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The article addresses the issues of improving the stability of the portal and the initial section of an inclined
ramp constructed during the transition of an open pit to a combined mining system. It is in this zone that the
effects of rock mass unloading, roof and sidewall instability, water inflow, as well as additional dynamic impacts
caused by drilling-and-blasting operations and the movement of mine transport occur simultaneously. The aim
of the study was to substantiate an integrated support scheme that ensures the early formation of a load-bearing
rock mass contour, reduces deformations in the near-contour zone, and preserves technological compatibility with
both drilling-and-blasting and mechanized excavation methods. The study was carried out on the basis of field
observations, laboratory testing of concrete and injection materials, instrumental monitoring of deformations,
and numerical modeling in the FLAC3D software environment. The proposed scheme includes the sequential
application of a primary shotcrete layer, installation of advance inclined rock bolts along the excavation direction,
arrangement of a staggered grid of injection anchors, concreting of a section at least 20 m long, and primary and
control grouting after the concrete reaches 75% of its design strength. It was established that the application of this
scheme ensures a 2.3-fold reduction in water inflow, a 1.8-fold decrease in roof deformations compared with the
control section, and a reduction in the maximum calculated displacements from 42 to 12 mm when rock bolting
and injection reinforcement are used jointly. The obtained results confirm the feasibility of applying a combined
support system in unstable host rocks and make it possible to recommend it for practical implementation in the
construction of inclined ramp portals.

Keywords: inclined ramp, portal, combined mining system, advance rock bolting, shotcrete, injection anchors,
excavation stability, numerical modeling.
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Makasaja Kapsep/IiH KypaMIacThIPBUIFAH HTEPY KYHECIHE KOIITyl Ke31He CalbIHATHIH KOJIOCY ChEe3IiH MTOPTAIIbI
MeH 0acTarnKbl Y9acKeCiHIH OPHBIKTBUIBIFBIH apTTHIPY MOCeNeepi KapacThIpbUIFaH. Jom ochl aiiMakTa MacCHUBTIH
0ocaybIHBIH ocepi, Te0e MEH OOPTTapblH OPHBIKCHI3NBIFBI, CYJIaHy, COHAal-aK OypFrbUTaN-Kapy >KYMBICTApHI
MEH TEXHOJIOTUSITBIK KOJIKTIH KO3FaIBICEIHA 0aiIaHBICTHI KOCHIMIIIA TUHAMUKAIBIK ocepiiep Oip Me3rinie Oaika-
nanel. 3epTTeyIiH MaKcaThl MACCHBTIH KOTEPTIII KOHTYPBIH epTe KAJBIITACTHIPYIbI, KOHTYP MaHbI allMaFbIH/IAFbI
JnedopManusUIapasl a3aiTynbl XKoHe OypFbUIAN->Kapy, COHAal-aK MEXaHUKAIAHABIPBUIFAaH 6Ty JKYMBICTaphIMCH
TEXHOJOTHSUIBIK YIIISCIMIUTIKTI CaKTaydbl KaMTaMmachl3 CTETiH KelleHHAi OeKiTy cyiI0achlH Herizaey OOoIbl.
3epTTey mamanslk Oakbuiayiaap, 06TOH MEeH MHBEKIUSUIBIK KypaMIapabl 3epTXaHABIK ChIHAY, Ne(hOopMaUsIIap bl
acmanThsIK Oakpitay koHe FLAC3D OarmapiaMaibIK OpTachlHIA CaHABIK MOJAETBICY HETi3iHAe OpBIHIANIBL. ¥ ChI-
HBUTFaH cyI10ara aiFaikbl HaOpHI3T-0eTOH KabaThIH Ke3eH-Ke3eHIMEH JKary, Ka30a OOMBIMEH ajFa O3bIPBUIFaH
Kesbey aHKepIIeplli OpHATY, MHBEKIUIIBIK aHKePIIePIiH MIaXMaTTHIK TOPHIH MOHTaXKIAy, Y3BIHIBIFE kKeMinae 20
M y4YackeHi OeTOHMay jkoHe OeTOH kKo0abIK OepiKTIiriHiH 75 %-bIHa )KETKCHHEH KeiliH OacTanKpl XKoHe OaKplIay
HAaTHETaHMECIH XKYPri3y Kipemi. AtanFaH cyJi0aHbI KONIAHY CY aFbIHBIH 2,3 ece a3aiTynpl, 0aKpliay yIacKeCiMeH
caNbICTEIpFaHaa Tebe nedopManusuiapsiH 1,8 ece TOMEHACTY/I JKOHE aHKepIIey MEH HHBEKIMSUTBIK OekiTymi Oip-
JIeCin KOJTaHFaH Ke3/I€ €CeNTIiK €H YIKeH OPBIH aybICTRIpYIapasl 42-meH 12 MM-Te eiiiH KbICKapTyIbl KAMTaMachI3
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€TETIHI aHBIKTAN/BI. AJIBIHFAH HOTHIKENIEP OPHBIKCHI3 JKaHACYILBI XKbIHBICTApAA OCKITYNiH KypaMmIacThIPbIIFaH
JKYHECIH KOJIaHy/IbIH OPBIH/IBUIBIFBIH PacTai bl JKoHE OHBI KOJIOEY Che3]l MOpTANIIaphIH cally Ke3iHae TaxKipuodene
€HTI3yre YChIHyFa MYMKIHIIK Oepe/i.

Tyilin ce3nep: xenbey che3nm, MOPTaj, KYpaMIACTHIPBUIFAH UTepy KYHeci, O3IBIPBUIFaH aHKepIey, HaOphI3r-
0€TOH, HHBEKIMSUIBIK aHKepIiep, Ka30aaapIblH OPHBIKTBUIBIFbI, CAHIIBIK MOJIENIBCY.

OBOCHOBAHME KOMILJIEKCHOM CXEMBbI KPEIUIEHUS IIOPTAJIA HAKJIOHHOI'O
CBE3JIA TP KOMBUHUPOBAHHOM CUCTEME PA3BPABOTKH KAPBEPA
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B crarbe paccMOTpeHBI BONPOCH! MOBBILIEHUS YCTOWYMBOCTH MOpTaja U HAyaJlbHOIO y4yacTKa HaKJIIOHHOIO
Che3/1a, COOPYIKAEMOTO IPHU Mepexo/ie Kaphepa K KOMOMHUPOBAHHOH cucTeMe pa3paboTku. IMEHHO B 3TOi 30HE
OTHOBPEMEHHO TPOSBIIIOTCS BIMSHUE Pa3rpy3KH MacCHBa, HEYCTOHYHMBOCTH KPOBIM M OOpPTOB, OOBOIHEHHE,
a TaKKe JIOTONHUTEIbHBIC THHAMUYCCKUE BO3ACUCTBHS, 00yCIOBICHHBIE OYPOB3PHIBHEIMA Pa0OTaMH U JBHIKE-
HHEM TEXHOJIOTHYECKOTO TpaHcmopTa. Llenp nccienoBanms 3akiodanack B 000CHOBAHUN KOMIUIEKCHON CXEMBI
KperieHusl, obecrieunBaronieil paHHee (OPMUPOBAHHE HECYIIEro KOHTypa MacCcHBa, CHIDKeHHE aedopmaruit
MIPUKOHTYPHOH 30HBI U COXPaHEHUE TEXHOIOTHIECKOW COBMECTUMOCTH KakK ¢ OypOB3PBHIBHOW, TaK U C MEXaHHU3H-
POBaHHOH MPOXOAKOH. MccnenoBanue BEITOIHEHO Ha OCHOBE MOJIEBBIX HaOmMroneHni, 1a00paTOPHBIX HCITBITAHIH
0eToHa M HHBEKIIMOHHBIX COCTAaBOB, MHCTPYMEHTAIBHOTO KOHTPOJIA AehopManuii M YUCICHHOTO MOICITUPOBAHUS
B mporpammuoit cperae FLAC3D. Ipennaraemas cxema BKIIIOYAET MOCIIEIOBATEIPHOEC HAHECCHHE TIEPBHYHOTO
ciost HaOpBI3r-0eTOHA, YCTAHOBKY OIEPEKAIOIINX HAKIIOHHBIX aHKEPOB 110 XOAy BHIPAOOTKH, MOHTaX [TaXMaTHON
CeTKH WHBEKIIMOHHBIX aHKEPOB, OETOHHPOBAaHUE ydacTKa JUIMHON He MeHee 20 M M MpOoBeleHHE MEPBUYHOTO U
KOHTPOJIBHOTO HArHETAaHUS MOCJE JOCTIDKEHHS 0eTOHOM 75 % TPOEKTHOM MPOYHOCTH. YCTaHOBICHO, YTO TIPHUMe-
HEHHE JaHHOW CXeMBI 00eclieunBaeT CHIDKEHHE BOIOIIPUTOKA B 2,3 pa3a, yMEHbIIeHHE nedopMannii KpoBIx B
1,8 paza mo cpaBHEHHMIO C KOHTPOJBHBIM YYacTKOM M COKpAIlleHUE MAKCHUMAaJIbHBIX PACYETHBIX CMEIIeHUH ¢ 42
110 12 MM IIpy COBMECTHOM HCIIOJIb30BAaHUY aHKEPOBKU M MHBEKITMOHHOTO YKpeTuieHus. [lonydeHHble pe3yabTaThl
MOATBEPKIAIOT 1EJICCO00Pa3HOCTh MPUMEHEHUSI KOMOMHUPOBAHHON CUCTEMbI KPEIJICHUS B HEYCTOMYHBBIX BME-
LIAIOLIUX MMOPOAAX U MO3BOJIAIOT PEKOMEHIOBAThL €€ Il MIPAKTUYECKOTO BHEAPEHHUS IIPU COOPYKEHUH MTOPTAJIOB
HAaKJIOHHBIX CHE3/0B.

KaroueBble ci10Ba: HAKIOHHBIA CHhE3/, MOPTaJI, KOMOMHIPOBAHHAS CUCTEMA Pa3pabOTKH, ONEPEKAIONIast aHKe-
POBKa, HAOPBI3T-0ETOH, MHBEKIIMOHHBIE aHKEPBI, YCTOWYNBOCTh BHIPAOOTOK, YUCIEHHOE MOJECIHPOBaHHE.

Introduction. The transition from open-pit mining
to a combined deposit development system requires
particular attention to the condition of the inclined
ramp portal. In this zone, the most unfavorable factors
are concentrated over a short distance: changes in the
stress state of the rock mass due to excavation, the
presence of fractured and weakened zones, the impact
of atmospheric and groundwater, as well as variable
loads from excavation equipment and transport vehicles.
Under insufficient support stiffness, the portal becomes
a high-risk area where roof collapses, sidewall failures,
and floor destruction are most likely [1].

Analysis of existing solutions shows that traditional
massive lining systems (segmental or tubbing linings)
provide high reliability; however, they are characterized
by high cost, labor-intensive installation, and limited
adaptability to the rectangular cross-section of ramps
[2]. Systems based on early shotcrete application and

rock bolting are more flexible and widely used in
tunneling and underground excavation practice, [3, 4],
but under conditions of high fracturing and water
inflow, they do not always prevent local failures without
advance face reinforcement.

Modern concepts emphasize the importance of early
stabilization of the near-contour zone and the formation
of a load-bearing rock-support system [5, 6]. For
excavations in unstable rocks, the effectiveness of
combined support systems—integrating rock bolting,
been
substantiated [7, 8]. However, the issue of technological

shotcrete, and injection strengthening—has
coordination of all support elements specifically for
inclined ramp portals in the transition zone from open-
pit to underground mining remains insufficiently studied
[9, 10].

The research object is the portal and the initial

section of a rectangular inclined ramp constructed in
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alternating sandstones, siltstones, and argillites with
varying degrees of weathering, fracturing, and water
saturation. The subject of the study is the stability
evolution of the near-contour zone under sequential
application of shotcrete, advance rock bolting, injection
reinforcement, and monolithic concreting.

The aim of the study is to
comprehensive support scheme for the inclined ramp

substantiate a

portal under a combined mining system. The hypothesis
is that a staged combination of inclined advance bolts,
a staggered injection bolting system, and controlled
concreting over a length of at least 20 m reduces
deformation, improves rock mass stability, and ensures
technological reliability of the portal.

The scientific novelty of the study lies not in
the isolated use of shotcrete, rock bolts, grouting,
or monolithic concrete, which are established support
measures, but in their engineering integration into a
staged support sequence specifically for the transition
zone of an inclined ramp portal. The proposed
sequence links advance inclined bolting, a staggered
injection-bolt grid, and subsequent concreting to a
measurable technological criterion—achievement of at
least 75% of the design concrete strength before
control grouting. In contrast to conventional solutions
in which individual support elements are designed and
installed largely independently, the proposed approach
coordinates the time of support engagement with the
development of near-contour deformation and water
inflow while preserving the rectangular ramp geometry
and compatibility with drill-and-blast excavation. The
study therefore evaluates the combined effect of the
support sequence rather than presenting any of its
individual elements as a new support technology.

Materials and Methods. The study was conducted
for the portal and the initial 20 m section of the
inclined ramp. The geological environment consists of
interbedded sandstones, siltstones, and argillites. The
near-contour zone contains one to three fracture sets,
often subparallel to bedding, as well as local softened
and water-bearing zones [5, 6].

The methodology included field,
instrumental, and numerical investigations.

laboratory,

The experimental program was organized as a
comparative engineering assessment of the control
and reinforced portal sections. Field observations,
laboratory strength testing, instrumental deformation
monitoring, and numerical calculations were treated as
mutually independent evidence streams. Because the
available field dataset contains aggregated monitoring
values rather than a complete set of raw replicate

measurements for every observation point, the article
does not infer sample sizes, standard deviations,
or confidence intervals that cannot be reconstructed
from the source records. Statistical interpretation is
therefore limited to the reported comparative indicators,
model-field deviation, coefficient of determination,
and sensitivity analysis; this limitation is explicitly
considered when interpreting the results.

Field observations recorded fracturing intensity,
water inflow, and deformation behavior of the roof and
sidewalls. Ground-penetrating radar (GPR) “OKO-3”
(400 MHz antenna) was used to identify weakened and
water-saturated zones. Deformations were monitored
using strain gauges and inclinometers with an accuracy
of +107°. Seismoacoustic monitoring (RIPAS system)
was applied to assess stress redistribution.

Laboratory determined the  strength
characteristics of shotcrete and injection materials.
Specimens (150x150x150 mm) were tested according
to GOST 10180-2012 using a hydraulic press (capacity
2000 kN). Strength gain was described by the
exponential relationship:

o(t) =028(1— e )

tests

A critical threshold of 75% design strength was
adopted as the criterion for safe transition to control
grouting. [3, 4].

The engineering support scheme consisted of several
sequential operations. Immediately after excavation of
the contour, a primary layer of shotcrete with a thickness
of 5-7 cm was applied. Subsequently, advance inclined
rock bolts with a length of 3.0-3.5 m were installed
along the excavation at an angle of 10-15° to the ramp
axis, with a spacing of 1.2—1.5 m. This was followed by
the installation of a staggered grid of injection bolts with
aspacing of 1.5 X 1.5 m and an injection pressure of 0.3—
0.5 MPa. The next stage involved concreting of the roof,
sidewalls, and floor over a section with a length of at
least 20 m. After the concrete reached 75% of its design
strength, primary and control grouting were performed
to further consolidate the near-contour zone and reduce
the filtration permeability of the rock mass [9, 10].

For validation of the proposed scheme, numerical
modeling was carried out using the FLAC3D 7.0
software package. The computational model represented
a 30 m long section with a cross-section of 5 x 5
m. The mesh contained approximately 70,000 finite
elements with refinement in the portal area. The base
was assumed to be rigidly fixed, elastic boundary
conditions were applied at the lateral boundaries, and
the external load corresponded to the weight of the
overlying rock mass. The following parameters were
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adopted: for sandstones, uniaxial compressive strength
oc = 55 MPa and elastic modulus E = 25 GPa;
for siltstones, oc = 28 MPa and E = 12 GPa; for
argillites, oc = 18 MPa and E = 8 GPa. Three scenarios
were considered: without reinforcement, with advance
rock bolting, and with combined application of bolting
and injection. Additionally, the Q-system was used
for engineering characterization of rock-mass quality.
Model verification was performed by comparing
calculated with
observations for the same support scenarios. Calibration
was carried out by checking whether the adopted

roof displacements instrumental

deformation parameters reproduced the measured
displacement range without changing the geological
structure of the model. Model adequacy was assessed
using relative model—field deviation and the coefficient
of determination (R?), while parameter uncertainty
was examined through a sensitivity analysis in which

the rock deformation modulus was varied by £20%.
Inferential significance levels were not reported because
the archived monitoring dataset does not provide a
uniform number of independent raw replicates for all
compared points.

Results and Discussion. Field and laboratory studies
showed that the primary shotcrete layer achieved, on
average, 72% of the design strength after 3 days and
exceeded 75% after 5 days, which is sufficient to
proceed to control grouting and further development
of the support scheme. Monolithic concrete reached a
similar threshold after 9 days. This curing regime proved
to be critically important, as it allowed maintaining the
construction schedule while preventing injection effects
on an insufficiently hardened support contour [3, 4].
The strength development of shotcrete and monolithic
concrete is presented in Figure 1.
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Fig. 1 - Strength development and the allowable grouting point at 75% of design strength

Instrumental observations in the portal zone showed
that the use of advance inclined rock bolts leads to
a significant reduction in roof deformations already at
the early stage of excavation. Compared to the control
section, displacements decreased by a factor of 1.8.
After incorporating a staggered grid of injection bolts
into the support scheme, not only a further reduction in
deformations was observed, but also a 2.3-fold decrease
in water inflow, indicating partial closure of fractures
and a reduction in the filtration permeability of the near-
contour zone [10].

The results of numerical modeling confirmed the
trends identified under field conditions. In the absence
of reinforcement, maximum roof displacements reached
42 mm, indicating a highly unfavorable state of the
rock mass for the portal section. The scenario with

only advance rock bolting reduced this value to 25
mm, whereas the combined application of bolting and
injection strengthening decreased it to 12 mm. Thus,
the calculated reduction in deformation relative to the
unsupported state was approximately 3.5 times. The
stress distribution pattern in the model indicated load
redistribution and the formation of a more stable load-
bearing framework around the excavation contour. The
zone of plastic deformation was reduced, and stress
concentrations shifted into the reinforced region, where
they were absorbed by the bolting system and the
strengthened rock mass [5, 6, 10].

Comparative scenarios of roof deformation based on
modeling results are presented in Figure 2.
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Fig. 2 - Roof deformation scenarios based on FLAC3D modeling results

Comparison of numerical modeling results with field
observations showed that the calculated deformation
trend reproduced the measured response for the
considered support scenarios. The relative discrepancy
between calculated and measured roof displacements
did not exceed 15%, and the coefficient of determination
for the calculation—-measurement relationship was R?
> 0.90. These indicators are used here as engineering
validation metrics rather than as a substitute for
inferential statistics. The agreement is considered
sufficient for comparative assessment of the three
support scenarios within the investigated portal section,
while extrapolation beyond the studied geological
conditions should be made with caution.

The uncertainty analysis focused on the deformation
modulus because this parameter strongly controls
calculated convergence and is sensitive to rock-
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mass heterogeneity. A +20% variation in the
adopted deformation modulus changed calculated
displacements by approximately 12-15%, while the
ranking of the three support scenarios and the
overall stress—deformation pattern remained unchanged.
Thus, the principal engineering conclusion—the lower
deformation obtained for the combined bolting-and-
injection scenario—was robust within the tested
parameter interval. The analysis does not eliminate
uncertainty associated with local fractures, moisture
variation, or construction quality; these factors remain
a limitation of the model and require field monitoring

during implementation.

The comparison of calculated and field data is
presented in Figure 3.
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Fig. 3 - Comparison of modeling results and field observations

The obtained results are consistent with current
concepts of active and combined support, according to
which early stabilization of the near-contour rock mass
and coordinated interaction of rock bolts and shotcrete

can reduce the extent of yielding and deformation. The
distinction of the present study is the adaptation of this
principle to an inclined-ramp portal at the open-pit-to-
underground transition and the explicit sequencing of
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support operations under fractured and water-bearing
conditions. The proposed scheme does not claim a
new type of bolt, shotcrete, or grouting material.
Its contribution is the experimentally and numerically
evaluated technological sequence: primary shotcrete —
advance inclined bolts — staggered injection bolts —
monolithic concreting — control grouting after the 75%
strength criterion is reached. This sequence reduced the
calculated maximum roof displacement from 42 mm in
the unsupported model to 25 mm with advance bolting
and to 12 mm with combined bolting and injection,
while field observations showed a 2.3-fold reduction
in water inflow. These quantitative indicators define
the engineering effect of integration and distinguish the
proposed procedure from the isolated application of
conventional support elements.

In practical terms, this means that within the first 10—
15 m from the portal, where maximum displacements
are observed, it is advisable to apply an increased
density of rock bolting and ensure more rigorous control
of injection filling. In zones of increased fracturing
and water inflow, ground-penetrating radar diagnostics

and exploratory drilling should be carried out prior to
excavation [8, 10]. A limitation of the study is that
the numerical model covered a 30 m section and used
averaged rock parameters. In real conditions, local
zones of fragmentation, variations in moisture content,
and curing temperature regimes may affect the final
strengthening effect; therefore, continuous instrumental
monitoring is required during implementation of the
technology.

The main limitations of the study are the single
investigated portal, the 30 m numerical domain, the use
of averaged mechanical properties for lithological units,
and incomplete availability of raw replicate monitoring
records. Accordingly, the results should be interpreted
as a validated engineering case study rather than as
a universal statistical law. Further verification should
include additional portal sites, documented replicate
measurements at fixed monitoring stations, reporting
of sample size and dispersion for laboratory and field
data, and calibration against three-dimensional fracture
geometry and groundwater conditions.

Table 1 - Key quantitative results of the evaluation of the support scheme effectiveness

Parameter Condition/Scenario Value Engineering Interpretation
Shotcrete strength After 3 days 72% of design | The contour gains early stiffness but still
development strength requires curing before control grouting
Shotcrete strength After 5 days >75% of design | Transition to control grouting is
development strength permissible
Monolithic  concrete After 9 days 75% of design | The section is ready for further
strength development strength technological operations
Water inflow After installation of | Reduction by 2.3 | Filtration permeability decreases and

injection grid times risk of rock softening is reduced

Maximum roof | Without reinforcement | 42 mm The near-contour zone does not meet

deformation required stability conditions

Maximum roof | Advance bolting only | 25 mm Bolting stabilizes the contour but does

deformation not eliminate the influence of water and
fracturing

Maximum roof | Bolting + injection [ 12 mm The most stable load-bearing contour is

deformation reinforcement formed

Model-field Calculation vs. field | Deviation <15%; [ The modeling approach is suitable

agreement data R*>0.9 for engineering evaluation of support
options

The data presented in Table 1 confirm that the greatest
effect is achieved not through the isolated application
of individual support measures, but through their
sequential combination within a unified technological
cycle.

Conclusion. The conducted study demonstrated that
the most complex and unstable section of an inclined
ramp is its portal and initial segment, where stress relief,
increased rock fracturing, water inflow, and dynamic
loads occur simultaneously. Under such conditions, the
use of a single type of support is generally insufficient
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to ensure the required reliability and long-term stability
of the excavation.

It has been established that a comprehensive
support scheme, including primary shotcrete, advance
rock bolting, injection strengthening, and subsequent
concreting, makes it possible to form a more stable load-
bearing contour around the excavation and reduce the
risk of local deformation development. Achieving 75%
of the design concrete strength can be considered a
justified technological criterion for performing control
grouting and transitioning to the next stage of rock mass
stabilization.

The practical significance of the study lies in the
fact that the proposed approach can be applied in the
construction of inclined ramps in unstable rock masses
without abandoning drill-and-blast technology, ensuring
increased excavation stability, reduced probability

of deformation-related failures, and an overall

improvement in the safety of tunneling operations.

The scientific contribution is the substantiation
of a staged support algorithm in which the timing
and interaction of conventional support elements
are coordinated with measured deformation, water
inflow, and concrete strength development. Within the
investigated portal, this integrated sequence produced
a stable reduction in calculated deformation and
acceptable agreement between numerical and field
observations, providing a reproducible basis for
selecting support stages under comparable fractured and
water-bearing rock-mass conditions.
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