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Abstract

Purpose. To identify and quantify the main factors causing failures in hydraulic systems of open-pit excavators, with par-
ticular emphasis on the influence of the cleanliness and physicochemical condition of the working fluid on the reliability and
service life of hydraulic units.

Methods. The study is based on an integrated approach that includes an analytical generalization of literature and opera-
tional data on hydraulic system failures, determination of working fluid cleanliness class using a Luvatech S41 particle coun-
ter, and physicochemical characterization of fluids by infrared spectroscopy, X-ray fluorescence analysis, visual assessment,
and microscopy. The effect of contamination on the service life of hydraulic units was additionally evaluated using a calcula-
tion model that accounts for particle concentration and particle-size distribution.

Findings. It was established that working fluid contamination accounts for approximately 70% of hydraulic system failures.
Particle count analysis showed a progressive increase in contamination with increasing operating time, with the most pro-
nounced growth observed for the 2-5 and 5-10 um fractions, indicating intensified abrasive wear in the hydraulic system.
X-ray fluorescence analysis revealed an increase in SiO; content from 88.740 to 93.474%, indicating contamination of the
working fluid by silicon-bearing abrasive particles. Infrared spectroscopy identified structural changes in the working fluid and
the appearance of additional absorption bands associated with its chemical degradation during operation. Microscopic exami-
nation of used oil confirmed the presence of solid impurities. An economically and technically justified working fluid cleanli-
ness level corresponding to ISO 4406 class 15/13 was determined, thereby improving reliability and reducing operating costs.

Originality. For the first time, an integrated approach is applied, combining particle-size analysis, physicochemical diag-
nostics of the working fluid, and assessment of hydraulic unit life to establish the relationship between working-fluid cleanli-
ness, contamination characteristics, and hydraulic-system reliability under real operating conditions.

Practical implications. The results obtained can be used to improve filtration systems, optimize maintenance strategies,
and support early diagnostics and predictive maintenance of hydraulic equipment at mining enterprises.

Keywords: hydraulic excavator, hydraulic system; working fluid; contamination; failures; infrared spectroscopy; X-ray
fluorescence analysis

1. Introduction material for jewelry production but also as an investment
In recent years, rapid economic development, population ~ @sset and an important component of central bank reserves.
growth, and expanding industrial production have substan- ~ The growing interest in gold amid geopolitical instability and
tially increased the demand for mineral resources. In particu- ~ financial risks calls for increased production. This trend, in
lar, the need for construction materials, ferrous and non-  turn, calls for higher output in the mining industry and the
ferrous metals, and energy resources has grown sharply [1].  development of new large-scale deposits [2], [3].
The production of electric vehicles, along with the develop- The ncreasing demgnd fqr mlperal resources is accom-
ment of renewable energy and digital technologies, has fur- panied not only by the intensification of extraction and raw

ther increased demand for strategic raw materials such as ~ Mmaterial processing, but also by a wider range of technologi-
copper, lithium, nickel, and cobalt. At the same time, the cal and environmental challenges related to the management
demand for gold has a particular strategic significance. Un-  Of technogenic raw materials, by-products, and waste genera-
der current conditions, gold is regarded not only as a raw  ted by mining and metallurgical production [4]-[7]. In mo-
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dern mining regions, this is reflected in the need for a more
detailed consideration of the mineral composition of techno-
genic materials, impurity components, and the conditions for
their subsequent processing or recovery [8]-[12]. Processes
involving the separation, sorption, and transformation of
impurities in technological systems are also becoming in-
creasingly important, both for resource conservation and for
reducing associated technogenic impacts [13], [14].

In mining and mineral-processing operations, solid-phase
impurities, secondary products formed by interactions be-
tween the medium and the materials, and dispersed compo-
nents play a particularly important role, as they can alter the
properties of operating systems and accelerate equipment
wear [15]. In this context, the chemical nature of impurities,
their phase state, and their behavior in the technological
medium are of considerable importance. This is supported by
studies dealing with the composition of oxygen-containing
compounds, the sulfidation of concentrates, and the pro-
cessing of complex mineral raw materials [16]. The
formation of stable contaminating components and their
influence on the properties of the medium should also be
taken into account when assessing the operational stability
of equipment operating under complex mining and techno-
logical conditions [17].

Open-pit methods mine most modern gold deposits, and
these operations are typically large-scale and deep, often
reaching depths of several hundred meters [18]. The need to
process low-grade gold ores further increases production
volumes, thereby increasing the demand for high-capacity
excavators and other mining equipment [19]. At the same
time, the high hardness and abrasiveness of rocks in gold
ore deposits create additional technical challenges for
hydraulic equipment.

At modern mining enterprises, operating hydraulic exca-
vators under harsh environmental conditions requires rapid
maintenance and repair of hydraulic systems. One effective
way to ensure the technological reliability of such machines
is to identify the main causes of failures and subsequently
implement a comprehensive program of scheduled preven-
tive maintenance.

The relevance of identifying and studying contaminants
that initiate wear in hydraulic equipment components is
widely recognized internationally. Highly efficient hydraulic
system operation under complex mining and geological con-
ditions can be achieved by maintaining optimal working-
fluid properties, enabling maximum productivity with mini-
mum operating costs. More broadly, improving the efficien-
cy of mining and transport-technological equipment is
regarded as an important direction in the development of
modern mining production, including the optimization of
operating modes, braking systems, and logistics-related tech-
nological schemes [20], [21].

Under current conditions, improving the efficiency of
mining industrial systems is increasingly associated not
only with equipment modernization and the reduction of
structural material consumption, but also with the develop-
ment of energy-efficient, digital, and organizational man-
agement solutions [22]-[24]. In this context, increasing
attention is being paid to data processing quality, support
for innovation, and the introduction of new management
approaches that ensure more stable operation of production
and technological systems [25], [26].
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According to data published in [27], 70-90% of hydraulic
system failures are caused by contamination of the working
fluid with solid particles, whose concentration and particle-
size distribution directly correlate with the wear rate of hy-
draulic system components. The performance of hydraulic
machines depends on the timely detection of faults and the
prompt elimination of factors that reduce their operability.
The main causes of working fluid degradation include high
dust concentrations in the operating environment, exposure
to extreme temperatures, and inadequate maintenance. The
reliability of hydraulic equipment as a whole is affected by
climatic, hydraulic, and mechanical factors [28]. Among
these, temperature is particularly important, as it accelerates
the degradation of elastomeric and polymer seals, reduces the
viscosity of the working fluid, and increases leakage through
operating clearances [29]-[31].

The reliability of hydraulic systems in open-pit excavators
is critical for the productivity of mining equipment. In
60-70% of cases, the main cause of failure in such systems is
contamination of the working fluid and deterioration of its
operational properties [32]. Contamination accelerates the
wear of pumps, valves, and cylinders, reduces the efficiency
of energy transmission, and shortens the service life of hy-
draulic systems. International studies also emphasize the role
of operating factors, such as extreme temperatures, high dust
levels, and vibration, which impair oil’s viscosity and lubrica-
ting properties, thereby further increasing the risk of fai-
lure [33]. The additional effect of vibration loads on the dura-
bility and operational stability of critical machine components
has also been confirmed in studies on damping materials and
coatings [34]-[36]. The reliability of hydraulic systems is
addressed in the international scientific literature from various
perspectives; however, approaches to working fluid quality
control and predictive maintenance differ considerably.

To analyze the reliability of hydraulic systems, researchers
use a combination of experimental, statistical, and modeling
methods. Chinese authors have tested hydraulic cylinders
and assessed their durability using the Weibull function and
failure distribution analysis [37]. European researchers have
tested pumps and valves under the influence of contaminants
of different types and particle sizes, recording their effects on
dynamic characteristics and component wear [33]. Standar-
dized methods have been applied to assess oil cleanliness,
and filtration efficiency has been compared under different
operating conditions [38]. Several studies use data from
industrial tests and condition monitoring of hydraulic sys-
tems in open-pit mining equipment operating under high dust
levels and variable temperature conditions[30], [37].

The literature analysis showed that contamination of the
working fluid by solid particles, water, and gases is a domi-
nant factor contributing to failures. The authors noted that
particles comparable in size to operating clearances can re-
duce component service life by 30-50% [33]. It has also been
shown that the probability of hydraulic cylinder failure varies
with load and cycle frequency, enabling the prediction of
these units’ service life [38]. Studie [39] confirms that high
dust levels and extreme temperatures accelerate seal degrada-
tion and alter oil viscosity, thereby promoting leakage and
reducing hydraulic system efficiency.

A comparison of studies by different authors indicates
that the key to improving the reliability of hydraulic systems
lies in an integrated approach: monitoring the cleanliness of
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the working fluid, selecting filters of the appropriate class,
controlling temperature and pressure, and carrying out regu-
lar predictive maintenance [40], [41]. Chinese studies
demonstrate the effectiveness of failure modeling and predic-
tion, European studies provide practical assessments of the
influence of contaminants on the dynamic behavior of hy-
draulic systems, and the last studies take into account the
specific features of operation under severe open-pit mining
conditions. The common conclusion is that standardized
fluid quality control and the adaptation of maintenance
methods to actual operating conditions are necessary to ex-
tend the service life of hydraulic systems.

At the same time, existing methodological approaches do
not fully reveal the potential for optimizing the operation of
hydraulic systems in mining equipment. The mining industrial
environment is characterized by a combination of dust, abra-
sion, chemical activity, and technogenic impacts that can alter
the condition of the working media and accelerate the degra-
dation of materials in critical components of equipment. In
this regard, dispersed mineral impurities, wear products, and
secondary contaminating components formed as a result of
industrial processes and the interaction of materials with ag-
gressive media play a significant role [42]-[45]. Increased
attention to the reliability and operability of hydraulic systems
in mining machines, especially excavators, is therefore clearly
necessary. In this context, the development of scientifically
grounded methods and technical solutions to improve the
efficiency of hydraulic systems has considerable scientific
and practical value for the mining and metallurgical industry.

2. Analytical background of failures in hydraulic

Several key advantages of hydraulic excavators over
mechanical excavators include greater flexibility in perfor-
ming work, a smaller power unit and a simpler kinematic
scheme. In particular, a hydraulic motor is considerably more
compact than an electric motor of comparable power, allow-
ing a more rational machine layout and expanding its opera-
tional capabilities [46]. Additional advantages include
smoother working movements and reduced vibration levels,
which positively affect both equipment durability and opera-
tor workplace ergonomics.

Comparative studies show that hydraulic excavators can
provide higher productivity under similar mining and tech-
nical conditions. For example, during operation at the Kras-
nobrodsky open-pit mine, the R-9350 hydraulic excavator
demonstrated an average hourly productivity 28% higher
than that of the EKG-15 mechanical excavator operating
under comparable conditions.

A significant share of foreign-manufactured machines
characterizes the modern market for open-pit excavators.
According to available data, domestically produced open-pit
excavators account for approximately 30%, while the main
share of equipment is supplied by manufacturers such as
Caterpillar, Liebherr, Komatsu, and Hitachi. Over the past 15
years, the gap in supply volumes between electric and hy-
draulic open-pit excavators has narrowed considerably, and
their ratio has approached parity [39], [41], [47].

Practical observations carried out at the Auminzo-
Amantaytau open-pit mine indicate that Hitachi machines
dominate the hydraulic excavator fleet, accounting for ap-
proximately 62% of the total. This includes 35% represented
by EX1200-6 models and 27% by EX1200-7 models. More
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powerful Hitachi EX3600-6 excavators account for approxi-
mately 19%, while Liebherr excavators occupy a comparable
share, also close to 19% [48].

Thus, hydraulic excavators combine high productivity,
technological flexibility, and relatively simple maintenance,
which explains their widespread and priority use in modern
open-pit mining practice.

Table 1 presents the average distribution of failures among
the main components of single-bucket open-pit hydraulic
excavators, with further detail for individual elements [48].

Table 1. Average distribution of failures among the main compo-
nents of the PC3000 hydraulic excavator

Main Failure
Elements o
component rate, %
Working Bucket, boom, stick, crowd 25
equipment mechanism
Undercarriage Undercarrlgge components: cr.awler 10
frame, idlers, crawler chain
Components of low-voltage and
Electrohydraulic medium-voltage equipment.
: . L 45
equipment Hydraulic system elements: pipeline
connections, valves, cylinders
Other Operator cab heating system, 20

ventilation, joysticks

Analysis of the presented data shows that the largest
share of failures is associated with electrohydraulic equip-
ment, accounting for 45% of all failures. Within this group,
hydraulic system components, including pipeline connec-
tions, valves, and cylinders, as well as elements of low-
voltage and medium-voltage equipment, are of particular
importance. Failures of working equipment account for 25%,
while undercarriage failures represent 10%. The remaining
20% are related to failures of auxiliary systems, including
operator cab heating, ventilation, and control elements.
Taken together, these data indicate the decisive role of
hydraulic and related systems in the overall failure structure
of open-pit excavators.

Table 2 presents the reliability indicators of the PC3000
excavator after 60,700 operating hours, including the total
downtime due to failures (STF), mean time between
failures (MTBF), and mean time to repair after failure
(MTTR) [46]-[49].

Table 2. Reliability characteristics of the PC3000 excavator

Main component STF, h MTBF,h MTTR, h
Working equipment
(WE) 1883.5 831.5 25.80
Undercarriage (UC) 1136.0 2168.0 51.64
Electrohydraulic
equipment (EHE) 2321.0 3321.14 57.45
Other (O) 1573.0 1011.7 26.21

The values presented allow assessing both the frequency
of failures and their consequences, including the duration of
repair and restoration activities. The highest total downtime
is observed for electrohydraulic equipment, totaling 2321 h,
further confirming its critical role in ensuring the machine’s
operational reliability. This group also exhibits the highest
mean time to repair after failure, 57.45 h, indicating the high
complexity of repair operations and the significant impact of
such failures on the excavator’s technical availability.
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Hydraulic excavator downtime can be divided into
scheduled and unscheduled downtime. Scheduled downtime
is associated with regulated activities, including mainte-
nance, preventive repairs, refueling, and the coordination of
production operations. Unscheduled downtime occurs unex-
pectedly and is caused by either technical or organizational
factors. Technical factors include various types of malfunc-
tions that require repair, whereas organizational downtime
may result from loading delays, poor condition of haul roads,
and other external operating conditions.

Analytical data indicate that the predominant share of
downtime is associated with failures of mechanical and
hydraulic systems, which in most cases are caused by con-
tamination and overheating of the working fluid. Therefore,
the uninterrupted and efficient operation of an open-pit
excavator is largely determined not only by the overall
technical condition of the machine but also by the level of
organization of the operating process, including timely
monitoring of the hydraulic system condition and the quali-
ty of the working fluid.

Figure 1 shows the distribution of the main causes of hy-
draulic excavator downtime. Analysis of this structure indi-
cates that the hydraulic system is a key contributor to excava-
tor downtime. The largest share of failures is due to working
fluid leakage, which is most often caused by wear of hydrau-
lic cylinders, high-pressure hoses, hydraulic motors, and
sealing elements. A significant contribution to the overall
failure structure also comes from ruptures of pipelines and
pressure hoses, as well as failures of connections at fitting
attachment points. Taken together, this indicates the dominant
role of mechanical wear and loss of tightness in the develop-
ment of hydraulic system failures in open-pit excavators.

Other failures EE——
Automatic lubrication system failure Il
Increase in hydraulic fluid temperature I
Bucket failure I ———————
Lack of spare hydraulic parts | ————
Contamination of hydraulic working fluids |
Power source and mechanical part failure I
Electrical system failure

0 5 10 15 20 25
Share, %

Figure 1. Causes of hydraulic excavator shutdowns

Figure 2 presents the structure of faults occurring in the
hydraulic system of open-pit hydraulic excavators.

Other failures IEEE———
Hydraulic cylinder failure | —
High-pressure hose ruptures and failures |
Pipe cracks and hose wear due to friction I
Working fluid leakage

0 10 20 30 40
Share, %

Figure 2. Failure pattern of the hydraulic system in open-pit
hydraulic excavators
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A generalization of the data presented shows that the
technical condition and operating mode of the hydraulic sys-
tem largely determine the operational performance of ma-
chines working under complex mining and geological condi-
tions. The systematic failure of its components results in re-
duced equipment reliability, longer downtime, and higher
operating costs. Therefore, eliminating the main sources of
hydraulic system failures and implementing preventive
measures to prevent them are important prerequisites for
improving the overall technical efficiency of open-pit hydrau-
lic excavators and reducing their specific operating costs.

One of the leading factors contributing to the degrada-
tion of hydraulic system performance in mining equipment
is the deterioration of working fluid quality. The loss of
functional properties of the working medium is caused by
operation under conditions of intensive dust generation,
exposure to extremely low and high ambient temperatures,
and non-compliance with maintenance regulations. Togeth-
er, these factors impair the lubricating and protective pro-
perties of the working fluid, thereby negatively affecting
hydraulic system reliability.

Comprehensive studies show that abrasive wear and
working fluid contamination are among the key causes of
reduced reliability in the hydraulic systems of open-pit
excavators [50]. It has been established that the failure
resistance of hydraulic system components is primarily
affected by the presence of solid particles, high dust levels
in the open pit working area, and thermal loads. Standard
sealing elements are subject to accelerated wear, whereas
structurally improved and imported analogs exhibit higher
wear resistance [51].

Dust-laden air containing particles of quartz, silicon dioxide,
iron oxide, and other abrasive components intensifies tribo-
logical interaction in friction pairs, contributes to working
fluid contamination, increases the risk of hydraulic line
blockage, and initiates corrosion damage on metal surfaces
[52]. In this context, the physical nature of quartz-bearing
particles, as one of the most common abrasive components
of mining dust, is also of considerable importance [53]. As a
result, the wear intensity of hydraulic system components
increases, and the overall reliability of the equipment de-
creases. The mineralogical and physicochemical composition
of solid particles formed in the mining environment is also of
substantial importance [54]. The mineralogical composition
of solid-phase impurities in mining industrial systems may
include silicon-bearing components that can intensify abra-
sive wear on equipment components [55].

Analysis of published data also indicates that the predo-
minant cause of hydraulic system failures in mining ma-
chines is working fluid contamination, aeration, and thermal
loading [56], [57]. Failure diagnostics enabled identification
of the most common mechanisms responsible for the loss of
operability of individual components, including failures of
axial-piston pumps and hydraulic motors, deformation of
spherical surfaces and rods, and wear of piston bores.

The most vulnerable wear zones in hydraulic cylinders
include the inner and end surfaces of the cylindrical housing,
end caps, seating surfaces of guide seals, outer surfaces of
plungers and pistons, and their connection zones. Damage to
these areas leads to a loss of tightness, deterioration of hy-
draulic cylinder performance, and accelerated failure of the
hydraulic system as a whole.
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Practical experience in hydraulic systems indicates that
approximately 30% of failures are associated with regulators,
control valves, and actuating devices.

Monitoring of hydraulic-drive operation in open-pit min-
ing equipment showed that failures caused by working-fluid
contamination accounted for 69% of total malfunctions.
Within this structure, 59% are related to abrasive and erosive
wear, as well as shrinkage phenomena caused by the action
of solid particles; 14% are associated with clogging of chan-
nels and working elements; and 8.2% are attributed to adhe-
sive wear related to the presence of water in the working
fluid. These data confirm that contamination of the working
medium is one of the determining factors reducing the relia-
bility of hydraulic drives in open-pit mining equipment.

The standard contamination level for the working fluid in
hydraulic systems of open-pit mining equipment is class
14-15, whereas class 16-17 is considered acceptable for un-
derground mining equipment. The failure structure of hydrau-
lic systems across different machines, depending on the degree
of contamination of the working fluid, is shown in Figure 3.

100

Failure rate, %
N [ole)
) S

B
(=}

393
(=}

1 4 8 20 60 100 400 800
Particle concentration, thousand particles/100 mL

1200

Figure 3. Proportional distribution of hydraulic drive failures
associated with working fluid cleanliness

A noticeable decrease in the failure rate of hydraulic ma-
chines with precision friction pairs accompanies the shift in
failure structure. This has a positive effect on the overall relia-
bility indicators, particularly on the technical availability coef-
ficient, since this category of failures usually causes the great-
est time losses due to repair and related equipment downtime.

Figure 4 shows the relationship between the technical
availability coefficient of a hydraulic excavator and the ISO
4406 cleanliness class of the working fluid, based on moni-
tored operations over 5872 operating hours. Analysis of this
relationship shows that the cleanliness level of the working
fluid directly affects the machine’s operating performance,
including reliability, maintenance-free operation duration,
and associated operating costs.

Determining the optimal cleanliness level of the working
fluid to minimize operating costs is of universal importance.
It can be applied to different types of mining equipment, not
just to specific models of open-pit excavators. The obtained
results show that cleanliness class 15/13 is economically
justified. At the same time, manufacturers of open-pit exca-
vators with a bucket capacity of 15-20 m® generally recom-
mend maintaining cleanliness classes of 17/15 or 18/16. The
tightening of requirements for working fluid cleanliness
under modern conditions is associated with the development
of filtration technologies and the reduced cost of high-
efficiency filter elements.
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Figure 4. Dependence of the technical availability coefficient of a
hydraulic excavator on the ISO 4406 working fluid
cleanliness class

0.90
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The conducted studies, which included diagnostics of
hydraulic systems and analysis of working fluids under real
operating conditions, enabled quantification of the effect of
solid contaminant particles on the reliability and durability of
hydraulic components. On this basis, permissible levels of
contamination and abrasiveness were determined, and indica-
tive parameters for working-fluid cleanliness were estab-
lished to ensure more stable, reliable operation of open-pit
mining equipment.

The identified analytical relationships highlighted the
need for an experimental investigation of the degree of work-
ing-fluid contamination and its physicochemical state under
real operating conditions.

3. Materials and methods

3.1. Reliability assessment framework

The main reliability indicators considered in relation to
the industrial cleanliness level of working fluids include
durability and mean time between failures. Durability pri-
marily characterizes the service life of individual units,
whereas mean time between failures assesses the service life
of systems and machines as a whole.

To quantitatively describe the effect of contamination on
the condition of a unit, a family of functions of the following
form was used:

B :kcs'f(cj)’um,

where:

P, — critical output characteristic of the unit;

kes — coefficient reflecting the sensitivity of the unit to
contamination;

f(C)) — algebraic function of the concentration of con-
taminants in the j-th size group.

The target task is to determine the time at which the criti-
cal output characteristic reaches its minimum allowable
value (P,cr), which corresponds to the failure-free operating
interval or the service life of the unit:

Ty =T(Pycg), h-pm. ()

In some cases, a parameter that is not directly related to
the unit’s functional properties is used as the critical cha-
racteristic. One example is the absolute wear of compo-
nents, which can be considered an indicator of structural
changes caused by contamination. The unit’s structural

(1)
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analysis justifies this approach. However, it has certain
limitations for the design and operation of hydraulic drives,
since it does not allow the direct assessment of contamina-
tion’s effect on system reliability or the economic justifica-
tion of filtration costs.

3.2. Determination of fluid cleanliness
using the Luvatech S41 analyzer

Unscheduled downtime of hydraulic systems largely de-
pends on the cleanliness level of the working fluids. In con-
trast, one of the main factors causing intensive wear of hy-
draulic components is the quantity and particle-size distribu-
tion of solid particles present in the fluid. For this reason, the
present study included an experimental determination of the
cleanliness class of hydraulic fluids using the portable la-
boratory device Luvatech S41.

The Luvatech S41 uses laser particle counting technology
and is intended to determine fluid cleanliness class in accor-
dance with ISO 4406, NAS 1638, and GOST 17216. Its ope-
rating principle is based on the light-blocking effect: a light
beam is directed at a particle suspended in the fluid flow, and
the particle size and count are determined from the reduction
in laser beam intensity as a function of particle size (Fig. 5).

Sample flow
cell Particles
Object B Photoelectric
detector
Light Parallel light L] /
source
Z ® = Amplifier
S‘ / a2 circuit
L] ;
: Target area of the

photoelectric detector

Occlusion

/ region

Figure 5. Schematic diagram of the operating principle of the
Luvatech S41 device

The experimental study was conducted on working-fluid
samples obtained from hydraulic excavators operating under
actual production conditions. Samples were collected at
intervals of 500 operating hours. Each sample was placed in
a sealed container and delivered to the laboratory under con-
ditions ensuring protection from external influences (Fig. 6).

(b)

(d)

(c)

Figure 6. Working fluid samples obtained at different operating
times: (a) sample 1, 500 operating hours; (b) sample 2,
1000 operating hours; (c) sample 3, 1500 operating
hours; (d) sample 4, 2000 operating hours
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Before the measurements, a 100 mL subsample was tak-
en from each fluid sample. Analysis using the Luvatech
S41 was performed within a particle size range of
1-100 pm. Each measurement was repeated three times, and
the arithmetic mean was used as the final value. The parti-
cles were grouped into the following size fractions: 1-2,
2-5, 5-10, 10-25, 25-50, and 50-100 um. This approach to
analyzing particle-size composition is consistent with the
general objective of determining the size distribution of
solid impurities in the studied media [58].

Figure 7. Parameter selection windows for measurements using
the portable laboratory device Luvatech S41

Thus, the use of the Luvatech S41 enabled the implemen-
tation of a standardized procedure for determining the clean-
liness class of working fluids, accounting for both the num-
ber and size distribution of solid particles. The adopted sam-
pling procedure, storage conditions, and repeated measure-
ments ensured the comparability of the obtained data. It
provided a basis for further analysis of changes in working-
fluid contamination over the course of equipment operation.

3.3. Model for estimating the effect of contamination
on hydraulic unit life

To assess the effect of working fluid cleanliness on the
service life of hydraulic system components, the relationship
proposed by B.V. Slesarev was used. This relationship was
developed to analyze the influence of contaminants on the
service life of units in open-pit hydraulic excavators:

P a v d2.77
B c(ecs) c(ecs) cY(ecs) || Copg
Rc _Rc(ecS)' { Pc ] [ v, ] ' d§'77 [ Cc j ’ (3)

where:

R. — theoretical operating life, operating hours;

Rc(ees) — theoretically specified service life, operating
hours;

P.(ecs) — theoretically specified pressure, Pa;

P. — pressure in the hydraulic system, Pa;

a — pressure difference coefficient (a = 1);

Ve(ees) — theoretically specified velocity of working fluid, m/s;

v. — velocity of the working fluid in hydraulic system, m/s;

327 Zecs) —theoretical particle size in the working
fluid, mm;
d62'77 — particle size in the working fluid of the hydraulic
system, mm;

Cecs — theoretical
ticles, kg/kg;

concentration of contaminant par-
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C. — concentration of contaminant particles in the hydrau-
lic system, kg/kg.

At the same time, determining the actual concentration of
contaminants C. during hydraulic system operation is associat-
ed with considerable practical difficulty. In calculation proce-
dures, this parameter is often assumed to equal the average of
the specified range, which reduces the accuracy of the results.
To improve the accuracy of assessing the effect of contamina-
tion on unit life, the parameter C. was refined as follows:

Si = 8oty =37-107° (&j (4)

P,
O i ch(z)

where:
pen — particle density, kg/m?;
pm — density of the working fluid, kg/m?;
ne;, — number of contaminant particles in hydraulic system.
Taking expression (4) into account, the initial relationship
(3) was transformed into the following form:

, ®)
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where:

Nen(ecs) — reference number of contaminant particles;

k- — pressure coefficient;

k, — velocity coefficient.

Thus, the proposed model allows consideration not only
of generalized contamination parameters but also of the actu-
al particle size distribution. This improves the accuracy of
assessing the influence of working fluid contamination on
the service life of hydraulic units.

3.4. Working fluids and physicochemical
characterization methods

The objects of the study were hydraulic fluids of the Tellus-
68, Tellus-46, Chilon-68, Chilon-46 grades, both in their initial
state and after operation. Their physical characteristics, includ-
ing density and kinematic viscosity, are given in Table 3. Struc-
tural changes in the samples were evaluated by FTIR spectros-
copy. The spectra were recorded using an IR Tracer-100 spec-
trometer (Shimadzu) in the wavenumber range of 4000-400 cm™.

Table 3. Physical characteristics of the working fluids under study

No Hydraulic fluid Solvents Density, Time, Viscosity,
’ grade Water  Butanol  Cyclohexane  o-Xylene Gasoline (p), g/cm’® (9), s (n), Pa's
1 Chilon-46 I SS SS I S 0.869 15.5 13.46
2 Chilon-68 I SS SS I I 0.874 16.2 14.16
3 Chilon-68 (haul) I SS SS 1 S 0.827 12.5 10.34
4 Tellus-46 I SS SS 1 S 0.863 13.1 11.31
5 Tellus-68 I SS SS I SS 0.865 18.0 15.57
6 Tellus-46 I SS SS I S 0.752 5.6 4.21
7 Initial working fluid I SS SS I S 0.880 20.5 18.04

Note: I — insoluble; SS — slightly soluble; S — soluble

In addition, the condition of the oils was assessed visually
by observing color changes during operation. To select po-
tentially effective purification methods, an experimental
evaluation of several organic solvents was conducted to
assess their ability to remove contaminating impurities.

Semi-quantitative X-ray fluorescence analysis of hydraulic
fluids used in mining and metallurgical equipment was per-
formed using a Shimadzu EDX-7000 spectrometer (Japan).
Sample preparation included calcination of 100 g of soil in a
CNOL-24/200 laboratory drying oven at 800°C for 1 hour,
followed by grinding to a particle size of 0.074 pm, addition of
100 g of used oil, and thorough homogenization of the mixture.
The prepared sample was then subjected to spectral analysis.

To improve the accuracy and reproducibility of the spectral
data, the analytical protocol was refined. A local soil sample,
specifically sand, previously characterized under laboratory
conditions, was used as a matrix standard for calibration and
comparative measurements. This approach provided initial
elemental composition data required for the subsequent correct
interpretation of the results obtained for the hydraulic fluids.
Thus, the combined application of FTIR spectroscopy, visual
assessment, and X-ray fluorescence analysis provided a com-
prehensive methodological basis for studying the phy-
sicochemical conditions of working fluids and for identifying
contaminant impurities of different origins.
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4. Results and discussion

4.1. Particle-size distribution and evolution
of contamination during operation

Analysis of the obtained data showed that the number of
particles in the working fluid generally increases with in-
creasing operating time of the equipment. However, the
pattern of change depends on the particle-size fraction. The
most pronounced upward trend was observed for particles
sized 2-5 and 5-10 um, which indicates intensification of
abrasive wear processes in the hydraulic system (Fig. 8).

For the 1-2 ym fraction, a gradual increase in particle
number was observed over the 500-1000 operating hour in-
terval, followed by a short-term decrease at 1500 operating
hours. This decrease may be due to effective retention of fine-
dispersed impurities by the filtration system or to a temporary
change in operating conditions. By 2000 operating hours, the
number of particles in this fraction increased again, indicating
deterioration in working fluid cleanliness and the progression
of wear in hydraulic components (Fig. 8a).

The behavior of particles sized 2-5 um is characterized by
a substantial increase already within the 500-1000 operating
hour interval, reflecting the activation of the initial stages of
abrasive wear. The relative decrease at 1500 operating hours
is temporary in nature and does not alter the overall trend.
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Figure 8. Changes in the number of contaminant particles in different size fractions in working fluid samples at different operating
times: (a) 1-2 um; (b) 2-5 um; (c¢) 5-10 um; (d) 10-25 um; (e) 25-50 um; (f) 50-100 um

The sharp increase in particle count at 2000 operating
hours indicates that contamination of the working fluid has
reached a critical level and that degradation processes in the
hydraulic system are progressing rapidly (Fig. 8b).

A similar pattern was established for the 5-10 pm fraction.
The increase in particle count over the 500-1000 operating
hours indicates the development of abrasive wear in the hy-
draulic system. The slight decrease in concentration at 1500
operating hours may be due to temporary stabilization of ope-
rating conditions or improved filtration efficiency. At the same
time, the sharp rise in particle number at 2000 operating hours
confirms a high degree of working fluid contamination and
intensified degradation of hydraulic components (Fig. 8c).

The change in concentration of particles sized 10-25 um
is characterized by a relatively high initial value at 500 ope-
rating hours, followed by a decrease in the 1000-1500 opera-
ting-hour interval. This may be explained by effective filtra-
tion or temporary normalization of the operating regime. A
sharp increase in particle count at 2000 operating hours indi-
cates the formation of larger abrasive particles in the hydraulic
system and an intensification of surface-damage processes,
confirming accelerated component degradation and reduced
system reliability (Fig. 8d).

For the 25-50 um fraction, a comparatively high initial
particle content was also observed at 500 operating hours.
The decrease in concentration at 1000 operating hours may
be due to the filtration system’s effective operation or to a
temporary improvement in operating conditions. A repeated
increase in particle number at 1500 operating hours indicates
the onset of large-wear product formation, while the sharp
peak at 2000 operating hours points to intensive wear of
hydraulic components and the transition of the system to a
critical stage of degradation (Fig. 8e).

The behavior of the largest particles (50-100 pm) differs:
a high initial value was recorded at 500 operating hours,
followed by a decrease at 1000 operating hours, most likely
due to the filtration system’s effective removal of the coarse
fractions. The subsequent increase in particle content at 1500
operating hours indicates the formation of secondary wear
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products. The relative stabilization of this indicator at 2000
operating hours does not imply the cessation of degradation
processes, but rather indicates the persistent presence of large
particles in the system (Fig. 8f).

Overall, the obtained relationships show that increasing
operating time not only increases the overall contamination
level of the working fluid but also alters its fractional com-
position. The most diagnostically significant fractions are
2-5 and 5-10 pm, which most clearly reflect the develop-
ment of abrasive wear. They may therefore be considered
indicators of deterioration in the hydraulic system’s tech-
nical condition (Fig. 8b,c).

4.2. Particle-size distribution and evolution
of contamination during operation

The results of studying the effect of working fluid condi-
tion on the reliability and service life of hydraulic system
components confirmed that units and elements of hydraulic
systems in open-pit mining equipment operating with con-
taminated working fluids are less reliable and are more prone
to failure. Based on the obtained results, graphical relation-
ships were derived showing the dependence of hydraulic
system component life on contamination level (Fig. 9).
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Figure 9. Effect of working fluid contamination on the service life
of hydraulic units: 1- axial piston pump; 2 — hydraulic
control valve; 3 — hydraulic cylinder; 4 — hydraulic motor
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The service life of the main components of hydraulic sys-
tems in mining machines depends on several factors, among
which contamination of the working fluid and abrasiveness
have the greatest adverse effect. Graphical relationships
describing the dependence of excavator hydraulic unit life on
the cleanliness class of the working fluid are presented.

The studies conducted enabled the determination of per-
missible levels of contamination and abrasiveness, as well as
the optimal cleanliness level of hydraulic fluid for hydrau-
lically operated mining machines (Fig. 10).
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Figure 10. Service life of excavator hydraulic units depending on
the cleanliness class of the working fluid: 1 — axial pis-
ton pump; 2 — hydraulic control valve; 3 — hydraulic
cylinder; 4 — hydraulic motor

Studying the relationship between working-fluid cleanli-
ness and the performance of hydraulic units enabled a quanti-
tative assessment of hydraulic component reliability. For
open-pit excavators, maximum permissible levels of working
fluid contamination by particles and component wear were
established, and the optimal cleanliness level required for
efficient use was determined.

Experiments with the Luvatech S41 device showed that
the particle count in the hydraulic working fluid is nonuni-
form and increases with machine operating time. Samples
were taken after 500, 1000, 1500, and 2000 operating hours.
A sharp increase in particle numbers was observed in the 2-5,
5-10, and 10-25 um size ranges. This increase indicates the
gradual intensification of abrasive wear in friction pairs,
seals, hydraulic cylinders, control valves, and pumps of the
hydraulic system. As a result, abrasive wear becomes more
pronounced, significantly affecting the system’s condition.

Comparison of the experimental results with the graphical
relationship shown in Figure 9 demonstrates a decrease in
service life with increasing contamination, expressed in
mg/kg. The experiment confirms that the particle content in
the initial samples corresponding to 500 operating hours is
relatively low, ranging from 110 to 200 mg/kg. In this range,
hydraulic components operate stably, the oil film remains
sufficient, and wear develops slowly. In the 1000-1500 ope-
rating hours interval, particle content increases sharply to
200-300 mg/kg, and in some cases to 300-450 mg/kg. With
such an increase in particle content, the hydraulic system’s
efficiency decreases. At this stage, abrasive particles actively
penetrate the friction zones, microspalling intensifies,
and service life depletion accelerates. The sample corre-
sponding to 2000 operating hours shows a very high level of
contamination, which corresponds to the critical range of
450-520 mg/kg in the graph. Under these conditions, all
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hydraulic components are subject to rapid wear, and failures
occur more frequently in the system.

A similar tendency is confirmed by the reduction in ser-
vice life with increasing ISO 4406 cleanliness class when the
Luvatech S41 results are compared with Figure 10. Accor-
ding to the experimental data, contamination in the initial
samples remains at a relatively controlled level, approximate-
ly corresponding to ISO class 15. The increase in particle
count in subsequent samples, especially after 1500 and 2000
operating hours, indicates a deterioration in cleanliness class
to the range 16-18. As shown in the graph, once ISO class 14
is exceeded, the service life of hydraulic units decreases not
linearly, but at a markedly higher rate. Therefore, the in-
crease in particle count detected by the Luvatech S41 reduces
the operating life of hydraulic units due to deterioration in
working fluid cleanliness.

It should be noted that most of the fractions detected by
the Luvatech S41 consist of particles in the 2-5 and 5-10 pm
size ranges. These fine particles can penetrate the working
clearances between hydraulic friction pairs, where they inte-
ract with contacting surfaces and disrupt the viscous oil film,
becoming the main source of micro-abrasive wear. The filter
can often retain larger particles, whereas finer particles circu-
late more freely throughout the system and therefore cause
the greatest damage to sensitive components such as pumps,
hydraulic control valves, and hydraulic motors. For this rea-
son, the significant reduction in the service life of hydraulic
cylinders and pumps shown in the graphs is fully consistent
with the results obtained using the Luvatech S41.

The experimental results also allow analysis of another
important feature: the reduction in service life with increasing
contamination does not follow a simple proportional relation-
ship. At the initial stage, the service life decreases slowly.
However, when the particle content reaches a critical thresh-
old, wear processes in the hydraulic system accelerate sharp-
ly. Therefore, the relationship between contamination and
service life in hydraulic systems can be summarized as fol-
lows: initially, the oil retains its protective properties; as par-
ticle content increases, the protective film is disrupted; finally,
the system enters a stage of intensive abrasive wear. These
three stages are clearly reflected in the graphical relationships,
while the Luvatech S41 results explain their physical origin.

The experimental data obtained using the Luvatech S41
convincingly confirm the identified patterns. During opera-
tion, a clear tendency towards an increase in the number of
particles in the working fluid is observed. This leads to a
deterioration in cleanliness levels and is directly associated
with a worsening of the ISO cleanliness class. As a result, the
operating life of hydraulic units is significantly reduced.
Thus, the Luvatech S41 can be regarded as an important
diagnostic tool that enables objective assessment not only of
laboratory indicators but also of the actual technical condi-
tion of the hydraulic system.

4.3. X-ray fluorescence analysis of hydraulic
fluid contamination

The implemented X-ray fluorescence analysis procedure
enabled the determination of chemical element concentra-
tions in hydraulic fluids. The results obtained for the matrix
standard confirmed the applicability of this method for diag-
nostic purposes in mining and metallurgical engineering.
Using a Shimadzu EDX-7000 spectrometer (Japan), a com-
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parative X-ray fluorescence analysis was performed on the
initial matrix sample and the matrix sample after the addition
of used oils. In both cases, a comparative approach was ap-
plied, with the composition of the initial matrix first deter-
mined by X-ray fluorescence spectrometry. The resulting
spectra are presented in Figure 11. The identified chemical
elements and their concentrations in the matrix sample are
summarised in Table 4.

Based on the results presented in [39], it can be estab-
lished that X-ray fluorescence analysis is applicable for
monitoring the condition of hydraulic fluids used in mining
equipment. The obtained spectra indicate that this method is
a suitable tool for assessing the quality of hydraulic fluids in
equipment. It not only detects the presence of various chemi-
cal elements but also quantitatively determines their concen-
trations in the fluid.

Comparative analysis of spectra and quantitative data
shows that adding used oils to the investigated matrix alters
the sample’s elemental composition. The most significant
change is observed in silicon dioxide, whose concentration

increases from 88.740 to 93.474%. The increase in the SiO;
content indicates the presence of silicon-bearing abrasive
particles in the working fluid and confirms its contamination
by mineral impurities.

The obtained results show that X-ray fluorescence analy-
sis is an informative method for monitoring the condition of
hydraulic fluids used in mining equipment. This approach
enables not only the identification of individual chemical
elements but also the quantitative assessment of their con-
tent. This, in turn, enables contamination diagnostics, com-
ponent wear assessment, and early detection of potential
hydraulic system failures.

The conducted studies confirmed the possibility of effec-
tively applying X-ray fluorescence analysis for the quantita-
tive determination of SiO,, Fe, Al, Ti, Mn, Sr, V, Ca, K, Cr,
Zn, Cu, Zr, and several other elements in working fluids.
This opens up prospects for operational contamination moni-
toring, assessment of equipment component wear, and early
detection of potential failures.
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Figure 11. Comparative X-ray fluorescence spectra of the investigated samples: (a) initial matrix sample; (b) matrix sample after the

addition of used oils
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Table 4. Comparative results of X-ray fluorescence analysis of chemical elements in the matrix sample and in the sample after the

addition of used oils

Matrix sample

Matrix sample after the addition of used oils

Chemical Concentration, Elementand  Energy, Concentration, Elementand  Energy,
element o KHV ssion li eV o KHV ssion li keV
0 emission line e 0 emission line e
Ca 6.231 0.026 CaKa 145.861 3.847 0.019 CaKa 91.398
K 1.601 0.016 KKa 22.156 1.175 0.013 KKa 161.160
Al 1.519 0.275 AlKa 0.465 - - - -
Fe 1.516 0.005 FeKa 258.802 0.090 0.004 FeKa 203.879
Ti 0.217 0.003 TiKa 10.006 0.134 0.002 TiKa 6.686
S 0.062 0.013 SKa 0.339 0.178 0.014 SKa 0.966
Mn 0.037 0.037 MnKa 4.664 - - - -
Sr 0.021 0.000 SrKa 17.348 0.021 0.000 SrKa 17.348
Zr 0.018 0.018 ZrKa 16.772 0.018 0.018 ZrKa 16.772
\% 0.009 0.009 VKa 0.581 0.009 0.009 VKa 0.581
Rb 0.008 0.000 RbKa 6.398 0.008 0.000 RbKa 6.398
Cr 0.006 0.001 CiK 0.550 0.006 0.001 CiK 0.550
Ag 0.006 0.001 AgKa 1.930 - — — —
Zn 0.005 0.000 ZnKa 1.781 0.005 0.000 ZnKa 4.614
Cu 0.003 0.000 CuKa 10.308 0.003 0.000 CuKa 1.071
Y 0.001 0.000 YKa 1.216 0.001 0.000 YKa 1.351
SiO2 88.740 — SiOKa — 93.474 - SiOKa -

4.4. Microscopic and infrared spectroscopic
characterization of used hydraulic fluids

One of the main causes of hydraulic system failure in
mining equipment is the ingress of solid particles into the
hydraulic fluid, including metallic inclusions, seal residues,
and dust. Figure 12 presents the results of a microscopic
examination of Tellus-68 hydraulic fluid after 3560 operating
hours, demonstrating the presence of impurities and their
effect on system performance.

Metal particles

Pieces of rubber

Drops of water

Dust

Figure 12. Microscopic analysis of contamination in Tellus-68
working fluid after 3560 operating hours

The ingress of water into hydraulic fluid is a key factor
contributing to corrosion and various forms of damage to
hydraulic system components. The corrosive effect of the
liquid medium on metallic components is also supported by
findings from other studies on sulfate-containing systems [59].

The main causes of moisture in hydraulic fluid include
steam cleaning of equipment, condensation from contact with
atmospheric air, malfunctioning oil coolers (including leaks in
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the cooling system), fluid splashing, the use of contaminated
fresh oil, and seal leakage. The presence of water in hydraulic
fluid not only accelerates corrosion but also impairs the oil’s
lubricating properties, increases wear on pumps, valves, and
other components, and reduces the reliability and service life
of the hydraulic system. Monitoring and preventing moisture
ingress into hydraulic fluid are therefore essential for main-
taining the efficient operation of hydraulic equipment.

The density of the working fluids ranged from 0.827 to
0.880 g/mL, while the viscosity of the used fluids decreased
relative to that of the initial fluid. Analysis of the IR spec-
trum of the initial working fluid reveals characteristic absorp-
tion bands. In the region near 2910 cm™!, bands correspon-
ding to the stretching vibrations of C—H bonds are observed.
For CH, groups and carboxyl fragments (—COOH), more
intense bands appear near 2854 cm’'. Low-intensity bands in
the 2364-2345 cm™! range can be attributed to vibrations of
the RC =R1 fragment. In the 1720-1543 cm™' region, bands
characteristic of a- and f-unsaturated ketones are recorded.
More pronounced bands at 1462 ¢m™ correspond to defor-
mation vibrations of CH3C or (CH3),C groups, while absorp-
tion at 1377 cm™! is associated with C-O stretching vibra-
tions in ester groups (—COO-) and O—H deformation vibra-
tions (=C-OH). The band in the region of 725 cm™! can be
attributed to vibrations of the —-C=C- fragment [39], [57].

The IR spectral analysis shows that the fundamental ab-
sorption bands of the initial fluid are preserved after distilla-
tion. At the same time, additional absorption bands with max-
ima at 964 and 459.4 cm™ were detected in the used working
fluids, reflecting changes in composition under the influence
of operating factors (Fig. 13a-c). This indicates changes in
chemical composition and the possible occurrence of oxidation
and structural transformation of oil components [39], [60].

According to the IR spectra (Table 5), the investigated
working fluids can be classified as synthetic organic com-
pounds based on their chemical structures. The composition
of the studied fluids includes characteristic functional groups,
including carboxylate (—-COO-), hydroxyl (-OH), and hy-
drocarbon chains with multiple bonds (—-C=C—, -C=C-). The
corresponding infrared absorption bands confirm the pres-
ence of these structural elements.
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Figure 13. Comparative infrared spectra of working fluid sam-
ples: (a) distilled Chilon-68; (b) Chilon-68 residue;
(c) initial sample

Table 5. Vibrational frequencies of selected inorganic impu-
rities (cm™)

Impurity/compound vl v2 v3 v4
[SiO4]* 800 500 1050 625
[PO4]* 970 358 1080 500
[SO4* 983 450 1105 611

[AI(OH)4] 615 310 720 310
415, 415, 618,

CaSO4 1018 499 1136, 622,
1144 672

Within the framework of this study, a classification of
hydraulic fluids was developed, and the main parameters to
be determined in their composition were identified. Sampling
methods were established, and the applicability of spectral
analysis for the quantitative determination of specific indica-
tors was carefully assessed. These steps enabled classifica-
tion of analytical methods by their suitability for different
diagnostic purposes.
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Figure 14. Comparative infrared spectra of working fluid sam-
ples: 1 — distilled Tellus-68; 2 — Tellus-68 residue

The study of the negative effect of working fluid contam-
ination on the overall performance of the hydraulic system
showed that the effective operation of hydraulic system com-
ponents largely depends on the condition of the hydraulic
working medium.

When exposed to air, the working fluid can become con-
taminated during transportation in open containers or during
filling into the hydraulic tank. Contamination may also occur
when dust-laden air enters the hydraulic tank through its
breather opening or is drawn in through a poorly sealed con-
nection in the hydraulic system.

The results showed that, among the factors that reduce
the reliability of hydraulic systems, the condition of the
working medium is of primary importance. The analysis
indicates that the problem is not limited to mechanical con-
tamination, since chemical degradation processes also affect
system stability. In particular, the presence of siliceous abra-
sive particles indicates that environmental factors play a
decisive role under open-pit mining conditions. This leads to
rapid service-life depletion of hydraulic units operating with
precision friction pairs.

The results of IR spectroscopic analysis confirmed that
structural changes occur in the working fluid, indicating that
oxidation processes are activated by high temperature, air
contact, and moisture. Therefore, ensuring reliability requires
not only improved filtration but also control over the fluid’s
chemical stability.

It was established that improving the cleanliness class
increases the service life of hydraulic units, confirming the
economic feasibility of improving filtration systems. At the
same time, the integrated application of diagnostic methods
enables early assessment of the hydraulic system’s condi-
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tion, which is important for developing a preventive
maintenance strategy. Thus, the study’s results indicate the
need for comprehensive management of mechanical,
chemical, and operational factors to improve the reliability
of hydraulic systems. They also demonstrate that an inte-
grated approach to fluid condition monitoring is required:
the combined use of spectroscopic, microscopic, and
X-ray fluorescence analyses enables the development of a
reliable diagnostic system.

5. Conclusions

The conducted studies established that 60-70% of failures
in hydraulic systems of open-pit hydraulic excavators are
associated with working fluid contamination. Of these
failures, 59% are caused by abrasive and erosive wear under
the action of solid particles, 14% by clogging of channels
and working elements, and 8.2% by adhesive wear due to
water saturation. The results showed that improving the
working fluid cleanliness class from 17/15-18/16 to 15/13
according to ISO 4406 significantly increases the service life
and technical availability coefficient of hydraulic units.
X-ray fluorescence analysis showed that the SiO» content
increased from 88.740 to 93.474%, confirming that the wor-
king fluid was mainly contaminated by silicon-bearing abra-
sive particles. Microscopic analysis of Tellus-68 oil after
3560 operating hours revealed a high concentration of solid
particles. At the same time, the appearance of additional
bands in the IR spectrum at 964 and 4594 cm™ confirmed the
occurrence of chemical degradation processes in the working
fluid. These quantitative results scientifically demonstrate
that working fluid cleanliness is a decisive factor in impro-
ving the reliability of hydraulic systems.

The results of this study contribute to the further
development of the reliability theory of hydraulic systems,
provide a scientific basis for establishing the functional
relationship between working fluid cleanliness and the
service-life parameters of hydraulic units, and support
improvements in diagnostic methods. The integrated use of
FTIR spectroscopy, X-ray fluorescence analysis, and
microscopic examination provides a scientific basis for
assessing the condition of hydraulic systems at an early
stage and for developing predictive maintenance models.
The obtained results also provide a theoretical and practi-
cal foundation for further research aimed at improving
filtration technologies, increasing the chemical stability
of working fluids, and enhancing the energy efficiency
of mining equipment.
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OuiHoBaHHA (PaKTOPIB, 0 CIPUYUHAIOTH BiAMOBH IiApaBJiYHUX CHCTEM Kap’€PHUX eKCKaBaTOpiB
H. AGnya3zizos, XK. Tomos, JI. A6xieBa, X. Hypboin, A. Xypaes, b. Baparos, P. Myxammenpaxum

Merta. BusBneHHs Ta KiUTbKiCHE OI[IHIOBaHHS OCHOBHHUX (DaKTOPIB, [0 CIIPHYMHSAOTH BIIMOBH TiAPaBIiYHUX CHCTEM Kap €pHUX EKCKaBa-
TOPIB, 3 aKI[EHTOM Ha BIUIMB YHCTOTH Ta (i3MKO-XIMIYHOTO cTaHy poOovoi piJMHH Ha HaNiHHICTb 1 pecypc Tigpoarperaris.

MeToauka. [lociiPKeHHS IPYHTY€EThCSI Ha KOMIUIEKCHOMY MIJIXO[, 0 BKJIIOYAE aHANITHYHE y3aralbHEHHS JITepaTypHHUX Ta eKCILTya-
TalifHUX JaHUX IIOJ0 HECHPABHOCTEH TiJpOCHCTEM, BU3HAUCHHS KJIacy YUCTOTH POOOYUX PiIHH i3 BUKOPHUCTAHHSM JIIYMIIBHUKA YaCTHHOK
Luvatech S41, a Takox (i3MKO-XIMIYHY XapaKTepHCTUKY PIIMH MeETOoJaMHu iH(padepBOHOI CIIEKTPOCKOIi, PEHTreHO(IyOpPEeCIeHTHOIO
aHaJi3y, Bi3yaJbHOTO OIIHIOBaHHA Ta MiKpockomii. Brums 3a0pyaHeHHs Ha pecypc TigpoarperaTiB JOJaTKOBO OLIHIOBAIHM 32 JOIIOMOTOO
PO3paxyHKOBOI MOJIEII, SIKa BpaXOBY€ KOHLICHTPALIIIO Ta PO3MIPHHUIA pPO3MOALT YACTHHOK.

Pe3yabTaT. BeranosneHo, mo 3a0pyIHeHHS poOoU0i piTUHU € MpHINHO0 npubnn3Ho 70% BiAMOB TifpaBIiYHUX CHCTeM. AHAmi3 Ki-
JBKOCTI YAaCTHHOK IIOKa3aB NPOTrpPECcyrode 3pOCTaHHS 3a0pYyIHEHOCTI 31 30UTbIICHHSM HaNpauloBaHHA OOJagHAHHS, MPHYOMY HaHOiIbIT
BUpaKEHE 3pOCTaHHS CIIOCTepiranocs i ¢ppaxmiit 2-5 1 5-10 MKM, 110 CBIUUTH PO iHTeHCH(iKaNilo abpa3uBHOTO 3HOLIYBAaHHS B TiPOCH-
creMi. 3a pe3yJibTaTaMH PEHTIeHO(ITyOPECIEHTHOTO aHajli3y BCTaHOBIEHO 30iibieHHs BMicTy SiO2 3 88.740 mo 93.474%, mo Bkasye Ha 3a-
OpynHeHHs: poOovoi piqvHN KPEMHIHBMICHUMU abpa3uBHUMH YacTHHKaMu. [HdpauepBoHa CIEKTPOCKOIIs BUSBHIIA CTPYKTYPHI 3MiHH poO04ol
PIIMHU Ta MOSIBY JOAATKOBHX CMYT MOTJIMHAHHS, TIOB’A3aHUX 13 11 XIMIYHOO JErpajalli€ro B MPoIleci ekcrutyarartii. MikpOCKOIiuHe J0CTiKeH-
HS BIANPanboBaHOI OJWBH MIATBEPAWIIO HASBHICTH TBEPOHMX JOMIMIOK. BU3HAYEHO €KOHOMIYHO I TEXHIYHO OOTPYHTOBAaHHWII PiBEHb YHCTOTH
pobouoi pimuHY, mo Bigmosigae kimacy ISO 4406 15/13 i 3a06e3neuye miIBUIICHHS HATIHHOCTI Ta 3HIDKSHHS eKCILTyaTaIllIfHIX BUTPAT.

HaykoBa HoBH3HA. Briepie 3acToCOBaHO KOMIDIEKCHUH MiAXil, SKUH MOETHYE aHAI3 PO3MIPHOTO CKIaTy YacTHHOK, (Di3HKO-XIMidHYy
IarHOCTHKY po0O0YOi PiIMHM Ta OIIHIOBAaHHS pPecypcCy TiIpoarperaTiB JUIsi BCTAHOBIICHHS B3a€MO3B 3Ky MK YHCTOTOIO PoOO0UOi piluHH,
XapaKTepHCTHKAaMHU 3a0pyJHEHHS Ta HaIHHICTIO TiIpaBlIivHOT CHCTEMH B PEaIbHUX YMOBAX EKCILTyaTallil.

IMpakTnuna 3HaunMicTs. OTpUMaHi pe3yJbTaTH MOXKYTh OyTH BUKOPHCTaHI JUIsl BIOCKOHAJIEHHs cucTeM (inbTpanii, onTuMizamii crpa-
Teriil TeXHIYHOTO OOCIYyroBYBaHHS, a TaKOX JUISl PAaHHBOI JIarHOCTHKM Ta BIIPOBA/KEHHS IPOTHO3HOTO OOCIYTOBYBAHHS TipaBiIidyHOrO
o0JiaHaHHs Ha TIPHUYO0100YBHUX MiNPUEMCTBAX.

Knrouoei cnosa: xap ‘epnuii exckasamop, 2iopagiiuna cucmema,; po6oua piouna,; 3a0pyOHeHHs:, 8I0MO8U; THDPAYEPEOHA CHEKMPOCKO-
nis; peHmeeHopayopecyeHmuuil anais
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