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Abstract

The constrained conditions of deep-pit mining and the rigid technological interdependence between operations
on lower and upper horizons significantly complicate the performance of loading and haulage systems and, in
particular, hinder the efficient use of large rope shovels. At the same time, due to a limited service life and a sharp
decline in reliability after 7-10 years of operation, mobile hydraulic excavators cannot compete with mechanical
shovels when excavating hard rock formations. Based on research and industrial experiments, combined solutions
have been developed and tested for the use of rope and hydraulic excavators within their respective optimal appli-
cation areas to improve the efficiency of mining operations. The proposed priority application zone for hydraulic
excavators is defined in areas with a planned low concentration of drilling-and-blasting operations, where the
utilisation factor of rope shovels is below 0.5, while that of mobile hydraulic excavators — with appropriate ge-
omechanical support - is at least 0.7. At the same time, hydraulic excavators cannot directly compete with large
mechanical shovels in the development of hard rock. Therefore, a specialised technology for within-block diffe-
rentiation of drilling and blasting parameters is proposed to ensure the geomechanical conditions necessary for
the effective integration of hydraulic excavators into mining operations.
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AHHOTauusa

CrecHEHHBIE YCUIOBMS OTPAOOTKM ITTYOOKMX TOPU30HTOB Kapbepa M HaTMUME KECTKOIM TEXHOIOTMIECKOI CBSI-
31 MeXOy IMPOABIVDKEHMEM I'OPHbBIX pa60T Ha HVDKHUX M BePXHUX TOPM30HTAaX CYIIeCTBEHHO YCIOKHAIOT pa60—
Ty IIOTPY30YHO-TPAHCITOPTHBIX KOMILJIEKCOB ¥, B YaCTHOCTH, HE TTO3BOJISIOT 3G ()EKTUBHO MCIOIb30BaTh MOIII-
HbIe KaHaTHbI€ KapbepHbIe 3KCKaBaTOPbI. B TO ke BpeMs MOGUIIbHbBIE rmapaBjnMyeCckKye 3KCKaBaTOPbI M3-3a
OTPaHMYEHHOI0 pecypca 1 pe3KOoro rnmageHus HaAe>KHOCTU I10Ciie 7-10 net CJIy)K6bI He BbIOEPKMBAIOT KOHKY-
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PEHIIMM C KapbepHBIMY MEXaHMUECKMMU JIoTIaTaMM TPy pa3paboTKe TSKEIbIX CKaJIbHBIX MOPOJ. B pesyiib-
TaTe MPOBENEHUST UCCTIeOBAHMI U TPOMBIIITIEHHBIX SKCITEPMMEHTOB GbIIM YCTAHOBJIEHBI 1 alipOGMPOBAHBI
KOMOVMHMPOBAHHbIE PEIIeHMSI TI0 UCIIOIb30BaHMIO KAHATHBIX M TMAPABIMYECKUX IKCKABATOPOB B CBOMX pa-
IIMOHAIBHBIX 00/1aCTSIX 7151 9D(PEKTUBHOTO IPUMEHEHNST Ha TOPHOM MPOM3BOJCTBe. [Ipeayiaraemas 06/1acTh
MPUOPUTETHOTO TPUMEHEHUS TUAPABINYECKMX IKCKABATOPOB OTPEAESeTCS B 30HAX TUIAHUPYEMOli HU3KOIA
KOHIIEHTPaLyu 6YypOB3pbIBHBIX PaboT, rae Ko3DMUIMEHT MCIIOIb30BaHMSI KAHATHBIX 9KCKABATOPOB COCTAaB-
nsiet MeHee 0,5, 2 MOGMJIbHBIX TMIPABIMYECKUX — TIPU YCTIOBUM CIIEIIMATbHOTO TeOMeXaHUYeckoro obecre-
yeHus — He meHee 0,7. B TO ke BpeMs ruApaBIMUeCKye SKCKaBATOPbI HAMPSIMYIO HE MOTYT KOHKYPUPOBATh
C MOIIIHBIMY KapbePHbIMU MEXaHWUECKUMM JIOTIATaMU MPU OTPAOOTKE TSIKETBIX CKaTbHBIX TTOpof. ITosTomy
TpeJjIaraeTcs CrenuaabHasi TEXHOMOISI BHYTPUOIOKOBOI nuddepeHIManyy mapaMeTpoB GypOB3pbIBHBIX
paboT, KoTopasi peliaeT 3aJayy reoMexaHnveckoro obecreyeHus 3QGheKTMBHOTO BHEAPEHUS IMApPaBINYe-
CKMX 9KCKaBAaTOPOB B TOPHOM ITPOU3BO/ICTBE.

KnioueBble cnoBa

Ko3(hduIMeHT BCKPHIIIN, YTOT HAaKJIOHA 60pTa Kapbepa, MOTPy304HO-TPAHCIIOPTHBIE KOMIUIEKCHI, tuddepeH-
Malust mapaMmeTpoB GYPOB3PBIBHBIX PabOT, MOHUTOPUHT ITPOIECCca IKCKABAIUU, MHTEIEKTYalIbHbIE KOM-
TIJIEKChI MOHUTOPWHTA, PUTMUYHOCTb OTTPY3KM TOPHOI MACChl, KAHATHBIN 9KCKABATOP, TUIPABINIECKUIT IKC-
KaBaTop, 0OpaTHasl jionaTa
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Introduction

As mining depth increases, the stripping ratio
rises sharply, significantly reducing the profitability
of open-pit operation [1-3]. The most effective way
to partially stabilize stripping volumes with increa-
sing depth [4, 5] is to maintain a relatively steep pit
slope angle [6, 7]. However, two major factors limit
this approach: the stability of pit walls and the sharp
decline in productivity of loading and haulage sys-
tems employing large electric rope shovels [8, 9]. To
ensure high equipment productivity at deep pit levels
while maintaining a low current stripping ratio, mi-
ning operations are conducted within working con-
centration zones that are moved vertically along the
pit wall' [10]. This technology, which uses relatively
wide working benches in concentration zones, enables
efficient loading of productive mining systems with
blasted rock mass. At the same time, moving these
zones vertically along the pit wall requires time-con-
suming conservation and deconservation procedures.
Additional complications arise due to a rigid techno-
logical interdependence, whereby progress in lower
levels depends on the advancement of upper-level
operations. Under such constrained conditions, large
electric rope shovels cannot be used efficiently, and
mobile hydraulic excavators are employed instead.
However, hydraulic excavators cannot directly com-
pete with large mechanical shovels, particularly when
excavating hard rock formations [11].

1 Isaychenkov A. B. Optimization of jointly performed
overburden mining processes using modern excavator-truck
complexes (on the example of the "Tugnuy" open-pit mine).
[Cand. Sci. (Eng.) diss.]. Moscow: IPKON RAS; 2016. 231 p.
(In Russ.)

Although mobile, this type of equipment is less
suited to harsh mining conditions and has a shorter
service life, with reliability declining significantly af-
ter 7-10 years of operation. At the same time, amid
general trends toward the use of higher-capacity
mining equipment in deep open pits, certain opera-
tional zones emerge where mobile hydraulic excava-
tors can be used effectively. Therefore, research aimed
at defining the rational application areas and tech-
nologies for using hydraulic excavators at mining and
processing plants remains highly relevant.

A number of approaches have been proposed to
improve the efficiency of hydraulic excavator opera-
tion. P. Bules? justified the optimal service life of key
components and systems of hydraulic mining exca-
vators to extend their operational lifespan. Howe-
ver, this assessment did not address the technologi-
cal aspects of excavator operation or specific appli-
cation conditions. Without technological adaptation,
hydraulic excavators remain less suited for severe mi-
ning environments.

Another line of research focuses on improving
mining technology. For example, E. V. Loginov pro-
posed? a method for controlling the operational strip-
ping ratio when using backhoe-type hydraulic exca-
vators in deepening mining systems. Replacing rope

2 Bules P. Ensuring the reliability of hydraulic mining ex-
cavators during open-pit operations in Russia [Cand. Sci. (Eng.)
diss.]. Moscow: National University of Science and Technology
MISIS; 2016.

3 Loginov E. V. Control of the operational stripping ratio
when using backhoe-type hydraulic excavators in deepening
mining systems [Cand. Sci. (Eng.) diss.]. St. Petersburg: Saint Pe-
tersburg Mining University; 2018.
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shovels with backhoe-type hydraulic excavators in
deep pit levels allows for narrower working benches.
As a result, steeper pit slope angles can be formed,
which correspond to a 10% reduction in the opera-
tional stripping ratio.

Nevertheless, the stripping ratio inevitably in-
creases with depth [12-14]. To maintain mining ef-
ficiency, combined use of rope shovels and hydraulic
excavators is required, each operating within its op-
timal application range. It is also necessary to con-
sider that hydraulic excavators are less suited for
excavating hard rock formations. The bucket filling
efficiency in such conditions is affected by the ratio
between bucket width and capacity — a parameter
significantly higher for hydraulic excavators than for
rope shovels of equivalent capacity. Moreover, the
kinematic design of backhoes provides a substantial-
ly lower digging force. When comparing front-shovel
and backhoe configurations of hydraulic excavators,
it should be noted that these types differ in crowding
and breakout forces. For instance, models of mining
hydraulic excavators manufactured by Komatsu Min-
ing Germany (KMG) with a backhoe configuration
have 20-30% lower crowding force and 8-22% lower
breakout force*.

Research aim and objectives

The aim of this study is to justify the rational
scope and technology for the use of hydraulic exca-
vators.

Research objectives:

- to adapt hydraulic excavators for operation in
harsh hard-rock mining conditions;

- to define the optimal application areas of hy-
draulic excavators and improve their reliability and
competitiveness compared to rope shovels.

The stated objectives are addressed by imple-
menting continuous monitoring of the excavation
process with a focus on geomechanical conditions.
The resulting data are used to refine rock blastability
zoning, adjust drilling-and-blasting designs and the
selection of equipment, optimize preventive mainte-
nance schedules.

Research methods included:

- comparative analysis (evaluating the efficiency
of rope and hydraulic excavators);

- analytical modelling (parameter calculations);

- instrumental monitoring (accelerometers, gy-
roscopes, and GPS sensors for analysing excavation
performance);

4 Bules P. ensuring the reliability of hydraulic mining ex-
cavators during open-pit operations in Russia [Cand. Sci. (Eng.)
diss.]. Moscow: National University of Science and Technology
MISIS; 2016.
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— field experiments (tests conducted at open pits
in the Kabardino—-Balkarian Republic and Rostov Re-
gion);

—remote sensing (drone-based aerial photogra-
phy for analyzing rock mass structure);

- machine learning (developing an expert model
for predicting borehole capacity based on drill cut-
tings characteristics).

The central premise of this study is that rope
shovels, although less sensitive to geomechanical
variability and designed for long service life, are not
efficient in all operating contexts. The findings high-
light the need for an integrated mining approach in
which rope and hydraulic excavators complement
each other within their respective optimal applica-
tion zones. Since hydraulic excavators have a shor-
ter service life and declining reliability over time,
their effective use becomes less straightforward.
Hard and abrasive rock formations require a higher
level of geomechanical support for hydraulic ma-
chines. In many cases, the degree of fragmentation
sufficient for productive operation of rope shovels
proves inadequate for hydraulic backhoes. Thus, al-
though hydraulic excavators are widely used in the
construction industry, their effective deployment in
large-scale mining requires system-level adaptation
that integrates technical, operational, and geome-
chanical factors. Partial adaptation that focuses only
on individual aspects cannot fully resolve the prob-
lem. Measures aimed solely at improving reliabili-
ty — such as more frequent replacement of high-wear
components — are ineffective if geomechanical in-
fluences are not taken into account. The spatial and
temporal variability of the structural and strength
properties of the rock mass governs the geomechan-
ical loading on the equipment and, consequently, its
wear, which evolves together with operating hours
and failure statistics across the excavator fleet.
Therefore, to improve mining efficiency on a syste-
matic basis, it is necessary to monitor geomechani-
cal conditions so as to provide information support
for revising rock blastability zoning, adjusting mi-
ning technology and equipment selection, updating
preventive maintenance schedules.

Main theoretical framework

The primary methodological challenge lies in
distinguishing between the technological and ge-
omechanical components of equipment productivi-
ty losses. This issue was addressed by the authors in
earlier studies through the development of an intel-
ligent excavation monitoring module incorporating
an accelerometer, gyroscope, barometer, magnetom-
eter, GPS receiver, and temperature sensor. The mod-
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ule, enclosed in a shock-resistant housing, is magne-
tically mounted at the junction between the excava-
tor arm and bucket. In particular, the presence of an
accelerometer in the measurement module enables
recognition of the excavator’s primary and auxilia-
ry operational cycles, as well as spatial and temporal
tracking of bucket position, by analysing the projec-
tions of gravitational force along the coordinate axes.
The hardware and methodology of excavation process
monitoring were successfully tested at open pits in
the Kabardino—Balkaria Republic and Rostov Region
during 2019-2022 [15].

Recording the spatial position of each operational
cycle, along with changes in bucket filling time and
volume, combined with the analysis of actual drill-
ing-and-blasting parameters, provides insight into
variations in the structural and strength properties of
the rock mass. This technical solution enables exca-
vation process monitoring with identification of the
geomechanical component, allowing for refinement
of rock blastability zoning, adjustment of mining
technology and equipment selection, and optimisa-
tion of preventive maintenance schedules.

It is proposed that hydraulic excavators be used
primarily in areas with a planned low concentra-
tion of drilling-and-blasting operations. As shown
in Fig. 1, in zones of low blasting concentration,
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Fig. 1. Comparative analysis of the effect of concentrating
drilling-and-blasting operations on downtime of rope
and hydraulic excavators: 1, 2 — variation in operational
downtime of rope shovel EKG-4.6 and hydraulic excavator
Hyundai R520LC-9S associated with relocations and lack
of blasted rock, respectively
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with production blast volumes of 20-40x 10° m3, the
equipment utilisation factor falls below 0.5, indica-
ting extremely low efficiency of rope shovels.

The proposed combined excavation technology
for rope and hydraulic excavators is based on improv-
ing technological zoning according to rock blasta-
bility categories. The method involves, on one hand,
concentrating blasting operations in areas suitable
for high-efficiency operation of rope shovels, and on
the other, designating zones for hydraulic excavators
where concentrated blasting is technologically im-
practical or impossible.

The greatest challenges are posed by hard, abra-
sive rock masses, including those disturbed by both
underground [16, 17] and surface mining opera-
tions, which require a higher level of geomechanical
support for effective hydraulic excavator operation.
When fragmentation meets the performance criteria
for rope shovels but is insufficient for hydraulic back-
hoes, it becomes necessary to switch to smaller-di-
ameter boreholes with a higher drilling volume. At
the same time, it must be considered that fractured
rock masses naturally break along joint planes during
blasting, and additional explosive consumption does
not improve fragmentation quality. For a meaningful
comparative analysis of technologies using different
drilling and loading equipment, the productivity of
drilling rigs should be evaluated in terms of the mass
of blasted rock.

Significant difficulties arise in fractured rock
masses containing large-block inclusions, where
both rock blastability and borehole capacity within
a single blast block vary considerably. For example,
in fractured rocks with gaping joints, the capacity of
boreholes drilled with a 243 mm bit for granular ex-
plosives can exceed 59 kg/m, whereas in monolith-
ic rocks this value is about 45-47 kg/m. Increased
borehole capacity negatively affects charge column
placement [18, 19], shifting it 15-20% downward
within the borehole. As a result, the explosive charge
becomes concentrated in the overdrilled section,
leading to poor fragmentation in the upper part of
the bench, disturbance of the floor of the underlying
bench, and additional borehole losses due to induced
fracturing.

To mitigate random downward displacement of
the explosive column, zoning studies are conduc-
ted to determine the optimal parameters of dril-
ling-and-blasting operations for fractured and blocky
portions of the blast block and to clarify the relation-
ship between borehole capacity and the structural
properties of rock masses (Fig. 2). For different rock
types, a characteristic particle-size class is defined —
representing the lower limit of coarse drill cuttings,
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the yield of which reflects the blockiness of the rock
mass. For example, the characteristic particle-size
range for hornfels from the Tyrnyauz deposit is
5-10 mm.

Drilling plans are based on parameters rele-
vant to the most fractured portions of a blast block
(Fig. 3 — positions I and 2). After drilling the planned
boreholes, the mass yield and particle-size distribu-
tion of the drill cuttings are used to localize poor-
ly fragmentable zones. Boreholes drilled in such
strong-rock portions of the massif exhibit smooth,
non-sloughing walls and a sharply contrasting cut-
tings signature (a high yield of cuttings concentra-
ted at the characteristic size). By contrast, boreholes
drilled in the fractured parts of the block display irreg-
ular walls with spalls and gaping joints and produce a
low yield of cuttings, the sizes of which substantially
exceed the established characteristic values.

It should be noted that the effectiveness of this
relatively simple technology strongly depends on
the human factor. In particular, the heavy reliance
on visual assessment of borehole condition adverse-
ly affects the accuracy of rock-type and blastabili-
ty zoning and complicates subsequent verification
and post-processing. To overcome this limitation,
we propose recording the position and condition of
borehole collars using an unmanned aerial vehicle
to enable automated identification of prospective
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Fig. 2. Dependence of changes in borehole capacity
on the structural properties of rock masses:
1 - fractured rock masses with closed joints;
2 — fractured rock masses with open or infill-filled joints;
3 - fractured rock masses with gaping (widely open) joints;
4 - boundary of controlled explosive fragmentation
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zones and differentiation of blasting parameters
within a blast block (Fig. 4).

The task of revising rock-mass zoning by blasta-
bility is addressed through monitoring supported by
intelligent models and by system-level analysis of
mining process outcomes, measured parameters and
industrial blast indicators tied to the specific rock-
mass location under study.

The proposed technology for areas with elevated
structural variability in the rock mass is implemented
in two stages:

- at the first stage, drilling is carried out accor-
ding to the design using parameters relevant for the
most fractured part of the block;

— at the second stage, within the localized hard-
to-blast zones, one or two additional blast holes are
drilled at the centre of each group of four previously
drilled holes.

Fig. 3. Technological scheme for differentiating blasting
parameters in areas of high variability in rock-mass
structure: 1, 2 - boreholes drilled according to the block
drilling plan (I - identified by monitoring as drilled
in fractured rock; 2 - identified by monitoring as drilled
in massive/monolithic rock); 3 — additional boreholes
drilled following corrective calculations; 4 — zone
of large-block rock localization identified by monitoring

Fig. 4. Drilled blast block imaged by unmanned aeria
vehicle (UAV), with a zone highlighted as prospective
for differentiated blasting parameters
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Methodology for calculating
drilling and blasting parameters
An increased consumption of explosives required
for breaking strong rock masses necessitates addi-
tional drilling, the total length of which is determined
by the following expression, m [18]:

4., —4q.)V,
A T

u

, (D

where q,, — specific explosive consumption required
for breaking the block’s coarse-fragmented zone,
kg/m®; q, — specific explosive consumption accord-
ing to zoning data for the fractured part of the block,
kg/m; V, — volume of the strong-rock portion of the
block, m*; k, — borehole utilisation factor, dimen-
sionless; P — borehole capacity in the coarse-block
portion of the block, determined by the following ex-
pression, kg/m [18]:

\%
P=k1+k2C—“, (2)

ch

where k, and k, — proportionality coefficients specific
to the rock type; V_, —yield of drill cuttings from bore-
holes drilled in strong-rock zones, %; C,, — content of
the most characteristic particle-size classes in drill
fines, %.

To scale up the technology of within-block
differentiation of drilling and blasting parameters,
preliminary studies must be conducted for various
rock types to establish correlations between the
characteristics of drill cuttings and the capacity of
drilled boreholes. The most labour-intensive oper-
ations involve determining such parameters as drill
cuttings yield, content of the characteristic parti-
cle-size classes, and actual borehole capacity for
each block.
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It should be noted that reliable prediction of
borehole capacity is essential for efficient blast
design. To improve reliability and responsiveness,
a machine learning-based method has been deve-
loped. The model’s database includes high-resolu-
tion images of block boreholes and experimental-
ly obtained borehole capacities measured during
charging. Model training necessarily involves com-
paring predicted and actual values, followed by tes-
ting on data from the next block. A technology has
been developed for drone-based imaging and laser
scanning of the block, providing information sup-
port for a self-improving clustering model that pre-
dicts borehole capacity based on the characteristics
of drill cuttings. This approach resolves the most
labour-intensive component in implementing the
within-block differentiation of drilling and blasting
parameters.

Conclusion

Based on the conducted research and industrial
experiments, combined solutions have been deve-
loped and tested for the use of rope and hydraulic ex-
cavators within their respective optimal application
areas to improve the efficiency of mining operations.
The priority application zone for hydraulic excava-
tors is defined as areas with a planned low concentra-
tion of drilling-and-blasting operations, where the
utilisation factor of rope shovels is below 0.5, while
that of mobile hydraulic excavators is at least 0.7. At
the same time, hydraulic excavators cannot directly
compete with large mechanical shovels, particularly
when working in hard rock formations. To address
this issue, a specialised technology for within-block
differentiation of drilling and blasting parameters is
proposed, providing the geomechanical conditions
necessary for the effective integration of hydraulic
excavators into large-scale mining operations.
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