6bae Bb3nponseexaa HambfHO. [MbTHOCTTa UMM OTHOCUTENHATa MITbTHOCT Camy
no cebe cn He ca OOCTAaTbYHM 3a XapakTepuaupaHe Ha matepuana [3]. 3atoBa, 3a onpefensHe Ha
CbCTOSIHMETO € Hy)XHa MH(OPMaLMs 3a eCTeCTBeHaTa MITbTHOCT, KOedhMLMEHTA Ha MopuTe U ePEKTUBHUTE
HanpexXeHus:, a CTPYKTYPHUAT ePEKT Ce YCTaHOBSIBa Ype3 CbNOCTaBKa Ha Monesm 1 1abopaTopHu pesynTaTy.

3HAYEHME 3A BTEYHABAHETO U TEOTEXHUYECKOTO XAPAKTEPU3PAHE
o BnuaHue Bbpxy MexaH4HOTO pearvpaHe

Mpu oOuUeHKkaTa Ha BTEYHSIBAHETO OMpedensin ca 3bPHOMETPUYHMST CbCTaB, TekylwoTo (
,ECTECTBEHO") CbCTOsHWE, CTPYKTypaTa, HayanHuTe edeKTUBHM W CPS3BaLLM HaMPEXeHWs 1 YCroBusTa Ha
ApeHvpaHe. EgHa M cblla knacudukaums unm 6nuska OTHOCUTENHA MITbTHOCT He rapaHTMpaT aHanoruyHa
akocT. CTaTMYHO BTEYHSIBaHE MOXe Aa Ce 3aeiCTBa MpW eTanHo HagrpaxaaHe, 3ambriBaHe Ha OTAENHU
KMETKM UMK MokayBaHe Ha BOAHOTO HMBO, AOKATO AWHAMMYHOTO Ce CBbP3BA CbC 3EMETPbCHU Bb3AEHCTBIS,
B3PUBHY paboT 1 Apyr BUOPALMOHHYW Bb3AEACTBUS. Bpb3akata Mexay MbiHUTE HaNpeXEHWs!, MOPHUS HaTUCK
1 ebeKTUBHIUTE HaMpPeXeHUs BbB BOAOHACUTEHS MaTepuar e nokasaHa Ha durypa 6.
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Que. 6. Bpb3ka MexQdy NbiHUME HanPeXeHUs], NOPHUS HamUCK U egheKmuUsHUME HanpexeHus1 8b8 8000HacUMeH
3bpHecm mamepuan. Adanmupaxo om: [12]

BogoHacuTeHMAT XBOCT B ,POXKO“ CbCTOSIHUE NpOSiBSBA CTPeMeX KbM OBEMHO CBWBaHe npu
cpssBaHe. [pu oTHocuTEnHO 6bP30 HaTOBapBaHE W OrpaHUYEHO ApEeHUpaHe CTPEMEXBT KbM 06EMHO
CBMBaHe Npeau3BUKBa HapacTBaHe Ha MOPHWUS HATUCK, HaMansBaHe Ha e(EKTUBHUTE HanpexeHus u 3aryba
Ha KopaBMHa U SKOCT Ha cpsisBaHe. Korato HayanmHOTO CTaTWYHO CPSA3BALLO HanpexeHue e no-ronsiMo ot
ocTaTbyHaTa HeApeHupaHa SKOCT, HO MO-HUCKO OT MUKOBAaTa, OTHOCUTENHO Marko AOMbHUTENHO CTAaTUYHO
WNW LMKNNYHO Bb3AENCTBIE MOXe Aa 3aAeiCTBa BTeYHsBaHe nog opmaTta Ha npoTuyaHe 1 6bp3o passutie
Ha ronemu aecopmaviuu. Mpu No-HUCKN HavanHW cpsA3BaLLy HaNPeXeH!s LMKIMYHOTO HaToBapBaHe MOXe fa
[oBefe [0 NOCTENEHHO HaTpynBaHe Ha MOpeH HaTuCK, Aerpajauus Ha kopaBuHaTa W yBenuyaBaHe Ha
fedopmavmnte — noBeaeHne, ONpeaensiHoO KaTo UMKMYHA NOABMXKHOCT (T. Hap. ,cyclic mobility“). To He e
3a0bKUTENHO CBbP3aHO C HEKOHTPONMPYEMO MPOTUYAHE, HO MOXE [a MPUYMHU 3HAYUTENHM ChsiraHus,
XOPU3OHTamNHN NPEMECTBAHUS U NYKHATUHW. PasrpaHnyeHneTo Mexay NpoTuyaHe 1 LMKIMYHa NOABUXHOCT (T.
Hap. ,cyclic mobility) 3aBucu He camo OT xapakTepa Ha Bb3AEUCTBMETO, @ W OT HAYarHOTO HanperHato
CbCTOSIHUE M OCTaTbyHaTa SKOCT Ha MaTepuarna.

XBOCTBT B ,COMTO" CbCTOSIHME MPOSIBABA CTPEMEX KbM OOEMHO paslvpeHue nmpu cpssBaHe, npu
KOETO eheKTUBHUTE HaNpEeXeHUs 1 AKOCTTa Ha CpA3BaHe ce 3anassaTt WnW JOpU BPeMEHHO HapacTeaTt. ToBa
He M3KMYBa Jerpajauus Ha KopaBuHaTta npu UMKNWYHO HaToBapBaHe (T.e. ,0OMeKBaHe“) 1 HaTpyneaHe Ha
Aedopmaum, ocobeHo Npy MHOMOKPaTHO HAaTOBApBaHe MMM B 30HW C KOHTPACTHa CnoectocT. B peanHus
XBOCTOB MacuB MOBELEHMETO Moxe da Obde KOHTPONMPaHO (OMKTYyBaHO) OT oOrpaHuyeHa no obem, HO
HebnaronpuaTHO pa3nonoxeHa ,poxka“ (T.e. CbC CKMOHHOCT KbM 06EMHO CBMBAHE Npu CpsidaBaHe) Npocroika,
a He OT OCpPeAHEHNTE CBOMCTBA Ha Npeobnaaasalyns matepuan [5, 7).

WcTopusita Ha HamuBaHeTO momara Aa Ce O4epTasT BEPOSATHUTE KPUTUYHM 30HW, HO OLEHKaTa WM
TpsibBa Aa ce OCHOBaBa Ha AEMCTBUTENHOTO MEXaHUYHO NOBEAEHE Ha XBOCTA.

e YCTaHOBSIBaHE Ha CLCTOSIHMETO 1 edheKTa Ha CTpyKTypaTa

CBCTOSHMETO M CTPYKTypaTa He MoraT Aa ce YCTaHOBAT C eanH eanHcTBeH meTod. OueHkata Tpsibea
fa € KomOuHauuMs OT CcoHaupaHe M npoboB3emaHe, MONeBM U reodU3NYHN M3CNEeABaHMS, KaKTO U
nabopatopHu usnuteaHus [5]. OCHOBHWUTE AaHHW ca:

o ecTecTBeHa 06eMHa NITbTHOCT, BOAHO CbAbPKaHUE W KOEULMEHT Ha NOPUTE;

O 3bPHOMETPUYEH CLCTAB, ChAbPXKAHME HA PUHU YACTULM U MNACTUYHOCT;

O HVBO Ha NOA3EMHUTE BOAW U (hEKTUBHYI HANPEXEHUS;

o nonesn SPT n CPTu, kato npu CPTu ce BKMo4BaT ,AMHAMWYHO® M3MEPBAHE HA NOPHUS
HaTWCK ¥ TECTOBE 3a pa3cenBaHe Ha NOPEH HAaTUCK;

O TMONOXEHME CMPSIMO NIMHUATA HA KPUTWYHOTO CLCTOSHME, M3PA3eHO 4pe3 napameTbpa Ha
cwerosHueto, W [1, 7).

[MpoboB3eMaHeTO OT BOLOHACUTEH W POXBK XBOCT € CBBbP3aHO C BUCOK PUCK OT HapyluaBaHe, 3aToBa
npobata TpsibBa fga 3anas He CamMO 3bPHOMETPUYHWS CbCTaB, HO W ECTECTBEHUTE MITbTHOCT, BOAHO
cbObpxaHue u cTpyktypa. CTeneHTa Ha HapyliaBaHe 3aBUCK OT Lienns NpoLec — COHAMPaHE, M3BMMYaHe,
onakoBaHe, TPaHCMOPT, CbXpaHeHue 1 BrpaxiaHe B nfabopaTopHus anapar.
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MOHOTOHHUTE U LUMKNMYHUTE TPUOCOBM U3NMTBAHMS ONpesensT ,pOXKOTO (T.e. CbC CKIOHHOCT KbM
0beMHO CcBMBaHe Npu cpsidBaHe) unm ,coUTOTO" (T.e. CbC CKIOHHOCT KbM 06EMHO paslmMpeHne npu cpsidBaHe
— [WnaTtaHcus) pearvpaHe, reHepupaHeTo Ha MOPeH HaTWUCK, HefpeHupaHaTta fKOCT Ha cpsi3BaHe K
LMKNMYHaTa HOCMMOCNOCOBHOCT. KoraTo nonesaTta CTpykTypa He Moxe fa Obae 3anaseHa, obpasunte ce
Bb3CTAHOBABAT MPU KOHTPONMPAHW MITbTHOCT WM edeKTUBHW HanpexeHus. Pesyntatute Xxapakrepusupat
noBeJeHNETO Npy 3agafeHo NabopaTopHO CbCTOSHWE, HO He HENMPEMEHHO MbHOTO NONEBO NOBEAEHNE.

[onbnHutenHa uHopMaums 3a eekta Ha CTpyKTypaTa AaBa CbrocTaBkaTa Ha KopasuHata npu
Manku gecopmauuu B Macusa 1 B nabopaTopHo Bb3CTaHOBeHM 06pa3uu. [onesarta CkOpOCT Ha cpsisBalLuTe
BbIHK, Vs, Ce onpedens NOCpeAcTBoM reouanyHn metoau in-situ, Hanpumep upes ,cross-hole* TecT, a
nabopatopHata — upe3 OeHpep-enemeHTW (T. Hap. ,OMbBHU ENEMEHTU®) MpWU CbMOCTaBUMW MIBTHOCT U
eheKTMBHN HanpexeHus. PasnukiTe moraT 4a 0TpassBaT HauuHa Ha oTrnaraHe, OpueHTaLmMsaTa Ha YactuuyuTe,
CTapeeHeTo U noTeHUManHata uuMeHTaums. Vs He e CaMOCTOSTeNeH U3MepuUTen Ha CTpyKTypata u ce
WHTEpNpeTMpa CbBMECTHO C MEHeTpauMoHHUTe W nabopaTopHuTe u3nuteaHusa [8]. CbnocTaBkata nokassa
[OKONMKO 1abopaToOpHO  OMpeAeneHnTe SKOCT Ha CpsA3BaHe UM LMKIMYHA  HOCKMMOCMOCOGHOCT  ca
npeacTaBuUTenHU 3a Macusa. pyu CbLyecTByBaLUM W MHOTOKPATHO HaArpaxaaHu XBOCTOXpaHUINLWaA T € oT
0CcoBeHO 3HayeHe, Thii KaTo CXOACTBOTO MO 3bPHOMETPUYEH CbCTaB U KOEULMEHT Ha NOpUTe He 03HaYaBa
HenpeMeHHO 1 €HaKBO MEXaHNYHO pearupaHe.

3AKINMIOYEHUE

XBocToxpaHunuiaTa B Bbnrapust ca warpaxaaHu ¥ HagrpaxaaHn mpu pasnuyHn TEXHONOMM U
eKcnnoaTaumoHHN pexumn. Cxemata Ha HaarpaxaaHe, MecTata Ha 3aycTBaHe, MOSIOKEHUETO Ha YTagYHOTO
€3ep0 W YNpaBNEHNETO Ha BOAWTE Ce M3MEHST BbB BpeMeTo. lMcTopusita Ha CTPOMTENCTBOTO M
eKcnnoaTtauusTa ca 4YacT OT [EOTEXHWYECKOTO XapaKTepuavpaHe, BKIHOYMTENHO NPWU U3BEEHN OT
eKCrnoaTaLmsi CbOPbXEHMS.

XnapaBnMYHOTO (hpaKLMOHMPaHe W PefdyBaHETO HAa HaMMBHU LMKNM (DOPMMPAT MPOCTPAHCTBEHO
HEeHOPOLEH MacuB CbC CMOECTOCT, NELOBUOHN BKIIOYEHUS 1 (UNTPALMOHHA aHuU3oTponus. B Hero ce
N3MEHSIT 3bPHOMETPUYHUST CbCTaB, MITbTHOCTTA, BOAOMPOMYCKAMBOCTTA W YCMOBUSTA Ha [peHuUpaHe.
OcpedHeHUTe (U3MYHN MOKasaTenu He ca [JOCTaTbyHM, a CbCTOSHUETO W CTPyKTypaTa credsa fa ce
OLIEHsIBaT CbBMECTHO.

TexHororvsiTa Ha [ENOHMpaHe M CXeMaTa Ha HaarpaxpaaHe He ca CaMOCTOSTENHW KpuTepun 3a
onpefensiHe Ha pucka OT CTATUYHO WAM AMHAMWYHO BTEYHSIBAHE — €TO 3all0 OLeHKaTa Ce OCHOBaBa Ha
CbBKYMHOCT OT apXMBHU A@HHW, COHAaMpaHe (MpoGoB3eMaHe), NoneBn 1 reoU3nNYHU M3CreaBaHus, KakTo U
MOHOTOHHM W LWKINYHW nabopaTopHu m3nuTBaHWs. CpaBHEHWETO Mexay nornesata M nabopaTopHara
KopaBWHa Nnpy Manki AedopMallyv nogromara OLeHKaTa 1 OTYNTaHeTO Ha CTPYKTYPHUS edekT. McTopusita Ha
W3rpaxdaHeTo OcTaBa 3amMcaHa B CTpykTypaTa Ha XBOCTa M e LienecbobpasHo fga Gbge oTuutaHa npw
OLieHKaTa Ha MEXaHUYHOTO My MOBEAEHNE U CKIIOHHOCTTa KbM BTEYHSIBAHE.
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ABSTRACT

For the effective implementation of the development system and mining technology, the way of managing the
state of the mining massif is of particular importance. Geomechanics "participates” in the selection of the
parameters of the state of the development systems, including ensuring long-term stability. In all cases, the
state of the massif is determined by the physicomechanical properties of the massif, its damage and the
requirements for the protection of facilities located underground and on the surface. When determining the
parameters of the state of the mining massif and accepting the parameters of the development systems,
including ensuring stability and safety, the following open questions remain: practice has proven it, the
parameters of the state that work are adopted; the parameters of the development systems are adopted,
including the adopted geometric parameters laid down in acts issued by state authorities; the factors above
are determined not by a team of specialists in the field, but by one person, often with a legal capacity other
than rock mechanics. The report aims to show the role of geomechanics in making design decisions entered
into the project documentation during design, analysis and evaluation.

BbuBegeHune

OTHocuTEnHUS Asn Ha oBUTUTe KONMYecTBa pyay Npy NOA3EMHO pa3paboTBaHe Yy Hac B CpPaBHEHME
c nobvea Ha pyay npu OTKpUTO paspaboTBaHe He Ca OTHOCUMM MO KONMWYECTBA €AHM cnpsamo Apyrn. Kbm
01.01.2026 r. obutute KonmyecTBa pyan no nog3eMeH HaumH npes kaneHgapHata 2025 r. ca okono 3 200
000 ToHa, 3a KOETO CBWMAETENCTBA MpeAoCTaBeHaTa reorniokka MHGOPMaUMs CbC CbOTBETHUTE TEONOXKM
OTYETU 3a BCAKO eAHO OT HaxoAuLiaTa ekcnnoaTpaHo no NoA3eMeH HaumH. Ha Teputopusta Ha P. Bbnrapus
kbM 01.01.2026 r. no noa3eMeH HauMH ce ekcnnoaTtupaT obLWo AeceT Haxoauwia 3a AoOMB Ha MeTanHu
noasemHu boratctea — pyau. MNpunaraHnute cuctemm 3a nog3emeH LoBuB — CbBMECTHO C NOABapUaHTUATE UM
HaOXBbPNAT ABaHageceT 6posi, kaTto €dHM OT Hal-npunaraHuTe y Hac OcTaBaT KamepHa cuctema Ha
paspaboTBaHe C nocrnefsallo 3ambfiBaHe, CUCTEMA C MOAETaXHO obpylwasaHe, KamepHo-CTbnbosaTa
CUCTEMA W CrioeBa CUCTEMA Ha pa3paboTBaHe C Bb3XOASL M HW3XOZAL, Ped Ha M33eMBaHe Ha CroeBeTe.
Kato Hait-npoussoguTenHa ce e Jokasana kamepHarta cucteMa ¢ NocneaBallo 3ambiiBaHe kosTo obycnass
manko Hag 70 % ot o6LoTo KonmyecTBo AOOMTM pyan 3a NpeaxoaHaTa kaneHgapHa roguHa. Kato Hai-Hucko
NpOU3BOAUTENHA Ce ABSIBA CUCTEMaTa CbC CIIOEBO 3ambiIHEHWE MPU HU3XOAAL, ped npu Jo6MBA Ha ThHKM
PYOHW Xunu, kosTo obycnass egsa 2 % 0BLWOTO KOnMYeCTBO BOOUTU pyau 3a NpeaxofHaTta kaneHaapHa
roanHa y Hac. 3a eeKTUBHOTO OXapaKTepusMpaHe Ha WHXEHEPHO-TeONOXKM YCNOBUS, eOMEeXaHWyHa
XapaKTepUCTMKA Ha CKanuTe Wunu reoMexaHuka U TEXHOMOXKA XapakTePUCTMKA Ha NONe3HUTe 13konaemu B
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MacmBa, (CbrmacHo pasnopeaduTe 3anucaHu B Hapeabata 3a U3MCKBaHWSTA kKbM 0OXBaTa U ChabpxaHUETO
Ha pabOoTHMTE NPOEKTN 3a ThPCEHE 1 NPOYyYBaHe, JOOMB 1 MbpBIUYHA NpepaboTka Ha Noa3eMHM boraTcTsa, 3a
NUKBUOALMS W/MNM  KOHCEpBaLUMst Ha reornoronpoyyBaTenHuTe W Ha MUHHOAOOMBHWUTE 00EKTM W 3a
PEKYNTMBALMS Ha 3acerHaTuTe TEPEHN U YCrIoBIUSITA U PEAbT 3a TAXHOTO CbriiacyBaHe) e Heobxoaumo Aa ce
cregBa pefd, KOUTO ChLUECTBYBA, ONMMCaH €, MpUET € CbIMAacHO HOpMaTuBHa ypedba, HO € [0Ka3aHo
HenmpunaraH WM psiaKko MpunaraH MoBeye OT eauH MbT NPWU MPOEKTUPAHETO W MO-PSAKO criedaH npu
NPaKTUYECKOTO U3MbIHEHWE HA MONEBUTE 3alayu B Tana Ha CTPOUTENCTBO W ekcrnoaTaLys.

OCHOBHM NpaKTMKK NpY reoMeXaHMYHO XapaKTepunMpaHe U ocurypsiBaHe

[Mpu onpegensHe napamMmeTpuTe Ha CbCTOSIHUETO HA MUHHWS MACcUB Ha CUCTeMUTE Ha pa3paboTBaHe B
T.4. OCUrypsiBaHe Ha YCTOW4MBOCTTa W BesonacHocTTa, OCTaBaT CrnefHUTe OTKPUTW BBMPOCK, KOWUTO Ce
npeBpbLLAaT B PyTWHA - MpaKT/KaTa ro € Jokasana, NpueTu ca napameTpu Ha CbCTOSHUETO KOUTO paboTHT;
Bb3NPUETH Ca NapaMeTpu Ha CUCTEMUTE Ha pa3paboTBaHe B T.4. NPUETU rEOMETPUYHU NapaMeTpy 3anerHanm
B aKTOBE M3[aBaHu OT AbpXaBHU opraHu B T.4. oueHkn BOC, Pewenus no OBOC u ap.; daktopute no-rope
ca OnpeferneHn He OT KONeKTUB creumanucT B 0bnactra, a 0T e4HO NULE MHOMO YeCTO C NPaBOCNOCOBHOCT
pasnuyHa OT ckanHaTa MexaHuka.

Hanoxunata ce npakTuka 3a xapakTepusalus Ha MacuBuTe B KOWTO Ce Mpokapsat, CTPOAT, U
NPOEKTUPAT MUHHK M3PaboTKM € NOCPEACTBOM eMnupuka (hOPMYMHK anapatu) 1 no-Manko no nabopaTopHu
W3NWUTBAHWUS U YUCNEHM aHanW3W C LieN CHeMaHe Ha peanHu AaHHW 3a NapameTpy W3BECTHW KaTo reoriokka
obcTaHoBKa Ha paroHa M npecb3gaBaHe C MOMOLLTA HAa MOAenU OT eduH unu apyr Bua. ColuectByBat
pasnMYHM METOAM B MWHHATA MpaKTWKa 3a opa3MepsiBaHe Ha napameTpu Ha cucTemMute Ha paspabotsaHe
EMMUPUYHA, aHANWUTUYHU U YUCNEHU. Beuukn M3BECTHW METOAM M3UCKBAT M afeKBaTHU napameTpu T.H.
napameTpu Ha CbCTOSHWETO (SIKOCTHO - AePOPMALMOHHA CBOMCTBA, CTPYKTYpHA HApYLUEHOCT, AeNCTBaLy
HanpexeHus,, XNapOomnoXKa 1 XMApOreonoxka U3y4eHocT 1 ap.).

dakT €, Ye noa3emMHaTa ekcrnnoatauus Ha MonesHu 13konaemn Ce OCbLLECTBSABA B HEJOCTATbYHO
M3y4yeHa M NOCTOSHHO WM3MEHsiLLa Ce reonoxka cpeaa, KakeaTo e CKanHWAT MacuB. MacuBbT € HapyllueH ¢
HEeW3BECTHM SKOCTHU M AepOPMaLMOHHIN CBOWCTBA U € NpefBapUTENHO HanperHaTt. BCuyku Tean XxapakTepHu
0COBEHOCTW Ha MOA3eMHATa eKcrnoatauus Ha MonesHu UM3Konaemu NpaBAT Opa3MepsBaHETO Ha
KOHCTPYKTUBHUTE €MEMEHTU B CUCTEMUTE Ha pa3paboTBaHe W Ha rpynata NOArOTBUTENHU MUHHW U3paboTK
BCE NO-KOHKPETHO, PasnnyHo 1 cneuudmuyHo. Mpu odopmMsiHe Ha eauH ekcnnoaTaunoHeH 6nok n/umm y4acTbk
€CTECTBEHOTO MOMe Ha HanpexeHUs Ce Hapyllaea M Ce WHAyLMpa HOBO TakoBa C HEW3BECTHA MarHuTyga u
OpMeHTauMs Ha HOBM [feicTBawm HanpexeHns. OCHOBHUTE (haKTOpW, Onpeaensiwy noBegeHNeTo Ha
cuctemata Ha paspaboTBaHe, ca MeXaHW4HUTE CBOWCTBA, CTPYKTYPHWUTE XapaKTepucTuku, Maljabute ot
TEXHONOMYHM BB3OENCTBUS M HAMpEerHaTtoTo CbCTOSIHME Ha cucTemarta. Tean rpynu daktopu obycnasst
6a3aTa JaHHU Npu BCEKM eTan OT haKTUYECKOTO Opa3MepsiBaHe.

3a pasnuka OT noaxoguTe, NpunaraHn B CTPOUTENHATa MexaHWka npu Opa3mepsiBaHe Ha
KOHCTPYKTMBHW €NeMEHTM B NOoA3eMHUs [06MB Ha MOME3HW M3KOMaeMu e 4Ye peanHus MacueB e
NpeaBapUTENIHO HanperHaT, HapyLUeH, Cbabpkally HeeJHOPOLHOCTH, YecTo (hnyuan (ra3oBe 1 BOAYW), KOUTO
He ce oTyuTaT BbB (PopMynuTe npu opasmepsisaHe. OCBEH TOBa B YCIOBWS HA XOMOreHHa, MU30TPOMHa W
enactMyHa cpefa, HaToBapBalla Ce Cnel M3rpaxaaHe Ha KOHCTPYKUMsiTa, CBOWCTBATa, CTPOEXBLT U
NoBeEHNETO Ha cpeaarta C BCUYKUTE M NpeauMcTBa U HeLOoCTaTblLy,, B KOSATO ce opa3mepsiBa, 0BUKHOBEHO
OCTaBaT HEW3BECTHW WM HEJOCTaTbyHO M3yuveHu. EfHoBpemeHHO ¢ ToBa TpsbBa da ce oTbenexu, ye
CbBpEMEHHATa MPUOXHa reoMexaHuka [aBa Bb3MOXHOCT 3a KONMWYECTBEHA OLeHKa Ha oTbensizaHuTe no-
rope CTPYKTYpHO-MexaHU4HU 0COBEHOCTH, Onpedenslyy pexuma Ha pabota 1 noBeaeHNeTo.

FeomMexaHWUYHM NOAX0AM 3a XapaKTepu3aumsa Ha MacuBa

3a eheKTMBHOTO NpunaraHe Ha cucTemata Ha paspaboTBaHe v gobuBHaTa TeXHoMorms ot ocobeHa
BaXHOCT € HaYMHBT Ha yNpaBMeHWe Ha CbCTOSIHMETO Ha MWHHUST MacuB. [eoMexaHukaTa ,yyactea“ npw
n3bopa B MapamMeTpUTe Ha CbCTOSHMETO Ha cuUCTeMUTe Ha pas3paboTBaHe B T.4. OCUIypsiBAHETO Ha
ObNroBpeMeHHaTa YCToMuMBOCT. [lpu BCMYKM CrydaM CbCTOSHMETO Ha MacuBa ce onpedenst oOT
(hU3MKOMEXaHUYHITE CBOWCTBA HA MacuBa, HEroBaTa HapyLIEHOCT M W3UCKBAHWSTA 3a OXpaHa Ha
CbOPBKEHMSI CUTYMPaHM N0 3eMsiTa 1 Ha NOBLPXHOCTTA.
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B reomexaHnyeH acnekT BCeku BUA 3anex, BCAKO PYAHO TAMO, PECMEKTUBHO BCEKM eKCnoaTaLoHeH
YYaCTbK € PasfnyeH 1 CneLnmuyeH no CBOMTe reonoxXku, reOMeXaHNYHN 1 MUHHO-TEXHOMOMMYHM ycrnosust. Ha
BTOPO MSACTO, YCTOAYMBOCTTa Ha paboTata Ha TasuM MO CbLECTBO NPUPOAHO MHXEHEPHA CUCTEMA,
reoMexaHuyHata peakuus UM MOBEOEHWeTO Ha BMeCTBAaWMs MacuB, OCBEH OT HanperHatoto W
nedopmmpaHoto cbetosiHue (HOC) v 0T edpektute Ha TEXHOMOrMYHUTE Bb3OENCTBUS, Ce onpeaens u ot
reoOMexaHW4HUTe CBOWCTBA W CTPYKTYPHU XapaKTEpPUCTUKU Ha M3rpaxgalluTte ro ckanu, Hanuuue Ha BOau U
HanM4Me Ha M3MEHEHMS B re0NIOKKO OTHOLLEHWE MO CTEMEH Ha HapYLWeHOCT Ha macuea. Ha Tpeto msicto HAC
Ha cucTemarTa BMecTBaly, Macys/0o6usHW uspabotku (BM/OW) unm BmecTBaLy Macue/MUHHA UHGPACTPYKTypa
BM/MW Ha npakTuka e AuHamMU4HO NMpOMEHsLY ce napameTbp. [pu Te3n obcTosTencTsa onpeaensHeTo Ha
yCTOAYMBOCTTa TpsbBa [da Ce W3BbpWBA Cred YCTaHOBABAHETO Ha peanHuTe  (U3MKO-MeXaHW4HU
XapakTePUCTUKN Ha MacCUBUTE/NIUTONOXKUTE Pa3HOBUOHOCTK CKanM W CKanute No CTENEH Ha HapylweHocT
(SRK, 2016), c oTynTaHe BNWUSHMETO M Ha CTPYKTYPHUTE HapyLLeHus. Te3n xapakTepucTuku (,napameTpy Ha
CbCTOSHMETO®) ca 0benHEeHN 1 NOCoYeHH B Tabnnua 1, B KOHKPETHUS Criyyai Te AaBaT MHAOpMaLms 3a eaunH
n3creaBaH MUHEH PETMOH B MIUHA 3@ O6MB Ha ONMOBHO-LMHKOBM pyau.

Ta6nuua 1. leomexaHu4Ha Xapakmepusayus Ha CKajleH Macue 8 Haxoduue 3a 011080
U YUHK 6a3upaHa Ha cmolHocmume Ha eMecmesaujusi macus U pyOHomo mAso

State Host massif Ore body
parameters Values Values
Min. Max. Min. Max.
RQD 45 74 53 82
Jn 2 3 2 3
Jn rating 6 9 6 9
Jr 2 3 2 3
Ja 1 1 1 1
Jw 1 1 1 1
SRF 2,5 2,5 2,5 2,5
UCsS 42 84 45 77
Rock Block 2,4 7,5 1,5 3,5
J Condition 2 3 2 3
Stress 2,4 2.4 2.4 2,4
RMR 41 67 38 64
MRMR 35 61 34 52
Q 1,64 9,80 0,75 4,30
Mean (Q) 5,72 2,53
Design Rock
mass Strength 38 25
(DRMS)

Basa JjaHHM 3a YMCneHn MOflenu - NOAX0a/NocneoBaTENHOCT GasmnpaHa Ha KOMNMeKCHa NapameTpuyHa
reoMexaHiyHa oLieHKa 3a Mor1CTUKa Npy opasMepsiBaHe, Baxallo 3a CUCTeMUTE Ha pa3paboTBaHe.

Tabnuya 2. [Tapamempu Ha CbCMOSHUEMO 3a 3axpaH8aHe Ha YuceH Mooen

Tvtonorus
FeomexaHUyHM
napameTpu

BmecTBauy macue PyaHo tano

0,0275

TNaBopaTopHy nacreasaHms

O6emHa nmbTHOCT ¥ [MN/m3]

0,0265

SKOCT Ha €AHO0COB HATUCK Oucs [MPa]

122

84

AKOCT Ha OmbH, 07 [MPa]

19,6

104

Hoek-Brown koHcTaHTa-mi

28,0

17,0

Koxeaus-c [MPa]

10,8

7,6

bron Ha BbTPeLLHO TpueHe-@ [°]

43

35

Mogyn Ha enactuyHocT E, [MPa]

115 400

98 320

KoedhuumeHT Ha MoacoH - v

0,18

0,22

Hoek-Brown koHcTaHTa-ms

7,234

3,016

Hoek-Brown koHcTaHTa-s

0,0160

0,0051

Hoek-Brown koHcTaHTa-a

0,502

0,504

Xapakre-

eonoxku nHpoekc 3a sikoct GSI

6745

58+2

Bpoii cuctemm nykHaTUHM

[iBe cuctemm
NyKHAaTUHN

Tpu cuctemn
NyKHaTUHN

CbCTOSiHME Ha | pUCTUKA
macua

Hanpernato

MakcumanHo rnaBHo 4eiicTBaLLo HanpexeHue, a1 [MPa]

11,0

11,0

MuHUManHo rnaeHo AelcTBaLYo HanpexeHue, 03 [MPa]

5,5

55

IMocoka Ha MaKCUManHUTO rMaBHO AeNCTBaLL HanpexeHue [deg., °]

30°-115°

30°-115°

[lbn6oumHa oT 3emHaTa noBbpxHocT, H [m]

300

300
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EpHa uyacT oT HeobxogumuTe BXOOHW MapamMeTpy 3a XxapakTepusauus Ha MacuBa ca
cuctemaTuanpanu B Tabnuuya 1 v Tabnuua 2, a octaHanata YacTt OT BXOJHW napameTpu ca NpeacTaBeHu B
Tabmmya 3, KbOEeTO BMM3aT UM reoMexaHuyHUTE Knacudvkauum CbBMECTHO C TEXHUTE MokKasaTenn mno
NIUTONOXKM PasHOBUAHOCTY.

Tabnuya 3. leomexaHuYHa xapakmepu3sayusi Ha ckaneH Macug basupaHa Ha
JIUMOIIOXKUME PasHO8UOHOCMU CKaliHU Macusu

Am¢ndor- | Xuaporepmanno | [pamaTormaiic

TeoMexanAIHHE 5
HOTHTOBH | -IIPOMeHEeHH H ¢ MPAMODH

mapaMeTpH - - -

rHalcH rHajcH IPOCHAOHKH
CpenHa AKOCT HA CIHOOCOB
HATHCK Gyes [MPa] (Tadmima | 98 82 58
111.5)
Hock-Brown xoHcTanma-m; |28 240 17
TeononKn HAISKS 34 AKOCT | ,
GST (re6mema TI1.6) o4 58 4
Hock-Erown KoHCTaHTa-iny | 7.234 4.949 3.016
Hock-Brown korcranma-s | 0.0160 0.0080 0,0051
KoncrarTa-a 0.502 0.503 0.504

Moaya ma eractermocT E y 5
[MPs] (rabmura IIL5) 103 804 87 630 58320
Koxesmiz-c [MPa] 7,83 5.770 3,486
i"Eﬁ“]’ HA BETPEIHO TPHEHS- | 43 04 39.82 35.54
SIKOCT HA OIIBH HA CKATHHL
sacus, [MPa]

Gues "t SIROCT EA  eHOOCOB
HATHCK HA CKaJHHA MacHB | 12.271
[MPa]
OB1ma AKOCT-Girengtn[MPa] | 36,044 24 646 13.550
Jedbopyammonen  MomyI- | , p 9108
Eq. [MPa] 21054 13 634

-0.216 -0,133 -0,097

7222 4,030

Bcnuku pesyntati 0T HOBoONpeaeneHuTe BXOAHU napameTpu ot Tabnuua 1, Tabnuua 2 v Tabnmya 3
[aBaT Bb3MOXHOCT 3a MoriyyaBaHe Ha MbfiHA NpeAcTaBa 3a reOMEXaHWYHWTE MpoLeck CbMbTCTBALUM
U3MBITHEHNETO Ha UHXEHEPHUTE NPOEKTU MO OpasMepsBaHeTo.

CoblyecTByBa U OlLe efHa Heobxoguma YacT OT BXOAHW NapaMeTpu Npu NpoekTupaHe, nocreasallo
opa3smepsiBaHe M [Jopu obpaTeH aHanu3 3a CbCTOSHWETO, TH € npeAcTaBeHa B Tabnuua 3. 3a Tasw
OOMbIHUTENHA XapaKkTepu3auns ca Heobxoanmu T.H. “in situ” HabNAEHNs KOUTO AaBaT OTTOBOPY Ha HAKOM
Bbnpoc. Te3n nonesu HabnwogeHns, HapuyaHu ouwe “mine history”, ca 6asupaHu Ha npoyyBaHe
MeXaHu3MUTe Ha paspyllaBaHe; BPEMETO Ha HaCTbMBaHe Ha WHTEH3WBHO HapyllaBaHe NO CTEHUTE Ha
MUHHUTE  W3PabOTKM MMM KOHCTPYKTUBHM  €MEMEHTH;  XPOHOMOTMYHWS  Ped;  MPOCTPaHCTBEHWTE
XapaKTEPUCTUKKN; XapaKTEPHUTE MeCTa Ha WHTEH3MBHO OOpyluaBaHe M T.H, JafeH e MpuMep C MOAMNOPeH
LeSuK.

Tabnuya 4. leomexaHu4HO nogedeHue Ha npunazaHama cucmema Ha paspabomeaHe

Me Ha Dopma Ha Bpeme Ha Habnwpaaeatr | Mpectbpread | Mnow | BucoyuHa CTpykTypa Ha Crpoex Ha Cpegna Mnow Ha TMykHaTHHK NO
uennka uenmnka oopmane nuce NN € uennka Ha Ha uenuka uenuka AKOCTHAa | KamepaTa | TaBaWa Ha kamepata
HA UENNKa | MYKHATWHM NO (ako pac UEMMK3 |  LenKKa wmatepuana | okomo (ako ga kak ca
(mecen, uenuka KOMKo m?) (m?) (m) uarpakaau | uenwka OpPHEHTHPaHK)
Fo/juHa) (ako pac Lenuka {m3)
KaKLB (MPa) oc
pazmep)

I'Ipe,qBapwreneH aHanu3 Ha reomexaHuwyHaTa o6cTaHoBKa

Mpeau fa ce U3MbIHK U ,3apeaun’” YICTEHNST Moaen, TpsibBa aa ce U3roTBY reoMexaHUYeH TakbB. B
Hero e HeobXoauMO Aa Ce u3non3ea Cb3fafeHaTa MHOroMepHa 0asa AaHHM 3@ MpeaBapuUTeniHo
onpedeneHnTe napameTpu Ha CbCTOSHUETO—CBOWCTBA, CTPYKTYPHU XapaKTepUCTUKW, HaNpPeXeHWe U T.H. 1
npeaBapuTenHo OnpeaeneHata reoMeTpus Ha cuctemata BM/IOW, npepcTaseHa no-rope. AHanusa Ha
eOMEXaHUYHOTO CbCTOSHUE Ha cuUCTeMaTa Ha pa3paboTBaHe MOXeE [a crieaBa onpeaeneH pef — npas u
obpaTeH. 3a aa ce NpUNoXw afekBaTHO OpasMepsiBaHe e HeoOXoANUMO Ja Ce crieaBa NocneaoBaTenHocT Ha
0TYMTaHe Ha B3aUMOBPB3KM, NPEABaPUTENHO ONPeaensHe NapameTpuTe Ha CbCTOSHUETO W BCUYKO TOBa Aa
ce 06BbpXEe NOMEXAY CU, @ UMEHHO:
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- XapakKTepuctuka no HaTOBapPEHOCTTa Ha KOHCTPYKTUBHW E€NEMEHTU OCUrypABaLlin BesonacHata

ekcnnoaTaumsa:
e Y
W omen  ew
R an| . A EVERLEAMD |
S . aTHosOLcaDis | -
D" Gl N
— _.M n: e - _:!'-.. k
&;Ig WEAK LOADID -H!- : N -
- SI— M._M.-.‘..f "JJ- 1 I 4 I | 1
Jl‘.‘.‘:..j A1 Elastic State
- r— ) lm|
= |
| | . | [
. . . . . " O [MPa)

dueypa 1. [eomexaHu4Ha xapakmepu3ayusi N0 HamogapeHocm 8 crydasi 3a Cmb6006pasHu Uenuyu

- W3cnegBaHe Ha npomsHaTa B KoeguuUMEHTa Ha ¢hopmaTa fJaBalla Bpb3ka C koeduUMeHTa Ha
CUrypHOCT

BRITTLE FAILURE

- SHEAR FAILURE

=15 k=20
kEQS k=10
4

1 H 3 5 [3 7 B El o
Widith pillar

®uzypa 2. AHanus 3a npomsiHama e KoeghuyueHma Ha goopmama 8 Cryyasi 3a Cmba6006pasHU Uenuyy, pesynmamu
NOTyYeHU ¢ NOMOWMa Ha JuciieH mModer.

- KnacudukaumoHHa oLeHKa No reoMexaHn4Hu nokasaTenu

VERY POOR |POOR | FAIR | GOOD |VERY GOOD| EXTGOOD
90 /—r
50 Cave 4‘\5
S Slikte ?
< 57‘\’6/
D g
- B
b N !
T 50
b4 Q
o gzl
¥
30
Stable
20 /
10

0 05 o7 111 14158 18 20 2425 30
Pillar Width/Height Ratio

QPueypa 3. KnacugukayuoHHa oueHKa 3a npoeHo3upaHe ycmod4yugocmma Ha uenuyume, aHanu3 passu Ha 6asa
nosnesu U exchepuMeHmainHu uacieo0gaHus
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Cb3pageHaTta MHoromepHa 6asa [aHHM, OCUrypsiBa OCBEH KONMWYECTBEHUTE BXOLHUTE NapameTpu
(napameTpn Ha CbCTOSIHMETO) 3a BCEKN WHXKEHEPEH pasyeT, HO W MpUMoXeHWe Ha Aobpe paspaboTeHuTe U
LUMPOKO M3MON3BaHN 3a LienTa YMCNeHn MeToau. ToBa OCUrypsiBa OLLE KOMMNEKCEH aHanu3, NOrucTuka Ha
BCEKW MHXEHEPEH MPOEKT UMM MOAEN U CbOTBETHWUTE NapamMeTpUyHN OLIEHKM, B T.4. OLiEHKa Ha puCKa, OLeHKa
Ha PUCKOBUTE (haKTOPY 1 30HM, ONPeaEensily yCToMuMBaTa ekcnnoaTaLms.

KormuecTeHus aHanu3 1 knacudvkalMoHHaTa OLEHKa criomaraT 3a BCEkW eTan OT afieKBaTHOTO
opa3mepsiBaHe npes onpefensiHe Ha ONTUMAarNHOTO MECTONONOXEHNE Ha KOHCTPYKTUBHM ENeMEHTH, hopma 1
OpEeHTaLWs, rapaHTMpaHe Ha YCTOAYMBOCTTA MpW eKcrnoaTauus A0 PelleHusiTa 3a OCurypsiBaHe Ha
[bNroBpeMeHHaTa yCTONYMBOCT - NPeAMET Ha reoMexaHukaTa.

N3Boau

[obpe n3BecTHO €, Ye P bbnrapus e gbpxasa ¢ ApeBHU Tpaguumm B obuBa Ha MeTanu — MedHwu,
ONIOBHO-LIMHKOBM M 3M1aTOChabpXally pyau B Haxoguwiata 3a Jobue Ha nogsemHu npupogHu Goratcrsa.
CbrnacHo HauuoHanHus KoHuecuoHeH peructbp (HKP) kbM MomeHTa B Bbnrapus ce wu3BbpLuBa
ekcnnoatauust Ha Hag 600 KOHLEeCHoHHK obekTa OT KOMTO Mo noasemeH cnocob ce paspaboTeaT eaBa aeceT
Haxoguwwa unm 1,7% ot obwwus aan. MoTeHUMambT Ha CTpaHaTa HW 3a JobuB Ha nodseMHu boraTcTea e
ronsiM, HO LieNeHaco4eHo ,paseuThe” Ha CneyuanucT B nocoka noaseMeH Ao6uB Ha MOMesHU M3Konaemu
n30CTaBa C pe3ku Temnose. JTunceaT cneunanucTi CBbP3aHn C PeanHu M3CNeaBaHns 1 NpakTMYeckn onuT B
obnacTTa Ha noa3emMHust 4OBUB — TEXHOMO3M, MUHBOPU U MUHHM pa3paboTynLKM, OT TaM M Ha reomexaHunuu. B
NOCNeAHUTE HAKOMKO FOAMHU AOOMBBLT Ha METanHW MOMe3HN U3Konaemn 1 BbIMMLLa Mo nog3eMeH crnocob e
CbKpaTeH HaroroBKHa, U3LAN0 ca NUKBUOMPAHW YETUPU METarHU HaxoamLa ynpaxHaBaLy MUHHO-006MBHA
[EeHOCT no nogseMeH crnocob geiicTaawyym fo 2020 r. (Haxoguwa Yana, Haxoguwe [AMMOB On, HaxoauLle
NykmHa naguHa u Haxopuwwe O6pouniye), YeTpn Haxoguwa 3a Jobue Ha BbrnmMwa (Haxoauwe OpaHoBo,
Haxoguwe MuHbop Haxogumie BabuHo u Haxoguwe Bbobos gon) ca nocregHuTe y Hac paspaboTBaHM No
nogaemeH cnocob aencrteawm oo 2018 r. 3a npobnemute npeq Noa3eMHUs JOOMB Ha NOME3HN U3KONAaeMM U B
YaCTHOCT reoMexaHukaTa CBWAETENCTBA M Beye HecbluecTByBallaTa kategpa no ,flogsemeH JobuB Ha
Mnosie3Hu nskonaemm®.

Bce no-ronemusi osn 0T MHBECTULMOHHWUTE HamepeHus 3a AOOMB €4MHCTBEHO MO OTKPUT Crocob,
obycnaBsiHM OT fMncaTa Ha Kagpu B MWHEpanHO-CyPOBWMHHUS OTPachbfl MAKC PLKOBOAEH WHXEHepeH
NepcoHan C Hyxgata KBanuukauus KOMTO Aa ynpaxHsBa W [a Bb3nara LEHOCT B NOAIEMHM MUHHM
ycnosus. [lokasaTencrtso 3a MOCNEAHOTO Ce SBSIBA U MepuneTuTe npes KOWTO Ce M3npaBs BCEKU €OuH
HOBOCTPOSILLMSAT Ce MOA3EMEH PYAHWK MM NOL3EMEH PYAHMK pa3BuBaLl Ce B HOB (hiaHr UiW no HOBa 30Ha.
Niuncata Ha KBanuuUMpaHu Kkagpu OT CPEAHO HMBO B T.4. MWUHHM OMepaTopu NMNCcBaT WK Tembpea €
Heobxogumo ga ce obyyaBaT Ha MscTo. Jluncata Ha ,MpakTMYHW MWHBOPU® C MO3HaHWs no Basosa
reoMexaHuka Boau [0 3nonynyku. CTaTucTMKa BogeHa npes3 MnocregHWTe NeT roaWHW Mokasga, 4e
NPOEKTUPAHETO W CTPOUTENCTBO HAa MUHHW M3PabOoTKN B T.4. NOLA3EMHA MHAPACTPYKTypa Ce Bbanara Beye
Ha KaZpu OT CTPOUTENTHWS 1 apXMTEKTYPeH BpaHLL 1 BCe NO-Manko Ha CreumanmeT OT MUHHUS GpaHLL.

Ot gpyra cTpaHa ocesaemute eqeKTu OT reononuTUYeckTe KOH(IMKTI Npe3 NoChneaHUTe roauHu
BbPXY €BponenckaTa 1 CBETOBHATa MUHHA MPOMMLLNIEHOCT M HACTBbNMAUTE MaLlabH1 NPOMEHU B 0BLLECTBEHO
- WKOHOMWYECKM MMaH B CBETOBEH Mallab Hanmoxuxa NpeoCMUCISIHETO Ha MKOHOMMUYECKUTE U HayyHUTE
npuoputeTn. KbM MOMeHTa TpuaeceT U YeTUpW eneMeHTa OT nepuoauyHata MeHgeneesa Tabnuua Ha
XMMUYECKUTE eNEMEHTH Ca onpeseneHn oT EBponenckus Cbio3 Kato ,KPUTUYHN" CYPOBUHM CbC CTPATENMYECKO
3HaveHne 3a esponeinckata ukoHomuka (KCC). Te ce u3non3saT B eneKTPOHWKaTa, 34paBeornas3BaHeto,
NPOU3BOACTBOTO Ha CTOMaHa, oTbpaHaTa, M3CneABaHETO Ha KOCMOCa, aBWauusTa U Olle MHOro Apyri
WHOYCTPUanHu obrnacrtu, KaTto OCHOBHWTE MM [OCTaBYMUM ca M3BbH EBpona. Mopagn ToBa eBponenckus
3aKoHoJaTeneH akT 3a CypOBUHWTE OT U3KNKYNUTENHA BaxHOCT 0T 2023 1. fethuH1pa KaTo KPUTUYHW CYPOBUHU
CNeJHUTe MaTepuanu: aHTUMOH, apceH, anymMuHuin/6okent, 6aput, Gepunuir, Bucmyt, 6op, Mea, dengwnar,
bnyopuT, ranuid, repMaHnin, xachHWUi, Xenuin, NUTUIA, MarHeauin, MaHraH, rpadnT, HUKeN, HMObuiA, docdarty,
CKaHOWW, CUMNLMIA, CTPOHLWW, TaHTan, TUTaH, Bondpam, BaHagun 1 niaTuHoBa rpyna enemMeHTy, BKoysaLla
nnaTWHa, nanagui, poaui, PyTeHUM M OCMWA. KaTto cTpaTervyecks B CblMsS LOKYMEHT ca OnpefenieHu
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BucmyT, 60p, KOGanT, Med, ranuin, repMaHui, NUTUA, MarHe3wit, MaHraH, rpaduT, HAKeN, nnaTMHoOBa rpyna
ENEMEHTH, PEaKO3EMHUTE eNEMEHTN BKMOYUTENHO M HEOAMM, NPa3eoanm, Tepbui, ANCNPoO3ni, ragonuHUR,
camapuin 1 LUepuin, CUNNLUMIA, TUTaH 1 Bondpam.

B saknioueHne cregsa aa ce otbenexu, ye usbopa Ha mpaBuHa METOAMYHA NOCnefoBaTenHoOCT
ocurypsisa BCUYKW eTanu OT NpoekTupaHe, nabopatopHuTe 1 Nonesu U3cneaBaHns, MoAeNMpaHeTo 1 nnaxa
3a paspaboTka, Npe3 CTPOMTENCTBOTO M eKkcnnoataumsaTa 40 PeKyNTUBMPAHETO U pelleHnsiTa 3a BTOPUYHO
u3nonssaHe Ha 0TPaboTeHUTe MPOCTPaHCTBA C APYrv MpeaHasHaYeHusi, WUSKMOYMTENHO aKTyanHo B
CbBPEMEHEH €Tan OT Pa3BUTUE Ha BCEKW €AMH NOA3EMEH MUHEH OBEKT.
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TOPIC E

Environmental protection. Sustainable development.
Geotechnical aspects of cultural heritage

Ona3zBaHe Ha OKOJIHaTa cpeaa. YCTOMUMBO pas3BuUTHE.
FeoTEXHMUYECKN acneKTU Ha KYJITYPHOTO Hac/eaCcTBo
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CARBON FUNCTIONS OF PEATLAND GEOSYSTEMS IN THE NORTH-WESTERN REGION OF UKRAINE:
A REGIONAL ASSESSMENT IN THE CONTEXT OF EUROPEAN EVIDENCE

Andrii Pokshevnytskyi
2State Institution "Institute of Environmental Geochemistry of the National Academy of Sciences of
Ukraine", 34a, Akademika Palladina av., Kyiv, Ukraine, 03142, e-mail: pokshevnitskiy@gmail.com

ABSTRACT

For much of the twentieth century, peatlands were widely regarded as land requiring drainage for agricultural
use rather than ecosystems of major environmental value. As a result, large areas of peatland across Europe
were drained during the twentieth century, with consequences that are still being quantified. At that time, the
importance of peatlands as long-term carbon stores was largely overlooked. Globally, peatlands occupy
somewhere between 3 and 5% of the land surface and yet hold more than one-third of all soil carbon — more,
in aggregate, than is contained in the standing biomass of all the world's forests.

Peatland geosystems of the NWR play an important role in regional carbon storage and greenhouse gas
regulation, and have been substantially altered by 20th-century drainage whose consequences are still
unfolding. Abandoned drained peatlands in the NWR are at elevated fire risk during drought years. Peat fire
events release centuries of accumulated carbon within days and leave no possibility of recovery at human
timescales. Conservation of intact peatland geosystems and managed rewetting of degraded areas represent
the most effective land-use interventions for climate mitigation in the NWR — with co-benefits for regional
hydrology, biodiversity, and the geomechanical stability of peat-underlain infrastructure.

Introduction

For much of the twentieth century, peatlands were widely regarded as land requiring drainage for
agricultural use rather than ecosystems of major environmental value. As a result, large areas of peatland
across Europe were drained during the twentieth century, with consequences that are still being quantified. At
that time, the importance of peatlands as long-term carbon stores was largely overlooked. Globally, peatlands
occupy somewhere between 3 and 5% of the land surface and yet hold more than one-third of all soil carbon —
more, in aggregate, than is contained in the standing biomass of all the world's forests.

The North-Western Region of Ukraine (NWR) — Volyn, Rivne, Lviv, Ivano-Frankivsk, Chernivtsi and
Zakarpattia oblasts, together forming the Ukrainian section of the broader Polissia and Carpathian fringe — has
its own substantial peatland resource. Organic deposits have formed in the floodplains of the Prypiat, Horyn,
Styr, Sluch and Western Bug rivers, in glaciofluvial depressions between sandy ridges, and along the drained
margins of ancient lake basins. Annual precipitation across the region ranges from 600 mm in the north to 800
mm in the Subcarpathian zone (Vozniuk et al., 2017), which is sufficient to sustain active peat formation where
drainage has not intervened. Peat depths vary enormously — from less than half a metre on the margins of
complexes to more than 3 metres in well-developed lowland bogs.

The core question is what happens to the carbon stored in these deposits — under natural conditions,
under drainage, and under the fire and abandonment that followed the collapse of Soviet-era land
improvement systems. This paper brings together regional data on NWR peatlands and recent European
evidence on peatland carbon losses to address that question. It draws mainly on Vozniuk et al. (2017) for
regional characterization and on European flux and inventory studies from the past decade for quantitative
context.

Carbon Accumulation Capacity of NWR Peatlands

Peat accumulates because decomposition is slower than production. Under permanently waterlogged
conditions, the absence of free oxygen shuts down the aerobic microbial pathways responsible for most
organic matter breakdown. Plant material — mosses, sedges, reeds, wood fragments — piles up as partially
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decomposed residues, layer upon layer, over timescales measured in centuries and millennia. The carbon
content of the resulting material is high: typically 45-60% of dry mass, sometimes more.

In the NWR, peatlands are predominantly eutrophic — that is, fed by mineral-rich groundwater rather
than rainwater alone. Groundwater supply strongly influences their geochemical characteristics. Eutrophic
peats tend to have higher ash content than raised bogs, with more calcium, higher pH, and significantly
elevated concentrations of nitrogen (reaching 2-3% of dry mass in well-developed profiles), phosphorus,
potassium, and micronutrients including copper (Vozniuk et al., 2017). The organic fraction itself is
heterogeneous: fresh accumulations are rich in cellulose and hemicellulose, while older, more humified
horizons consist predominantly of humic acids, fulvic acids, and recalcitrant humin complexes that resist
further decomposition even under aerobic conditions.

Carbon stocks in these systems have not been systematically measured at the regional scale for
Ukrainian Polissia. But comparable eutrophic peatlands in Poland, Belarus and the Baltic states — with similar
genesis, peat types and depth distributions — typically hold 150-300 tonnes of carbon per hectare. These
figures should be regarded as indicative estimates until a regional inventory becomes available. Given that
peat depths along the Horyn and Styr floodplains and in the inter-drainage areas of Volyn and Rivne oblasts
locally reach 2-3 metres, the aggregate carbon reservoir of the NWR is geochemically substantial.

Greenhouse Gas Exchange: CO,, CH, and N,0O

Three greenhouse gases matter in peatland carbon accounting: CO,, CH,, and N,O. The relative
importance of these gases varies with hydrological conditions, particularly water table depth.

When the water table is at or near the surface, photosynthesis by Sphagnum mosses and vascular
wetland plants draws CO, from the atmosphere and incorporates it into biomass, part of which eventually
becomes peat. Below the water table, in strictly anaerobic conditions, the dominant microbial process is
methanogenesis — the fermentation of organic matter into CH,. Methane escapes through the water column by
diffusion, through the aerenchyma (air-conducting tissue) of emergent plants, and as bubbles from the
sediment surface. Over a 100-year global warming potential horizon, one kilogram of CH, has the same
radiative forcing as approximately 28-34 kg of CO,. This is why natural, undrained peatlands can show a net
warming influence in the short term — they emit enough methane to offset their CO, uptake — while functioning
as net carbon sinks over longer timescales as peat accumulates.

A decline in water table depth of only 20-30 cm substantially alters carbon cycling. Oxygen penetrates
the upper peat layers, aerobic bacteria become active, and CO, emissions from decomposition increase
sharply. Koch et al. (2023) quantified this relationship using flux data from Danish long-term eddy covariance
monitoring networks and showed that CO, emissions respond predictably — and steeply — to declining water
table depth. Their results underpin national-scale GHG estimates and have been used to design restoration
programmes. Rewetting, conversely, has been shown across multiple European studies to reduce net CO,
emissions by an average of around 1.43 t CO,/halyear (Darusman et al., 2023), at the cost of somewhat
elevated CH, production; the net climate benefit of rewetting over decades is generally positive.

Nitrous oxide adds a further complication — particularly in eutrophic systems like those of the NWR. At
intermediate moisture levels, where the soil cycles between aerobic and anaerobic conditions, both nitrification
and denitrification are active simultaneously. These conditions favour intensive N,O production through
simultaneous nitrification and denitrification. In nitrogen-rich lowland peats with 2-3% organic nitrogen, even
modest drainage can generate N,O emissions that represent a meaningful fraction of the total GHG budget.
Yet N, O is rarely measured in Ukrainian peatland studies, and its contribution to national emission inventories
is likely underestimated.

What Drainage Does to Peat Carbon

Between the 1950s and the early 1980s, Soviet hydrotechnical improvement programmes installed
drainage networks across large areas of wetland and waterlogged land in Ukrainian Polissia — including
substantial areas of organic soil in the NWR. The intended outcome was agricultural productivity. In many
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agricultural areas, drainage initially increased crop productivity. But the geochemical consequences have
outlasted the agricultural rationale by decades in many locations.

Once peat is drained and exposed to oxygen, oxidation begins and does not stop. Under drained
conditions, peat oxidation continues for decades unless hydrological conditions are restored. Aerobic
microorganisms that were previously inactive begin breaking down organic compounds that accumulated over
thousands of years. The surface subsides — compaction, shrinkage, and biological oxidation all contribute — at
rates typically between 1 and 5 ¢cm per year in cultivated European peatlands (Tiemeyer et al., 2020). The
carbon released by this process enters the atmosphere as CO, at rates that can reach several tonnes of
carbon per hectare annually, year after year, for as long as drainage is maintained.

The scale of this problem across Europe has only recently been quantified at high resolution. A 2025
analysis published in Nature Communications mapped GHG emission hotspots from drained EU peatlands
and found that annual emissions amount to between 59 and 113 million tonnes of CO,-equivalents that are
absent from or substantially underreported in national UNFCCC submissions. Ukraine is not included in this
analysis. But the drained Polissia peatlands share their genesis, peat type and drainage history with the
systems studied in Poland and the Baltic states, where the emissions data are among the most significant in
the dataset.

Peat fires constitute an additional pathway of carbon loss. Drained peat ignites readily - it is, after all,
a form of incompletely transformed fuel. Peat fires burn underground, slowly, and are extremely difficult to
extinguish. The abandonment of former agricultural peatlands in the NWR - a process that accelerated after
1991 and continued unevenly through the 2000s — has left extensive areas of dry, unmanaged organic soil that
are vulnerable during drought years. A single fire event can release in days or weeks the carbon that
accumulated over centuries (Page et al., 2002). That carbon does not return on any human timescale.

Carbon Management and Sustainable Development Implications

The 2013 IPCC Wetlands Supplement was the first attempt to provide standardized methods for
counting GHG emissions from organic soils in national inventories — and it changed how drained peatlands are
reported, moving them from a land-use category to an emissions source. The EU’'s LULUCF regulation built on
this, and the obligation to report organic soil emissions now extends progressively to candidate countries as
well. Ukraine is not exempt from this direction: the 2024 Law on Basic Principles of Climate Policy sets up an
Emissions Trading System, with a pilot starting in 2026.

For the NWR, the simplest starting point is keeping intact systems intact. The wetland complexes of
Prypiat-Stokhid National Nature Park, Rivne Nature Reserve and adjacent protected areas hold their carbon
as long as drainage is not pushed further into them. These peatlands represent some of the largest terrestrial
carbon reservoirs in Ukraine.

Where degradation has already occurred, managed rewetting is the established restoration approach.
Paludiculture — cultivation of wetland-adapted species such as Sphagnum, reed, and cattail on rewetted peat
soils — is increasingly discussed in Central and Eastern European contexts as a way to reduce GHG emissions
while maintaining some economic productivity on land that is no longer viable for conventional agriculture.

An additional aspect relevant to this conference concerns geomechanical stability. Peat subsidence —
the loss of surface elevation that follows drainage - reduces bearing capacity and creates differential
settlement in roads, hydraulic structures and embankments across the Polissia lowlands. The carbon loss and
the mechanical instability are not separate issues; both come from the same process of aerobic peat
decomposition. Maintaining higher soil moisture simultaneously improves geotechnical stability and reduces
carbon losses.

Conclusions

Peatland geosystems of the NWR play an important role in regional carbon storage and greenhouse
gas regulation, and have been substantially altered by 20th-century drainage whose consequences are still
unfolding. The main conclusions are presented below.
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1. Eutrophic peatlands of the Polissia zone store an estimated 150-300 t C/ha in partially decomposed
organic matter, with peat depths reaching 2-3 metres in the inter-drainage depressions of Volyn and Rivne
oblasts and in the floodplains of the Horyn and Styr rivers. Systematic regional inventory data are not yet
available.

2. Under natural waterlogged conditions, these systems tend toward net carbon accumulation over
long timescales, despite simultaneous CH, emissions. Water table position is the dominant control: a drop of
even 20-30 cm triggers a shift from CO, sink to CO, source through activation of aerobic decomposition.

3. Large-scale drainage during the Soviet period transformed significant areas of NWR peatlands from
carbon sinks into chronic GHG sources. The oxidative loss of peat carbon is ongoing and cumulative, and is
not offset by the agricultural productivity of drained organic soils.

4. N,O emissions from nitrogen-rich NWR lowland peats under partial drainage conditions are not
currently quantified in national GHG reporting — a gap that likely results in systematic underestimation of total
GHG contributions from drained organic soils in Ukraine.

5. Abandoned drained peatlands in the NWR are at elevated fire risk during drought years. Peat fire
events release centuries of accumulated carbon within days and leave no possibility of recovery at human
timescales.

6. Conservation of intact peatland geosystems and managed rewetting of degraded areas represent
the most effective land-use interventions for climate mitigation in the NWR — with co-benefits for regional
hydrology, biodiversity, and the geomechanical stability of peat-underlain infrastructure.
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ABSTRACT

The refuse from grinding process at mining companies is part of the valuable ore — non-waste material. It has
to be refed for grinding, so that particles reach the size ready for flotation. Significant part of non-ground refuse
continues not to be ground. With the help of a recycling and sorting company we would perform an experiment
aiming at minimizing the volume of the refed for grinding refuse. It would save certain power consumption.
With this article we describe the experimental features. In case of success, a subsystem in the grinding
process would be built, for less secondary grinding of the refuse.

BbBEAEHWE

MpouecbT Ha cMUnaHe € HeoTMEHHa YacT Ha (pnoTauusiTa 3a U3BMMYaHe Ha MeTanu. Llenta Ha Tasm
NOAroTOBKa Ha pyaaTa e Aa 6bae foBefeHa A0 pa3Mepn Ha YacTuuuTe, KOUTO OTFOBapSAT Ha pasMepuTe Ha
BCVYKM BaXHW METamnHX MUHepanu, JOMpUHAacsLLM 40 MPOW3BOACTBOTO Ha KpPamHUS KOHLUEHTpaT. B obwust
cryyait efHa yacT OT nojaBaHaTa 3a CMWUMaHe pygda He mMoxe da 6bde cMmnsHa [0 XernaHus pasmep U
N3BECTeH TernoBeH obem ce U3XBLbPNA W3BBH MENHUUMTE KaTo oTnagbk. CMnsHaTta pyda ce nogaea 3a no-
HaTaTblUHa dnoTaumns. HecMneHnaT oTnagbk Ha NpakTuka 13nuaa ¢ NpUbnM3UTENHO CblyUTe pasMepm KakTo
Ha 3axpaHBaluuTe MenHuUM pyga. Toan ,0Tnagbk’ BCbLHOCT HEe € HUKAKbB OTMagbk, a NpoAbikaBa Aa e
pyZa CbC CHLLOTO Ka4eCTBO KaKTO Ha NMoAgaBaHWs 3a CMUNaHe Matepuart.

MenHuYHMAT ,0TNagbK’, HapuyaH OLe ckpan, He Ce AenoHMpa Ha HsKakBW Hacunuiia, a ce nojaea 3a
MOBTOPHO cmunaHe. pobnembT ce MosiBsBa, KOrato Te3W NOBTOPHO NOZAZEHM 3a CMWMaHe 3bpHa B
ronsiMata i 4acT M3nm3aT 0THOBO HECMIEHW. Taka Te ce ABWKAT B NMOCTOSIHEH KPbr M M3pa3xoaBaT HEHYKHO
KONMNYECTBO eneKTpoeHeprus 3a obpaboTka.

C HactoswaTa paboTa TbpcuM fa AedvHrpame, OLEHUM W NPEANOXMM EBEHTYarHO pelueHne Ha npobnema
- [a Ce MWHMMM3VMpA KONMYECTBOTO Ha OTMagbka-ckpam, Aa Ce HaManu KONIMYECTBOTO Ha MOBTOPHO
HECMIIeHUs mMaTepuan M B KpalHa CMeTka Aa Ce CMeCTW HEHY)XHOTO W3Mon3BaHe Ha [OMbSIHWTENHA
€NEKTPOEHEpIMs.

/3non3saHuAT Noaxod e 4pes copTUpaHe Ha HecMreHWTe edpu pyaHW 3bpHa. Hactoswara paboTa He ce
3aHMMaBa C OCHOBHWTE MPUYMHY 3a TOBA SBMEHUE, TakuBa kaTto: 1) YCKOPEHO N3HOCBaHe Ha TOMKOBMS TOBAP
1 BbTpewWwHnTe BpoHM Ha MenHuyaTa; 2) 3aryba Ha Bucokus penedy Ha bponute; 3) Henoaxogsia peonorus
N HebanaHcupaHa MIBTHOCT Ha Mynna NOANOXeH Ha cmunade; 4) Cb3gaBaHe Ha MpEKaneHo BMCKO3HO
CUNMKATHO MOKPWUTWME Ha CTOMAHEHMTE TOMKM W HaMansiBaHe Ha TsXHaTa eHeprus Ha yaap; 5) MenHuyHo
3axpaHBaHe C HenoaxoasLL ronsm pasmep pyaa Hag 25 mm.

NPOM3BOACTBEHW IMHNIA 3A CMUTTAHE 1 TEXHONOINIA 3A COPTUPAHE

MenHuyHus uex Ha ,Enaunte-Men® e usrpageH ot 12 Tonkosu mMenHuum pabotewm napanendo. EguHagecer
0T TX ca C egHakbB pasmep (MTL, 4.5 m x 6 m — guameTbp/Ob/KUHA) U egHa € C NO-MaibK TaKbB.
MocnepHata npeacTon aa 6bae NOAMEHEHa C pa3Mep eAHaKbB C ronemMuTe.

Bcaka MenHuyHa eguHMua ce cbctou OT 6apabaHHa TOMKOBa MeMHMUA C LEHTpanHO pas3ToBapBaHe,
3afdBuWxBaHa OT enekTpomoTop. CMAEeHWST NpogykT ce nofaBa 3a KnacuduuupaHe B XWAPOLMKIOH.
[MpenuBHUAT NPOAYKT OT LMKIOHA € rOTOB 3a 3axpaHBaHe KbM MpoLec qioTauns, a 0CTaTbyYHMS MACHK ce
Bpblya 3a AocMmunaHe. [pe3 npegHus OTBOP Ha MeNHULATa Ce M3XBbPRs HECMIIEHMSAT CKpan, KOWTO ce
cbbupa v Bpblua B MENHMUMTE 3@ AOCMUNaHe. lNpumep 3a opraHu3auusTa Ha €AuMH MEMHUYeH arperat e
nokasaH cxemaTuyHo Ha durypa 1.
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npoTex Npatax
nacno nacna

Queypa 1. Cxemamu4Ha opeaHu3ayusi Ha KOMnNOHeHmume Ha eduH MeSTHUYeH agpeaam

KoHcymaumsTa Ha eaHa MenHWyHa eguHuLa e ot nopsgbka Ha 2.3 MWh. MpoueHTbT 0T NOCTOSIHHO noJaBaHe
Ha ckpanTa 3a JOCMMNaHe peanuanpa HeHyXHa KOHCyMauusi Ha enekTpoeHeprusi. Ako To3u npouec 6bae
MUHUMW3NPaH, KOHCYMaLMsITa Ha eNeKkTpoeHeprus e 6bae onTumMmuamnpaHa.

CbBpeMEHHUTE TEXHOMOMMKW 3a COpTUPaHe Ha MaTepuanu Ce M3Mnon3BaT MHTEH3WBHO B XpaHWUTESHO-
BKyCOBaTa MHAYCTPUS (COPTMPAHE Ha y3penu niogoBe W 3eneHYyLM, BKI. COPTUpaHE Mo pasMep U LBAT) W
BbB (papMaLleBTUYHATa MHAYCTPUS (COPTUPaHE Ha xanyeTa).

Mpe3 nocrnegHuTe OeceTWHa TOAWMHW COPTUPOBBYHATA TEXHOMOTUS HaBnM3a W B MWHHATa WHOYCTPUS.
A3BECTHO € U3KIIYMTENHO YCMELLHO COpTUpaHe Ha ckanHa maca 3a Jobus Ha HeobpaboTeHu AnamaHTh ¢
ronemMu pasmepu 4pes TpaHCMUCMOHHA peHTreHorpacdms (Caesar, 2020). Tosn peanuanpaH MpOEKT B
AnamaHTeHa MuHa B BoTCyaHa ycrnewHo e cenekTupan camo 3a nocregHute geceTtuHa roguhn 7 ot 10-te
Han-ronemn HeobpaboTeHn aMamaHT gocera, M306LLO OT LsnaTta MUHHA AeHOCT 3a AoOMB Ha AMamaHTV B
cBeTa.

METOLONOIMA

HecmneruTe efpu 3bpHa OT MENTHUYHWS NpoLieC ca C pasMepu okono 2 cm. Te ca M3rpageHn NpeaumMHo ot
rpaHoaMopuTOBa, XOPHEn3oBa 1 LUMCTOBA ckana. Kato OCHOBEH M3TOYHUK Ha LEHHWTE PYOHW MUHepan,
Te3W CKarnHu 3bpHa ocTaeaT Aa 6baaT pyaa, OTroBapsilla Ha HYXHUTE KOHLEHTpaLWW Ha LEHHU MeTanu
(Purypa 2a).

Queypa 2. Omnsieo HadsICHO: &) HECOPMUPaH CKpan — HECMIIEHU 3bPHa C Pa3Mepu 0Kolo 2 ¢m, NodasaH 3a NOBMOPHO
cMurnaHe; 6) copmupaH ckpan — Cmepurt; 8) copmupaH ckpan — pyda; 2) cmpum ckaneH Mamepuar, no02omeeH 3a
XUMUYECKU aHanu3 u 6bp3a mpaHCMUCUOHHa peHMeeHoepaghust
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HacToswara pabota onucea npeasapuTenHata MOArOTOBKA HAa HECMIEHUTE CKanHK 3bpHa 3a Aa Obaar
NOAJIOXEHN Ha COPTUPOBBYHUS ONUT YPEe3 TPAHCMUCUMOHHA peHreHorpadms. HeobxoanmoTo KONMYECTBO 3a
nabopatopeH TecT 3a coptupaHe e okono 100 kg. B gonbrnHeHne e Heobxoanmo OnNpeaeneHo Konu4YecTso
COpTMpaH MaTepuarn, onpeaeneH kato pyaa v CTepun.

OT TpaHcnopTHaTa neHTa 3a MenHUYeH 0TnagbK (ckpan) € cbbpaHa koMno3uTHa nNpoba OT HECMEHN 3bpHa B
NPOABLIDKEHNE Ha NeT AHu (27 despyapu, 2 mapt, 4 mapt, 5 mapt n 6 mapt, 2026 r.), ot 15 go 30 kg
MaTepuan 3a Bcekw onpobBaH feH 1 ¢ 0bwo Terno cyxa npoba ot 103 kg. Mpobata e u3mmuTa 3a npemaxeaHe
Ha (OUHUTE YacTUuM M m3cylweHa B cywmnHa npu 105 °C. EgHa npepcTtaBuTenHa 4YacT OT KOMMO3WTHATa
npoba e npernefaHa nog CTepeo MUKpPOCKON-GUHOKyNsp, ¢ 06Lwo Terno ot 65.5 kg. MatepuansT e BU3yanHo
COPTUPaH Ha 3bpHa ,cTepun” (Purypa 26) n 3bpHa ,pyaa” (durypa 28). ToBa BU3yanHO COPTUPAHE € CaMO Bb3
OCHOBA Ha Hanuyue/nunca Ha pyaHu MUHepanu no NoBbPXHOCTTA Ha 3bPHOTO, KAaTo € AbpXaHa cMeTka 3a
HabntoaeHne Ha xankonupur. MupuTbT e cunTaH 3a 6e3pyaeH MuHepan. CopTupaHuTe 3bpHa kato ,cTepun’
He € 3a4bIHKMTENHO HaUCTWHA da ce OKaxaT 6e3pyaHu — Bb3MOXKHO € BbB BbTPELLHOCTTA Ha 3bPHOTO Aa UMa
PyAHW MUHepanu. CpegHOTO KOIMYECTBO MO AHM Ha CTEPUITHUTE 3bpHA OT CopTUpaHKs Matepuan e 4.34%.
Ha ®urypa 3 e npeactaBeHa cxematuyHa 6nok Auarpama 3a npoueca Ha MOAroToBka Ha matepuana u
HEroBMTE aHanmam.

KonuyecTBeHu JaHHu 3a BCEKM eH Ha onpobBaHe ca npeacTaBeHn Ha Tabnuua 1.

BTopa yact 0T Bcska OT AHEBHMTE Mpobu e HaTpOLLEHa B YenoCTHA TpoLladka, creg koeto e obpaboTteHa B
[MCKOBA TpOLLAyKa 3a MOCTUraHe Ha 3bpHa OT MUIMMETPOB pasMep. Hakpas matepuanbT e CTpUT 40 OUHK
yacTuum B nabopatopHa Tonkosa MenHuua (Purypa 2r). Konnvectsa mexay 100 g n 120 g ca npeaaaenm 3a
XMMWUYEH aHanu3 3a enemMeHTH (MeTanu 1 Hemetanu). AHanuauTe ca 3a cnegHute enementi: Mg, Al, Si, P, S,
K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, W, Hg, Pb, Bi, Th, U, n
rPynoBo ek enemMeHTH (35 KOMMNOHEHTA).

Ot npobata 3a Bceku aeH ca otaeneHun okono 100 3bpHa ctepun u 500 3bpHa pyaa. 3aegHo € YacT oT
cTputute npobu, Te ca NOANOXEHN Ha 6bp3a TPAHCMUCUOHHA peHreHorpadust C NOMeBU PEHTIEHOMETHP,
mogen Vanta Handheld XRF Analyzer Ha Olympus.

Mo-gony ca npeacTaBeHW KONMMYECTBEHUTE pesynTaTh OT XMMuyeckute aHanuau (Tabnuua 2) u Gbp3ata
TpaHCMUCHOHHA peHTreHorpadust (Tabnuua 3) Ha npobuTe.

I=250

Queypa 3. briok Ouaepama 3a npoyeca Ha no02omoska Ha npobama u nposexdaHe Ha aHanu3u
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PESYNTATU N ANCKYCUA

Tyk ca NnpeAcTaBeHn npeaBapUTENTHUTE KONMMYECTBEHW JaHHMW 3a BIU3yarHOTO PbYHO COPTUPaHe Ha npobuTe -
,CTEpUn® v ,pyaa 3a [QOCMUNAHE®, XMMWUYECKUTE aHanuau CTputuTe npobu u Gbp3ata TPAHCMUCMOHHA
peHTreHorpagms.

Tabnuya 1. KoudecmeeHa uHghopmayusi 3@ PbyHO CopmupaHusi Mamepuan nod MUKpocKkon

I'I;:\:)Ga Dara Terno, kg | Crepun, kg Pyaa, kg % Ctepun

1 27.02.2026 12.742 0.645 12.097 5.06

2 02.03.2026 9.539 0.435 9.104 4.56

3 04.03.2026 8.169 0.493 7.676 6.04

4 05.03.2026 15.673 0.458 15.215 2.92

5 06.03.2026 19.505 0.605 18.900 3.10

[AHeBHO cpeaHO % Crepun 4.34

MNpo6a flata BnaxkHa Cyxa pyaa, e G2 UHcnekTUpaH

Ne pyaa, kg kg martepuan, %

1 27.02.2026 19.372 18.492 4.54 68.91

2 02.03.2026 21.276 20.286 4.65 47.02

3 04.03.2026 30.264 29.462 2.65 27.73

4 05.03.2026 16.428 15.673 4.60 100.00

5 06.03.2026 20.433 19.505 4.54 100.00

Bcuuko, kg 103.418

XUMMYecKnUTe aHanuan Ha pbYHO COPTMPaHUS MaTepuasn nokassat, Ye HYOBELLKOTO OKO He e 3afb/IKUTENHO Aa
ycree Aa pasrpaHuuu pyga OT CTepun, AOPYU NOL MUKPOCKOMCKO cTepeo yBenuyeHue. 3a lMpoba Nef
CbabpkaHneTo Ha Cu e 3HauYMTENHO MO-BMCOKO B COPTMpaHMs CTepun OT ToBa npu pygata. [poba Neb
nokassa CXOfHa CUTyaLKsi, HO He TONKOBa CUMHO u3paseHa. MMpoba Ne2 e ¢ naeHTUYHM ChabpxaHus Ha Cu
npu pyaa u ctepun, gokato Mpobu Ne3 1 4 ca ¢ CHO M3pa3eHn CbabpxaHus Ha Cu B NoBeye Npu pyaHUTE
3bpHa. Pasnuknte B cbabpxanusTa Ha Mo, HexenaHo Fe, Au n Ag He ca CTaTUCTUYECKMA 3HAUMMMU.

Tabnuua 2. Xumuyecku aHanu3su Ha OHeeHUMe npo6u no enagHuUme MemarHu efieMeHmu, OKUCHa Med U

HeXeJlaHO XeJld30
M:erpMJan Pyaa (1)/ Cu, % Mo, % Fe, % Cu0,% | Au, g/t | Ag g/t
Ne / gata Crepwun (2)
Nel 1 0.032| 0.0026 2.52 0.006 | <0.030 0.50
/27.02.2026/ 2 0.116| 0.0037 2.63 0.002| <0.030 0.55
Ne2 1 0.054| 0.0026 2.45 0.002| <0.030 | <0.50
/02.03.2026/ 2 0.068| 0.0025 3.34 0.002| <0.030 0.55
Ne3 1 0.150| 0.0044 2.86 0.002| 0.059 0.61
/04.03.2026/ 2 0.019| 0.0025 3.10 0.001| <0.030 | <0.50
Ne4 1 0.205| 0.0028 3.09 0.001| 0.091 0.67
/05.03.2026/ 2 0.012| 0.0025 2.51 0.001| <0.030 | <0.50
Ne5 1 0.171| 0.0033 2.82 0.001| 0.054 0.64
/06.03.2026/ 2 0.218| 0.0041 3.37 0.006( 0.056 0.74

160



Proceedings of the XII International Geomechanics Conference
7 - 11 September 2026, Varna, Bulgaria

NabopaTopHuAT TecT LWe K3non3Ba aBTOMaTMYHA CUCTEMa 3a COpPTUPaHe Ype3 TPaHCMMCWMOHHA
peHreHorpadms. To3n MeTog ce ovakea [a Aafe sCHa TPUMEpHa KapTuHa 3a KONMYECTBOTO PYAHWU MUHEpanu
B OTAENHMTE 3bpHa. TexHomnorusTa Ha KOMMaHusiTa, KosTO Lie NpoBede OnuTa Ce 04akBa Aa M3nonasa
YCbBbPLUEHCTBAH COTyep 3a pa3no3HaBaHE Ha W300paxeHus, B TO3W Chyvyan W TPUMEPHWU TakuBa.
lMocneaHOTO MOXE 3HAYMUTENHO fa nofobpu HeSAICHUTe pesynTaTh OT PbYHO copTupaHe. pu BCUYkK cryyvam
MOXeM [a CyMTaMe 3a HaaekaHO PbYHOTO copTupaHe Ha pobu Ne3 u 4, koeTo Lie € cBoeobpaseH TecT aanm
TexHonorusaTa we 6bae Npunoxuma 3a ycrnosmsaTa Ha NPoU3BOACTBEHNS npouec Ha ,Enauute-Men”.
MpoBeaeHaTa 6bp3a TPAHCMUCUOHHA PEHreHorpadust C MOMEBM PEHTTEHOMETHP MOKa3Ba [OCTa CXOAHM
pesynTaTi C Te3n OT XMMUYECKUS aHann3 Ha OTAeNHUTe AHeBHM Npobu. ToBa 3aTBbpXgaBa KOHCTaTaumMsTa,
ye MMpobu Ne3 n 4 ca HagexaeH MHAMKATOP 3a €BEHTyamnHus ycnex Ha nabopaTopHus TecT. HexenaHoTo
KENA30 TyK OTHOBO He NoKa3Ba CTaTUCTUYECKU PasnnuuMu pyga OT CTEPUI Npy COPTUPaHUS MaTtepuar.

Tabnuya 3. bbp3a MpaHCMUCUOHHa PeHMeeHo2paghusi Ha HECMIIEHU 3bpHa (pyda u cmepur) —

MemariHu C'b@'bp)KaHUﬂ
M;'LppMJan Pyaa (1)/ Cu, % Mo, % Fe, % Ag, g/t
Ne / para Crepun (2)
Ne1 1 0.031| 0.0010 2.26
/27.02.2026/ 2 0.064| 0.0019 2.30
Ne2 1 0.052| 0.0008 2.22
/02.03.2026/ 2 0.066| 0.0006 2.85
Ne3 1 0.135( 0.0016 2.41 14
/04.03.2026/ 2 0.021| 0.0007 2.61 14
Ned 1 0.185| 0.0015 2.44
/05.03.2026/ 2 0.012| 0.0007 2.19 22
Ne5 1 0.159| 0.0018 2.52 18
/06.03.2026/ 2 0.198| 0.0023 2.71

NPEONOXEHWE 3A BbBEXOAHE B EKCINOATALIMA HA MOOCUCTEMA HA NPOLECA HA CMUNAHE

Upes KOHTpOrHUTE XUMMYeckn aHanman Ha Mpobu Ne3 u 4 we ce cnegu gamv We uma peaneH edekT ot
aBTOMaTUYHUA Npouec. [laHHUTE OT eKCriepUMeHTa LUe Ce WU3MOoN3BarT 3a OLEeHKa Ha Bb3MOXHOTO CrecTsBaHe
Ha enekTpOeHeprs OT LEMOrOAuHWA MemnHuYeH npouec. MuHuUManHusaT ovakBaH pesyntat 6u 6un
oTaensiHe Ha okoro 4.5% OT HecMreHuTe 3bpHa, KOETO NPW roAuwHaTa NPOU3BOAUTENHOCT HA MEMHUYHUS
uex 6u osnayasano okono 9000 t ckaneH matepuan, KoMTo OW Ce M3Bagun OT ckpanTa nofaBaHa 3a
nocmunaHe. BeskakBu pesyntaty Haj Tesu HuBa Guxa OWnM JOMbAHWTENEH CTUMYN 3a BbBEXOaHe B
ekcnnoarauus Ha nogcucTeMa 3a aBTOMaTYHO CopTUpaHe Ypes TPaHCMUCUOHHA PEHTIeHorpadus.

Upes neproaunyeH KOHTPON C XUMUYECKU aHamnuan Ye MoXe a Ce rapaHTupa, Ye JeNCTBUTENHO OT cKkpanTa 3a
NOBTOPHO CMUMaHe Ce U3BaxaaT CTEPUITHI IbpHa.

SAKNIOYEHNE N BBAELA PABOTA

C HacToAWOTO M3credBaHe Ce [0Ka3Ba Bb3MOXEH MOTEHUMan 3a MKOHOMMYecKa LienecbobpasHoCT oT
BbBEXZAHe B eKCnioatauMss Ha NOLCMCTEMA 3a aBTOMATMYHO COPTMPaHE Ype3 TPaHCMMCWOHHA
peHTreHorpadms. MpoBeAEHOTO PbYHO COpPTMPaHe Nof CTEPEO MUKPOCKOM-OUHOKYNSP KOHCTaTMpa 3HAaYMMOCT
B pa3nuknTe Ha KoHUeHTpauuuTe 3a Cu B COPTUpaHUTE 3bpHa pyda W CTEPWN, C SIBEH NpEeBeC Npu pyaata B
Mpobu Ne3 1 4. Toea Le 6bae M3N0N3BaHO 3a KOHTPOS Ha NabopaTopHUS aBTOMATUYEH TECT.

Mpwn ycneweH nabopaTopeH TECT ce 04akBa Aa Obae NpOBEeAEH NMUIOTEH MPOM3BOACTBEH TECT C AeTaiNHa
OLeHKa 3a LieHa/mon3a Ha/oT BbBEXAaHEe B eKcrnoartauus Ha NOoACMCTEMa 3a aBTOMATUYHO COpTUpaHe Ype3
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TPaHCMUCUOHHA peHTreHorpadms. Lle 6bae crnegeHa 3bpHOMETPUATA Ha  3axpaHBaHWS  MaTepuan,
Konu4yecTBaTa CopTMpaH MaTepumarn U HeroBUTE MeTanHU CbabpXaHus, CbOTBETHO W HABATA Ha WU3BNYaHE Ha
LieHHM MEeTanM B Te3n KOMMOHEHTU — BIMO TO OCTaBalUM BbB BepuraTta Ha (prioTauust Unm nssaxmaHu OT Hesl.
Ha durypa 4 e nokasaHa nocrenoBaTenHocTTa OT BbBEXaaHe B ekcnnoaTtauus Ha nogobHa cuctema.

AHanua 3bpHo no
FbpHO

MepBoHayanHa
MHGneKuna

TecT 3a NocTHraHe
Ha KIIo4OBM
NPOHIBOACTEEHH
WHAMKaTOPH

TecT3a
BBIMOKHOCT 33

coprHpane

Mpoexruparie ua
NpOH3BOCTBOHA
nuHmA

Queypa 4. MocredosamenHocm 3a oueHka Ha NOCMUXUMOoCcm U npedeapumesnHo npoekmupaHe Ha npou3godcmeeHa
nuHus (Anonymous, 2026)

ENArOOAPHOCTHU

NHX. I'IeTpocnaB neTpOB CNOMOrHa 3a peanu3npaHeTo Ha HacTodwarta CTatua C eKcneptu3ata Cu U
ynpaBnABaHNA OT HEro noneBn PEHTreHOB aHanu3aTtop. WHx. AneKcaHm;p ,D,I/IMVITpOB CbeiicTBa 3a
npegcraBaHe Ha TEXHOJIOrM4YHaTa KOMNaHOBKa Ha €ANH MENTHUYEH arperar.
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ABSTRACT

This paper examines the role of universal moral values in shaping ethical behaviour during the social and
digital transition. Drawing on the ideas of renowned philosophers, scholars, and public figures, it identifies
principles that support the development of ethical culture within the information society, e-government, and
ethical governance in the cyber environment. Particular attention is paid to the ethical challenges associated
with artificial intelligence, including transparency, fairness, protection of fundamental rights, and human
oversight in the use of intelligent digital systems. The paper argues that integrating traditional moral values
with the principles of cyber ethics and Al ethics is essential for building a sustainable, secure, and human-
centred digital society.

Keywords: ethics, cyberethics, information society, digital transition, values, ethical behavior.

1. BbBeaeHue

CbBpeMEHHOTO 06LIEeCTBO NpeMUHaBa Npe3 AMHAMUYHU COLMArHN U TEXHONOMYHU MPOMEHH, KOUTO
OKa3BaT BIMSIHWE BbPXY HauMHa Ha XMBOT, KOMYHMKaUMsiTa M LEHHOCTHaTa cuctema Ha xopata [1].
[uruTanusauusta U pasBuUTMETO HA MH(OPMALMOHHUTE TEXHOMOMM Cb3faBaT HOBKM Bb3MOXHOCTW, HO
©0HOBPEMEHHO C TOBAa MOpaXdaT M HOBM E€TUYHM Npeau3BuKaTencTBa. B Tasn cpeda 3HayeHMeTo Ha
HPaBCTBEHWUTE MPUHLMNKM, OBLieCTBEHaTa OTFOBOPHOCT M KynTypaTa Ha noBefeHue npupobusa ocobeHa
aKTyanHocT.

HacroswmsT foknaa pasrnexaa YHUBEPCanHUTE eTUYHN NOCNaHUs kaTo CpeacTBo 3a hopmupaHe Ha
MoBEfieHe, OCHOBAHO Ha YBaXeHWe, JOBepie, OTTOBOPHOCT M CPaBEANMBOCT, KOUTO Ca (hyHAaMeHTamnHu
KakTo 3a pearHaTa, Taka W 3a BUpTyanHaTa cpefa. B foknaga ce aHanuaupa porsita Ha yHWBepcanHuTe
(hnnocodckM HPaBCTBEHM LIEHHOCTW U TAXHOTO 3HAYeHWe 3a (hOpPMUPAHETO Ha ETUYHO MOBEfeHWe B
ycrioBusiTa Ha OOLLECTBEHUS WM AMMUTANHUS npexof. Ha ocHoBaTa Ha MMCIWM U MOCraHUs Ha CBETOBHO
npu3HaTh urocodu, y4eHn u obLIECTBEHULM Ce U3BEXAAT MPUHLMMK, KOUTO MoraT Aa GbAaT U3non3BaHu
Mpy M3rpaxhaHeTo Ha eTU4YHa KyrnTypa B CbBPEMEHHOTO MH(OPMALMOHHO OBLYECTBO, MpK Pa3BUTMETO Ha
eNEKTPOHHOTO YNpaBreHne U Npu paspaboTBaHETO Ha KOHLENTyanHu MOZenu 3a €TWYHO ynpaereHue B
knbepcpeaa. CneunanHo BHUMaHWe e OTAENEHO Ha ETWYHUTE MpeaM3BMKATENCTBa, NPOU3TUYALLM OT
HaBMM3aHETO Ha TexHonoruute, GasvpaHM Ha M3KYCTBEH WHTENEKT, HeobGXOAMMOCTTa OT MpO3payHoCT,
CMpaBEe/IMBOCT, 3allTa Ha OCHOBHWUTE MpaBa W YOBELIKMS Ha[30p MPW W3NON3BaHETO Ha WHTENUTEHTHU
umdposn cuctemu. OGOCHOBAHO € CTAHOBMLIETO, Y€ CbYETABAHETO Ha TPAAULMOHHUTE HPABCTBEHM
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LIEHHOCTN C MPUHLMNUTE Ha KnOepeTukaTa 1 eTMkaTa Ha U3KyCTBEHWS MHTENEKT € KIoYoBa NpeanocTaska 3a
n3rpaxaaHe Ha yCTON4MBO, CUTYPHO N OPUEHTMPAHO KbM YOBEKA AMIMTANHO 00LLECTBO [4].

2. ETMYHUTE LEHHOCTM KaTo OCHOBA Ha 00LWEeCTBEHOTO pasBuUTHe

Oule OT Bb3HWKBAHETO Ha YOBELLKATA LMBUMN3ALMS HPABCTBEHWUTE LIEHHOCTM Ca Bb3NPUEMaHM KaTo
(byHOAMEHT 3a pa3BUTMETO Ha OBLLECTBOTO M 3a W3rpaxgaHeTo Ha YCTOWYMBK B3aUMOOTHOLUEHUS MEXAY
xopaTta. HesaBucumo OT pasnuuusTa Mexay OTAENHUTE KYNTypu W WUCTOPUYECKM EnoXu, YEeCTHOCTTa,
CrpaBea/MBOCTTa, YBAXEHWETO, YMEPEHOCTTa, OTTOBOPHOCTTA W CTPEMEXbLT KbM 3HAHUE HEM3MEHHO
NpUCHLCTBAT CPEf OCHOBHUTE J0OPOAETENN, ONpeLensLyy Pa3BUTUETO HA IMYHOCTTA W 06LLEeCcTBOTO. VIMEHHO
TE3W YHUBEPCANHW LIEHHOCTU (hopMMpaT MopanHaTa OCHOBa Ha CbBPEMEHHWUTE AEMOKPaTUYHM 0BLLECTBA U
HaMMpaT CBOETO OTPaXEHWE B KOHLENLMNTE 3@ €TUYHO YNpaBreHne, knbepeTuka n 0TTOBOPHO 13MON3BaHe Ha
UndpoBUTE TEXHOTOTUM.

3Ha4eHMETO Ha 3HAHMETO KaTO OCHOBA HA HPABCTBEHOTO Pa3BUTUE € NOAYEPTaHO OLLE OT aHTUYHUTE
mucnutenu. MnatoH onpegens kHurata kato ,Ham yuuten®, a Limuepon otbensisea, ye ,[lom 6e3 kHuru e
KaTo TAMO, NMLIEHO OT Aylwa.“, KHurata Te kapa fa MACAWLL Npeaum Aa AencTBall, ToW, ka3sa, ve ,[a xuseeL,
3Haum ga mucrmw®, MucenTa e npegnocTaBka 3a ycnex, a ycnexbT npasu xopata fobpu ,Mexay pobpute
Xopa, BCWUYKO ce Hapexaa aobpe”, gonbnea LinuepoH. He cnyyanHo B cbopHuka ,MbapocTTa Ha BekoBeTe"
3HaHWeTO € NpeaCTaBeHO He CaMo KaTo CPeACTBO 3a MHTENEKTYanHO pasBuThe, a KaTo OCHOBA 3a HPaBCTBEH
n3bop n obliecteeHa OTrOBOPHOCT. Kakto otbensssaT aBTopuTe, ,MCTUHCKaTa MBAPOCT Ce NposBsBa
TOraBa, KOraTo 3HaHWETO CNyXWU Ha 4YoBeKka M Ha obwectBoTo®. ToBa pasbupaHe CHLOTBETCTBA Ha
CbBPEMEHHUTE KOHLENLWW 3a eTUYHO 13M0SI3BaHe Ha LMPOBUTE TEXHOMOMM W U3KYCTBEHWUS UHTENEKT, Npu
KOWTO TEXHONOTMYHWAT Hanpeabk cregsa fga Obde noguMHeH Ha voselwkuTe LeHHocTu.Tomac Epmcod
[OMbIIBa, Ye Hail-BaxHaTa 3ajaya Ha UMBMNIM3auMaTa € da Hayuu voseka ga muciv [8]. Tean mucnu
nokaseat, 4Ye 0bpa3oBaHNETO He Ce M34yepnBa C NpuAoOMBAHETO Ha 3HaHWS, a BKIOYBA WM3rpaxgaHeTo Ha
LIEHHOCTHA cMCTEMa M YyBCTBO 3a 06LLECTBEHA OTTOBOPHOCT. B KOHTEKCTa Ha MHGOPMALMOHHOTO 0BLLECTBO
T€31 nocnaxus npugobueat HOB cMUCHA [2]. [IHEC KHUraTa uMa CBOS LIM(PPOB EKBUBANIEHT — ENEKTPOHHMTE
Bubnmotekmn, HayuHuTe 6asn AaHHU U MHTENUTEHTHUTE MHGOPMALMOHHM cucTeMn. Hesasmncumo oT chopmata
obaye 3HaHMETO OCTaBa OCHOBHATA MpeanocTaBka 3a M3rpaxaaHe Ha MopanHO OTFOBOPHW NINYHOCTM M 3a
B3eMaHe Ha eTUYHU PELLEHUS.

B uH(opmaymoHHOTO 06LWecTBO ponsdTa Ha 3HaHMETO NpuaobuBa OLle MO-TONSAMO 3HAYEHME.
OrpomMHuAT 06em WHGopMaums, AOCTbMHA 4Ype3 WHTEpPHEeT M UMPPOBUTE TEXHOMOMMW, Cb3aaBa HOBW
Bb3MOXHOCTM 3a 00Y4YEHME M Hay4yHO pa3BUTHe, HO CbLUEBPEMEHHO MOCTaBs BbMPOCA 3a CMOCOBHOCTTA Ha
yoBeka [a pasnuyaBa [OCTOBEpPHaTa WHGOpMauWs OT MaHunynauusTta, qaktute oT AesnHdopmauumsTa u
3HaHWeTo oT MHeHueTo. CrieaoBaTeNHO ChbBPEMEHHATa AUruTanHa rpamoTHocT Tpsibea aa 6bae cbyeTaHa ¢
HPaBCTBEHA KYyNTypa, KPUTMYHO MUCMEHE M YyBCTBO 3a obLiecTBeHa OTroBopHOCT. KoHdyumii cebp3Ba
[06pOTO ynpaBneHne ¢ NYHaTa HPaBCTBEHOCT Ha YoBeka, a CokpaTt npuema CaMOrno3HaHWETO KaTo MbpBa
CTbMKa KbM MbAPOCTTA.

CbBpPEMEHHUTE KOHLIENUMM 3@ eTWKa Ha W3KYCTBEHWS| MHTEMEKT CTbMBAT BbPXY CbLIMTE MPUHLMMN.
HesaBucumo, ye anroputmute nOANOMaraT B3EMaHETO Ha pELLEHWs, MoparHata OTrOBOPHOCT OCTaBa
yoBellka. ETO 3alio mMexayHapogHWUTe OpraHM3aLluu nocTaBsaT B OCHOBATa Ha PasBMTMETO Ha W3KYCTBEHWS
WHTENeKT NPUHLMNUTE Ha NPO3PaYHOCT, CPaBEANMBOCT, OTYETHOCT, 3al1Ta Ha YOBELLKWTE NpaBa ¥ YOBELLKM
Hagsop. 10 TO3K HauWH TPAAMLIMOHHUTE HPABCTBEHM LIEHHOCTW HaMMUpaT CBOETO ECTECTBEHO NPOABLITKEHNE B
CbBpeMeHHaTa kubepeTuka.

3. ETMYHM Npeam3BMkaTencTBa B yCNOBMUATA HA 0BOLLECTBEHWS U AUTUTANHWS NPexoa

MpexoabT KbM AEMOKPaTMYHO 0BLLECTBO W NasapHa MKoHOMUKa cried 1989 r., cbyeTaH C YCKOPEHOTO
pasBUTME HA LMKPOBUTE TEXHOMOTMM, MPOMEHU 3HAYUTENHO OOLIECTBEHUTE OTHOLIEHUS, HauMHa Ha
o6LLyBaHe W LigHHOCTHaTa CUCTEMa Ha xopaTa. Hapen ¢ nonoxutenHuTe npouecy ce HabnogasaT SBNeHus
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kaTo HamarnsBaHe Ha 0BLIECTBEHOTO JoBepUe, OTCabBaHe Ha MeXayNMYHOCTHATa CONMOAPHOCT, arpecBHO
noBefeHue, pasnpocTpaHeHue Ha [e3nH(opmauns W e3UK Ha oMmpasaTa KakTo B peanHata, Taka U BbB
BMpTYyanHaTta cpega.

OOLLECTBEHNAT WU AUMUTANHUAT NPEXOA NOCTaBS HOBM ETUYHM NPEaU3BUKATENCTBA, CBbP3aHM C
npomsiHaTa: AUrMTanu3auusTa; CouuManHUTe MPEeXu; W3KYCTBEHWSIT MHTENEKT, Kpu3ata Ha [OBEPUETO;
[e3nH(opMaLmsTa; e3MKbT Ha OMpa3saTa; kubeppuckoseTe.

[MpexoabT KbM MHOPMALMOHHO 0BLLECTBO NPOMEHS HauMHa Ha obulyBaHe, paboTta v ynpaBreHue.
Hapen ¢ nonoxutenHuTe npolecu ce HabriogasaTt SBMEHNs KaTo: HamansBaHe Ha 0bLLeCTBEHOTO OBEpHE;
arpecus B Ny6nMYHOTO M OHNAWH NPOCTPAHCTBOTO; OTCabBaHe Ha YBaXXEHUETO KbM WHCTUTYLMUTE; AeduunT
Ha rpaxgaHcka W auruTtanHa Kyntypa. Teaw npoLecy nokas3BaT, Ye TEXHOMOTMYHOTO pasBuUTUE He MOXe Aa
Obae ycTonumnso He3 naparnenHo passuTe Ha eTUYHaTa KynTypa.

B ycnosusita Ha Te3n AMHAMUYHW NPOMEHW BCE MO-TOMAMO 3HaYeHWe npuoobusaT yHUBEpCanHUTe
HPaBCTBEHU LieHHOCTH, thopmupanmn npe3 BekoseTe. Kakto otbensassa KoHdyuun, ,bnaropogHust Yosek e
B3uCKaTeneH kbM cebe cu, a mocpeacTBeHUST — KbM Apyrute.” ToBa nocnaHue nogyepraBa nMyHaTa
OTTOBOPHOCT KaTO OCHOBA Ha OBLLECTBEHOTO AOBEpME W eTUyHaTa KynTypa. B ycnosusita Ha AMrutanHoTo
obuiecTBo TO npugobuBa HOBO M3MEPEHME — BCEKU TPaXhaHWH, ObPXaBEH CryxuTen, pa3paboTumk Ha
WH(OPMALMOHHN CUCTEMM W TEXHOIOTMM C M3KYCTBEH WHTENEKT, KakTo 1 BCekn notpebuten Ha uudgposu
YCMyrn, HOCKU OTTOBOPHOCT 3a WHEpopMauusTa, KOSTO Cb3aaBa, 06paboTea, M3non3sa 1 pasnpocTpaHsisa,
KaKTO ¥ 3a NOCNEeACTBUSATA OT CBOMTE LENCTBUS B KOEPNPOCTPaHCTBOTO.

Vioente Ha KoHdyumin 3a nuyHaTa guCLMNNMHA, NOYTEHOCTTA W YBAXEHUETO KbM ApyruTe Hamupar
€CTECTBEHO NMPOAbLIKEHNE B CbBPEMEHHWUTE NMPUHUMMKM Ha knbepeTukata. B Cblums Ayx € M nocnaHueTo,
npeacTaBeHo B ,MbapocTTa Ha BekoBeTe", ye ,,cunarta Ha obLWwecTBOTO Ce M3MepBa He CaMo C HEroBUTe
TEXHONOrnM, a Npeau BCUYKO C HPaBCTBEHOCTTAa Ha Xxoparta, KOMTO ru uanonseat”. [IHec Tasn uaes
npuaobvea 0Co6EHO 3HayeHne, Thbil KaTo LMPOBUTE TEXHONOMAN U U3KYCTBEHUSAT UHTENEKT HE MoraT Camm
[ia rapaHTUpat crpaBegMBOCT, MPO3PaYHOCT U AoBepue. Te 0CTaBaT 3aBUCKMU OT YOBELLKUTE PELLEHUS W
MoparHata OTroBOPHOCT. ETWYHOTO mosefeHve B UmudpoBaTa Cpeda 3amoyBa He C TEXHOMOrWuTe, a ¢
LEHHOCTUTE W NMYHMS M360p Ha YoBeka. VIMEHHO 3aToBa Pa3sBMTMETO Ha EMEKTPOHHOTO YNpaBrieHue,
uncppoBuTe 0OLLECTBEHM YCMyrM M cucTemute, BasvpaHu Ha WM3KYCTBEH WHTENEKT, cneasa fa 6bae
CbMbTCTBAHO OT BUCOKW CTaHAAPTM 3@ NPO3PaYHOCT, OTYETHOCT, CNPaBEeAIMBOCT M YOBELLKW HaZ430p.

Pa3BNTMETO Ha TEXHOMOrWMTE, BKIIOYMTENTHO CUCTEMWUTE C W3KYCTBEH WHTENEKT, HE OTMEHs
Heobxo4MMOCTTa OT CrasBaHe Ha (PyHAAMEHTaNHUTE €TUYHWM MPUHUMNK. HanpoTWB, KOMKOTO MO-CROXHM
CTaBaT TEXHOMNOTUYHUTE PELLEHWs, TOMKOBA NO-BaXHO CTaBa Te Aa ObAaT u3rpaxgaHu W M3non3BaHu B
CbOTBETCTBME C MPUHLMNUTE Ha MOYTEHOCT, CNPaBEANMBOCT, OTYETHOCT, NPO3PAYHOCT M YOBELLKM HAA30p.
AIMeHHO nopaam ToBa YHWBEPCANHUTE HPABCTBEHM MOCIAHUS Ha (UNOCOPUTE N MUCTIMTENUTE OT PasnNyHK
enoxu NpoabIkaBat Aa Obaat akTyanHu 1 AHeC, kaTo npefnaraT LEeHHOCTHA OCHOBa 3a U3rpaXaaHeTo Ha
€TUYHO NOBEJEHE 1 OTFOBOPHO YNpaBrieHne B CbBpeMeHHaTa kubepcpesa.

[vHammnkata Ha UMgpOBUTE KOMyHMKaLWW MOCTaBs BbMpOCA 3a OTFOBOPHOCTTA Ha CrOBOTO.
CoupanHuTe Mpexu 1 enekTpoHHUTE MEAUM NPEeSOCTaBAT Bb3MOXHOCT 3a CBOBOAHO 13pa3sBaHe Ha MHEHWE,
HO CbLUEBPEMEHHO YnecHsABaT Pa3npOCTPAHEHWETO Ha HEBSIpHA MH(OPMaLMs, MaHWNynauum W esnk Ha
ompasata. Owe Xopauui npegynpexaasa, ve ,BedHbx usnycHama, Oymama Ha3ad He ce epbuia.” [IHecC
Ta3n MACHI MMa OLLE MO-TONsIMa TEXECT, Thbil KAaTO BCAKO MyOnMKyBaHO CbAbpKaHWe MOXE 3a CeKyHaM Aa
AOCTUrHE O MANMOHK NOTPEebUTENN 1 Aa OKaxe TPanHO Bb3AENCTBIUE BbPXY 0OLLECTBEHOTO MHEHME.

B cbluyns KOHTEKCT akTyanHo 3Byuu W pasbupaHeTo Ha MnyTtapx, Ye 4oBek WMa ,ABe YW W eaunH
e3VK’, 3a Ja Crylla rnoseye, OTKONKOTO roBOpW. B gurutanHata cpeda ToBa O3HavaBa HeobXoguMocT OT
KPUTUYHO MUCrEHE, MpoBepka Ha (haKTUTE W YBaXEHWEe KbM PasnuyHUTE rnefgHn Touku. OTroBOPHOTO
obulyBaHe e npeanocTaBka 3a U3rpaxgaHe Ha JOBEpKe, KaKTO Mexay OTAENHUTE rpaxaHu, Taka u mexay
00LEeCcTBOTO W NYONNYHATE UHCTUTYLMN.
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[pyr cepno3eH npobnem Ha guruTanHus npexog € 3arybata Ha Mspkata npy M3non3BaHeTo Ha
TEXHOMOrMMTE. HeorpaHyeHnaT oCTbn A0 MHGOPMALWSs, COUMANHUTE MPEXM W CUCTEMUTE C M3KYCTBEH
WHTEneKT Cb3gasaT NpeanocTaBkM 3a WHAOPMALMOHHO MpeHaculiaHe, 3aBUCMMOCT OT  LugpoBuTe
TEXHOMOTMM W 3aTPYAHEHWUS MPW pa3rpaHNYaBaHETO Ha [OCTOBEPHATa WHGOPMALMs OT MaHWNyNaTUBHOTO
cbabpkaHue. B Tasn Bpb3ka npepynpexaeHveTo Ha [lemokpwuT, ye ,[lpexsbpruw au mapama u Hal-
npusSIMHOMO Cmasa HenpusmHO®, OCTaBa HAMbIHO aKkTyanHo M [fHec. ToBa mocnaHue uma ocobeHa
aKTyariHoCT B CbBpeMeHHaTa AuruTanHa cpefa, KbAEeTO nuncata Ha YMEepPeHOCT Npu M3NOoNn3BaHETO Ha
COLMarnH1TE MpPEXu, LMMPOBUTE TEXHONOTUM U CUCTEMUTE C W3KYCTBEH WHTENEKT, MOXe Aa AoBeae Ao
3aBUCUMOCT, pa3npoCTpaHeHWe Ha HeBsipHa MHMOPMaUMs W HapylwaBaHe Ha NWYHOTO MPOCTPAHCTBO.
CnepoBaTenHO YMepeHOCTTa CredBa Aa Ce pasrnexga kato OCHOBEH MPWHLMN Ha €TUYHOTO NOBEAEHME
KaKTO B pearnHus, Taka 1 BbB BUPTYyanHus CBAT. T4 crnefsa Aa ce pasrnexaa kato (yHAaMeHTaneH npuHumn
Ha guruTanHata Kyntypa u Ha OTrOBOPHOTO U3MON3BaHe Ha MHGOPMALMOHHUTE TeXHONOrm[5] .

ChblUeCTBEHO MSCTO Cpef eTW4HUTE NPEeAM3BMKaTeNCTBa 3aeMa M pasBUTMETO Ha W3KYCTBEHWS
WHTenekT. Bce no-4ecto anropuTMiUTe NognoMaraT Unu aBTOMATM3MpaT NPOLECH, CBbP3aHM C aHanu3 Ha
AaHHW, aAMWUHUCTPATUBHM YCryrn, noabop Ha MHGOPMaLMs 1 B3eMaHe Ha pelleHus. ToBa nocTaBs BbNpoCcH
OTHOCHO MPO3PaYHOCTTA Ha anropuUTMIUTE, HEAOMYCKAHETO Ha AMCKPUMMHALIMS, 3alLMTaTa Ha NIMYHNTE AaHHM
1 HeoBXOAMMOCTTa OT YOBELLKW KOHTPON BbpXY aBTOMaTU3MpaHuTe pelueHuns [3]. HeaaBuCUMO OT CTeneHTa
Ha TEXHOMOTMYHO pa3BWTWe, MopariHaTa OTrOBOPHOCT OCTaBa OTTOBOPHOCT Ha YoBeka. [lopagu ToBa
CbBPEMEHHUTE MPUHLMMK HA €TUKATa Ha W3KYCTBEHWS MHTENEKT — NPO3PaYvHOCT, OTYETHOCT, CPaBELIMBOCT U
YOBELLUKM Haa3op — MoraT ga 6baar pasrnexgaHn Kato ecTeCTBEHO MPOABLITKEHWE Ha YHWBEpCanHuTe
HPaBCTBEHM LIEHHOCTW, POpMUPaHM Npe3 BEKOBETE.

OcobeHo 3HaveHue 3a nybnuyHaTa agMWMHUCTPAUMS MMa BbMPOCLT 3a NMAEPCTBOTO U NNYHUS
npumep. JleB ToncToi otbensisea, Ye ,Bceku mucnu Kak da npOMeHU ceema, HO HUKOU He MUCAu Kak 0a
npomeHu cebe cu.” ToBa NocnaHue NogvepTaBa, Ye eTUYHOTO YNpaBneHne 3anoysa OT NIMYHaTa NoYTEHOCT,
npodecnoHanHaTa KOMNETEHTHOCT W FOTOBHOCTTA 3a MOEeMaHe Ha OTroBOpHOCT. B ycnosusita Ha
€NEKTPOHHOTO YNpaBreHe 4OBEPUETO KbM MHCTUTYLMIUTE 3aBUCH HE CaMO OT TEXHOMOMNYHUTE PeLLEHMSs, HO
W OT MOBELEHNETO Ha XopaTa, KOMTO M Cb3AaBaT WM W3non3eaT. Tean wugew nokaseat, Ye YCTOMYMBOTO
00LLECTBEHO pa3BUTME 3ar04Ba He TOMKOBA C NPOMSIHATA Ha 3aKOHUTE, KOMKOTO C M3rpaKaaHETO Ha MOparnHo
OTTOBOPHM JINYHOCTH.

OcobeHO BaxHM CTaBaT MPUHUMMWATE HA YMEPEHOCT, YBAXEHWE M OTFOBOPHOCT npu mybnmyHaTa
KoMyHuKauwms. Mbapoctute Ha Mutarop 3a Mspkata (,AKO MOXeL Aa Cu Oper, He Ce HambBan da i NPbB
cpeq raprute®. ,KonkoTo M ga ca KpaTku OymMUTe Aa M He, Te M3UCKBAT HaW-CEPUO3HUSAT pasMUchbi’,
,CnecTsBaiiTe CbnauTe Ha gelata cW, 3a Ja MoraT Hsikora Aa ri nest Ha rpoba Bu“, ,llerata, nogo6Ho Ha
ConTa, Ce nU3nonasa ymepeHo*), Ha CoroH (,Mpuemait B pbLeTe CM BNacT camo Toraea, KoraTo ce Hayuuw ga
npoLyasall“.) 3a npolukarta 1 Ha Maxatma MaHam 3a cunata Ha nomupeHuneTo (“Cnabute He moraT HKKora Aa
npocTAT. poLkaTa e Ka4ecTBO Ha CUMHWUTE®) NOKa3BaT, Ye YCToNYMBMTE OBLLECTBEHN OTHOLIEHMS MoraT Aa
Obaat M3rpageHn eQMHCTBEHO BbPXY B3aUMHO YBaXeHue W awanor. CbluuTte NpuHUMnM cnegsa ga 6wvaar
npunaraHn 1 npu enekTPOHHOTO ynpaBneHue, KbAeTo 06LLeCcTBEHOTO [OBepUe e OCHOBHA NpeanocTaBka 3a
YCMELHOTO (hYHKLMOHMPaHe Ha LndpoBuTe Ny6nnyHu ycnyr.

ChblUeCcTBEHO 3Ha4yeHWe MMa 1 pa3bupaHeTo 3a NMAEPCTBOTO KaTo MoparnHa OTroBopHOCT. Cnopen
Maxatma aHAW WCTMHCKOTO NMAEPCTBO O3Ha4YaBa fda ymeew fAa ce pa3bupall ¢ xopaTta, a WacTueTo
HacTbrnBa TOraea, korato MUCIUTE, OyMUTE W OEUCTBMATA ca B XapMoHus. OMup gonbnea, ye pobpust
yNpaBHUK € TO3W, KOWTO YMee Aia pbKOBOAM, @ HE CaMO Aa ynpaxHsiBa BnacT. B ycnosusTa Ha gurutanHata
aOMUHUCTpaLMS Te3u MPUHLMNM O3HavaBaT MPO3PaYHOCT NP B3EeMaAHETO Ha pPeLIeHWs, OTYETHOCT Npea
obulectBoTo M 3awmTa Ha obwectBeHns uHTepec. CbBPEMEHHWTE KOMYHWKALMM W3UCKBAT He CaMo
TEXHOMOTMYHI YMEHNS, HO U BUCOKA KyrnTypa Ha auanor. Hukona Tecna otbensssa, Ye Hepasbupatencraara
MeXzy xoparta YecTo NpoM3TUYaT OT HECMOCOBHOCTTa fa Ce OLEHU rneaHaTa Touka Ha apyrusi. B ycnosusTa
Ha rnobanHaTa uMdpoBa CBbP3AHOCT Ta3n naes npuaobusa 0co6EHO 3HaYeHMe, Thbid KaTo U3rpaXaaHeTo Ha
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[0Bepue, TONEPaHTHOCT M YBaXEHWE KbM Pa3fMyHUTE MHEHUS e KM4voBa NpeanocTaBka 3a YCTOMYUBOTO
pasBuUTHe Ha MH(OPMALMOHHOTO 0BLLECTBO.

CrepoBaTenHo 0bLWeCTBEHUAT W OUMUTANHUAT NPeXod He crefsa Aa ce pasrnexpar €AuHCTBEHO
KaTo nNpoLec Ha TexHOMoryHa MoaepHu3auus. Te npeacTaBnsaBaT npeay BCUYKO  LIEHHOCTHA
TpaHcopMaLKs, KOSTO NOCTaBs YOBeKa B LiEHTbpa Ha LWU(POBOTO pasBuTHeE. YHUBEPCArHUTE HPABCTBEHM
nocnaHus, LOCTUTHaNW A0 Hac uype3 unocodu, yyeHn u 0BLLECTBEHULM, HE TyBsAT CBOSITA aKTyanHOCT.
Hanpotus, Te npugobuBaT HOBO 3HAYeHWEe KaToO OCHOBA 3a M3rpaxdaHeTo Ha kubepeTuka, eTuka Ha
W3KYCTBEHUSI WHTENEKT U KOHLENTyanHW MOZENM 3a €TUYHO YrpaBneHue B CbBpeMeHHaTa kubepcpena.
AMeHHO BbpXy Te3u NpuHUMNK MoraT ga 6baaT nsrpageHu yCTonumMBY MexaHu3mm 3a obLLecTBEHO JoBepye,
NPO3paYHOCT, OTFOBOPHOCT 1 3alUMTa Ha YOBELLKUTE NpaBa B YCNoOBUATa Ha Lugposata TpaHchopmaums. B
Tabnuua 1 e npefcTaBeH BapuaHT Ha U3BELEHUTE ,YHUBEPCANHU HPABCTBEHW NOCNaHUs, AeUHUPaHN KaTo
€TUYHV NPUHLMIN 1 TAXHOTO MPUOXKEHNE B CbBPEMEHHaTa knbepeTuka.

Tabnuya 1. YHusepcanHu HpagcmeeHuU nociaHus U MsXHOMO NPUTOXEHUE 8 CbBPEMEHHama Kubepemuka:

| MocnaHue || ETvyeH npuHumn || MpunoxeHue B knbepcpeaarta |
| [emokput || YmMepeHocT || OTroBopHO M3non3saxe Ha Al n couynanHuTe Mpe>+<V||
. Nnyna
KoHdpyLmi ETW4HO NoBeaeHMe Ha bpXaBHUTE CRYXUTENN
OTrOBOPHOCT
Xopauwit OtroBopHoCT lMpoTuBOAENCTBME Ha Ae3nHopMaLmaTa
pal Ha CNnoBOTO P pMal
Nes Tonctoit || JInueH npumep ETnyHo nugepcTBo
YBaxeHve  #
laHau [loBepue B eNEKTPOHHOTO ynpaBrieHne
XapMOHUS

4. YHvuBepcanHuTe nNocnaHws kato Mogen 3a eTMYHO NOBEAEHME U YPaBeHe

MbapocTute ce 0606LaBaT B CnegHnTe HanpaeeHus, Ha 6asaTta Ha koMTO moraT aa ce aeduHupart
MPMHLUMMIM Ha €TMYHOTO YrpaBneHue: 3HaHWe 1 00pa3oBaHWe; NUAEPCTBO; CMpaBedsIMBOCT; YECTHOCT;
OTFOBOPHOCT; YMEPEHOCT; YBAXEHME; KOMYHUKALMS; Bb3NUTAHUE; NPOLLKA; CMyXeHe Ha 06LLeCTBOTO.

AHanu3bT Ha yHMBEpCaNHWTE HPaBCTBEHW MOCIaHUs Nokasea, Y€ He3aBWCUMMO OT MCTOpuYeckaTa
enoxa Te Ce OCHOBaBaT Ha 0OWM MOpamnHM LEHHOCTW, KOWTO W [HEC ca aKkTyanHu 3a pasBUTMETO Ha
WH(OPMaLMOHHOTO 0OLLECTBO, €neKTPOHHOTO ynpaBneHue K kubepcpegata. Makap opmynupaHm B
Pa3NNYHM UCTOPUYECKM NEPUOAN, NOCNaHUsTa Ha runocodu, yyeHn n obLyecTBEHULM Ce JOMbBaT U moraT
pa 6bgat obegnHeHM B cucTeMa OT OCHOBHW MPUHUMNW, hopMUpaliy KOHUernTyanHata OCHOBA Ha
CbBPEMEHHOTO ETUYHO YNpaBnEHMe.

[TbpBUSAT MPUHLMN € YBaXEHUETO KbM YOBELKOTO AOCTOMHCTBO. ToW obefuHsiBAa LEHHOCTUTE Ha
YBaX€EHMETO KbM YOBEKA, TONEPaHTHOCTTA, NpoLLKaTa, B3aMMHOTO pasbupaHe 1 06LLecTBeHaTa CoNMaapHoCT.
MocnanusTa Ha KoHdbyuuin, MaxaTtma Mangm, Mnytapx u Hukona Tecna nokassar, Ye YCTOMYMBOTO 0BLLECTBO
Ce u3rpaxza 4pes yBaxeHue KbM NIMYHOCTTA, YMEHME 3a Auaror 1 npuemMaHe Ha pasnuyHuTe rmegHn Touku. B
UndppoBata cpefa TO3WM MPUHLMN Hamupa K3pa3 B 3alyMTaTa Ha YOBeLKWTe npaBa, HeAOoMyCKaHEeTO Ha
ANCKPUMUHALMSA, €TUYHOTO M3MOM3BaHe Ha TEXHOMOrMATE W OPUEHTUPaHMS KbM YOBEKa MOAXO4 Npw
pa3paboTBaHETO M N3MON3BAHETO HA CUCTEMM C U3KYCTBEH UHTEIEKT.

BTopuAT npuHUMN e OTroBOPHOCTTA W CAMOKOHTPOSTbT. TOW BKMKYBA NMYHATa OTTOBOPHOCT 3a
cobCTBeHUTE OeNCTBUS, AMCUMNAMHATA, YMEPEHOCTTa M CnocobHOCTTa 3a CaMOKOHTpon. ocnaHusaTa Ha
KoHdpyumin, [Jemokput n Jlee Toncton nogveprtaeart, Ye BCska OOLLECTBEHA MPOMSsIHA 3ano4yBa OT NNYHUS
npumep. B ycrnosusita Ha LudgposaTa TpaHchopmaumUs TO3M NPUHLMN 03HayaBa OTFOBOPHO W3MOM3BaHe Ha
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WH(OpMaLWaTa, COLMAmNHUTE MPEXM U M3KYCTBEHWUS WHTEMEKT, KaKTO WM MOEMaHe Ha OTFOBOPHOCT 3a
nocrneacTBusATa OT B3ETUTE PeLLEeHMS.

TpeTuaT nNpuHUMN e cnpaBeannMBoCTTa M Npo3payHocTTa. CnpaBeanmMBoCTTa € Hen3MeHHa OCHOBA Ha
[00poTO ynpaBneHue Olle OT aHTUYHOCTTa. [JHeC TS Hamupa CBOETO MPOAbBIKEHWE B MPO3payHOCTTa Ha
yNpaBfieHCKUTE MPOLECH, OTYETHOCTTA Ha NYBNIMYHUTE MHCTUTYLUMM U OBSCHUMOCTTa Ha anroputmuTe,
13NON3BaHN NpU aBTOMATU3MPAHOTO B3EMaHe Ha pelleHns. ETiHuTe cTaHgapTi U3MCKBAT BCAKO peLleHue
fa bbae npocneanmo, apryMeHTUpaHo 1 NOAYNHEHO Ha OBLLECTBEHNS UHTEPEC.

YetbpTuAT npuHUMn e posepueto. OOLLECTBEHOTO [JOBepuWe Ce u3rpaxga 4pe3 4YecTHOCT,
nocnenoBaTenHocT WM noyTeHocT. lMocnaHusaTa Ha Xopauun 3a cunata Ha CcrioBoTo U Ha [lnytapx - 3a
YMEHWETO Aa Cryllame noka3BarT, Ye JOBEpUeTO 3anoyBa OT HauuHa, no KouTo obulyBame. B ycnosusita Ha
UncpoBOTO OBLLECTBO TO3M MPUHLMN Npeanonara 4OCTOBEPHOCT Ha MHOpMauusTa, 3aliuta Ha JIMYHUTE
[aHH1, NPOTUBOAENCTBIE Ha Ae3NH(opMaLMsTa 1 OTKPUT AManor MeXay adMUHUCTpaLuUsaTa 1 rpaxaanuTe.

[MeTUST NPUHUMN € CTPEMEXDBT KbM 3HaHWe U HENPeKbCHATO YCbBbPLUEHCTBAHE. TnaToH, LinuepoH u
Tomac EgucoH pasrnexpaat 3HaHMETO KaTO OCHOBEH (haKTop 3a Pa3BMTMETO Ha YoBeka M 0bLiecTBoTo. B
WH(OpMaLMOHHaTa enoxa To3M NPUHLMN 03HaYaBa He caMo npuaobuBaHe Ha HOBM 3HAHMUS, HO U pa3BUTHE Ha
QUruTanHa rpamoTHOCT, KPUTUYHO MUCTIEHe W CMOCOOHOCT 3a €TUYHA OueHka Ha MHopmauusTa w
WHTENUrEHTHUTE TEXHOIOTUN.

LLlecTUST NPUHLMN € YOBELLKUSAT Haf30p BbpXy TEXHoMoruuTe. Pa3BuTUETO Ha U3KYCTBEHUS WHTENEKT
NPOMEHS! HaYMHa Ha B3EMaHe Ha peLLeHus, HO He OTMEHSI MopasiHaTa OTrOBOPHOCT Ha YoBeka. HesaBucumo
OT CTereHTa Ha aBTOMaTW3aUWs OKOHYaTenHaTta OTFOBOPHOCT CriefBa [a OCTaHe B pbLETe Ha 4YoBeka.
lMopaay TOBa CUCTEMUTE C M3KYCTBEH WHTENekT Tpsibea Aa Bbaat npo3payHn, 06SCHUMM, KOHTPONMPYEMU 1
13MNON3BaHN €ANHCTBEHO B CbOTBETCTBME C YOBELLKUTE LLEHHOCTH 1 OCHOBHUTE Npasa.

CeaoMuaT npuHUMN e ycToiumBocTTa. Toit 06eAMHsBa BCUYKW OCTaHanM MpWHUMIM U OTpasssa
cTpemMexa KkbM 6anaHcuMpaHo pa3BWTME Ha O0OLWEeCTBOTO, OCHOBAHO Ha CMpaBeAnMBOCT, [OBEpUE,
OTTOBOPHOCT W YBaXeHMe KbM YOBeKa. YCTOMYMBOTO LMEPPOBO pasBuTME Npefronara TeXHONOrUYHUTE
nHoBaLMK fa Bbaat cbobpaseHu ¢ 0bLLecTBeHUTE NOTPEBHOCTH, ETUMHUTE HOPMU U ObNrOCpPOYHAaTa 3aluTa
Ha YOBELLKOTO AOCTOMNHCTBO.

CucteMaTm3MpaHeTo Ha YHUBEpCanHWTE HPaBCTBEHW MOCNaHUs B Te3n CEAeM B3aMMOCBBbP3aHu
NpMHUMNA NoKa3ssa, Ye Knacuyeckute (uUnococku nhen 3anassat CBOSTA aKTyanHOCT M B YCNOBWSITA Ha
obulectBeHus u aurutanHus npexod. Te moraT fa ObAaTr M3Mon3BaHM Kato KOHLENTyarHa OCHOBa Mpw
pa3paboTBaHETO Ha MOAENM 3a €TWYHO NOBedeHWe W ynpaBfeHWe B CbBpeMeHHaTa kubepcpena, Kato
CbLUEBPEMEHHO nognomarat 13rpaxaaHeTo Ha obLLECTBEHO A0BEPHE, eIeKTUBHO ENEKTPOHHO YNpaBieHue 1
OTTOBOPHO W3MOM3BaHe Ha U3KyCTBEHUS UHTENEKT.

5. MNpunoxeHne Ha yHUBEPCANHWUTE ETUYHM NPUHLMNM B YNPaBNEHWETO Ha ChbBpeMeHHaTa kubepcpeaa

B ycnoBusiTa Ha AMUrUTanHOTO YNpaBneHUe ETUYHUTE MPUHLMNKM NpUaoBMBaT NpakTUYeCcKo 3Ha4YeHne
npu:
e 3alMTaTa Ha NINYHUTE JaHHM;
e MpO3PayHOCTTa HA AAMUHUCTPATUBHUTE PELLEHNS:;
e V3MOM3BAHETO HA U3KYCTBEH UHTENEKT;
e ENIEKTPOHHOTO ynpaBrieHue;
e MPOTMBOAENCTBMETO Ha Ae3MH(hOpMaLMATa;
e M3rpaxpaaHeTo Ha 0OLEeCTBEHO [JOBEPUE;
e €TUYHOTO NMAEPCTBO B NybnMYHaTa aAMUHUCTpaLWS.
Teaun HanpaBnieHus (hopMmUpaT Ha KOHLeNLMsiTa 3a eTUYHO YNpaBreHne Ha CUNUTE W CpeacTBaTa Ha
[bpXaBHaTa M MeCTHaTa aAMUHUCTPaLWs B CbBpeMeHHaTa kubepcpesa.
Pa3BUTMETO Ha LMpPOBUTE TEXHONOMMM, ENEKTPOHHOTO yMpaBreHue M cuctemute, GasmpaHu Ha
W3KYCTBEH WHTENEKT, Cb3faBa HOBM Bb3MOXHOCTY 3@ MOBMLIABAHE Ha e(hEeKTUBHOCTTA Ha AbpaBHaTa W
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MecTHaTa agMUHUCTpauus. Haped C TeXHONMorvyHuTE npeaumcTBa obaye Bb3HWKBAT M peauua eTUYHM
Npeau3BMKaTeNCTBa, CBbP3aHM CbC 3aliuTata Ha OCHOBHUTE MpaBa Ha rpaxaaHuTe, CUrypHOCTTa Ha
WH(opMaLmsTa, NPO3pavHOCTTa NpU B3EMAHETO Ha PELLEHNS 1 OTFOBOPHOTO M3MOM3BaHe Ha WHTENUreHTHUTE
Undopon cuctemn. B Tasm cpega yHWBEpCAnHUTE HPABCTBEHM MPUHLMMK, pasrnedaHn B NPeaxoaHuTe
pasgenu, npuaobueat KOHKPETHO MPaKTUYECKO MPUMOXEHWE W Ce MPeBpbLUAT B OCHOBA 3a WU3rpaxdaHe Ha
€TUYHO YynpaBneHWe B knbepnpocTpaHCTBOTO. To3n noaxon Hamupa oTpaxeHune u B PernameHt (EC)
2024/1689 3a uskyctBeHus uHTenekT (Al Act), KOMTO NOCTaBs 4YoBeka B LiEHTbpa Ha pa3paboTBaHETo M
M3MNON3BaAHETO Ha CUCTEMUTE C WM3KYCTBEH WHTENEKT. PernameHTbT M3WCKBaA MPO3PaYHOCT, OTYETHOCT,
yrpaBfieHne Ha pucka, 3aluTa Ha OCHOBHWTE NpaBa W eEeKTUBEH YOBELLKW HaA30p BbPXY BUCOKOPUCKOBUTE
Al cuctemu. o TO3K HauMH CbBPEMEHHATA €BPOMeicka HOpPMaTUMBHA paMka NOTBbPXKAaBa YHMBEpCanHaTa
BanWAHOCT Ha HPaBCTBEHUTE MPUHLMNKM, HOPMYNMUPaHM Olle OT Kracuyeckute unocodpu W passutn B
CbBpEMEHHUTE KOHLenuuu 3a knbepeTuka [6][7].

EQHO OT Hal-BaxHWTE HanpaBreHus e 3awmTaTta Ha NIMYHUTE JaHHWU U HENPUKOCHOBEHOCTTA Ha
NUYHKUA KMBOT. BCe MO-LUMPOKOTO W3MON3BaHE HA ENEKTPOHHU aAMWHWUCTPATMBHW ycnyr, 0bnayHu
TEXHOMOTMN W UHTESTUTEHTHWN MHC(OPMALMOHHN CUCTEMM U3NUCKBA OT MyORMYHUTE UHCTUTYLMW ba ocurypsiBat
BMCOKO HMBO Ha MH(OPMAaLMOHHA CUTYPHOCT W Aa rapaHTUpaT 3akoHOCLOBpa3HOTO 06paboTBaHe Ha NYHUTE
[aHHW. ToBa npegnonara He CamoO CrnasBaHe Ha HOPMATMBHUTE W3UCKBAHWSA, HO W W3rpaxaaHe Ha
OpraHM3aLoHHa KynTypa, OCHOBaHa Ha yBaXEHWE KbM YOBELLIKOTO JOCTONHCTBO, OTFOBOPHOCT 1 AOBEPME.

CbLUEeCTBEHO 3HAYEHME MMa M NPO3PAYHOCTTA HA afMUHUCTPATUBHUTE peLleHust. M3non3saHeTo Ha
LUnchbpoBy NnatopmMu M aBTOMaTU3MPaHN cucTemu crefsa Aa bbae CbNpoBOAEHO C SICHOTA OTHOCHO HaYMHa
Ha B3eMaHe Ha peLUeHNs, Bb3MOXHOCT 3a NPOCNEeANMOCT Ha aaMWHUCTPATUBHUTE MPOLECH U OTYETHOCT Ha
NHCTUTYUMMTE Npeg obwectBoTo. OcobeHo akTyanHo ToBa W3WCKBaHe CTaBa Mpu BHEAPSBAHETO Ha CUCTEMM
C W3KYCTBEH WHTENEKT, YnnuTo anroputmu Tpsbea ga OGbgaT obscHUMM, npoBepumu W cBOGOAHM OT
AVCKPUMUHALMOHHK edekTi. HesaBuCMMO OT CTeneHTa Ha aBTOMaTM3auus, KpalHaTta OTTOBOPHOCT 3a
yrpaBfeHCKNUTe peLUeHns cneaga 4a OCTaHe B pbLETE Ha YoBeka.

HaBnn3aHeTo Ha M3KYCTBEHUS MHTENEKT B NYONMYHMA CEKTOp MOCTaBS HOBM M3UCKBAHUSI KbM
€TUYHOTO ynpaBneHue. Bb3HMKBAT BbNPOCK, CBbP3aHN C anrOpUTMUYHaTa cnpaBeAnyuBoCT, 3alluTaTa Ha
NMYHNTE [JaHHW, NPO3PAYHOCTTA HAa aBTOMATU3VPAHUTE PELLEHNS N HeOOXOAMMOCTTa OT YOBELLKM Haa3op.
lMopaay ToBa NpunaraHeTo Ha TEXHONMOMW C U3KYCTBEH WHTENEKT CreaBa Aa ce OCHOBaBa Ha NPUHLUMNNTE Ha
3aKOHHOCT, ETUYHOCT, OTYETHOCT, CUTYPHOCT U 3alLMTa Ha OCHOBHUTE MpaBa Ha rpaxaaHuTe.

OcobeHo 3HayeHWe 3a YCTOMYMBOTO (PYHKUMOHMpAHE Ha EMeKTPOHHOTO YhpaBreHne umMa
NPOTMBOAENCTBMETO Ha fAe3uHdopmauusaTa ¥  MaHUNYNaTUBHOTO CbAbpXaHMe B  LMGPOBOTO
NPOCTPaHCTBO. Pa3npocTpaHeHNETO Ha HEBEPHW MNW NOABEXAALM CBEAEHNS MOXe fa AoBeae A0 3aryba Ha
obLlecTBeHO [oBepue, 3aTpPyAHEHWS MpU B3EMaHETO Ha YNPaBMEHCKM peLeHns W Cb3AaBaHe Ha
NPeanocTaBkiM 3a COUManHO HanpexeHue. ETO 3allo gbpKaBHWTE WHCTUTYUWW criefBa fa Hacbp4yasaTt
npo3payHaTa KOMyHWKaLWsl, CBOEBPEMEHHOTO NPeJoCTaBsAHe Ha AOCTOBEPHA MH(OPMALMS 1 pa3BUTUETO Ha
QUruTanHata v MeguitHaTa rpaMoTHOCT Ha rpaxaaHuTe.

He no-manko BaXHO HanpaBNeHWe € W3rpaxaaHeTo Ha obLecTBEHO poBepue KbM LMGpoBUTE
nybnnyHn yenyru. [JoBepreto e cTpaTernyeckm pecypc 3a YCnewwHOTO (OyHKUMOHWPaHE Ha eNeKTPOHHOTO
yrpaBfieHWe W 3aBUCU KaKTO OT Ka4yeCTBOTO Ha TEXHOMOTMYHUTE peLUeHMs, Taka U OT MOYTEHOCTTa,
KOMMETEHTHOCTTA W OTTOBOPHOCTTA Ha CnyxuTenute B nybnuyHata agMuHucTpaumus. Camo npu Hanuume Ha
NPO3payYHOCT, CrpaBeaMBOCT M e(heKTUBHA 3aluMTa Ha WHGOpMaLMaTa rpaxgaHnTe Morat Ja Bbanpuemar
UMchpoBUTE YCAYIN KaTO HAZEXAEH MHCTPYMEHT 3a B3alMOLENCTBIE C AbPKABHUTE UHCTUTYLMN.

CnepoBaTenHO BaXeH KOMMOHEHT Ha eTWYHOTO YNpaBreHWe € W eTUYHOTO NMAEpCTBO B
nybnmyHata agMuHUCTpaums. PbkoBOAMTENUTE CriegBa He caMO fAa OCMrypsiBaT 3akOHOCHOOPasHOTO
(DYHKUMOHMpaHe Ha opraHusauuuTe, HO W Aa opMupaT OpraHu3auMoHHa KynTypa, OCHOBaHa Ha
npogrecoHanHa MOYTEHOCT, YBaXeHWe KbM YOBEKa, COLManHa OTFOBOPHOCT M OTKPUT Auanor. JInyHusT
npumep, CNpaBea/IMBOTO OTHOLIEHWE KbM CIYXUTENUTE, NPO3payHOCTTa MPW B3EMAHETO Ha PeELIEHNs K
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FOTOBHOCTTa 3a MOEeMaHe Ha OTFOBOPHOCT Cb3AaBaT YCMOBWS 3a YCTOMYMBO Pa3BUTHE HA WHCTUTYLMUTE M
noByLLIaBaHe Ha 0BLLECTBEHOTO OBEPUE.

KoHuenTyaneH Moen 3a NpUnoXeHWe Ha YHWBEPCAnHUTE eTWYHU MPUHLMNKM B YMpaBneHUEeTo Ha
cbBpeMeHHaTa kubepcpea e npeactaBeH Ha durypa 1. Tom BkMtouBa YHUBEPCANHM HPABCTBEHW LLEHHOCTMY,
€TUYHM MPUHLMNK (YBaXEHWe, OTFOBOPHOCT, CMPaBEAnMBOCT, MPO3pavyHOCT, AOBepue, YHOBELWKW HaA3op,
YCTOMYMBOCT), MpakThyecko npunoxeHne (Al, enekTpOHHO YynpaBneHue, 3alTa Ha  AaHHuTE,
NPOTMBOLENCTBIE Ha Ae3nHdopMaLmsTa, ETUYHO TLEPCTBO).

YHUBEPCAJIHU HPABCTBEHU NOCNAHUA
dunocou « y4eHn ¢ 0BLLECTBEHNLN
KynTtypHo HacneacTso

!
YHUBEPCANHU ETUYHU NPUHLIUNA
* YBaXEHME KbM YOBELLKOTO JOCTOMHCTBO
* OTTOBOPHOCT
* CNpaBeAnMBOCT 1 NPO3Pa4YHOCT
* oBEpUe
* CTPEMEX KbM 3HaHue
* YOBELLKM Haa3o0p
* YCTONYMBOCT

!
NMPUNOXEHWUE B NYBNWYHOTO YNPABNEHUE
* 3alUMTa Ha NIMYHUTE AaHHN
* €MeKTPOHHO YrpaBeHne
* U3MON3BaHE Ha U3KYCTBEH WHTENEKT
* IPO3PAYHOCT Ha aAMUHUCTPATUBHUTE PELIEHNS
* IH(OPMALMOHHA 1 KnbepcurypHoCT
* NIPOTUBOAEMNCTBME Ha Ae3nHopmauusTa
* €TUYHO NNOEPCTBO

OYAKBAHU PE3YNTATH
v/ 06LieCTBEHO 0BEpHE
v/ €TWYHO ynpaBneHue
v/ 3aWuTa Ha OCHOBHWUTE NpaBa
v/ IPO3paYHOCT 1 OTYETHOCT
v/ curypHa u yctonuuea kubepcpesa
v/ OTTOBOPHO 13MOM3BaHEe Ha U3KYCTBEHUS UIHTENEKT

(Dueypa 1. KOHuenmyaneH moden 3a npusnoxeHue Ha yHusepcanHume emu4Hu npuHyunu

MpaKTMYECKOTO MPUINOXEHNE Ha YHUBEPCANHUTE ETUYHI MPUHLMMKM B YCIOBUATA Ha OBLLIECTBEHNS U
OUTUTanHUS MPexof He Ce W34yepriBa CbC CMa3BaHeTO Ha HOPMaTMBHUTE U3WCKBaHMS. To mpeanonara
N3rpaxdaHeTo Ha LSANOCTHA CHCTEMA 3a ETMYHO YMpaBMeHMe, OCHOBaHa Ha YBaXeHWe KbM YOBELIKOTO
[OCTOMHCTBO, CMpaBeAnMBOCT, MPO3PaYyHOCT, OTFOBOPHOCT, [JOBEPUE, YOBELUKM HaA30p M YCTOMYMBOCT.
MMeHHO Tean NpuHUMNKM MoraT Aa 6baaT pasrnexaaHi KaTo KoHLenTyanHa OCHoBa 3a pa3paboTBaHEeTo Ha
MOAENn 3a €TWYHO NOBEMEHME W YNpPaBMEHWE Ha CUNUTEe U CPeAcTBaTa Ha AbpXaBHaTa M MecTHaTa
aAMUHICTPaLMA B CbBPeMeHHaTa knbepcpena,
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3aknyeHne

YHMBEpCarnHNTE HPaBCTBEHW MOCNaHUs MoraT Aaa ObaaT pasrmexmaHu He camMo KaTo yacT oT
KyNTYpHOTO HACMeACTBO Ha YOBEYECTBOTO, HO M KaTo METOAONOMAYHa OCHOBA 3a pa3paboTBaHETO Ha
KOHLIENTYarH1n MOZIENM 3a €TUYHO YNpaBIieHe B CbBpeMeHHaTa kubepcpeaa. IMEHHO BbpXy TX MoraT Aa ce
n3rpaxaar yCToYMBM MexaH3M1 3a A0BPO ynpaBneHne, 0OLLECTBEHO AOBEPUE 1 OTTOBOPHO W3MON3BaHe Ha
UMDPOBUTE TEXHOMOTUN U M3KYCTBEHUSI MHTENEKT B WMHTEpEC Ha YoBeka M obLlecTBoTo. Passutueto Ha
NHAOPMALMOHHOTO OOLLECTBO M3WUCKBA HE CaMO TEXHOMOMMYHM MHOBALMM, HO W BMCOKA €TUYHa KYnTypa,
KOSITO rapaHTupa YCTON4MBOCT, OBLLECTBEHO JOBEPUE 1 3alU1Ta HA YOBELLKUTE LIEHHOCTM..

BnaropgapHocTi. [loknagbT e HanucaH 6narogapeHve Ha (uHaHcupaHe OT MWHMCTEPCTBO Ha
0bpa3oBaHMETO W HaykaTa B W3MbfHEHWe Ha HauwoHanHaTa cTpaTterus 3a pasBUTME Ha HayyHUTE
nacnensanus 2017 — 2030 no HayuoHanHa HayyHa nporpama ,CurypHocT 1 otbpaHa‘, npueta ¢ peLLeHre Ha
Mununctepcku cbeeT Ne 731 ot 21 oktomspu 2021 T.
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MONUTUKATA 3A 3[0PABE, BE3ONACHOCT U OKOJIHA CPEQIA

uHx. Bnagucnas Ctonkos
v.stoykov@me.government.bg;

ABSTRACT

The health, safety and environment policy is a priority commitment to protect people and nature. It ensures
safe working conditions and reduces the harmful impact on the environment. The goal is to prevent accidents
and comply with high environmental and labor standards. On the one hand, the documentation ensures that
important information about working conditions is available to all stakeholders in the enterprise and guarantees
the commitment of management and employees to implement the measures, and on the other hand, it
demonstrates to interested and competent authorities and persons that the provision of healthy and safe
working conditions in the enterprise is in accordance with the requirements of the legislation.

Monutukata 3a 3apaseto, 6e3onacHocTTa U okonHata cpepa (36OC/HSE) MotueuTe 3a u3paboTBaHeTo
Ha [Monutuka no 360C ca cBbp3aHM C HAKOMKO KMo4voBM Oymu: paboteww (paboTHa cuna), 3gpase W
paboTocnocobHocT. PaboTtHata cuna e rpbOHaKbT Ha WMKOHOMWKAaTa BbB BCSka ObpxaBa. He npocTo 3a
(h13N4eCKOTO 3apaBe, a 3a NpodecHoHanHo 3agpase, Lenta My e: ,MpeBeHUMs W NoaabpkaHe Hail-BUcoka
CTeneH Ha (u3nyecko, OyWEBHO M couuanHo Omarononyyne Ha paboTHWUMTE OT BCUYKM Mpodecuy;
NpeBeHLMATa Ha OTKMOHEHWUS B 34paBeTo Ha paboTHULMTE, NPUYMHEHM OT YCNOBMSATA UM Ha TpyL,; 3aliuTaTa
Ha paboTHMuMTe B MecTopabotata MM OT PUCKOBE, AbIDKAWM Ce Ha BPeAHU 3a 34paBeTo MM hakTopy;
nocTaBsHe W NOAAbPXaHe Ha paboTHuka B paboTHa cpeda, ajanTvpaHa KbM HeroBuUTe (HU3MONOrUYHN W
MCYXOJIOMMYHIN BB3MOXHOCTM, Wi 00600LLEeHO: afanTauusTa Ha pabotata KbM YOBEKA M BCEKN YOBEK KbM
pabotarta my".
Tasu NonmMTHKa Ce OCHOBaBa Ha TPW OCHOBHU CTb0A:
1. 3ppaBe n 6e30nNacHOCT Ha pabOTHOTO MACTO:

"3ApaBoCNOBHM M Ge30nacHM yCnoBusa Ha TPYA" ca TakuBa YCNOBUA Ha Tpyd, KOUTO He BOAAT

Ao npodecuoHanHM 3abonsiBaHMA W 3NoNoNyku npu pabota U cb3gaBaT npeanocTaBka 3a

MbAHO (hM3UYECKO, NCMXNYECKO M coLManHo Gnarononyyve Ha paboTewuTe nuua.

> MpeBeHums Ha pucka: ,MpeBeHUMs" ca BCUYKI MEpPKM, KOUTO Ce NpeanpueMart Uy niaHmpar Ha
BCMYKM €Tanu Ha paboTa B NpeAnpusTUeTO, 3a NpeaoTBpaTsBaHe, orpaH1YaBaHe U/
OTCTpaHsiBaHe Ha NPodeCHOHamNHITE PUCKOBE.
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o OueHsBaHe 1 HamansiBaHe Ha ONACHOCTTE Ha pabOTHOTO MSACTO 3a HEAOMyCKaHe Ha
WHUMOEHTY, KOWTO a A0BeaaT [0 Bpeaa.

> "OnacHo cbbuTre" e cuTyaums, B KOSITO YOBEK € U3NOXEH Ha OMacHOCT, KOSTO A0BEX4a A0 Bpeaa.
o "OnacHocT" e Bb3MOXEH M3TOYHWK Ha Bpea.
% "Bpepa" e manyecko HapaHsiBaHe W/unu yBpexaaHe Ha 3apaBeTo.
> "MpodecnoHaneH puck" ("puck") e BEPOSTHOCTTa OT Bb3HMKBAHE Ha HeGNaronpusTHW nocneauum 3a
3apaBeTo 1 GesonacHocTTa Ha paboTeLlmTe nnLa Npu KOHKPETHO Bb3AEMCTBUE Ha BpeaHu akTopy
npu paboTa 1 CTeneHTa Ha nocneauumTe.
>

A
! |

Ls ey 4 X

) L] a2

v OueHkama Ha pucka e 3a0b/IKUMENTHO U3UCK8aHEe Ha 8CUYKU CUCMEMU 3a ynpasnieHue
v’ AHanus Ha KoHmekcma;
v OueHka Ha pucka;
v M0eHmucbukayus Ha ponume U omeosopHocmume (cobcmeeHuULU Ha pucka);
v’ MoHumopuHe u nepuoduyeH npeaned Ha puckogeme.
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YnpasneHue Ha pucka — 3awo!

“... NpuazaHemo Ha ynpasneHue Ha pucka He eapaHmupa, Je We ycneeme, HO fluncama Ha ynpasfeHue Ha
pucka obukHogeHo e dobpa npednocmagka 3a npogan”.

YnpaeneHue Ha pucka — kak?

1. [la pa3bepem Kou cMe Hue, KakBO NpaBKUM, Kak ro NpaBMM U 3a KOro ro NnpaBuM (BbTPELLEH KOHTEKCT);
2. [la pasbepem cuTyaumsTa, B KOSTO ce Hammpame (BbHLUEH KOHTEKCT);
3. [la HanpaBuM aHanu3 Ha HeonpeneneHocTTa, KOSTO Bb3[eiCcTBa Ha OpraHM3auusita HW, C Bb3MOXHU
HeraTWBHM NOCNEACTBUS, KOUTO MOXe Aa MPUYMHW W Ja PelwuM Janu € uUnu He € NpueMnue (OyeHKa Ha
pucka);
4. [la peLumm KaKBO OTHOLLEHWE [ja B3eMEM KbM HEMPUEMITMBUTE PUCKOBE (8 b3delicmeue Ha pucka);
5. [a oueHum n nogobpum BBIMOXHOCTUTE Ha OpraHW3auusTa ga ce pa3siBa (MOHUMOPUHZ U
nodobpeHue);

o "EnemeHTM Ha pucka" ca TeXecTTa Ha BpedaTta ¥ BEPOATHOCTTA 3a Bb3HWKBAHE Ha Tasw

Bpesa.

> OOyueHue: ocurypsisa Ha Bceku paboTeLl, noaxogawo obyyeHne n MHCTpyKTax no 6esonacHocT u

3[paBe npu paboTa, B CbOTBETCTBIE CbC creludukaTa Ha npodecusiTa/M3BbpLLIBaHaTa AEMHOCT U Ha
paboTHOTO MSICTO, KAaTO CE& OTYNTAT Bb3MOXHIUTE OMACHOCTY 1 Pe3ynTaTuTe OT OLEHKaTa Ha pucka.
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> 3,qpaBe 1 BnarocbCTosiHMe: OCVIprFlBaHe Ha €proHOMW4HK yCnoBmA 1 Nodkpena 3a (bVISI/NeCKOTO n
NCUXN4ECKOTO 3apaBe.

2. OnasBaHe Ha OKOfHaTa cpefa

HamansiBaHe Ha oTnagbuuTe: M3non3saHe Ha METOAM KaTo peLuKnMpaHe 1 NOBTOpHa ynotpeba.

MecTeHe Ha pecypcu: OnTUMK3MPaHe Ha pa3xoAa Ha eHepruitHUTe W NPUPOJHUTE PECYPCU - BOAA, TOK,

XapTus 1 JPYrv KOHCyMaTuBU.

> HamansBaHe Ha BpefHUTe eMucum: KOHTPON Ha BLIMepoaHUs 0TrneyYaTbk 3a Gopba ¢ KnuMaTuyHuTe
NPOMEHMU.

> I'Io.quena 3a npeBaHTUBHUTE NOAXOAMU B OMNa3BaHeTO Ha OKOJIHaTa cpeAa.

> I'Io,qemaHe Ha "HUUNaTnBn, CTUMynupalim noemMaHeTo Ha No-rofiiMma OTrOBOPHOCT KbM

OKOJIHaTa cpeaa.

HaC'bpanaHe pasBUTUETO N pa3npocTpaHeHNeTo Ha TeEXHONOINmu, waadauwm oKkosHaTa

cpepa.

\ 24

A\

MOTREGIOCTH W

Barpeiasie 1 SeHUHA KOHTERCT Ha OpraHHaaLaaTa OMaNER Ha

FIPAENEHRE N0

3. 3aKoHoAaTeNCcTBO U CTaHAAPTH
> CnasBaHe Ha npaBunara: [okpuBaHe Ha BCUYKM MUHUMAHK U3UCKBaHUSI HA HOPMATUBHIUTE aKTOBE,
NOAHOPMATMBHWTE QaKTOBE U HOPMW, KaKTO U MEXZAYHapOOHWTE W3WUCKBaHMA  (Hanmpumep
MexayHapogHuTte ctangapTu - 1ISO 9001, ISO 14001 v 1ISO 45001).
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> [lpunarane-BHegpsaBaHe Ha MonuTtuka 3a 360C BLB BallaTa KOMNaHWs, UK TbpcUTe MHGOPMaLMS
3a KOHKpETEH HOpMaTUBEH aKT unu ctaHgapt (1ISO)?

NMONUTUKA 3A 30PABE, BE3OMACHOCT U OKOJTHA CPE[IA

"MWHUManHK M3NCKBaHKS 3a OCUrypsiBaHE Ha 34paBOCIIOBHU 1 Be3onacHu YCnoBKS Ha Tpyaa" ca Hail-
MankuTe LONyCTUMW W3MCKBAHWS 3a Ona3BaHe Ha 34paBeTo Ha paboTewnTe M OCUTYpsSBAHETO Ha TAXHaTa
BesonacHocT npu paborta. Pabotogartensat moxe fa peanuaupa MO-BMCOKM M3UCKBaHMS, C KOETO Ada
OCbLLEeCTBM N0-400p0 HMBO Ha mnpednasBaHe Ha paboTewmTe, HO He U MO-HUCKM OT MUHUMAmNHUTE
WN3NCKBAHMS.

3awwuTata Ha 3gpaBeTo M BesonacHocTTa Ha paboTHOTO MACTO, 6NAaroCLCTOSHWUETO Ha xopaTta W
ONa3BaHETO Ha OKonHaTa cpepa M GuopasHoODOpasMeTo ca OCHOBHW LEHHOCTU MpW YMpaBneHWETo U
pasBUTNETO Ha eaunH BU3Hec.

Monutukata no 360C ce npunara 3a BCUYKM AENHOCTY M3BBPLLBAHK OT paboToaatens.

» Korato KoHkpeTHus paboTtopaten Hsma onepaTuBeH KOHTPOS, BbPXY BCUYKM BU3HEC MapTHLOPM Ha
eauH obekT, paboTHO nomelleHne unu obopyasaHe, paboTHa nnowagka unm paboTHO MACTO, KoraTo ce
13MNON3BaT OT HAKOMKO MPEeANpUATAS UK OpraHu3auui (Hanpumep NoAabpXKalyy hupMK, AOCTaBYALM 1 Ap.)
Cce 04YakBa da cnassaTt npuHumnuTe, nocovenu B Monutuka no 360C.

C HamepeHneTo aa aonpuHecar 3a rnobanHute uenu Ha OOH, cTpaTerunTe 3a yCTONYMBO pasBUTME
Ha ycrneweH K neyemvBlw OM3HEC Ce CTPeMAT KbM HenpekbcHaTo nopobpsBaHe Ha 30paBeTo W
BesonacHocTTa npu pabota U Ha eKONOrMYHUTE acnekTh, B CbOTBETCTBUE C LIEHHOCTUTE M B CbOTBETCTBYUE C
MOZenuTe 3a YCTOMYMBO pa3BUTUE, NPEaBULEHM OT:

++ [nobannus pgorosop Ha OOH;

+«» MexayHapogHaTa opraHu3auus Ha Tpyda B pamkuTe Ha HeiHaTa "“[leknapaumsi 3a OCHOBHWTE
NpUHLMNK 1 Npasa npu paboTa”;

+» "[leknapauusita o1 Puo ge YXaHermpo OTHOCHO OKOMHaTa cpefda M pa3BuTUETO"; HoBaTa cTpaTtervs 3a
pacTex Ha EBponeickus Cblo3 (M3BeCTHa kato "3eneHus nakT"), cTporo cbuetaHa cbe "CrpaTervsita 3a
YCTONYMBOCT B 06nacTTa Ha XMMuKanuTe", KOSTO MMa 3a Lien [a HaCbpuu YCTOMYMBOCTTA WU MHOBALMUTE B
XMMUYECKUS CEeKTOp M [a 3aliuTi YOBELIKOTO 34paBe M OKOMHaTa Cpeda OT OnacHU BeLLecTBa; MHOro
MeXZyHapoaHW JOroBOpK, CBbP3aHu CbC 3aliMTaTa Ha YOBELIKOTO 34paBe U OKomHata cpefa, "basenckarta
KOHBEHLMS 33 KOHTPOMN Ha TPAHCrPaHYHOTO ABWXEHWE Ha OMacHW OTNadbLy U TAXHOTO 06e3BpexaaHe”.
Mo-koHkpeTHo MonuTukata no 360C:

v/ ce 3adb/kaBa [a YnpaensBa [EMHOCTTa CU MO OTHOLIEHME Ha 3alMTata Ha 34paBeTo M
BesonacHocTTa npu paboTa W OKomnHata cpeda B MbSIHO CbOTBETCTBUE C MPUIOXUMUTE MEXOYHAPOAHM,
HaLMOHaMHM U MECTHU 3aKOHM U pasnopeadu 1 BCUYKM MOAnMcaHu AOBPOBOMHN aHraXMMEHTM, KaKTo U B
CbOTBETCTBUE C HAWN-BMCOKUTE MEXAYHAPOLHW CTaHAAPTM 3a YNpaBleHue;

v/ npecnegpa LUenute 3a "Hynee Opoit MHUMAeHTU" u "Oe3 HapaHsBaHus" B paboTHa cpepda, upe3
HenpekbCHaTO MAEHTUULMPaHe, OLeHKa, NPeBEHLMS W 3aluuTa OT PUCKOBE 3a 34paBeTo U HesonacHocTTa
npu paboTa, 6bp30 OTCTpaHsBaHE Ha MOTEHUMANHUTE MPUYMHK 3a 3MOMONYKM W MpUnaraHe Ha nnaHoBe 3a
HabntoaeHre Ha 3paBeTo Ha nepcoHasa BbB Bpb3ka C U3MbIHEHUETO HA KOHKPETHM 3afaum;

v’ nogkpensi paspaboTBaHETO Ha MporpamMu 3a NogobpsBaHe Ha MCUXMYECKOTO W (PU3KNYECKOTO
BrarocbCTosHE U Ha BanaHca Mexay NPoeCMOHAIHUS U NINYHUS XMUBOT;

v’ onpepens, cnegu u cbobliaBa Ha 3aMHTEPECOBAHWTE CTPaHW KOHKPETHM LiENM 33 HEMpEeKbCcHaTo
nogobpsisaHe Ha 3apaeeTo U GesonacHocTTa npu pabota W Ha EKOMOrUYHWTE MoKasaTenu, CBbp3aHu C
npouecuTe, NPOAYKTUTE U yCNyruTe, NPe3 Lenns UM XU3HEH LIMKLIT;

v/ WHTerpupa oLeHkaTa Ha 3apaBeTo, Ge3onacHOCTTa M OKONHaTa cpefa B KOMMMeKcHaTa MpoBepka
(HanpuMep Ha JOCTaBYMLMTE) U B JENHOCTUTE NO CMIMBAHMS M NpuaobuBaHus;

v/ Ce aHraxwupa aa paspaboTea NpoayKTh 1 NPOU3BOLCTBEHN NPOLECK B CLOTBETCTBUE C MPUHLMNNTE Ha
KpbroBarta MKOHOMWKa, n3paseHu B nogxoda "5R" (Re-think - Refuse - Reduce - Reuse - Recycle; nosTopHo
obmucnsiHe - OTKa3BaHe - HaMansiBaHe — MOBTOPHO W3MOM3BaHE - PELMKNIMPaHe), 3a Aa ce CTPEMU KbM
CMeKYaBaHe Ha M3MEHEHMETO Ha KNWMaTta W nocTeneHHa fekapOoHW3auus no Bepwurata Ha CTOWMHOCTTA,
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OTTOBOPHO W3MON3BaHE M HamansiBaHe Ha NOTPEONEHWETO Ha MPUPOAHW PEecypc U MWUHUMM3MPAHE Ha
EMUCUUTE Ha 3aMbPCUTENY;

v/ paspaboTBa W mpunara nporpamMn 3a YnpaBreHWe Ha W3BbHPEAHW CUTyauuW, NpedHasHayeHu aa
NpeaoTBpaTAT BPEAM 3a XopaTa M OKOMHaTa cpefa B Cryyail Ha Npou3LIECTBUS;

v ynbnHomowaea, obyyaBa ¥ MOTMBMpA CRYXUTENUTE CU Kak fga pabotar no GesonaceH M
eKkonorocbobpaseH HauuH, KaTo BKMKYBA BCMYKM HWBA HA OpraHuW3auusita B MOCTOSHHA nporpama 3a
obyyeHne n nHopMmUpaHe, NpeaHasHaveHa Aa HacbpyaBa KynTypaTa Ha 6e3onacHOCT W 3apase npu paboTa
1 OnasBaHe Ha OKOMHaTa cpefa, KakTo U Aa rapaHTupa, Ye OTFOBOPHOCTUTE U NpoLeaypuTe B Te3n obnactu
ca NoAXoAALLO aKTyanuaupaHu, cbobLeHu 1 pasbpanu;

v/ ce CTpeMu KbM Orna3BaHe Ha OKOMHaTa Cpeda 4pe3 HEempeKbCcHATO WAeHTMUMUMPaHe, OLEHKa,
npepoTBpaTaBaHe W HamMansBaHe Ha eKONOrMYHUTE PUCKOBE MO LisinaTta Bepura Ha AeHoOCTY;

v/ Cce aHraxupa [ga cBede [0 MWHAMYM Bb3AEACTBMETO BBbPXY OMONMOrMYHOTO pasHoobpasue,
€KOCUCTEMMUTE W CBBP3AHUTE C TAX EKOCUCTEMHM YCIyri, KaTo Bb3npueMe npuHumna "bes HeTHa 3aryba Ha
BuonornyHo pasHoobpasue”, upe3 "fiepapxusTa Ha CMekYaBaHe Ha Bb3AENCTBMETO” (T.e. M3bsrBaHe,
cBexaaHe 40 MUHUMYM, Bb3CTaHOBSIBaHE W pereHepupaHe, KOMNeHcUpaHe);

v [a cBefe [0 MUHUMYM AEAHOCTTa CU B 3alUMTEHW 30HW WWMKM MEcTa, KOMTO Ca OT 3HayeHWe 3a
B1onorMyHOTO pasHoobpasune; UMK Cbe CrneumaneH UHTepPec/CTONHOCT, U rapaHTupa, Yye u3bopbT Ha HOBK
NPOM3BOACTBEHN 0DEKTW Ce M3BLbPLUBA MPWU OTYMTAHE Ha 3aLUMTEHWTE TEPUTOPUM, KaTo Ce rapaHTupa
3anasBaHeTo Ha OuoNorMYHOTO pas3Hoobpasne, EKOCUCTEMHUTE YCrIyr W NPeaoTBpaTABaHETO Ha
obe3necsBaHeTo;

v/ NOCTaBs EKOMOTMYHM Lienn 1 3ajauu 3a HamarnsiBaHe Ha Bb3AECTBNETO Ha CBOMTE NPOAYKTH 1 yCIyru
npes3 Lenus WM XM3HEH LMKbI BbPXY Bb3dyxa, nodBata M BogaTta, kato Hanmpumep: OO6ekTH, mmalum
OTHOWIEHWEe KbM OMONOTMYHOTO pasHoobpasne - OO6ekTM, KOUTO CbAbPXaT 3HAYUMO  OMOMOrMYHO
pasHooOpasme Ha rnobanHo, pPEervoHanHo WKW  HauuoHanHo paBHUWE  ("KPUTMYHO — BMOMOrMYHO
pasHoobpasune"):  30HW/MeCTOOBUTaHUSA/3alLMTEHN  BMAOBE, BWAOBE, KnacuMUUMpPaHM KaTo  KPUTUYHO
3acTpalleHu, 3acTpalueHu unm ysssumu B Yepsenuns cnmcbk Ha IUCN, eHgemMnyHn BUOOBE; MEXAYHApOAHO
Npu3HaTU 30HM (0BEKTM Ha CBETOBHOTO HACNEACTBO, BM@XHWM 30HW CbrnacHo Pamcapckata KOHBEHLMS,
nporpamata Ha FOHECKO "YosekbT 1 brocepata”). Lenta "HyneBo KONMYeCcTBO OTNagbLM 3a AeNOHMpaHe",
Haco4YeHa KbM MaKCUMarnHo Onon3oTBOPSIBaHE W PELMKIUPAHE;

v/ HacbpyaBa KOHCyNTaUuuUTe W Y4acTMETO Ha pabOTHULMTE W TeXHWUTE NPEACTaBUTENU Mo BbMPOCUTE
Ha Ge3onacHocTTa v 3apaBeTo npu pabota

v/ aKTMBHO CM CbTPYOHWYM Ha HALMOHANHO M MeXAYHAPOAHO PaBHULLE C MHCTUTYLMOHAMHM,
aKkageMWyHu, HenpaBMTENCTBEHW OpraHu3auuy, 3aHuMaBalyM Ce C  perynupaHeTo, W3y4YaBaHETO U
YCTOMYMBOTO YNpaBneHne Ha BbrpocuTe, no 6e3onacHoCT;

v’ N3ucKBa OT JOCTABYMLMTE CU [ja Npunarat CbLyyst OTTOBOPEH NOAXOA B CBOMTE 0DEKTU 1 No BepuraTa
Ha [OCTaBKW MO OTHOLEHWe Ha 3gpaBeTo M GesomacHocTta npu paboTta, rpwxarta 3a okonHata cpefa,
onasBaHeTo Ha bropasHoo6pa3neTo 1 eKOCHCTEMMUTE, NPEAOTBPATABAHETO Ha 0Be3necsBaHeTo, ONasBaHeTo
1 OTFOBOPHOTO M3MONi3BaHe Ha MPUPOAHUTE pecypcy U matepuanu, B CbOTBETCTBUE C MEXOyHapOL4HWUTE
CTaHAApTU W 3aKOHWUTE M pasnopeabute Ha AbpxaBuTe, B KOUTO paboTaT. BbBeXAaAHETO Ha UHTErpuUpaHm,
CTPYKTYpUPaHW M OMHAMUYHW CUCTEMU 3a YMPaBReEHUEe, HACOYEHW KbM HenpekbCcHaTo nopobpsiBaHe,
OCHOBaHW Ha Hait-gobpuTe NPaKTUKM N CbOTBETHUTE NPU3HATU MEXAYHAPOAHW CTaHAAPTL.

v

NWAEPCTBO/YNPABIEHUE U KOHTPOI

BuciueTo pbkOBOACTBO NOAKPENEHO OT 3BeHOTO "3apaBe, 6e30nacHOCT 1 OKoMHa cpefa”, KakTo u oT
OPyrM 3BEHa, y4acTBaly MO pa3nMyeH HauvH (KaTo HewauyepnaTeneH npuMep - OTAENUTE 3a OKONHa
cpefaHayyHouscrefoBaTencka M pa3BOWHA AEMHOCT, YCTOMYMBOCT, MOKYMKM, KayecTBO, MPOM3BOACTBO,
ynpaBfieHne Ha pucka Ha NpeanpusTUeTO), MMa cTpaTerMyecka pons B MbAHOTO MpunaraHe Ha Tasu
MonuTuka, KaTo OCUrypsiBa y4acTUeTo Ha Lenns nepcoHan M Ha Tesu, KOUTO Ca KOHTpareHTu, Taka ye Aa
n3passiBaT NoBeAeHNe, CbOTBETCTBALLO Ha LLEHHOCTUTE, ChAbPXALLM Ce B HES.
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AHra*XMpaHoCT U
nnaepcTeo

MopgKpena!
OcurypsasaHe Ha
pecypcu!

[vpekTHo y4actue!
Cnyxu 3a npumep!

UHTerpupaHocT ———

Ha 6 n3Heca un nocneposatenu!

CY3bP

3annaxu:
[denerupaHe Ha gpyrurte!
3aMHTePeCcoBaHOCT U Jlunca Ha aHra)kupaHoct!
npuobuwasaHe HesauHTepecosaHocT!

lnaHoBeTe v pesyntatute B obnactra "3apase, 6e30nacHOCT M okonHa cpeda” ce obcwxaart v
opnobpssatr ot Komuter no ycnosus Ha Tpya (KYT)Ipynata no ycnosus Ha Tpya (FYT) (opram,
npeacepatenctsaH o1 Pabortopatens, KOMTO 3acefaBa MOHE BEAHbLX Ha TpUMeceyne) M ca 4vacT oT
nnaHoBeTe 1 pesynTatuTe B 0bnactTa Ha yCTOMYMBOTO pasBUTHE, MPEACTABEHN M 06CHAEHN OT CbOTBETHUS
OpraH Ha pbkOBOAHO HWBO, a Cref ToBa NpeacTaBeHn, 0bcbaeHn 1 0gobpeHn oT BucleTo pbKkoBOACTRO.

MONNTUKATA MO 360C ce 6a3mpa Ha METOZONOMUSATA MilaHMPaHe — U3NbITHEHWEe — NpoBepKa —
AeWcTBMe.

Y
3
(&)

MnaHupaHe: ycTaHoBsIBaHe Ha LienuTe 1 npolecute, Heobxoaumm 3a nonyvaBaHe Ha pesynTaTu.
BbBEX/JaHe Ha npoLecuTe.
HabnogeHe M M3MepBaHe Ha npouecuTe cnpsiMo nonuTukata no 3bP, uenute, 3agauuTe,
npaBHUTE W JpYriTe UNCKBaHUS M JOKNaABaHEe Ha pe3ynTaTtuTe.
[encTeue: npeanpueMaHe Ha AENCTBUS 3a HENPeKbCHATO NofobpsiBaHe Ha pesynTaTuTe Ha cucTemaTta 3a
ynpaenexue Ha 3bP.
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lMnaHoBeTe W pe3yntatute ce OT4MTaT B loauweH pOoknag cneg opobpeHue oT Bucweto
PBKOBOACTBO.

MEPAPXMA HA KOHTPOJIUTE

Hait-
epeKTUBHO

Hierarchy of Controls

Ddusnyecko npemaxsaHe Ha
onacHocTTa/ peansanH

A

Substitution
Heob6xogumocr ot . h
l'lpomsma Ha Ha4uHa, no

KOHTpON =
MsapkaTta e
4yoBeKa Administrative ’
Controls KoliTo ce paboTun
7 NndHn npeagnasHu
cpeacrtsea
Haw-manko

3aBuCnma ot
epeKTUBHO

IBUTEU
35YT HOPMH

u IDAETURA

ATeAUAD INER

MOJABAHE HA CUrHAINW, NOBEPUTENHOCT, 3AEPAHA 3A OTBETHW EACTBUA U
MOCNEACTBUA B CNYYAW HA HAPYLLEHUE

Hacbpuasa npunarawmte Ha lNonutukata no 360C, ga curHanuanpar 4obpocbBECTHO, AOPK U
aHOHMMHO, 3a BCAKO AECTBIe Unn Be3gencTBme 0T CTpaHa Ha KoroTo 1 Aa 6uno, B OTHOLLEHWS C Hest UK OT
HEeNHO 1Me, KOETO NPEACTaBNSABA MM MOXe Aa NPEACTaBNABa HApYLLEHWE UMK NOATUKBAHE KbM HapyLLaBaHe
Ha NpuHUMNuTe, Chabpxaluy ce B Monutukara no 360C.

B Monutukata 3a nojaBaHe Ha CUrHamnu 3a HapyLUeHus ce onpefens npoueaypara 3a nofaBaHe Ha
CUTHamMM, Ha4MHBLT Ha TSXHOTO YMpaBIEHWE W rapaHTMPAHETO Ha MOBEPUTENTHOCT UM NUMCA Ha OTBETHU
AENCTBUS C LiEN OTMbLLEHME.

B cnyyait Ha HapyLeHre Ha HacTosiwaTa MonuTika - He3aBKUCKMO Janu TO € YCTaHOBEHO Ypes3
npoueca Ha NoAaBaHe Ha CUrHanM MAM MO PasfUYHM HauMHU Ce NpeanpueMe MOAXOAsWM AENCTBUS B
3aBMCMMOCT OT TEXECTTa Ha Cnyyasi, B CbOTBETCTBME C MPUNOXMUMaTa npaBHa, perynatopHa, fOroBOpHa U
AMCUMNNMHapHa cucTema.

Korato mucnuw 3a nonoxutenHu u xy6asu Hewa, TM rv npuBnMYaLL Kbm cebde cu.”
MpeHTtuc Mundopa

Mogaen Ha cuctema 3a ynpasneHue Ha 3apaBeTo U Oe3onacHocTTa npu pa60Ta
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HenpekbcHaTo
nopobpsaBaHe

Mperneg Ha

PBHKOBOACTBOTO OH&S nonuTtuka

NMnaHupaHe
MpoBepka n

Kopurupawio gecteue

BHegpsiBaHe u
U3NbIIHEHUE

CIMUCBK HA N3MOJI3BAHNTE MHOOPMALIMOHHWN N3TOYHULIN

1. EBponeiicka aupektuea 89/391 ot 12 toHn 1989 .

2. 3aKOH 3a 30paBOCIoBHU W BesonacHu ycrosus Ha Tpya, obH., 1B, 6p. 124 o1 23.12.1997 r.

3. 3akoH 3a npoecnoHanHoTo obpasoBaHue 1 06yyeHmne, obH., [1B, bp. 68 ot 30.07.1999 .

4. 3aKoH 3a noasemHuTe Goratctea (06H., B, 6p. 23 ot 1999 r., nocneaHo mam. u gon., 1B, 6p. 17 ot 2021
r).

5. WHTepHeT CTpaHuua Ha W3nbnHuTenHa areHums . NaBHa MHCNEKLMS no
TpyAa“ http://www.gli.government.bg/

6. MiHTepHeT cTpaHuLa Ha bbnrapcka MUHHO-Te0NoXKa kamapa, http://www.bmagk-bg.org/

7. Kogekc Ha Tpyaa.

8. Hapenba Ne 5 ot 11 man 1999 r. 3a peaa, HaYMHa U NEPUOLMYHOCTTA Ha M3BBLPLUBAHE HA OLEHKA Ha pucka.

9. Hapegba PO-07-2 ot 16.12.2009 r. 3a ycnosusTa 1 peaa 3a NpOBEXAAHETO Ha NepUOANYHO 0ByyeHne 1
WHCTPYKTaX Ha paboTHWUMTE W CRyXWTennuTe no npasunata 3a OCUrypsiBaHe Ha 3ApaBOCIOBHU W
BesonacHn ycnosus Ha Tpya.

10. Hapen6a Ne 7 ot 1999 r. 3@ MUHUManNHWTE U3NCKBaHWS 3@ 34PABOCNOBHM 1 BE30NacHW YCnoBWa Ha TpyA
Ha paboTHWUTE MecTa W Npy 13non3BaHe Ha paboTHOTO 0bopyaBaHe.

11. Hapenba 3a cneunduyHnTe M3MCKBAHNS 3@ yNpaBrieHne Ha MuHHUTE oTnagbuyy, O6H., 1B,

6p.10/6.02.2009 .

12. MpaBunHuk 3a 6e3onacHoCTTa Ha Tpyaa Npu B3pUBHM paboTw.

13. MpaBunHuk 3a 6e3onacHoCcTTa Ha Tpyaa npu pa3paboTBaHe Ha HaxoamLLa No OTKPUT HaumH, 1996 .
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14. MpaBunHUK No 6e30nacHoCTTa Ha Tpyaa Npu paspaboTBaHe Ha PyOHM W HEPYOHM HAXOAKLLA MO NoA3eMeH
HaumH.

15. MpaBunHKK 3a MUHHOCNACUTENHATa W razocnacutenHarta aenHoct, 1994 r.
16. Ramsar Convention of Wetlands, 2 ¢pespyapu 1971 2.

17. [nobanHusm dozosop Ha OOH, 1999 a.

18. (International Union for Conservation of Nature, IUCN.
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