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ABSTRACT

The article presents the course and characteristics of changes in the physico-mechanical properties of hydraulic
oils used in single-bucket excavators operating in rock material mines. The methodology and results of research
into the changes in properties of hydraulic oils of HV quality and VG 46 viscosity are presented. Based on the
obtained data from monitoring hydraulic oil wear processes, analysis was carried out on the influence of the
time and type of work performed by excavators on the rate of oil degradation. During the conducted research,
measurements were taken of hydraulic oil parameters, such as the degree of contamination with solid particles,
conductivity, dielectric permeability, and operating temperature, etc. The measurement results formed the basis for
identifying changes in the physico-mechanical properties of the oils and determining their causes. The conclusions
drawn from the research can be used to optimize hydraulic oil replacement processes and service activities for the
hydraulic systems of excavators operating in rock material mines. Apart from regular monitoring of the condition
of hydraulic oil and analysis of its physico-mechanical properties, this has a decisive impact on the proper func-

tioning of excavator hydraulic systems and on preventing failures and damage to such systems.

Keywords: rock mining, single-bucket excavators, hydraulic oil, hydraulic oil testing.

INTRODUCTION

Evaluating the characteristic changes in
parameters of hydraulic oils operating in the
hydraulic systems of working machines is a com-
plex process requiring a thorough investigation of
oil degradation. Hydraulic oils ensure the opera-
tion of the hydraulic systems of working machines
and determine their functionality, durability, and
reliability [1,2]. Other important functions of the
working medium include cooling hydraulic com-
ponents, protecting the surfaces of cooperating
elements from wear, preventing system contami-
nation, and maintaining the cleanliness of coop-
erating components (by flushing contaminants
and deposits from elements). For these reasons,
the main objective of oil degradation research is
to determine whether a given hydraulic oil has

deteriorated to a degree that prevents it from ful-
filling the aforementioned functions. The litera-
ture contains numerous studies indicating that the
condition of hydraulic oil has a decisive impact
on the functioning of hydraulic system compo-
nents [3,4]. Currently, in the hydraulic systems
of most earth-moving machines and equipment,
HV-class hydraulic oils compliant with the ISO
6743-4 [5] standard are predominantly used.
These oils consist of highly-refined mineral base
oils with appropriately selected additive pack-
ages that ensure a high level of anti-wear proper-
ties and a relatively broad viscosity-temperature
characteristic [6]. This has significantly extended
the service life of such oils in the hydraulic drives
of machines and substantially reduced the wear
of friction elements in the components of these
systems [7,8]. It is worth noting that these oils are
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now frequently used in highly-loaded drive sys-

tems of working machines, operating at hydraulic

pump speeds of around 2500 rpm and working
pressures reaching up to approximately 35 MPa

[9]. For this reason, the oils used are required

to have high-level anti-wear properties and to

maintain minimal changes in viscosity despite
significant temperature variations in the hydrau-
lic system. Under such operating conditions, the
oils may undergo a relatively rapid degradation
process (aging process). Oil aging is a process in
which the hydraulic oil loses its original physical
and mechanical properties, thereby becoming less
effective in fulfilling its operational functions and

causing negative effects, such as [10,11]:

e deterioration of lubricating properties — aging
hydraulic oil may lose its ability to effective-
ly lubricate surfaces and components in the
hydraulic system, which can lead to increased
wear due to friction and component damage,

e changes in viscosity — a decrease in viscos-
ity can hinder the proper flow of hydraulic
oil through the system, which may result in
reduced system performance,

e increased contamination of the oil with solid
particles — which are products of the aging
process,

e reduced thermal stability — which can lead to
the formation of deposits, oil oxidation, etc.

As a result of the hydraulic oil aging process,
the efficiency and durability of hydraulic systems
can be significantly reduced [12]. To prevent the
effects of hydraulic oil aging in the hydraulic sys-
tems of earth-moving machines and equipment,
oil replacement is commonly performed after a
predetermined period of use. To ensure proper
operation of the hydraulic system, it is important
to follow several basic maintenance principles,
including [13]:

e regularly checking the level and condition of
the hydraulic oil,

e adhering to the oil and filter replacement
intervals recommended by the hydraulic oil
manufacturer,

e using the appropriate type of hydraulic oil for
a given machine, which meets the required
standards and specifications of the machine
manufacturer,

e monitoring the operating temperature of the
hydraulic system, as high operating tempera-
tures can very quickly lead to oil aging (loss
of required oil properties).
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Currently, a number of oil condition moni-
toring systems are in practical use in working
machines, enabling early detection of signs of
degradation in the hydraulic oil that could lead
to component damage. These systems facilitate
a relatively quick assessment of oil degradation,
and thus the implementation of appropriate main-
tenance actions. The most common hydraulic oil
condition monitoring systems include [13,14]:

e laboratory analysis of a given type of hydrau-
lic oil (the tests include parameters such as
viscosity, acidity, alkalinity, water content,
and the presence of contaminants),

e continuous oil condition monitoring systems.
These are special sensors installed within the
system that continuously measure oil parame-
ters, such as: temperature, viscosity, pressure,
humidity, water content, and the presence of
contaminants,

e optical spectroscopy systems. These sys-
tems measure the light absorption spectra of
hydraulic oil. Spectroscopy facilitates assess-
ment of the oil degradation level and identifi-
cation of potential problems related to its use,

e filtration-monitoring systems (bypass sys-
tems). These systems use special contamina-
tion sensors and filters that remove contami-
nants from the oil.

Modern hydraulic systems used in working
machines operate under very demanding operating
conditions. This fact significantly increases the risk
of hydraulic oil degradation and, consequently, the
likelihood of damage to hydraulic components.
For this reason, oil quality monitoring systems are
extremely useful, as they enable the quick detec-
tion of oil aging effects, facilitating preventive
actions to avoid damage to the hydraulic system
components [15,16]. Modern hydraulic oil condi-
tion monitoring systems use various technologies
and sensors that allow close monitoring of hydrau-
lic oil parameters, such as viscosity, temperature,
pressure, the presence of contaminants, dielectric
permeability, and conductivity. These systems are
capable of generating warnings or alarms if pre-
set threshold values are exceeded, enabling quick
intervention by maintenance personnel to carry out
appropriate repair or maintenance actions.

Despite the widespread use of HV-class hydrau-
lic oils in the working systems of construction and
mining machinery, the literature still lacks clear,
systematic studies of the actual dynamics of hydrau-
lic oil degradation in single-bucket excavators used



Advances in Science and Technology Research Journal 2026, 20(9), 343-355

in rock mining, operating under intense dynamic
loads and the frequent use of hydraulic hammers.

In this context, the main aim of the present
study, which was of a pilot nature, was a quan-
titative and qualitative analysis of the aging pro-
cess of HV-class hydraulic oil with a viscosity
of VG 46, used in hydraulic systems of single-
bucket excavators operating in hard rock mines,
taking into account the machine’s operating time,
the intensity of hydraulic hammer use, and the
nature of the work performed. So far, the issue of
hydraulic oil wear in excavators working in hard
rock mining has not been the subject of detailed
research and analysis.

The scope of the study included monitoring
changes in oil cleanliness, moisture content, and
elemental composition as a function of operating
hours, using portable in-situ diagnostic methods
and laboratory analyses. According to the adopt-
ed research objective, the results were intended
to serve as a basis for developing new oil change
intervals for excavators operating in rock mines
and methods for diagnosing hydraulic oil condi-
tion under real operating conditions.

CHARACTERISTICS OF HYDRAULIC
OIL AGING PROCESSES

Currently, single-bucket excavators used in
rock material mines are equipped with advanced
hydraulic systems that operate at very high work-
ing pressures reaching up to 35 MPa. These
systems consist of increasingly compact com-
ponents, which are precisely designed and manu-
factured. The evolution in the design of hydraulic
components — both control-distribution and actu-
ating elements — aims to increase the efficiency
of excavators, but, at the same time, these com-
ponents must work with hydraulic oil of suitable
viscosity and properties to ensure the reliable
operation of the elements and, consequently, the
entire hydraulic system of the excavator.

Hydraulic oils used in single-bucket excava-
tors must possess a range of specific properties
[17,18]. They must power the actuating elements
of the system and, in addition, provide adequate
lubrication, sealing, minimization of component
wear, and protection against corrosion. During
the operation of an excavator in a rock material
mine, the oils are subjected to intense mechanical
impacts — especially when using hydraulic ham-
mers — as well as thermal and chemical effects,

which gradually reduce their operational param-

eters and ultimately necessitate their replacement.
The aging process of hydraulic oil is influ-

enced by three primary phenomena [19,20]:

e oil oxidation,

e thermal degradation,

e contamination with solid particles.

Some solid contaminants found in the oil
of excavators originate from impurities within
hydraulic hoses and lines, or from wear particles
on the contact surfaces of rotating components
in hydraulic elements. Even dust and dirt par-
ticles from the external environment may enter
the system. Water droplets can also infiltrate the
system, promoting the hydrolysis of additives
and accelerating the oxidation of hydraulic oil
[1,20]. It is important to be aware that oxidation
is the dominant phenomenon in the oil aging pro-
cess in an operating single-bucket excavator. It
causes very serious issues, such as increases in
viscosity and acid number, formation of deposits
and sludge, depletion of performance-enhancing
additives, loss of resistance to foaming, demul-
sification, and corrosion [9,17]. Oxidized oils
can lead to reduced performance of hydraulic
systems by degrading the properties of the work-
ing medium and lowering the precision of con-
trol components. It is important to note that the
quantitative assessment of oil contamination is
standardized through ISO 4406 [14] and NAS
1638 [21], which classify the number and size
of solid particles in the oil. These standards are
essential for monitoring oil quality because they
allow engineers to identify early signs of wear,
predict potential failures, and verify the effec-
tiveness of filtration systems. Online monitoring
and laboratory oil analysis provide complemen-
tary information [15]: particle counting enables
assessment of mechanical contamination, while
measurements of physical and chemical param-
eters — such as viscosity, acid number, water
content, and electrical conductivity — reveal the
chemical and thermal degradation state of the
oil. The selection of these parameters is directly
connected to the methodological approach of this
study. By tracking both contamination levels and
chemical changes, it is possible to:

e identify correlations between the working
conditions of hydraulic systems and the deg-
radation of oil properties,

e evaluate the influence of maintenance practices,
including filtration and replacement intervals,
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e verify the formulated hypotheses that oil
degradation follows measurable trends in
both mechanical and chemical parameters
during operation.

Control elements are susceptible to oil con-
tamination, especially submicron particles that
may form sludge or deposits. A sticky layer of
these contaminants can further damage cooper-
ating surfaces by attracting other hard particles,
such as dust or wear debris from hydraulic com-
ponents. This may lead to oil filter clogging,
reduced cooling efficiency, increased friction
between moving hydraulic components, and
decreased system precision.

MATERIALS AND METHODS

The research on the aging of oils used in sin-
gle-bucket excavators operating in rock material
mines was conducted using an OPCom Portable
Oil Lab analyzer [15]. The main objective of the
study was to examine the hypothesis that the phys-
icochemical and particulate properties of hydrau-
lic oil degrade progressively with operating time,
affecting the hydraulic system’s efficiency and reli-
ability. Specifically, the study aimed to determine
the impact of excavator operating time on oil aging
rates, assess the validity of manufacturer-recom-
mended oil change intervals and, if warranted, pro-
pose revised intervals based on empirical data.

The research focused on HV-class hydraulic
oils (ISO 6743-4) [5] of the kinematic viscosity
grade VG 46 (PN-ISO 4406) [14], selected for
their widespread use in excavators and their rel-
evance to system performance. Parameters of the
Orlen Hydrol Oil L-HV 46 tested in single-bucket
excavators are shown in Table 1.

Table 1. Tested hydraulic oil (baseline properties)

Hydraulic oil was used in the hydraulic sys-
tems of single-bucket excavators with the fol-
lowing parameters: operating weight: 35 Mg,
engine power: 210 kW, working pressure in the
hydraulic system: up to 35 MPa, pump capacity:
2 x 264 dm*/min.

Oil samples were collected at approximately
200, 400, and 600 engine hours, representing
early, intermediate, and extended periods of use.
The oil parameters were measured for each engine
hour three times, and the average value for each
parameter was calculated from the results. These
intervals were chosen to capture the progressive
effects of mechanical, thermal, and chemical
stresses on the oil during normal excavator opera-
tion, including the hydraulic hammer impact.
Fresh (unused) oil samples were also analyzed for
baseline comparison.

Due to the very similar values of the individual
parameters obtained during a given series of mea-
surements and the small number of measurements
in the series, statistical analysis of the obtained
results was not performed, limiting the calcula-
tions to the average value of the given parameter.

The OPCom Portable Oil Lab was used as
the primary measurement tool due to its ability
to perform rapid, on-site analysis of hydraulic oil.
It measures chemical changes, such as oxidation
and additive depletion, using infrared spectros-
copy, evaluates kinematic viscosity using micro-
shear sensors, and classifies solid particle con-
tamination via light scattering in accordance with
ISO standards. The analyzer is factory-calibrated
and provides high accuracy (£2% for viscosity,
+0.5 mg KOH/g for acid number, =1 ISO degree
for particle classification). Limitations include
potential interference from certain synthetic oils,
the need to cool samples above 60 °C for accu-
rate kinematic viscosity measurements, and the

Parameter Value Standard / Unit
Kinematic viscosity @40 °C 46 [cSt] ISO
Kinematic viscosity @100 °C 7.9 [cSt] ISO
Density 875 [kg/m?] 15°C
Flash point =230 [°C] CcOoC
Pour point <-27[°C] -
ISO cleanliness (fresh oil) 19/16/14 ISO 4406
Electrical permittivity 2.145 -
Conductivity 350 [ps/m] -
Relative humidity 26.3 [%] -
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need to dilute samples for heavily-used or very

dark oils. During measurement with the OPCom

Portable Oil Lab analyzer, the following param-

eters are determined, as described in more detail

in Table 2. Based on these parameters, the results
of pilot studies are presented later in the article.
This methodology facilitates a comprehen-
sive assessment of hydraulic oil quality over time,
linking operational hours to changes in oil prop-
erties, and provides empirical evidence to sup-
port recommendations for maintenance and oil
replacement intervals in single-bucket excavators.
In rock material mines, three main methods
of determining oil change intervals in operating
excavators can currently be identified:

1. Oil changes according to the manufacturer’s
recommendations, which are most often car-
ried out in excavators with a low usage rate
of hydraulic hammers (up to 20% of the ma-
chine’s total operating time).

2. Oil changes based on user experience with a
given excavator model, which take into ac-
count hammer usage time but do not include
oil property testing.

3. Oil changes based on periodic monitoring of
the oil’s condition, which allows the param-
eters of the used oil to be determined and the
oil change interval to be established based on
reaching predefined threshold values.

The growing popularity of the third method
results from the availability of portable oil ana-
lyzers that enable direct, on-site measurement of
oil parameters in excavators operating in rock
material mines. Compared to fixed, time-based
oil change intervals, condition-based monitor-
ing provides a more accurate assessment of oil
degradation under variable mechanical, thermal,
and chemical loads, particularly during intensive

hydraulic hammer operation. One portable mea-
suring device capable of providing immediate
information on the hydraulic oil condition is the
OPCom Portable Oil Lab analyzer manufactured
by Argo-Hytos [15], as shown schematically in
Figure la. The analyzer integrates several func-
tional modules that operate on different physi-
cal principles. An optical measurement module
detects and classifies solid contamination par-
ticles, while capacitive and conductive sensors
provide information on the oil’s chemical con-
dition. Additional sensors measure oil tempera-
ture, humidity, and flow rate, enabling compen-
sation for these parameters under changing oper-
ating conditions.

The OPCom Portable Oil Lab is a portable
oil analyzer that enables the measurement of oil
parameters. Sampling directly from a working
circuit allows contamination and degradation
effects to be captured under real excavator oper-
ating conditions.

Figure 1b illustrates the principle of optical
particle counting implemented in the OPCom
analyzer. As oil flows through the measuring cell,
solid particles passing through the laser beam
partially attenuate the light. This attenuation is
converted into electrical pulses, with their ampli-
tude related to particle size, and the number of
pulses corresponding to particle concentration.
Based on this signal processing, the oil cleanli-
ness class is determined in accordance with ISO
4406. The OPCom Portable Oil Lab enables
measurement of key oil condition parameters,
including the oil cleanliness class according to
ISO 4406, the number of solid particles per mil-
liliter, dielectric constant, specific electrical con-
ductivity, oil humidity, temperature, and flow
rate. The selection of these parameters reflects
the dominant oil degradation mechanisms in

Table 2. Parameters used for hydraulic oil condition assessment

Parameter Standard/Unit Significance in oil condition assessment

Cleanliness class 1SO code Assessment of solid particle contamination. Indicates the respective ordinal
number according to ISO 4406:21
Concentration [p/ml] Indicates the number of particles per milliliter
Relative permittivity ) The relative permltthlty_ isa pa_lrame?er for the _polarlty of the fluid. Oils change
their polarity during the aging process.
Detects contamination and oil degradation. Fresh oils show a characteristic
Electrical conductivity [pS/m] conductivity. Oil change, oil mixtures and oil deposits can be detected by their
conductivity.

Temperature [°C] Reference condition for measurements. Fluid temperature
Relative humidity of the oil [%] Relative humidity between 0 and 100 %
Oil clarity and color Visual Preliminary assessment of oil degradation
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Figure 1. Schematic diagram of the oil condition monitoring methodology using the OPCom Portable

Oil Lab analyzer: (a) functional block diagram of the measurement system; (b) schematic illustration

of the optical particle counting principle, including light beam interaction with contaminant particles
and the corresponding signal response

hydraulic systems. Particle contamination is
associated with abrasive wear of precision com-
ponents; changes in dielectric constant indicate
oxidation and depletion of additives; electrical
conductivity reflects ionic contamination and
chemical aging; and increased humidity accel-
erates corrosion and oil degradation. Measure-
ment results for each oil sample can be displayed
directly on the device, stored in internal memory,
or printed as short or extended reports. The ana-
lyzer can operate in automatic or manual mode.
In automatic mode, measurements are performed
continuously, whereas in manual mode a single
measurement cycle is completed and the device
stops operation. The manufacturer recommends
performing three repeated measurements in man-
ual mode to ensure the repeatability and reliabil-
ity of the results.

It should be noted that the OPCom Por-
table Oil Lab is intended primarily for condi-
tion monitoring and evaluating the quality of
hydraulic oil at the excavator’s worksite, with-
out the need for laboratory analyses. Figure
2 shows the method for conducting analyses
directly on the excavator.

The obtained results provide a repeatable trend,
enabling a comparative assessment of oil degrada-
tion over time. Extreme contamination levels, air
bubbles, or significant temperature variations may
affect measurement accuracy; therefore, the results
should be interpreted as indicators of oil condition
trends rather than absolute values.
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The measurement capabilities of the OPCom
Portable Oil Lab enable continuous monitor-
ing of oil condition directly under real operat-
ing conditions and observation of progressive
changes in oil parameters as a function of exca-
vator operating time. This functionality serves
as the basis for the adopted research methodol-
ogy and justifies the use of oil sampling intervals
corresponding to successive stages of oil aging
during excavator operation.

The study of hydraulic oil degradation in sin-
gle-bucket excavators operating in rock material
mines was carried out in three stages:

e in the first stage, fresh oil samples were taken
and tested,

e in the next stage, oil samples were taken
from the excavators’ hydraulic systems after
approximately 200 operating hours (specifi-
cally after 200, 400, 600, and 700 engine hours
of operation).

At this stage of the research, oil parame-
ters were measured using the OPCom Portable
Oil Lab analyzer described above, which was
equipped with additional sensors for monitor-
ing oil cleanliness. This analyzer enabled in-situ
measurement of oil contamination with solid
particles in accordance with the requirements of
ISO 4406:2021. In the final measurement stage,
oil samples were analyzed using inductively
coupled plasma optical emission spectrometry
(ICP-OES). The samples were decomposed
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Figure 2. Method of conducting tests directly on the excavator: 1 — top side with control panel,
2 — suction line internal pump, 3 — drainage of oil into the tank, 4 — charger connection,
5 — printer, 6 — excavator oil tank

using a pressurized microwave mineralization
system, employing concentrated mineral acids.
Thanks to the spectrometer’s “Full Frame Imag-
ing” capability, the entire emission spectrum of
each oil sample was recorded, also referred to
as the “spectral fingerprint” of the sample. The
emission signals of the elements present in the oil
were analyzed, and a qualitative assessment of
the oil condition was conducted. The study used
an iCAP 7400 + MFC DUO (Thermo) emission
spectrometer, which features Echelle-type optics
and a CID (Charge Injection Device) matrix
semiconductor detector. It is characterized by
an extended spectral range from 166 nm to 847
nm and high resolution. The adopted research
methodology made it possible to track changes
in oil parameters depending on the number of
excavator operating hours. It also enabled ongo-
ing assessment of oil degradation. Thanks to the
study, up-to-date information about the condi-
tion of the oil used in the hydraulic systems of
operating excavators could be provided to rel-
evant mine maintenance departments, ensuring
the proper functioning of excavators used in
very demanding mining conditions. To standard-
ize the results of oil cleanliness measurements,
the ISO 4406:2021 standard was applied to all
collected samples. This standard requires clean-
liness to be determined by stating the number of
solid particles larger than 4 pm, 6 um, and 14 pm
present in 1 ml of the oil sample.

RESULTS

Each oil sample subjected to testing was first
carefully inspected visually to determine the oil
color, the presence of separate phases, larger con-
taminant particles, and any sediment. An attempt
was also made to visually assess whether the
sample contained suspensions related to oil usage
(such as emulsions or aqueous solutions). To do
this, each tested sample was placed in an upright
position for 45 minutes. Figure 3 shows views of
tested hydraulic oil samples, which were subject-
ed to visual inspection.

As expected, the tested samples exhibited
varying coloration, depending on the number of
operating hours accumulated by the oil in each
sample. The colors became progressively darker
(up to a brownish shade) as the number of oper-
ating hours increased. This was, of course, due
to the increased oil contamination, resulting
from prolonged excavator operation. In one case,
a sample exhibited a dark brown color, which
was caused by a failure in the excavator’s pump
assembly. In the examined oil samples, no sedi-
ment, large solid contaminant particles, or aque-
ous solutions were observed. This is not surpris-
ing, considering the design of filters used in mod-
ern single-bucket excavators.

One of the most important tasks involved in
analyzing the condition of hydraulic oil is the
assessment of its cleanliness. In this study, the

349



Advances in Science and Technology Research Journal 2026, 20(9), 343-355

Figure 3. View of tested hydraulic oil samples (1 — fresh oil, 2 — oil after 200 hours of operation,
3 — oil after 400 hours of operation, 4 — oil after 600 hours of operation)

evaluation of oil contamination levels was per-

formed in accordance with the ISO 4406:2021

[14] standard:

e ISO > 4 um — fine particles that may affect
the wear of precision components in hydraulic
systems, such as valves or pumps,

e [SO> 6 um — medium-sized contaminants that
may contribute to mechanical damage and
friction within the system,

e ISO> 14 pum - larger particles that pose a
threat to the durability of seals and working
components,

e [SO>21 um — coarse particles that may cause
serious damage to hydraulic components and
disrupt system performance.

Table 3 presents the results of pilot studies
of hydraulic oil used in the hydraulic systems of
Doosan 380 LC-5 single-bucket excavators oper-
ating in a rock mine. The contamination level,
coded according to ISO 4406:2021, and selected
physicochemical parameters, such as water con-
tent, temperature, and electrical conductivity,
were considered. Each of the analyzed samples
— including fresh oil and oil after 200, 400, 600,
and 700 hours of operation — was subjected to five
measurement replicates.

As previously mentioned in the Materials
and methods section, due to the very similar val-
ues of the individual parameters obtained during
a given series of measurements and the small
number of measurements in each series, statis-
tical analysis of the test results was abandoned,
limiting the analysis to calculating the average
value of each parameter. It is worth noting that
the limited number of measurements in a given
series was also due to the limited time available
for their completion, necessitated by the need to
take the tested excavator out of service. Even
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without statistical analysis of the measurement
results, the test results indicate clear, repeatable
trends in changes in oil parameters during opera-
tion, lending credence to the interpretation of oil
degradation processes under actual excavator
operating conditions.

Figure 4 shows the results of hydraulic oil
contamination level studies after approximately
600 hours of system operation. During this peri-
od, a significant increase in the rate of solid par-
ticle accumulation was observed (particularly in
the smallest fractions), indicating an intensifica-
tion of tribological wear processes and a reduc-
tion in filtration effectiveness in the later stage
of operation.

After measuring the size and number of con-
taminant particles in the collected oil samples,
the basic parameters of the used oil were then
analyzed. Similar to the particle contamina-
tion measurements, these tests were conducted
for all collected samples in three measurement
series and included the measurement of the fol-
lowing parameters:

e temperature of the tested oil (T),

e dielectric constant (¢) and electrical conduc-
tivity (C) — indicators of changes in the physi-
cochemical composition of the oil and pos-
sible presence of contaminants,

e relative humidity (RH) — a key indicator of
water presence in the tested oil (Table 4).

The conducted measurements of the size and
number of contaminant particles in the collected
hydraulic oil samples enabled an assessment of the
degradation of a given oil type in a specific excava-
tor, depending on the number of operating hours.
Figure 5 shows an example of the increase in the
number of contaminant particles of various sizes in
Hydrol L-H 46 oil, used in the hydraulic system of
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Table 3. The amount of contamination for different oil operating times

Particle content . -
No. 4um 6 um 14 ym 21 pm 1SO code H;;m[;:t]y Terrjrp;rg]ture Cc():n([:iuc;tlwty Comments
pim] | [p/m] | [pm] | (pimi pe/m!
1. 2610 766.4 76.31 171 19/17/14 26.2 26.7 352
2. 2510 632.9 36.99 17.3 19/16/14 26.3 26.1 350
3. 2412 634.3 45.85 17.5 18/16/14 26.5 26.1 354 Fresh oil— 0 h
4. 2640 635.1 48.54 18.4 19/16/14 26.6 26.2 355
5. 2545 636.5 49.26 17.9 19/16/14 26.6 26.5 356
6. 4488 970.8 106.6 32.93 19/117/14 31.2 26.7 364
7. 4786 1163 139 33.1 19/117/14 31.3 26.7 378
8. 4791 1134 125.5 32.98 1911714 31.6 26.9 390 200 h
9. 4796 1142 128.4 33.12 1911714 31.6 26.8 389
10. 4825 1139 130.1 33.09 19/17/14 31.8 26.8 391
11. 7521 2110 133.2 65.88 20/18/14 38.3 28.4 405
12. 7312 2285 1321 66.93 20/18/14 38.4 28.1 401
13. 7523 2265 136.3 66.84 20/18/14 38.1 28.7 403 400 h
14. 7505 2283 137.2 65.95 21/18/14 38.2 28.6 405
15. 7526 2274 136.9 66.65 21/18/14 38.2 28.7 405
16. 13111 3155 184.5 73.02 21/19/14 45.3 27.9 415
17. 13213 3205 179.3 73.05 21/19/14 45.7 27.8 426
18. 13421 3214 185.2 74.02 | 21/19/14 44.7 27.8 416 600 h
19. 13468 3211 186.4 73.61 21/19/15 44.8 27.6 418
20. 13456 3224 188.2 73.50 21/19/15 44.8 27.7 421
21. 22653 3749 213.6 87.37 22/19/15 56.7 28.3 452
22. 22522 3732 214.4 88.38 22/19/15 56.8 284 463
23. | 23133 3749 213.3 88.53 | 22/19/15 56.9 28.6 446 700 h
24. | 22958 3756 214.8 88.54 | 22/19/15 56.8 28.3 468
25. 22895 3757 214.2 88.52 22/19/15 57.0 28.5 472
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Figure 4. Number of particles by size category in hydraulic oil used over a period
of approximately 600 operating hours

a Doosan 380 LC-5 excavator. Upon analyzing this
figure, it is important to note that the increase in the
number of contaminant particles in the oil pertains

only to particles smaller than 4 micrometers and
6 micrometers. No particles larger than 14 or 21
micrometers were detected in the oil. This is due
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Table 4. Selected measurement results for the above parameters in oil samples taken from an excavator’s hydraulic

system after approximately 600 operating hours

Parameter Sample | Sample Il Sample Il Unit
Temperature [T] 27.9 27.8 27.8 [°C]
Electrical permittivity [e] 2.227 2.295 2.240 -
Conductivity [C] 415 426 416 [pPS/m]
Humidity [RH] 45.3 45.7 44.7 [%]

o 25000
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g 20000
é F 15000
]
° '« 10000
7 4
s & 5000
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ISO >4pm ISO >6pym =——ISO >14um =—ISO >21pm

Figure 5. Trend of contaminant particle increase in hydraulic oil used in the Doosan 380 LC-5 excavator

to the efficient operation of the oil filters installed
in the excavator’s hydraulic system, which effec-
tively clean the oil during its circulation.

The graphs presented above help to under-
stand the recommendation to change the oil in
excavators operating in rock material mines after
approximately 700—800 operating hours. This is
evidenced by a significant increase in the number
of particles smaller than 4 micrometers, which
occurs after 700 operating hours. The cause of
this condition is the fact that excavators are often

used as carriers for hydraulic hammers and are
exposed to variable dynamic loads during load-
ing of the excavated material onto transport vehi-
cles, as well as during cleaning of the excavation
floor and walls. In the final stage of the study, the
chemical composition of the oil from the collect-
ed samples was analyzed. Sample results of ele-
mental analysis (for micro-contaminants detected
in concentrations above 0.0001% w/w of the
sample mass) are presented in tabular form (Table
5). The analyses revealed a significant increase in

Table S. Sample results of the chemical composition analysis of oil from collected samples

Tested oil sample
Marked parameter 1 2 3 4
Lab code Lab code Lab code Lab code
BAZ-67 / fresh oil — 0 h [ppm] | BAZ-68 / 200 h [ppm] | BAZ-69 /400 h [ppm] | BAZ-70/600 h [ppm]

Sulfur (S) 530 550 540 530
Zinc (Zn) 300 290 290 270
Phosphorus (P) 230 220 220 210
Calcium (Ca) 39 31 48 100
Magnesium (Mg) 30 18 19 19
Sodium (Na) 10 12 10 19
Aluminum (Al) 1.3 1.0 1.6 27
Copper (Cu) 6.8 10 10 12
Iron (Fe) 3.1 34 4.4 6.6
Potassium (K) 25 1.0 1.5 18
Selenium (Se) 1.5 1.9 2.2 2.0
Lead (Pb) 1.1 1.4 1.5 1.5
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particles of iron (Fe), copper (Cu), and calcium
(Ca), which undoubtedly suggests the possibility
of failure after about 600 operating hours of the
hydraulic system. Comparing the results obtained
with the OPCom Portable Oil Lab analyzer and
the ICP-OES spectrometer, iCAP 7400+ MFC
DUO (Table 5), the effects of chemical reactions
occurring in the oil can also be observed after just
400 operating hours of the hydraulic system.

CONCLUSIONS

The main aim of the research presented
in this article was to determine the course and
nature of the hydraulic oil degradation process
as a function of the operating time of single-
bucket excavators used under actual conditions
prevailing in rock resource quarries. The values
of the hydraulic oil parameters characterizing
its degradation process, obtained as a result of
the conducted research, allowed a range of con-
clusions to be drawn and their consistency with
the conclusions presented in the literature to be
compared. The authors would like to empha-
size that the conducted research was of a pilot
nature and constitutes the first national attempt to
determine the course of hydraulic oil degradation
processes in single-bucket excavators operating
in rock material mines. In subsequent stages of
the research, studies are planned that will allow
detailed determination of the course of hydraulic
oil degradation in excavators, depending on the
nature of their work.

From the conducted research, the following
conclusions can be drawn:

1. The process of hydraulic oil degradation in the
hydraulic systems of single-bucket excavators
used in underground mining is nonlinear. Un-
der the examined excavator operating condi-
tions, a noticeable acceleration of the hydraulic
oil degradation process (increase in the amount
of solid contaminants) was observed after ap-
proximately 600 hours of excavator operation,
as indicated by the change in parameters char-
acterizing oil wear.

2. The dominant factor affecting the degradation
time of hydraulic oil is the increase in its con-
tamination with solid particles smaller than 6
pm. The number of these particles increases
with the excavator operating time, from a value
of 2412 p/ml for fresh oil to 23133 p/ml after
700 h of operation of the excavator’s hydraulic

system. This indicates relatively intensive tri-
bological wear of the components of the exca-
vator’s hydraulic system and has a key impact
on the deterioration of hydraulic oil properties.
The significant increase in the number of solid
contaminant particles observed in the studies,
particularly those smaller than 6 um.

. In the tested hydraulic oil, no significant in-

crease in contamination by solid particles larg-
er than 14 pm was observed during the entire
excavator operation period. This fact indicates
that the standard filtration systems used in exca-
vator hydraulic systems effectively retain solid
contaminants of larger sizes. Unfortunately,
their effectiveness against contaminant particles
smaller than 6 pm is completely ineffective.

. Based on the conducted research, a significant

increase in the water content in the hydraulic oil
was observed, from about 26% for fresh oil to
57% for oil after 700 hours of hydraulic system
operation. Such a substantial increase in water
content may result in intensified oil oxidation
processes, deterioration of the oil’s lubricating
properties, and an increased risk of hydraulic
system component corrosion.

. The increase in the electrical parameters of hy-

draulic oil, defined by its conductivity and per-
mittivity, constitutes an important indicator of
the degradation of the oil being examined. The
increase in the electrical conductivity of the oil
observed as a result of tests by about 30%. It is
worth emphasizing that the values of the elec-
trical parameters of hydraulic oil are treated as
a sensitive indicator of the increase in oxida-
tion products of the oil components and the
degradation of its performance additives.

. The analysis of the elemental composition

of the oil, especially regarding the presence
of Fe and Cu elements does not indicate the
occurrence of emergency conditions after ap-
proximately 600 h of the excavator’s hydraulic
system operation. The amounts of Fe and Cu
particles indicate that they correspond to the
processes of normal wear of the tribological
elements of excavator hydraulics.

. The operating conditions of single-bucket ex-

cavators used in rock mining have a signifi-
cant impact on the acceleration of the oil deg-
radation process in their hydraulic systems.
Dynamic loads acting on the excavator dur-
ing ore loading, wall breakage, floor leveling,
and frequent use of the excavator as a carrier
for hydraulic hammers, cause a considerable
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acceleration of the hydraulic oil degradation
process compared to the hydraulic oil deg-
radation process in single-bucket excavators
used for standard earthworks. Additionally, it
should be noted that the speed of the oil deg-
radation process in excavators used in rock
raw material mines is also influenced by vari-
able mining and geological conditions, the na-
ture of the deposit occurrence and the method
of'its exploitation, as well as the technological
routes along which the excavator moves. In
this regard, it should be stated that stone min-
ing operations, in which single-bucket exca-
vators are used, should be considered particu-
larly unfavorable from the perspective of the
hydraulic oil degradation process. This means
that it is necessary to use shortened intervals
for hydraulic oil replacement and to imple-
ment monitoring of its condition during exca-
vator operation.

.Based on the assessment of the hydraulic
oil cleanliness class according to ISO 4406,
its deterioration was noted from a level of
19/17/14 to 22/19/15 after 700 hours of hy-
draulic system operation. This change, as
previously mentioned, indicates a significant
increase in the number of contaminant parti-
cles in the oil, particularly in the range of the
smallest fractions (<6 um).

. According to the authors, the optimal oil
change interval under the operating conditions
of the tested excavator should be a maximum
of 700 operation hours, which is considerably
shorter than the operating time of the oil rec-
ommended by the hydraulic oil manufacturer,
which is 1200 hours. This is another confir-
mation of the guidance that can be found in
the literature, indicating that under so-called
severe duty conditions, the service life of hy-
draulic oil may be significantly shorter than
the value recommended by the manufacturer
of the work machine.

10.From the perspective of the efficiency of re-

search on the oil degradation process under

actual machine operating conditions, short-
term monitoring of the oil condition consti-
tutes a more reliable method for assessing the
current state of hydraulic oil than an approach
based on fixed time intervals. This method of
studying the condition of hydraulic oil, re-
ferred to as a condition-based maintenance

(CBM) strategy, enables the precise time for

oil change to be determined.
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