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Abstract. Reliable operation of main mine ventilation fans is essential for mine safety and
production continuity. In many mines, fan condition is still judged against fixed vibration limits
that do not account for changes in airflow and pressure, which can lead to frequent false alarms
and ambiguous interpretation of mechanical degradation. This paper proposes a maintenance-
event-constrained vibration health index (MEC-HI) that combines operating-condition modelling
with long-term residual vibration analysis using SCADA-level measurements. A linear regression
model is first fitted to relate bearing RMS vibration velocity to airflow, differential pressure and
motor electrical quantities during confirmed healthy operating phases. The model is then used to
estimate the expected vibration level and to compute condition-normalised residual vibration.
Positive residuals exceeding a statistically derived tolerance are smoothed and accumulated over
time within segments separated by major maintenance events, and the cumulative index is reset
after bearing replacement. Unlike many health-indicator studies that rely on high-frequency
waveforms or fault-specific feature engineering, the proposed framework targets practical
deployment when only routine RMS and operating tags are archived. The approach is
demonstrated using a three-year dataset (24,672 operating hours) from an axial-flow main fan in
a large underground copper mine. The case study shows that MEC-HI captures the onset and
progression of bearing degradation more clearly than raw RMS trends and suppresses load-driven
false alarms, while remaining implementable with routinely available SCADA measurements. The
framework can be extended to other ventilation fans and rotating machinery operating under
strongly varying loads.

Keywords: mine main ventilation fan, vibration monitoring, health index, operating-condition
normalisation, SCADA data, degradation assessment.

1. Introduction

Underground mines increasingly operate at large scale and high intensity, placing stringent
demands on the reliability of ventilation systems. The main mine ventilation fan is the critical
asset that delivers fresh air to underground workings, dilutes toxic and explosive gases, and
controls dust concentrations in return airways [1]. If the main fan is forced to shut down or suffers
severe performance loss, production must be reduced or halted and personnel evacuated, leading
to substantial economic loss and elevated safety risk [2]. Ensuring long-term safe and reliable fan
operation is therefore a prerequisite for modern mining [3, 4].

In many mines, main-fan condition is still assessed through periodic manual inspection and
time-based maintenance, sometimes supplemented by simple online vibration monitoring [5].
Overall vibration measures such as root-mean-square (RMS) velocity, peak value, and
band-limited energy are compared with fixed alarm thresholds, and operators interpret fan
condition from their trends [6]. These approaches are straightforward and can reveal severe faults,
such as rotor imbalance, misalignment, or structural looseness, when operating conditions are
relatively stable. However, because a main fan serves the entire mine, airflow, fan pressure, and
motor load can change markedly with production schedules, new development headings, and
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seasonal ventilation adjustments. Under such variability, conventional vibration indicators are
strongly load dependent: higher airflow or pressure naturally increases vibration even when the
mechanical state does not degrade. This makes it difficult to separate true degradation from normal
fluctuations, which can both mask incipient bearing faults and trigger frequent false alarms that
undermine operator confidence [7, 8].

In practice, broadband vibration-velocity RMS measured on bearing housings remains the
dominant severity metric in standards and maintenance workflows, including the ISO 20816
series, because it is robust, easy to trend, and closely related to overall vibration energy [9]. For
large mine fans, vibration monitoring is often implemented via SCADA historians that archive
low-rate summary values rather than high-frequency waveforms, owing to bandwidth, storage,
and operational constraints [10, 11]. Although RMS is not intended for fault-type classification, it
is widely used to quantify severity and to support condition-based decisions. This motivates
extracting more diagnostic value from RMS by compensating for operating-condition effects and
by incorporating maintenance information [12].

There is extensive research on vibration-based condition monitoring, health indicators (HIs),
and data-driven degradation models for rotating machinery, including bearings, gearboxes, and
industrial fans [13, 14]. Reported methods include constructing HIs from time-frequency features
using principal component analysis [15, 16], modelling degradation in probabilistic state-space
frameworks [17], and learning latent health variables with autoencoders or deep neural networks
[18-20]. These indicators are designed to reflect underlying damage and often exhibit
approximately monotonic evolution over a life cycle, which supports degradation assessment and
remaining useful life prediction [21]. However, many studies rely on laboratory rigs or short-term
field datasets with relatively stable operating conditions and focus primarily on vibration signals
[22]. Only a limited number explicitly incorporate operating variables from supervisory control
and data acquisition (SCADA) systems, such as airflow rate, fan pressure, motor current, and
active power, into HI construction. Maintenance information, including lubrication overhaul,
abnormal operating episodes, and bearing replacement, is more often discussed qualitatively than
used as a quantitative constraint on indicator evolution [23]. For main mine ventilation fans in
particular, long-term degradation assessment that jointly considers vibration, SCADA data, and
maintenance events has received limited attention [24].

Research on industrial fans has expanded in recent years. Laboratory and field studies on mine
ventilation fans and tunnel ventilation equipment have investigated fault diagnosis using vibration,
pressure, and electrical measurements, often combining time-frequency decomposition with
feature fusion and classification models [25-27]. Industrial deployments have also been reported
for tunnel ventilation systems and wireless vibration monitoring of industrial fans, reflecting the
growing feasibility of online measurements in harsh environments [28-30]. Yet for main mine
ventilation fans, practice still shows persistent gaps: many methods prioritise fault classification
using high-frequency signals, while long-term degradation assessment is frequently reduced to
simple RMS thresholding. In addition, maintenance records, such as bearing replacement, are
seldom used as explicit constraints that would encourage an interpretable, monotonic health index
that can be implemented directly as SCADA tags and alarms. Recent reviews of SCADA-based
condition monitoring similarly emphasise the need for robust normal-behaviour models, careful
data cleaning, and explainability to achieve reliable adoption under variable operating conditions
[31,32].

This paper addresses these issues by developing a maintenance-event-constrained vibration
health index for degradation assessment of a main mine ventilation fan, using nearly three years
of field data from an underground copper mine. The key idea is to combine a SCADA-based
normal-behaviour model, which explains expected RMS vibration under varying airflow and
pressure, with maintenance-event segmentation that resets accumulated degradation after major
overhaul. The resulting index is simple, interpretable, and designed for online deployment.
Specifically, we compile and analyse a long-term multi-source dataset for a Howden
AMN4240/2000B main fan, comprising 24,672 hourly samples of horizontal and vertical
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vibration-velocity RMS, airflow, fan pressures, motor voltage and current, active and reactive
power, and recorded maintenance events. We then propose a condition-normalised health index
in which an operating-condition model estimates expected vibration as a function of airflow,
pressure, and electrical variables, and positive residual vibration beyond this model is smoothed
and accumulated over time. Finally, a detailed case study compares the proposed index with
conventional RMS monitoring across multiple operating phases, showing clearer separation
between benign high-load operation and true degradation and providing more reliable long-term
information to support condition-based bearing replacement.

2. Monitoring system and data description
2.1. Main mine ventilation fan and operating conditions

The case study is conducted on the main ventilation system of an underground copper mine
operated by Serbia Zijin Mining. The mine adopts a central exhaust ventilation scheme, in which
a single surface main fan provides the driving force for air exchange between underground
workings and the atmosphere. The fan is installed in a reinforced concrete fan house at the exhaust
shaft collar and is connected to the shaft through a steel duct and transition section. It operates
almost continuously throughout the year, and any forced shutdown requires reduction or
suspension of production and evacuation of underground personnel.

The main fan is a Howden AMN4240/2000B axial-flow unit driven by an induction motor
through a direct-coupled shaft. The rotor is equipped with adjustable blades, and the blade pitch
angle can be modified during planned stoppages to adapt to long-term changes in ventilation
demand. Under normal conditions the fan maintains a prescribed negative pressure at the shaft
and delivers sufficient airflow to active production levels, development headings and return
airways. The operating point is influenced by mine layout, production intensity and seasonal
variations in air density, which lead to noticeable changes in required airflow and pressure over
different periods of the year.

In daily operation, the fan is supervised and controlled through the mine SCADA system.
Ventilation engineers adjust the underground network by opening or closing regulators and by
turning auxiliary fans on and off, which changes the total system resistance seen by the main fan.
As a result, the fan experiences substantial variations in airflow, inlet and impeller pressures and
motor load between low-demand periods, such as night shifts with reduced production, and high-
demand periods when multiple stopes and development headings are operating simultaneously.
Occasional abnormal episodes, including partial blockage of airways or abrupt ventilation network
adjustments, can induce short-term overloads and transient increases in vibration. These strongly
time-varying operating conditions form an important background for interpreting the long-term
vibration response and for constructing a health index that is robust to normal load changes.

The main fan, exhaust shaft connection and sensor locations are illustrated in Fig. 1.

: : B L iy
Fig. 1. Main mine ventilation fan and monitoring arrangement.
Photo by the authors at Serbia Zijin Mining, 2025
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2.2. Vibration and SCADA measurements

The main fan is equipped with an online monitoring system that records both vibration and
operating variables and stores them in the mine SCADA historian. Vibration velocity is measured
on the bearing housing of the fan rotor by two permanently mounted velocity sensors arranged in
the horizontal and vertical directions. The monitoring system calculates the overall root-mean-
square (RMS) vibration velocity in millimeters per second for each direction and transmits these
values to the SCADA system. In this study, the hourly RMS vibration velocities in horizontal and
vertical directions are used as the primary condition indicators of the fan, because they are directly
related to the vibration limits defined in industrial standards and are routinely inspected by site
engineers.

In addition to vibration, several operating variables that describe the loading of the fan and the
ventilation system are continuously measured and stored. These include the airflow rate at the
exhaust shaft, the inlet pressure at the fan intake and the static pressure near the impeller, together
with motor electrical quantities such as line voltage, stator current, active power, reactive power
and power factor. The blade angle setting of the axial fan is also recorded after adjustments during
planned stoppages. The vibration and SCADA variables used in this paper, together with their
units and brief descriptions, are summarised in Table 1.

Table 1. List of monitored vibration and SCADA variables used in this study
Variable Unit Description
Date and time of each record (hourly sampling from 1 Dec

Time stamp ~ | 2022 to 17 Nov 2025)

Blade angle setting % Relative pchh angle setting of axial-fan blades, updated after
planned adjustments

Mechanical ancle de Mechanical angle of the blade adjustment mechanism,

£ & proportional to blade pitch
Static pressure measured at the fan inlet (negative relative to
Inlet pressure Pa
atmosphere)
Impeller pressure Pa Static pressure measured near the fan impeller outlet.
. .| Total airflow through the exhaust shaft derived from calibrated
Airflow rate m?/min

ventilation measurements

Overall RMS vibration velocity measured on the fan bearing
housing in the horizontal direction

Overall RMS vibration velocity measured on the fan bearing

Horizontal RMS vibration mm/s

Vertical RMS vibration mm/s housing in the vertical direction
Line voltage kV Three-phase line voltage at the motor terminals
Stator current A Three-phase stator current of the drive motor
Active power KW Active power drawn by the motor, proportional to mechanical
output and load
Reactive power kVAr | Reactive power associated with magnetising current

Ratio of active power to apparent power, indicating motor

Power factor B loading and efficiency

All vibration and SCADA variables are synchronised and archived as time-stamped records at
one-hour intervals from 1 December 2022 to 17 November 2025, forming a nearly three-year
multivariate time series. Short gaps are present in the data due to planned shutdowns, major
maintenance activities and occasional communication interruptions. These periods are identified
from the operating logs and SCADA tags and are excluded or treated separately in the subsequent
data processing. The combination of vibration and operating measurements provides the basis for
modelling the dependence of vibration on operating conditions and for constructing a health index
that reflects the underlying mechanical degradation rather than normal variations in airflow,
pressure and motor load.
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2.3. Operating phases and maintenance events

From December 2022 to November 2025, the main fan experienced multiple operating phases
rather than a single steady condition. Based on operating logs, maintenance records, and
inspection reports, the key phases and major maintenance events were identified and are
summarised in Table 2 for the subsequent analysis of vibration and health index evolution.

Table 2. Main operating phases and maintenance events of the main mine
ventilation fan during the monitoring period

Phase / event Ap I;)re(;)i((l)lélate Operating condition Main maintenance / remarks
P1 Baseline | Dec 2022 — Normal loadmg; moderate ar ﬂovy Routine inspections only; no major
. demand and relatively stable vibration .
operation May 2023 levels maintenance recorded
. . Prolonged.hlgh—load period with Re-lubrication of bearings and
P2 High-load | Jun 2023 — increased airflow and fan pressure; . .
. . cleaning of fan blades to cope with
operation Aug 2023 | motor current and active power clearly . .
. . higher loading
higher than in P1
I Large-.sca.le adjustment ofthe mine Several short abnormal episodes
P3 Ventilation ventilation network; closing of . .
Sep 2023 — . . associated with network changes;
system regulators and airways, changes in . o
. Dec 2023 e : . local cleaning of deposits in
adjustment auxiliary fans; operating point of the .
. . airways
main fan fluctuates over a wide range
Under comparable operating conditions | Minor maintenance actions such as
P4 Early the RMS vibration levels gradually blade angle adjustment and
: Jan 2024 — . ..
degradation Jun 2024 increase and abnormal noise is removal of accumulated mud;
stage occasionally reported near the drive-end | bearing replacement is considered
bearing but not yet executed
Bearing degradation becomes dominant; |Repeated inspections and clearance
P5 Severe vibration levels are markedly higher and | adjustments are carried out while
. Jul 2024 — . . . . .
degradation abnormal observations are more keeping the fan in service until a
28 Dec 2024 S . . .
stage frequent, indicating increased failure planned shutdown window is
risk available
M1 Maior Complete replacement of the main
. ) 29-31 Dec | Planned shutdown of the main fan for | bearing and related components;
maintenance Lo
event 2024 overhaul re-commissioning of the fan after
maintenance
F_‘6 Post Post—malr{tenapce operation w1t}_1 c}early No further major faults recorded;
maintenance | Mar 2025 — |reduced vibration levels under similar or only routine inspections and minor
healthy Sep 2025 | higher airflow and pressure compared y 5P
. . adjustments
operation with P2-P5

In the initial baseline phase P1 (from 1 December 2022 to 31 May 2023), the mine operated at
moderate production levels and the ventilation network was relatively stable. The main fan
supplied the required airflow with no major changes in regulator settings or network configuration,
and routine inspections did not report abnormal noise or overheating. The RMS vibration
remained at a low and stable level under comparable operating conditions, and this phase is
therefore regarded as representative of healthy bearing operation.

In the high-load phase P2 (from 1 June to 31 August 2023), several new stopes and
development headings were opened, and the ventilation demand increased noticeably. The main
fan operated at higher airflow and pressure, and the motor load was significantly above the
baseline level. The RMS vibration also increased during this period, but inspections did not reveal
clear signs of mechanical damage. P2 is therefore interpreted as a period of prolonged high-load
operation without confirmed bearing degradation.

In the ventilation adjustment phase P3 (from 1 September to 31 December 2023), the mine
5
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ventilation system underwent a large-scale reconfiguration. Ventilation engineers changed
regulator settings, opened and closed airways and modified the operation of auxiliary fans in order
to accommodate new production layouts. These adjustments caused substantial fluctuations in
airflow, pressure and motor load, with several short abnormal episodes in which the fan
temporarily operated outside its usual range. The vibration response in this period shows
pronounced variations associated with these network changes.

In the early degradation phase P4 (from 1 January to 30 June 2024), routine vibration
monitoring and periodic inspections indicated that vibration levels under comparable operating
conditions were gradually increasing, and abnormal noise was occasionally reported near the
drive-end bearing. No catastrophic fault occurred, and the fan remained in service, but mine
engineers started to suspect bearing degradation and began considering bearing replacement
during a future planned shutdown. In the severe degradation phase P5 (from 1 July to 28 December
2024), the degradation became more evident, with higher vibration levels, more frequent abnormal
observations and an increased risk of failure. This phase is therefore treated as a severe degradation
stage of the main fan bearing.

A complete replacement of the main fan bearing was carried out during a planned shutdown
between 29 and 31 December 2024. After this major maintenance event, the vibration levels
dropped markedly and stabilised at a much lower level under similar operating conditions. The
subsequent operation in 2025, from 1 March to 30 September, is regarded as the post-maintenance
healthy phase P6, although occasional short shutdowns and communication gaps still appear in
the data. In this phase the fan operates under comparable or even higher airflow and pressure than
in the earlier high-load period, but the vibration remains at a low level, confirming the
effectiveness of the bearing replacement.

These operating phases and maintenance events provide important reference information for
the analyses in Sections 3 and 4. They are used to select representative time windows, to interpret
the evolution of the vibration-based health index in different stages and to verify that the index
behaves consistently with known degradation and maintenance actions.

3. Construction of maintenance-event-constrained vibration health index
3.1. Operating-condition modelling and residual vibration

As discussed in Section 2, the vibration of the main mine fan is strongly influenced by
operating conditions such as airflow, pressure and motor load. Before constructing a health index,
it is therefore necessary to separate the effect of changing operating conditions from the effect of
mechanical degradation. In this study, this is achieved by modelling the dependence of the overall
RMS vibration velocity on key SCADA variables under non-degraded conditions and then
analysing the residual vibration relative to this model.

The analysis focuses on the overall RMS vibration velocity at the drive-end bearing of the
main fan in the horizontal and vertical directions. Let y,(t) and y,(t) denote the hourly RMS
vibration velocities at time t in the horizontal and vertical directions, respectively. For each hour
the corresponding SCADA records provide the airflow rate at the exhaust shaft, Q(t), the inlet
pressure at the fan intake, p;,(t), the static pressure near the impeller and motor electrical
quantities such as active power P(t), reactive power, voltage, current and power factor PF(t).
These variables describe the loading of the fan and the ventilation system at each time step.

To obtain a reference model representing healthy operation, a training dataset is selected from
the early monitoring period. In particular, data from the baseline stage (December 2022-May
2023, phase P1) and the high-load stage without confirmed degradation (June-August 2023, phase
P2) are used, after removing hours affected by planned shutdowns, major maintenance and
obviously abnormal operating episodes. During these stages, inspections did not reveal bearing
damage and the vibration levels, although higher in P2 due to increased load, were considered
acceptable by site engineers. As shown later, the residuals in P1 and P2 do not exhibit a systematic
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positive bias, so these phases are regarded as representative of non-degraded conditions over a
wide range of operating points.

For each vibration direction, a regression model is fitted to describe the expected RMS
vibration velocity as a function of the operating variables. In view of the strong correlations among
electrical quantities, only active power and power factor are retained as representative load
variables, while voltage and current do not improve the model fit. The model takes the form:

(@) = QW) pin(t), Punp (1), P (L), PF(1)), (1

where y(t) denotes the expected RMS vibration velocity under non-degraded conditions. A
multiple linear regression structure with selected quadratic and interaction terms is adopted. Model
parameters are estimated from the P1-P2 training data, and the model performance is checked
using standard error measures, cross-validation and residual analysis. The resulting models
capture the main trend of increasing vibration with increasing airflow, pressure and load under
healthy conditions, while remaining simple enough to retain physical interpretability.

For clarity, the following formulation is written for a single vibration direction; the same
procedure is applied separately to the horizontal and vertical RMS vibration. The residual
vibration is defined as:

r(®) =y =y, 2

where y(t) is the measured RMS vibration velocity and y(t) is the corresponding model
prediction at time t. Positive residuals indicate that the measured vibration is higher than expected
for the given operating condition, whereas negative residuals indicate lower-than-expected
vibration. In the baseline and high-load healthy stages (P1-P2) the residuals fluctuate around zero
with limited variance and do not show a clear trend over time, while sustained positive residuals
in later stages suggest additional vibration that cannot be explained by normal variations in
airflow, pressure and motor load.

The residual vibration signal r(t) thus provides a condition-normalised measure of the fan
vibration and forms the basis for the subsequent construction of the vibration health index [33].

The performance of the operating-condition model for horizontal vibration is illustrated in
Fig. 2.
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Fig. 2. Performance of the operating-condition regression model for horizontal vibration

3.2. Health index formulation with maintenance constraints

The residual vibration r(t) obtained from the operating-condition model represents the part of
the overall RMS vibration that cannot be explained by normal changes in airflow, pressure and
motor load. To use this signal for degradation assessment, a scalar health index is designed to
satisfy three requirements: it should remain low and relatively stable during confirmed healthy
operation, increase as mechanical degradation progresses and respond consistently to major
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maintenance actions such as bearing replacement. Here, a maintenance-event-constrained
vibration health index is defined by transforming and accumulating the residual vibration, while
using the known operating phases and maintenance records as practical checks on its behaviour.

The construction is described for the horizontal RMS vibration at the drive-end bearing, which
showed a clearer degradation trend; the same procedure is applied to the vertical direction for
consistency checks. Let (t) denote the residual vibration in the chosen direction at hour t. First,
the residuals in the non-degraded phases P1-P2 are used to define a healthy reference range.
Denote by p, and o, the mean and standard deviation of r(t) in P1-P2. A tolerance level is
introduced as:

0=u +ko, (3)

where k is chosen such that 8 approximately corresponds to a high percentile (about 95 %) of the
residual distribution in P1-P2. In these phases, random residual fluctuations are therefore expected
to lie below 8 most of the time. The instantaneous excess residual is then defined as:

e(t) = max( (r(t) — 6, 0). “4)

This transformation suppresses small residual variations that are consistent with healthy
operation and retains only the part of the vibration that exceeds the healthy reference range.

To reduce the influence of isolated spikes and emphasise persistent changes, the excess
residual e(t) is smoothed by a moving average over a sliding window of length W hours. Although
the moving-average smoothing in Eq. (5) already mitigates isolated spikes, we additionally
quantified the occurrence of sporadic outliers in the archived hourly RMS sequence and verified
that the proposed MEC-HI and the phase-wise RMS exceedance statistics are insensitive to such
artefacts. Specifically, a Hampel identifier was applied to the detrended hourly horizontal RMS
(7-day median trend removed) using a 49-h window and a 4%(1.4826-MAD) threshold; only
isolated detections (no adjacent flagged points within +3 h) were treated as outliers. The
occurrence rates and a sensitivity check are reported in Table Al:

w-1
1
6@ = Z e(t—0). (5)
i=0

The window length W is selected within a range that is long enough to suppress short-term
disturbances, such as brief operating transients, but still short enough to capture gradual changes
over weeks. Several candidate values of W are examined, and it is verified that the main
degradation trends are robust within this range. In healthy phases the smoothed excess &(t) stays
close to zero, whereas during degradation it becomes consistently positive.

The vibration health index is then defined as the cumulative sum of the smoothed excess
residual:

H({t)=H({t—-1)+e(t), H(ty) =0, (6)

where t, denotes the starting time of the considered operating segment. By construction, H(t) is
non-decreasing within a segment and increases more rapidly when the residual vibration
persistently exceeds the tolerance level 6. In practice, the degradation rate is characterised by the
slope of H(t) over a given period rather than by its absolute value, so that differences in
monitoring duration between segments do not bias the assessment. A few isolated spikes in r(t)
produce only a small local increase in H(t), whereas sustained excess residuals lead to much
steeper growth [29].

Fig. 3 shows the distribution of residuals in the baseline healthy phase and the resulting
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statistical warning threshold 6.

Major maintenance events are used to segment the monitoring period and to check the
consistency of the index. The complete bearing replacement carried out between 29 and 31
December 2024 divides the data into a pre-replacement segment and a post-replacement segment.
The index H(t) is computed separately for each segment, with its initial value reset to zero at the
beginning of the segment. Before replacement, H(t) is expected to grow slowly in the baseline
and high-load healthy phases P1-P2 and to accelerate as the fan passes through the early and severe
degradation phases P4-P5. After replacement, the evolution of H(t) in 2025 is expected to
resemble that of P1, with slow growth indicative of healthy operation. The phase division P1-P6
and the bearing replacement event are thus used mainly to verify that the chosen tolerance level
and window length lead to an index evolution consistent with known degradation stages and
maintenance actions, rather than to tune the index to a particular pattern.

—_ —
(e} ol
T T

Probability density
ul

0900 02 04 06 08 10 12z 14

Condition-normalised positive residual vibration (mm/s)
Fig. 3. Distribution of residual horizontal vibration in the baseline healthy phase
and definition of the statistical warning threshold

To enable comparison across measurement directions and maintenance segments, the
cumulative index H(t) is scaled linearly to the range [0, 1] within each segment. The resulting
maintenance-event-constrained vibration health index provides an interpretable, condition-
normalised measure of accumulated degradation, which is used in the following sections to
examine the long-term behaviour of the main mine ventilation fan and to benchmark its
performance against conventional vibration indicators [34].

3.3. Implementation details

This subsection summarises the practical steps used to train the operating-condition model,
compute the residual vibration and construct the maintenance-event-constrained health index. The
procedure can be divided into three stages: data pre-processing, regression model identification
and long-term computation of the residuals and health index.

3.3.1. Data pre-processing

All vibration and SCADA records are first aligned on the hourly time axis from 1 December
2022 to 17 November 2025. Records with missing or obviously inconsistent values in any of the
key variables (RMS vibration, airflow, pressures, motor active power, power factor) are discarded.
Hours corresponding to planned shutdowns and major maintenance activities are identified from
the operating logs and from SCADA tags, and are excluded from the training dataset. Hours with
extremely low airflow and motor power are also treated as non-operating and removed from the
analysis. To reduce the risk that sporadic sensor glitches or communication artefacts interfere with
diagnosis, isolated outliers in RMS vibration and key operating tags are additionally flagged using
robust median-based rules (e.g., Hampel identification in a sliding window) and treated as missing
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values during model fitting and health-index updating.

For the remaining operating hours, the input variables used in the regression model (airflow,
inlet pressure, impeller pressure, active power, and power factor) are standardised to zero mean
and unit variance based on statistics from the P1-P2 training data. This improves numerical
conditioning and makes the relative importance of different regressors more transparent. The RMS
vibration outputs are kept in physical units (mm/s) so that the residual vibration and the subsequent
health index maintain a clear engineering interpretation.

3.3.2. Regression model identification under non-degraded conditions

The operating-condition model is trained using data from the baseline phase P1 and the
high-load healthy phase P2, after the cleaning described above. For each vibration direction, the
available P1-P2 samples are randomly split into a training subset and a validation subset. A
multiple linear regression model with selected quadratic and interaction terms in the standardised
input variables is then fitted to the training subset by ordinary least squares.

Several candidate model structures, differing in the included quadratic and interaction terms,
are compared using the validation error (root-mean-square error) and information criteria such as
the Akaike information criterion. Because of strong correlations among electrical quantities, only
active power and power factor are retained as load variables; adding voltage or current was found
not to yield a meaningful reduction in validation error. Residual plots and basic diagnostics such
as variance inflation factors are used to check that no single regressor dominates due to
multicollinearity and that no strong systematic patterns remain in the residuals.

The final models for the horizontal and vertical directions are chosen as the simplest structures
that provide a satisfactory fit across the operating range covered by P1-P2. Numerical performance
indices of the selected models (e.g. training and validation RMSE and R?) are reported in Section 4
together with illustrative plots of measured versus predicted vibration in the non-degraded phases.

3.3.3. Long-term computation of residuals and health index

Once the operating-condition models have been identified, they are applied to the entire three-
year dataset. For each operating hour and for each vibration direction, the model prediction y(t)
is computed from the corresponding SCADA variables, and the residual vibration is obtained as
r(t) = y(t) = 9(1).

The instantaneous excess residual e(t) and the smoothed excess e(t) are evaluated for each
hour using a moving-average window of length W. In hours where the window contains too many
missing or non-operating samples (for example, due to short shutdowns or communication gaps),
e(t) is not updated and the health index is held constant. For continuous operating periods, the
vibration health index H(t) is computed by cumulative summation of e(t), with the initial value
reset to zero at the beginning of each segment defined by major maintenance events. In this study,
the complete bearing replacement at the end of 2024 is used to separate the pre-replacement and
post-replacement segments.

In the subsequent analysis, the health index based on the horizontal RMS vibration is used as
the main indicator of degradation, while the index obtained from the vertical direction is used for
consistency checks. For graphical comparison across phases and segments, H(t) is normalised to
the range [0, 1] within each segment. The full processing chain, from raw vibration and SCADA
data to the maintenance-event-constrained health index, can be summarised in a flowchart and
provides a reproducible framework for long-term vibration-based degradation assessment of the
main mine fan.

The proposed MEC-HI is constructed primarily from overall vibration velocity RMS, because
this quantity is routinely available in mine SCADA historians and is directly aligned with the
vibration severity measures used in industrial standards and plant alarm practices [9]. In the
present application, the goal is robust identification and trending of progressive bearing

10 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



MAINTENANCE-EVENT-CONSTRAINED VIBRATION HEALTH INDEX FOR DEGRADATION ASSESSMENT OF A MINE MAIN FAN.
XI1A0 MENG, MEI WANG

degradation under strongly varying load, rather than detailed fault-mode classification. By
modelling the expected RMS as a function of airflow, pressure and electrical load, and by
accumulating only the statistically significant positive residuals, the MEC-HI extracts degradation
information that is not visible from raw RMS trends alone. This makes RMS sufficient for the
intended decision task (early warning and maintenance scheduling) while keeping the method
interpretable and implementable in a production SCADA environment.

Nevertheless, additional diagnostic indicators can complement RMS when higher-resolution
vibration data are available. Within a sliding window of length W, dispersion and impulsiveness
statistics such as the coefficient of variation, skewness and kurtosis can be computed for a
vibration feature sequence, and the crest factor can be evaluated when both peak and RMS values
are recorded. Such indicators are known to improve sensitivity to transient impacts in early bearing
damage. To incorporate them in the proposed framework, each indicator can be normalised using
the same operating-condition modelling approach (i.e., constructing a residual relative to a
normal-behaviour model) and then fused into a multivariate health index using established
techniques such as PCA or isolation-forest-based fusion [30]. Recent SCADA
condition-monitoring reviews also highlight the importance of combining robust preprocessing,
normal-behaviour modelling and interpretable indicators for industrial adoption under variable
operating conditions [31, 32].

3.4. Baseline RMS-based health indicator for comparison

To highlight the benefit of the proposed maintenance-event-constrained health index, a simple
baseline health indicator is constructed directly from the horizontal RMS vibration without
operating-condition normalisation. This baseline reflects the common practice of monitoring
exceedances of an RMS limit and accumulating them over time.

Let Lgys denote the 30-day rolling mean of the measured horizontal RMS vibration velocity,
and let Lgys be the statistical warning level defined from the baseline healthy phase P1 as the
mean plus three standard deviations. The instantaneous exceedance of the RMS warning level is
defined as:

ep(t) = max (0, yrys(t) — Lrys)- (N

Similar to the MEC-HI construction, a moving average is applied to smooth short-term
fluctuations:

w-1

1
&) =7 Y e (t=D), ®)

i=0

where W is the smoothing window size in hours. The baseline health indicator is then obtained by
cumulative integration of the smoothed exceedance:

Hy(t) = Hy(t — 1) + &,(t), Hy(to) =0, )
and is finally normalised to [0, 1] over the whole monitoring period:

Hb(t) - min Hb
max H, — min Hy’

Hb,norm(t) = (10)

For a fair comparison with the MEC-HI, the baseline indicator is reset to zero after the bearing
replacement at the end of 2024, but it does not use the operating-condition regression model or
the residual-based threshold 8. Therefore, Hy ,0rm(t) increases whenever the RMS vibration
exceeds its warning level, regardless of whether the increase is caused purely by higher airflow
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and pressure or by true mechanical degradation. As shown in Section 4.3, this behaviour leads to
a strong growth of the baseline indicator during the high-load and ventilation-adjustment phases
in 2023, whereas the MEC-HI remains almost flat in these periods and only increases markedly
during the confirmed bearing degradation stages.

4. Degradation assessment based on long-term field data
4.1. Long-term vibration and operating conditions

During the monitoring period from December 2022 to November 2025, the main mine
ventilation fan experienced pronounced changes in both vibration levels and operating conditions.
Based on the operating logs and maintenance records summarised in Table 2, the data can be
divided into several characteristic phases, including baseline healthy operation, prolonged high-
load operation, ventilation system adjustment, early and severe degradation, and post-maintenance
healthy operation. In this subsection the long-term evolution of the conventional RMS vibration
indicator and the main SCADA variables is examined as a basis for the subsequent construction
of the health index.

The three-year trend of the 30-day RMS horizontal vibration velocity of the fan bearing
housing is shown in Fig. 4. In the baseline phase P1 (December 2022-May 2023) the RMS
vibration remains at a relatively low and stable level, typically around 1-1.5 mm/s, which is
consistent with the absence of reported faults. During the high-load phase P2 and the subsequent
ventilation adjustment phase P3, the RMS vibration increases and exhibits frequent peaks, with
many periods in which the 30-day RMS exceeds the statistical warning level derived from the
baseline stage. At that time no clear mechanical defect was confirmed, suggesting that a
considerable portion of the RMS increase is associated with changes in loading and network
configuration rather than true damage. In the early and severe degradation phases P4 and P5 in
2024, the RMS level remains elevated and shows more persistent high values, especially in the
months directly preceding the bearing replacement. After the replacement at the end of 2024, the
RMS vibration drops markedly and stabilises at a lower level in the post-maintenance phase P6,
indicating recovery of the mechanical condition.
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Fig. 4. Three-year trend of 30-day RMS horizontal vibration of the main mine ventilation fan
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The corresponding long-term evolution of the operating conditions is illustrated in Fig. 5. The
airflow rate, inlet pressure and impeller pressure all show a clear increase during the high-load
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phase P2, reflecting the higher ventilation demand when new stopes and development headings
were opened. In the ventilation adjustment phase P3 these variables fluctuate over a wide range
as regulators and airways are reconfigured. The motor current, active power and power factor
follow a similar pattern, with significantly higher loading in P2-P3 than in the baseline phase and
noticeable short-term excursions during network changes. In contrast, the operating variables in
the early degradation phase P4 do not show a further systematic increase compared with P2-P3,
whereas the RMS vibration remains elevated and becomes more persistent. This behaviour
suggests that the additional vibration in 2024 cannot be explained solely by load variations, but is
associated with progressive bearing degradation. After the bearing replacement, the fan operates
at comparable or even higher airflow and pressure in 2025, while both RMS vibration and
electrical loading return to levels similar to or lower than those observed in the initial baseline
stage.
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Fig. 5. Long-term evolution of operating conditions of the main mine ventilation fan
(airflow, fan pressures and motor electrical quantities)

The combined analysis of Figs. 4 and 5 highlights two important features of the main fan
operation. First, the conventional RMS vibration indicator is strongly influenced by operating
condition, which leads to frequent apparent “over-limit” periods during high-load and ventilation
adjustment phases even when no confirmed defect is present. Second, in the 2024 degradation
phases the vibration remains high although the operating variables do not increase further, and it
drops sharply only after the bearing replacement. These observations motivate the development
of a condition-normalised vibration health index that suppresses load-induced fluctuations and
better captures the underlying mechanical degradation, as discussed in the following subsections.

4.2. Evolution of the maintenance-event-constrained health index

The maintenance-event-constrained health index (HI) constructed in Section 3 is now applied
to the three-year monitoring data of the main mine ventilation fan. Fig. 6 presents the long-term
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evolution of the normalised HI, together with the operating phases and the bearing replacement at
the end of 2024. For clarity, the HI is shown in normalised form, with linear scaling applied within
each maintenance segment. Lower values indicate healthier condition and higher values indicate
more severe accumulated degradation within the corresponding segment.
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Fig. 6. Maintenance-event-constrained vibration health index over the monitoring period,
with identified operating phases and bearing replacement

In the baseline healthy phase P1 the HI remains at a low level with only a slight upward drift,
consistent with the low and stable RMS vibration and the absence of abnormal observations in
this period. During the high-load phase P2 and the ventilation adjustment phase P3, the HI
increases gradually but its growth rate is still moderate. This behaviour reflects the influence of
prolonged high loading and frequent network changes on the residual vibration, while indicating
that the mechanical degradation is still limited. Compared with the strong fluctuations of RMS
vibration in the same phases, the HI shows a much smoother and more interpretable trend.

A marked change in the HI evolution occurs in 2024. In the early degradation phase P4 the HI
rises much more rapidly than in the preceding phases, indicating that the residual vibration after
operating-condition normalisation accumulates at a significantly higher rate. This corresponds to
the period in which routine inspections began to report increasing vibration levels under
comparable loads and occasional abnormal noise near the drive-end bearing. In the severe
degradation phase P5 the HI continues to grow and approaches its maximum value, reflecting
sustained high degradation risk. Although the operating conditions in P4—P5 do not differ
systematically from those in P2-P3, the HI clearly distinguishes the degradation stages, which
supports its use for long-term condition assessment.

The effect of the bearing replacement between 29 and 31 December 2024 is clearly visible in
the HI trajectory. Immediately after this major maintenance event, the HI is reset to a low level
and then increases only slowly in the post-maintenance phase P6, despite the fact that the fan
continues to operate at comparable or even higher airflow and pressure. This confirms that the
proposed maintenance-event-constrained formulation can represent both the monotonic
accumulation of degradation in each service period and the restoration of health due to major
maintenance. Overall, the HI provides a compact and physically interpretable description of the
long-term mechanical condition of the main fan under strongly varying operating conditions, and
forms the basis for comparison with conventional vibration indicators in the next subsection.

4.3. Comparison with conventional vibration indicators

In many mines the condition of main ventilation fans is still assessed mainly on the basis of
overall RMS vibration compared with fixed alarm thresholds. To quantify the benefit of the
proposed health index, the 30-day RMS horizontal vibration of the fan bearing and the
maintenance-event-constrained HI are compared directly over the period from January 2023 to
December 2024. For both quantities, a statistical warning level is defined from the baseline healthy
phase P1 as the mean plus three standard deviations. The resulting RMS and HI warning levels
are then used to mark periods of elevated vibration and degradation risk. Fig. 7 shows the 30-day
RMS vibration and the proposed health index together.
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As seen in Fig. 7, the RMS vibration reacts strongly to changes in operating conditions.

During the high-load phase P2 and the ventilation adjustment phase P3, the 30-day RMS
frequently crosses its warning level and exhibits long periods of apparently over-limit behaviour,
even though no confirmed mechanical fault was reported in these phases. This reflects the
sensitivity of the RMS indicator to airflow, pressure and motor loading, and makes it difficult to
distinguish between benign high-load operation and true degradation. In contrast, the HI remains
at relatively low to moderate values in P1-P3 and increases only gradually, indicating that the
proposed operating-condition normalisation suppresses a large part of the load-induced variability.

A clear difference between the two indicators emerges in the degradation phases P4 and P5.
In 2024 the RMS vibration continues to fluctuate and sometimes drops back toward the warning
level, which complicates interpretation under strongly varying operating conditions. The HI, on
the other hand, shows a much more consistent upward trend. Its increase in P4 and P5 is
significantly larger than in the earlier phases, and it reaches its highest values in the months
immediately preceding the bearing replacement. After the replacement at the end of 2024, both
RMS and HI decrease, and the HI is reset to a low level and then increases slowly during the post-
maintenance phase P6, which agrees well with the engineering judgement of restored bearing
health.

—— 30-day RMS vibration (horizontal) 1.0
3.5} === RMS warning level :
—— Maintenance-event-constrained HI
—-— HI warning level
3.0
10.8
=
g 2.5f
©
E 0.6 £
§20¢ £
g &
2 E
> -
E 1.5 VA 0.4 £
2 | A U W :
o]
1.0f
10.2
0.5}
" N i) 0 N N 3 o e
Q Q Q N Q Q Q N
> o e e B B % %
lQ(L ,))Q'L ’LQ(L ,Lg'l (LQ'L (LQ'L ,LQ’L ,LQ’L
Date

Fig. 7. Comparison of the 30-day rolling RMS horizontal vibration
and the proposed maintenance-event-constrained health index

In addition to the raw RMS trend, the simple baseline HI defined in Section 3.4 was computed.
This indicator increases rapidly during the high-load operation and ventilation-adjustment phases
in 2023, because the RMS vibration frequently exceeds the warning level under these heavy
operating conditions. However, no confirmed bearing damage was reported in this period. In
contrast, the MEC-HI remains almost flat in 2023 and starts to grow mainly during the early and
severe degradation stages in 2024. This comparison confirms that the operating-condition
normalisation and maintenance-event constraints effectively suppress load-induced false alarms
and make the proposed index more consistent with the actual degradation behaviour of the main
fan.

To summarise these observations in a compact form, Table 3 lists, for each operating phase,
the number of hours during which the 30-day RMS exceeds its warning level and the
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corresponding increase in HI within the same period. In the high-load and ventilation adjustment
phases P2 and P3, the RMS exceeds its warning level for a large number of hours, while the HI
increase remains modest and comparable to that in the baseline phase, indicating that most RMS
exceedances in these phases are related to load rather than degradation. In the early and severe
degradation phases P4 and P5, the HI increase is several times larger than in P1-P3, whereas the
RMS continues to show frequent exceedances without clear phase separation. In the
post-maintenance healthy phase P6 both indicators return to low levels, and the HI increase is
again small.

Quantitative comparisons between RMS exceedance hours and HI increments for each phase
are given in Table 3.

Table 3. Hours with RMS vibration above the warning level and corresponding increase
in health index for different operating phases

Operating phase Period Hours with RMS above Increase in
warning level HI

Baseline healthy 2022-12-01 — 2023-05-31 0 0.061
High-load operation 2023-06-01 — 2023-08-31 1557 0.047
Ventilation adjustment 2023-09-01 — 2023-12-31 1787 0.076
Early degradation 2024-01-01 — 2024-06-30 2204 0.626
Severe degradation 2024-07-01 — 2024-12-28 932 0.173
Post-maintenance healthy 2025-03-01 — 2025-09-30 0 0.051

In addition to the raw RMS trend, the simple baseline health indicator Hy,, norm(t) defined in
Section 3.4 was also evaluated. This indicator accumulates the exceedance of a fixed RMS
warning level without operating-condition normalisation. Its long-term evolution is shown in
Fig. 8. It can be seen that the baseline HI grows rapidly already during the high-load phase P2 and
the ventilation adjustment phase P3, reflecting the frequent RMS exceedances in these periods
even though no confirmed bearing damage was reported. As a result, the baseline HI remains at a
relatively high level throughout 2023, making it difficult to distinguish benign high-load operation
from genuine degradation. In contrast, the proposed MEC-HI stays almost flat in P1-P3 and
increases mainly during the early and severe degradation phases P4 and P5 in 2024. This
comparison confirms that operating-condition normalisation and the use of residual-based
increments are essential to suppress load-induced false alarms and to obtain a health index that is
consistent with the actual degradation behaviour of the main fan.
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Fig. 8. Long-term evolution of the baseline RMS-based health indicator derived from
the 30-day RMS horizontal vibration, with reset at the bearing replacement at the end of 2024

In the present case, the MEC-HI crosses its warning level on 7 February 2024, while the 30-day
RMS reaches its warning level already on 24 January 2024. Together with the much higher number
of RMS exceedance hours in phases P2 and P3 (Table 3), this confirms that the RMS-based

16 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



MAINTENANCE-EVENT-CONSTRAINED VIBRATION HEALTH INDEX FOR DEGRADATION ASSESSMENT OF A MINE MAIN FAN.
XI1A0 MENG, MEI WANG

indicators tend to trigger very early but ambiguous alarms driven by operating-condition changes,
whereas the MEC-HI provides a long advance warning that is more clearly associated with the
documented degradation of the bearing.

Overall, the comparison indicates that the conventional RMS indicator is prone to false alarms
when the fan operates under strongly varying load, while the proposed health index provides a
more stable and interpretable measure of long-term degradation that is consistent with the known
maintenance events and field observations. The HI is therefore better suited as a primary indicator
for condition-based maintenance of the main mine ventilation fan, with RMS vibration remaining
useful as a complementary indicator for detecting sudden severe faults.

To address the request for indicators beyond RMS while remaining consistent with SCADA -
resolution data, we computed simple variability and distribution-shape statistics from the 30-day
RMS sequence. The coefficient of variation increases from 0.044 in the baseline phase to 0.389
in the early degradation phase and returns to 0.042 after bearing replacement, consistent with the
MEC-HI trend. In addition, an outlier-occurrence analysis on the hourly RMS data identified 131
isolated outliers over 22,097 in-service hours (0.59 %). Replacing these points with the local
median changes the phase-wise RMS exceedance hours by at most 2 h and the phase-wise HI
increments by at most 0.0018. These checks confirm that the main conclusions are not driven by
a small number of extreme points and that RMS-derived sequence statistics can provide
complementary evidence when high-rate waveforms (needed for crest factor or waveform
kurtosis) are unavailable.

4.4. Early-warning behaviour around bearing replacement

The bearing replacement carried out at the end of 2024 provides an opportunity to examine the
early-warning behaviour of the proposed health index in comparison with the conventional RMS
indicator. As shown in Fig. 6, the HI exhibits a pronounced increase during the early and severe
degradation phases in P4 and P5 and reaches its highest values in the months immediately
preceding the planned shutdown. In contrast, the operating variables in Fig. 5 do not show a
systematic increase over the same period, indicating that the additional vibration captured by the
HI is not simply due to higher load but reflects progressive mechanical degradation of the bearing.

When the statistical warning levels defined in Section 4.3 are taken into account, Fig. 7 reveals
a clear difference in the alarm behaviour of RMS and HI. The 30-day RMS vibration crosses its
warning level frequently already in the high-load and ventilation adjustment phases, and this
pattern continues in 2024, making it difficult to judge from RMS alone whether the risk of bearing
failure is actually increasing or the fan is merely operating under temporarily unfavourable
conditions. The HI, on the other hand, remains at relatively low to moderate levels in P1-P3 and
then attains persistently elevated values throughout the degradation phases in 2024, staying close
to or above its warning level in the period before the bearing replacement. This sustained high HI
level is consistent with the repeated abnormal observations reported by site engineers and with
their decision to replace the bearing during a planned year-end shutdown.

The phase-wise statistics in Table 3 support this interpretation. While the number of hours with
RMS above its warning level is already large in the high-load phase P2 and the ventilation
adjustment phase P3, the increase in HI in these phases remains limited and comparable to that in
the baseline phase P1. In contrast, the HI increase in the early degradation phase P4 is several
times larger than in P1-P3, and a further increase is observed in the severe degradation phase P5,
even though the RMS exceedance hours do not show a similarly clear phase separation.

Using the warning levels defined in Section 3, the 30-day horizontal RMS first exceeds its
warning level LRMS on 24 January 2024, about 339 days before the bearing replacement on
29 December 2024. However, similar RMS exceedances already occur frequently during the
high-load and ventilation-adjustment phases in 2023 (Table 3), so it is difficult for engineers to
interpret this early crossing as a reliable early-warning signal. In contrast, the proposed MEC-HI
remains close to its healthy baseline throughout 2023 and only exceeds its warning level on
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7 February 2024, approximately 325 days before the bearing replacement. From that time onwards
the MEC-HI increases almost monotonically until the maintenance event, providing a long-term
indication of progressive degradation while avoiding the load-induced false alarms observed in
the RMS trend.

It should be emphasised that the present analysis is based on a single fan and one documented
bearing replacement. The HI is therefore not intended to provide precise remaining useful life
predictions, but rather to offer an interpretable long-term degradation measure and a robust
early-warning signal under strongly varying operating conditions. Further validation on additional
fans and failure cases would be required to quantify the statistical distribution of advance warning
times and to calibrate decision thresholds for different mine ventilation systems.

Because SCADA data streams may contain rare spikes due to sensor noise, communication
interruptions or short operating transients, the robustness of the proposed indicator was considered
explicitly. First, isolated outliers are mitigated at the preprocessing stage using median-based
screening and are excluded from regression training and from health-index updates. Second, the
MEC-HI uses a tolerance threshold derived from the residual distribution in confirmed healthy
phases and applies moving-average smoothing before accumulation; therefore, isolated spikes
contribute only limited increments, whereas sustained condition-normalised increases drive the
monotonic growth of the index. These design choices reduce the risk that a small number of
outliers will trigger misleading degradation interpretation. For applications in which
higher-resolution vibration data are available, complementary statistics (e.g., windowed CV and
kurtosis) can be monitored alongside MEC-HI to improve sensitivity to impulsive behaviour and
to support fault-type discrimination, while still using operating-condition normalisation to
suppress load effects [7, 22].

5. Discussion
5.1. Engineering implications for mine ventilation fans

The results obtained in Sections 4 have several practical implications for the monitoring and
maintenance of main mine ventilation fans. First, the analysis confirms that conventional RMS-
based monitoring can become difficult to interpret when the fan operates under strongly varying
operating conditions. In the present case, the 30-day RMS vibration exceeded its statistical
warning level for a large number of hours during high-load and ventilation-adjustment phases,
although no confirmed mechanical defect was present in these periods. Such frequent apparent
“over-limit” events can lead to alarm fatigue and reduce the confidence of ventilation and
maintenance engineers in the vibration monitoring system.

The proposed maintenance-event-constrained health index provides a more stable and
interpretable representation of long-term degradation under these conditions. By explicitly
modelling the dependence of vibration on airflow, pressure and motor electrical quantities, and by
accumulating only the positive residual vibration beyond what can be explained by loading, the
HI suppresses a large part of the load-induced variability. In the field application, this allows
engineers to distinguish between benign periods of high load, in which the HI increases only
moderately, and true degradation phases, in which the HI grows rapidly and remains at an elevated
level. The clear decrease of the HI after the bearing replacement further supports its use as a tool
for validating the effectiveness of major maintenance actions.

From an implementation point of view, the framework is compatible with existing
SCADA-based monitoring systems. The variables required for the operating-condition model —
airflow, fan pressures, motor current and active power — are already measured in most modern
mine ventilation systems. The additional computational burden is limited to a regression model,
the calculation of residuals and a simple cumulative update of the HI, which can be implemented
as an online function in the SCADA historian or in a separate monitoring server. The warning
threshold for the HI can be calibrated using historical data from a known healthy phase in the same
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way as for RMS, but with the advantage that it is less sensitive to future changes in production
intensity or network configuration.

The practical value of MEC-HI extends beyond a single case study: it converts heterogeneous,
condition-dependent vibration behaviour into a single, actionable degradation indicator. In a mine,
this enables maintenance teams to focus inspections of the fan and bearings when MEC-HI shows
sustained growth, to reduce nuisance alarms by separating load-driven RMS excursions from
abnormal residual vibration, to document the effectiveness of interventions such as bearing
replacement through the post maintenance reset response, and to support risk-based ventilation
planning in which fan availability is a safety-critical constraint. Because MEC-HI relies on
standard SCADA tags and a lightweight regression model, it can be deployed as an online
calculation and scaled across fleets of fans or other rotating assets, supporting the shift from
time-based to data driven maintenance in mining and other process industries [32].

In practical terms, the proposed HI is not intended to replace RMS vibration entirely, but rather
to complement it. RMS remains valuable as a fast indicator of sudden severe faults and for
compliance with existing vibration standards, whereas the HI is better suited for tracking slow
degradation and supporting decisions on condition-based bearing replacement. For mines
operating large axial-flow fans as the single main exhaust unit, such a combined strategy can
improve the reliability of early-warning information, reduce unnecessary alarms during planned
high-load operation and help schedule major maintenance at times that minimise production losses
and safety risks.

5.2. Generalisation to other rotating machinery

Although the case study in this paper focuses on a single main mine ventilation fan, the
proposed framework is not restricted to this specific machine type. Many classes of industrial
rotating machinery, such as large axial and centrifugal fans, pumps, compressors and wind turbine
drivetrains, operate under time-varying load and are equipped with SCADA systems that record
both vibration and key operating variables. In such systems, conventional vibration indicators
often suffer from the same difficulty observed in the present application: it is hard to separate
load-induced changes from genuine mechanical degradation using RMS thresholds alone. The
idea of constructing a condition-normalised health index from residual vibration therefore has
broader potential.

To apply the framework to other machines, several elements would need to be adapted. The
choice of operating-condition variables in the regression model should reflect the main load
drivers of the specific machine, for example flow rate and head for pumps, discharge pressure and
compression ratio for compressors, or wind speed, rotor speed and generator power for wind
turbines. The training data for the operating-condition model should cover a representative range
of healthy operating conditions, and the definition of operating phases and maintenance events
should follow the maintenance strategy and logging practice of the target system. In multi-bearing
or multi-stage machines, separate health indices could be constructed for different locations, or a
combined index could be derived from multiple vibration channels.

At the same time, several limitations need to be acknowledged when generalising the method.
The present study uses a relatively simple linear regression model and a single scalar HI, which is
appropriate for the available data and the engineering requirement of interpretability, but may not
capture strongly nonlinear load—vibration relationships or complex interacting degradation
mechanisms in more intricate systems. For machines with very sparse or irregular maintenance
records, the incorporation of maintenance events as explicit constraints may also be less
straightforward. Therefore, further studies on other types of rotating machinery and larger
machine populations would be needed to evaluate the robustness of the framework, to explore the
benefit of more flexible operating-condition models and multivariate health indices, and to
quantify the variability of early-warning behaviour across different applications.
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5.3. Limitations and future work

Several limitations of the present study should be recognised when interpreting the results.
First, the analysis is based on a single main mine ventilation fan and one documented bearing
replacement. Although the dataset spans nearly three years and covers multiple operating phases,
it represents only one machine and one major degradation-maintenance cycle. The observed
evolution of the health index and the phase-wise statistics may therefore not be fully representative
of other fans or other mines, and no statistical distribution of warning times or failure probabilities
can be established from the available data.

Second, the operating-condition model used to normalise the vibration is restricted to a linear
regression structure with a fixed set of SCADA variables. This choice is motivated by the need
for interpretability and ease of implementation, and it appears sufficient to capture the main
load-vibration relationship in the present case. Nevertheless, more complex machines or more
strongly nonlinear operating regimes may require more flexible models, for example with
nonlinear terms or machine-learning-based regressors. The current framework does not explore
such alternatives, and the potential gain in accuracy and robustness remains to be evaluated.

Third, the health index is constructed from a single overall horizontal RMS vibration channel,
and the maintenance-event constraint is implemented in a relatively simple way by resetting the
cumulative residual at the time of bearing replacement. While this is adequate for illustrating the
concept, additional information could be exploited in principle. For example, frequency-band-
specific vibration features, vertical vibration, or temperature measurements might help distinguish
between different fault modes, and more sophisticated formulations could take into account partial
repairs, lubrication events or multiple interacting degradation mechanisms. The present study also
relies on engineering judgement and simple statistical rules to select healthy periods and to define
warning thresholds, rather than performing a systematic optimisation.

These limitations point to several directions for future work. One line of research is to apply
and validate the proposed framework on a larger population of main mine ventilation fans and on
other classes of rotating machinery, in order to assess the variability of health index trajectories
and early-warning behaviour across different machines and operating environments. Another
direction is to investigate more advanced operating-condition models and multivariate health
indices that incorporate additional vibration and process features while still retaining sufficient
interpretability for field engineers. Finally, with more annotated degradation and failure cases, it
would be possible to link the health index quantitatively to remaining useful life through
probabilistic models, and to develop decision rules that balance early-warning benefits against the
cost of premature maintenance in mine ventilation systems.

6. Conclusions

This paper has presented a degradation assessment framework for a main mine ventilation fan
based on long-term field data and a maintenance-event-constrained vibration health index. The
case study uses nearly three years of hourly monitoring data from a Howden AMN4240/2000B
axial-flow fan serving as the only main exhaust fan in an underground copper mine. The dataset
combines bearing vibration measurements with SCADA variables, including airflow, fan
pressures and motor electrical quantities, and covers multiple operating phases as well as a
documented bearing replacement.

The first contribution is the compilation and analysis of a long-term multi-source dataset for a
main mine ventilation fan under strongly varying operating conditions. The data reveal that the
fan experiences pronounced changes in load and network configuration associated with production
scheduling and ventilation adjustments, and that these changes have a strong impact on
conventional RMS vibration indicators. During high-load and ventilation-adjustment phases, the
30-day RMS vibration frequently exceeds a statistical warning level derived from a baseline
healthy period, even though no confirmed mechanical fault is present, which highlights the risk of
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false alarms when RMS is interpreted without explicit consideration of operating conditions.

The second contribution is the development of a condition-normalised vibration health index
that explicitly incorporates both operating-condition dependence and maintenance events. An
operating-condition regression model is first established to estimate the expected vibration level
as a function of airflow, fan pressures and motor electrical quantities. The positive residual
vibration beyond this model is then smoothed and accumulated over time, with major maintenance
events used to reset the cumulative degradation. The resulting health index provides a compact,
monotonic representation of the long-term mechanical condition of the fan, remaining low in the
baseline phase, increasing slowly under prolonged high load and network adjustments, rising
rapidly during the documented degradation phases in 2024, and dropping sharply after the bearing
replacement.

The third contribution is a quantitative comparison between the proposed health index and the
conventional RMS indicator in terms of warning behaviour across different operating phases.
Phase-wise statistics of RMS exceedance hours and health index increments show that RMS is
heavily influenced by load and does not clearly separate benign high-load operation from true
degradation, whereas the health index exhibits a much larger increase in the early and severe
degradation phases than in the preceding phases and returns to a low-growth regime after
maintenance. From an engineering perspective, this suggests that the health index is better suited
as a primary indicator for long-term degradation assessment and planning of condition-based
bearing replacement, with RMS retaining its role as a complementary indicator for sudden severe
faults.

The study is subject to several limitations, including the focus on a single fan and one major
bearing replacement, the use of a linear operating-condition model and a scalar health index
derived from one vibration channel, and the absence of a probabilistic remaining useful life model.
Nevertheless, the results demonstrate that explicitly combining long-term vibration data, SCADA
operating variables and maintenance records can substantially improve the interpretability of
condition monitoring for main mine ventilation fans. Future work will extend the proposed
framework to larger populations of fans and other rotating machinery, investigate more flexible
operating-condition models and multivariate health indices, and explore probabilistic links
between the health index and maintenance decision-making under uncertainty.
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Appendix

Table Al. Outlier occurrence and sensitivity of phase-wise statistics (isolated outliers detected by Hampel
identifier on detrended hourly RMS; replacement uses the local 7-day median)

Operating phase Period h?)il;zi?:l) Iosl(l)tll?(t;‘: rgtléﬂ(i;:) AaE(;)\l/g i inﬁrgllse
(count) LRMS
Baseline healthy 2%;;5;(_)311’ 3669 37 1.008 0 0.0001
illggefaifjs 2%23;_)&(_)311‘ 2230 9 0.404 -1 0.0000
Zde;l‘ltsltlf;;’l’t‘ 2%235?19 ;)31]_ 2593 8 0.309 1 ~0.0006
Early degradation 2%;?52310’ 2893 10 0.346 2 0.0009
de:f:;;gon 2%;:(_)17 ;_)218‘ 2748 9 0.328 0 0.0001
POSt“li‘jﬁ;e;ance Dy | asss 28 0.577 0 00018
Overall 2%22;12]‘(_)117* 22097 131 0.593 | max|A| =2 | max|A| = 0.0018

Table A2. Complementary statistics computed from the 30-day RMS sequence
in each phase (SCADA resolution)

Operating phase Period M;ﬁi So(fn?g;/(:?y (msrf/s) CvV Iéfg::;; Max/mean
Baseline healthy 2200222;55(_)311‘ 1271 0.055 | 0.044 1.46 1.063
I:]‘)gelrlaﬁ’:f 25)3233'(_)&;(_)311‘ 1.665 0240 | 0.144 |  -1.35 1252
Z(;’l’lts‘iii;‘: BV 1.583 0354 | 0224 —1.03 1.352
Early degradation 2;) 02;;1(_)(};_)31 07 1.890 0.734 | 0.389 -1.38 1.696
degf;(ggon 2%;:(_)17 ;_)218‘ 1.458 0437 | 0300 | 035 1.765
POSt';fgﬁgame D 1161 0.049 | 0042 -130 1.064
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