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Abstract. This paper presents findings from a survey into locomotive and train maintenance
professionals’ insights about their current maintenance approaches and a short review of existing
research literature to help provide greater understanding of why Time-based-maintenance (TBM)
approaches are still dominant in the industry. Following that, a structured Condition-based-
Maintenance (CBM) approach for freight locomotives’ maintenance that can be implemented to
either complement or completely replace conventional TBM approaches adopted by the rail
freight industry today is proposed. The foundation and most significant component of this
approach is the critical review of the existing TBM regime, and the historical failure data using
techniques such as Pareto Analysis and FMEA (Failure Mode & Effect Analysis). Once the critical
review is completed, the structured approach experimentation and implementation stages can
begin, which consist of the deployment of sensors and CBM techniques to detect problems on the
locomotive by monitoring parameters such as vibration. An example of the structured approach
application in the critical review stage is included in this paper using real failure data. The paper
concludes with suggested future work to enable transition from TBM to CBM with a focus on
components with the greatest impact on the maintenance organizational profitability.

Keywords: condition-based maintenance, time-based maintenance, freight locomotives
maintenance, CBM, TBM, reliability, maintenance.

1. Introduction

Freight locomotives that are used to pull intermodal and bulk material cargo today still mostly
follow a periodic Preventative Maintenance (PM) strategy which is mainly based on inspections,
component cleaning, component replacements and overhauls at fixed intervals also known as
TBM or Time-Based-Maintenance [1]. Condition-Based Maintenance (CBM) as a strategy in the
freight locomotives industry has existed for a long time and multiple attempts of its application
already exist in both industry and academic literature. For example, prior study dating as far back
as 1995 by K N Fry from British Rail Research investigated using CBM to improve the reliability
of Class 47 locomotive reliability [2].

The main objectives of this work are to determine the best answer to the question of why CBM
has not been adopted as a main strategy for freight locomotives maintenance until today? In other
words, why is TBM still dominant in the maintenance of freight locomotives? And based on the
assumption that CBM is the better approach, what is the best practical approach that freight
locomotive businesses can take to expand the adoption of CBM maintenance in their already
existing TBM regimes? This study attempts to answer these questions in two ways as follows:

1) Firstly, through literature review, to summarize the advantages and disadvantages of TBM
in contrast to CBM and then consider similar studies that tried to answer the same questions. The
literature review to identify similar studies was done through online searches of journals such as
ScienceDirect, Google Scholar, Extrica, MDPI, Hindawi and Sage Journals for the years 1990 to
2022.

2) Secondly, through surveying the opinions of professionals in the locomotive and train
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maintenance industry with questions that were designed based on the key advantages and
disadvantages of TBM and CBM review discussed in the previous section.

The paper is presented as follows: introduction, literature review, maintenance organizations
survey and discussion of survey responses, the structured approach methodology overview, the
current maintenance model and descriptions of the three stages of the structured approach namely
critical review, experimentation and implementation stages respectively. The approach is
demonstrated in Section 6; however, this demonstration only includes the critical review stage of
the structured approach, which is the biggest limitation of this study. Finally, conclusions are
drawn in Section 7.

2. Literature review

The advantages of TBM include being a tried and tested strategy that has yielded the reliability
required by operators and customers of freight trains for many decades and the ease of
maintenance planning and execution based on a fixed set of maintenance activities [3]. The
disadvantages of TBM include sharply increased cost of maintenance as the number of
maintenance activities increases, and locomotives must be made unavailable to perform
maintenance that may not be truly required which increases downtime [4]. The biggest
disadvantage of CBM on the other hand is introducing more complicated maintenance planning
as execution is based mostly on predictions [5]. However, in a CBM regime only when the health
of the locomotive begins to deteriorate, the locomotive is removed from service and maintenance
is performed, and when done over the service life of the locomotive results in a sharply decreased
maintenance cost [6]. Similar studies that discussed the issue of slow CBM adoption in industry
includes one carried out by Rosmaini and Shahrul (2012) who concluded that CBM is the
favorable approach, but more research is needed to make CBM more realistic for industrial
practice. Another study by Verhagen, et al. (2023) discussed the challenges to slow CBM adoption
in the Aviation industry, and they concluded that even with big strides made in condition
monitoring technology reseach, adoption of CBM is behind due to lack of practical frameworks
that explain how to adapt current maintenance procedures for CBM. The work in this paper is
intended as contribution to fill the gap in industrial application of CBM research in general and
freight locomotives maintenance research in particular with the main argument of this paper being
that CBM adoption in freight locomotives maintenance can be achieved with a clear and structured
approach that demonstrates how to introduce CBM to an already existing and mostly TBM regime
and that the lack of such structured approach is the main reason for the slow adoption of CBM in
the locomotive maintenance industry.

3. Maintenance organizations survey

The author designed a qualitative questionnaire that consists of six questions, the first and last
are open-ended questions, aimed at capturing the job titles of the participants and understanding
what they found most advantageous about TBM. The other four questions were Multiple-Choice
Questions (MCQs) aimed at understanding the perceptions of individuals in organizations in
charge of locomotive and train maintenance with regards to their current and preferred
maintenance approaches. These perceptions are crucial in this research to reinforce the widely
reported assertions that TBM is still more dominant and that CBM is the preferred approach by
industry. Google Forms was used to create the survey, a preview of it is shown in Fig. 1.

The target audience for this survey were members of locomotive and train maintenance
organizations and the invitations to participate in the survey were focused on a selection of
participants from locomotive and train maintenance organizations known to the author. The
invitations were sent through email and through professional networking sites such as LinkedIn,
with a target response rate of at least 30 participants.
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MCQ1: Which maintenance approach do you think applies to your
locomotive/train maintenance organisation the most?

[C] Mostly Time Based Maintenance Approach
[CJ Mostly Condition Based Maintenance Approach
[C] Mixed Maintenance Approach (Time Based & Condition Based Maintenance)

[C] Other Maintenance Approach

MCQ2: Which maintenance approach do you prefer your maintenance
organisation to implement?

[C] Mostly Time Based Maintenance Approach
[CJ Mostly Condition Based Maintenance Approach
[C] Mixed Maintenance Approach (Time Based & Condition Based Maintenance)

[C] Other Maintenance Approach

MCQ3: Do you think your locomotive/train failures are mostly predictable? *

] Yes
[ Neo

MCQ4: Do you think your locomotives/trains suffer from over-maintenance? *

] Yes
O Neo

What is most attractive to you about a Mostly Time Based Maintenance Approach?

¢
o

Fig. 1. Survey questions preview
3.1. Discussion of survey responses

A total of 36 responses were received, representing multiple layers of employment within
locomotive and train maintenance organizations such as technicians, engineers, managers and
directors as well as maintenance experts, trainers and schedulers. Fig. 2 shows a tree map of the
participants’ job titles and Fig. 3 shows the distribution of job titles.

Notably, engineers and maintenance managers represent the most responses at 31 % and 28 %
respectively, followed by maintenance experts at 19 % then technicians and others such as trainers
and schedulers at 8 % each respectively and finally maintenance directors at 6 %.

Fig. 4 shows a distribution of what the participants in this survey thought was most
advantageous about the TBM portion of their current maintenance regimes.
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Fig. 2. Survey participants tree map
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Fig. 3. Survey distribution of job titles Fig. 4. Survey TBM advantages distribution
of responses

Notably Ease of planning and Implementation represents the most responses at 53 %, followed
by Improved Reliability and Availability and Compliance, Assurance and Risk Management at
17 % & 12 % respectively. Cost efficiency and other miscellaneous responses came last at 9 %
each.

Fig. 5 shows a summary of the responses to MCQ1 which asked about the type of maintenance
approach each participant thought was in adoption by their organization. The Mixed Maintenance
approach that included both TBM & CBM came first at 58.3 %, followed by TBM at 47.2 % then
came other maintenance approaches i.e. RCM (Reliability-Centered-Maintenance) or PdM
(Predictive-Maintenance) and finally a mostly CBM approach at 2.8 %. Based on these responses,
TBM is still highly adopted as almost half the responses (47.2 %) noted mostly TBM as their
current approach.

Fig. 6 shows a summary of the responses to MCQ2 which asked about the type of maintenance
approach each participant preferred their organization to implement. Mixed maintenance approach
came first at 58.3 %, followed by mostly CBM at 19.4 % then others such as RCM & PdM at
16.7 % and finally a mostly TBM approach at 13.9 %. Based on these responses, notably,
professionals in the industry prefer less adoption of mostly TBM approaches as only 13.9 % of
participants noted mostly TBM as their preferred maintenance approach against 19.4 % that
preferred mostly CBM approaches.

Fig. 7 shows a summary of the responses to MCQ3 which asked whether each participant
thought their locomotive failures were predictable. 55.6% responded No, whereas 44.4%
responded Yes.
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Fig. 8 shows a summary of the responses to the final MCQ4 which asked whether each
participant thought their locomotives suffered from over-maintenance. 52.8 % responded No
whereas 47.2 % responded Yes.

Mostly Time Based Maintenance
Approach

Mostly Condition Based
Maintenance Approach

Mixed Maintenance Approach
(Time Based & Condition Based
Maintenance)

21 (58.3%)

Other Maintenance Approach

0 5 10 15 20 25
Fig. 5. Survey MCQ1 response summary

Mostly Time Based Maintenance

0,
Approach 5 (13.9%)

Mostly Condition Based

0y
Maintenance Approach L1242

Mixed Maintenance Approach
(Time Based & Condition Based
Maintenance)

21 (58.3%)

Other Maintenance Approach

0 5 10 15 20 25
Fig. 6. Survey MCQ2 Response Summary

Yes 16 (44.4%)

No 20 (55.6%)

o

5 10 15 20

Fig. 7. Survey MCQ3 response summary

Yes 17 (47.2%)
No 19 (52.8%)
0 5 10 15 20

Fig. 8. Survey MCQ4 response summary
4. The structured approach methodology

In this paper, a structured approach methodology to transition to CBM for freight locomotives
is proposed, which can address the existing TBM model’s limitations. The TBM strategy
considered for improvement in this paper belongs to a diesel-electric locomotive which is
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equipped with a Diesel Engine that turns a high-power Traction Alternator, Fig. 9 shows this
arrangement.

Traction
Diesel |- |Alternator o g ’\
Engine 3 s [ T ™
! Speed

Sensor

Current
Sensors

Traction Controller fd—

Fig. 9. Locomotive engine and traction alternator arrangement

In most industries, the original version of the maintenance policy is derived from the OEM
(Original Equipment Manufacturer) suggestions [6]. The original version of the locomotive
maintenance regime in this paper is based on the manufacturer guidelines, which are mostly TBM.
Later versions of the regime evolved with adjustments made by the locomotive operators and
maintainers to address specific operating and performance requirements. To provide the reader
with additional context about this locomotive in this study, the power generated by the locomotive
Traction Alternator is fed to a group of electric traction motors, Fig. 10(a) shows this arrangement.
Each traction motor is mechanically coupled to gears that rotate the locomotive wheels. Fig. 10(b)
shows the motor and wheelset arrangement. Each set of three motors and three wheelsets form
what is known as “motor bogie” or truck, the locomotive considered in this paper has two bogies
or trucks [7].

Pinion
Traction Gear
Alternator Aheel A Wheel
B A
G Traction | |
' Motor |
AR
Rectifior 1 Roctfior 2 - -
Inve Inverter 1
Tube
A Bull
TM1 TM2 TM3 TM4 TMS TM6 Gear
A
a) b)

Fig. 10. a) Alternator and motors arrangement, b) motor and wheelset arrangement

Fig. 11 shows the proposed CBM structured approach hierarchy with the critical review stage
as its foundation. The structured approach is comprised of three main stages which are described
in the following sections.

4.1. Current maintenance model
The TBM portion of the current maintenance model starts with a daily exam, followed by a
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30-day inspection, and continues at a 30-day interval that consists of Inspections (I), Cleaning (C),
and parts and consumables Replacements (R) such as lubricating oils, filters and seals. At
1095-days or 3 years of service life, the locomotive is stopped for its first major overhaul, which
includes major locomotive parts and systems inspections (I), Cleaning (C), Replacements (R) and
overhauls (O). The next major overhaul events happen as follows; 2190-days, or 6 years interval,
3285-days, or 9 years, 3650-days or 10 years and lastly, at 4380-days or 12 years of service-life.

CBM

Implementation

Stage

CBM Expermintation Stage

Critical Review

Stage

Fig. 11. Structured approach hierarchy

Each interval is represented in the maintenance specification document known as Maintenance
Instruction or MI, which includes a set of maintenance tasks, where each task lists what
locomotive parts and system to Inspect (I), Clean (C), or Replace (R). The list of locomotive spare
parts in the maintenance specification document is known as Bill of Materials or BOM. Table 1
shows the BOM for one of the locomotive TBM events.

Table 1. TBM event BoM (bill of materials)

Maintenance Part Part . Locomotive .
event description number Quantity system Action
180 Days Engine Air Filters 12345 5 Forced Air System R
180 Days Engine Oil Filters 12346 10 Engine R
180 Days Primary Fuel Filter 12347 1 Engine R
180 Days Main Generator Brushes 12348 6 Electrical Equipment R
180 Days Main Reservoir Air Filters 12349 2 Compressed Air R

As revealed by the survey in this study, Ease of planning and implementation is what most
maintenance organization professionals consider the biggest advantage about TBM. Fig. 12 shows
the overhaul schedule performance charts adopted by the maintenance organization in this study,
which include the schedule dates, the plan completion date and actual completion statuses.

12000% =——Plan

3 Years Overhaul

100.00% = Completion

Completion %

0.00% =——Plan

o > B
T Y

» o >

Schedule Date
12 Years Overhaul

60.00% ——Completion

Completion %

PP SIIIT I I T EE

0.00%

,,so.s.).) uuuuuuuuuuuuu PR s

Schedule Date

6 Years Overhaul

3000%

o 200% =——Plan }

s ——Completion

£ 2000%

K

£ 1500%

B

£1000%

3

O s00%
0.00%

4 LD P S S S S S S R N2 s &
U A R L R I
Schedule Date

10000% pln 9 Years Overhaul
90.00% —
$0.00% ——Completion
000%
60.00%

2 s000%

5 w000%

£ 0%

£ 2000%

£ o

o

> N N N A R

S 5»* s* S ,»“.‘é‘ sé év s»’ ¥ &-‘o‘

Schedule Date

Fig. 12. TBM events plan and execution performance charts
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4.2. Critical review stage

In this stage the locomotive historical failure data is analyzed using the Parcto analysis
technique which is also known as the 80-20 rule [8]. What follows is the critical review and
analysis of the existing TBM regime in relation to the failure data represented in the Pareto
analysis; doing this will enable more understanding of the strengths and weaknesses of the current
regime and potentially the obstacles that could hinder the implementation of CBM.

The next step is the critical review using Failure Modes and Effects Analysis (FMEA) tool,
which is the primary analytical tool in the proposed structured approach, because it is a systematic
tool and can reveal all the failure modes, causes of failure, and the effects of failures better than
all other techniques [3].

Other techniques are also considered in the proposed structured approach, namely, Weibull
analysis for being one of the best tools to reveal the characteristic life of failed components and to
help in establishing a more precise failure rate baseline that can be used to perform other analytical
techniques such as Fault Tree Analysis (FTA) and Reliability Block Diagram (RBD). FTA & RBD
are effective in modelling the causes and effects of failures on the overall system or component
reliability, which is something FMEA and Weibull cannot provide [3]. The final step of the critical
review stage is to identify gaps in the existing maintenance regime where CBM can be
implemented.

4.3. CBM experimentation stage

This is about experimenting with practical condition monitoring methods that can be
performed by maintenance teams within locomotive workshop environments or onboard
locomotives or even using wayside systems by monitoring parameters such as vibrations,
temperatures, pressures, voltage, current acoustic emissions, and other parameters. This stage
includes performing in-service testing and reviewing results and findings.

4.4. CBM implementation stage

This includes selecting the most appropriate and effective condition monitoring methods based
on results in experimentation stage and its integration into the existing maintenance regime.
Maintenance organizations use budgets for cost control [3], therefore performing a Cost Benefit
Analysis (CBA) to analyze the risks and the benefits of the selected CBM method to be
implemented are necessary and will be included in this stage.

5. Application of the structured approach
5.1. Historical failure data — pareto analysis

Pareto analysis of locomotive component failures data between September 2022 and
December 2023 for the locomotive in this case study is performed. Fig. 13 shows the top 20
locomotive failures during this period.

The Pareto analysis shown in Fig. 14 is based on the frequency of each locomotive component
failure and shows that the first nine locomotive component failures contribute to approximately
80 % of all failures with AC traction motor as the most dominant component failure (42 %).

5.2. Critical review of current maintenance regime

Table 2 shows all 20 maintenance components represented in Fig. 14 with details of the type
of TBM task that is carried out during each interval. Notably, the electric AC traction motors that
feature as the dominant failure in the Pareto analysis get overhauled during the 1095-day or 3
years interval. At 3650-days or 10 years, the locomotive bogies and all their sub-assemblies are
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overhauled and finally at 4380-days of service-life, the main traction alternator is overhauled.

Sept 2022 - Dec 2023
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Fig. 13. Locomotive historical components failures — Top 20

Table 2. Current maintenance regime review

Locomotive component or Maintenance Interval
system Daily 30- | 92- | 184- | 365- | 1095- | 2190- | 3650- | 4380-
day | day | day day day day day day

AC Traction Motor 1 I 1 1 R R R R R
Engine Aftercooler I I I I I R R R R
Engine Air Starter Motor I I I I I R R R R
Radiator Cooling Fan 1 1 1 1 1 R R R R

Engine Exhaust Expansion
Joint I I I I I R R R R

Alternator Slip Ring

Assembly 1 I 1 1 1 R R R R
Engine Power Assembly I I I I R R R R R
Dynamic Brake Blower Motor| I I I I R R R R R
Turbocharger 1 1 1 1 R R R R R

Turbo Exhaust Expansion
Joint I I I I R R R R R
Pulse Filter 2 Blower Motor 1 I 1 1 R R R R R
Air Dryer I I I I R R R R R
Traction Interface Module I I I I R R R R R
Traction Motor Gearcase | I | | | R R R R
Pulse Filter 1 Blower Motor | 1 I I I R R R R R
Engine RB Water Pump 1 I 1 1 1 R R R R
Generator Blower Motor 1 I 1 1 R R R R R
Traction Alternator 1 I 1 1 R R R R R
Engine Assembly I I I I R R R R R
Air Brake Control Portion | I I [ R R R R R

6. Failure mode and effects analysis (FMEA)

The Failure Mode and Effect Analysis (FMEA) is used to critically evaluate the most dominant
failure in the Pareto Analysis, which is the AC motor failures as shown in Table 3. A list of
potential failure modes pertaining to each category are identified using the terminology adopted
by the freight industry to identify traction motor failures [23]. Rankings are set for the severity
(S), the occurrence (O) and the detection (D) to allocate Risk Priority Number (RPN) values based
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on Eq. (1) [9]:

RPN =S X0 xD. (D
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
s £ = % 8 § 4 % 3 E v o5 % & v oz oz o2 B g
¢ 9 % 8 7T I % F £ % ¢ ¢z ®E GG
£t § s 2 fpe°fp=E §Fagp s § g 8
t 883y $i i 3 Eiifcog
4 tF& -~ : 5 2
Fig. 14. Failures Pareto analysis
Table 3. Failure modes and effects analysis
Component | Failure mode Failure Effect Failure Cause S/O|D RPN
C1 | DE Bearing Lubrication Failure
DE Bearing Excessive Loading /
C2 External Force
Locked C3 DE Bearing Misalignment
Fl Rotor El| Locked Wheels C4 | DE Bearing Lick of Lgubrication 8|10, 5 400
C5 | NDE Bearing Misalignment
NDE Bearing Excessive Load /
C6 External Force
2 Slipped B2 Non-Powered | C3 DE Bearing Misalignment 71315105
. Pinion Wheels C9 | Assembly/Manufacturing Defect
AC Traction : - -
DE Bearing Excessive Loading /
Motor Wheelset
E3 Excessive €2 Ext.ernal .Forlce
Noise or Vibrations €3 DE Bearlrllg M1§ahgnment
F3 Vibrations C5 | NDE Bearing Misalignment |8| 6 |10| 480
NDE Bearing Excessive Load /
E1| Locked Wheels | C6 External Force
C7 Loose Motor Mounting
Grounded Non-Powered
F4 Stator E2 Wheels C10 Stator Failure 7313 63
Grounded Non-Powered
F5 Rotor E2 Wheels Cl1 Rotor Failure 7125|770

7. Identifying gaps for the CBM

AC traction motors are rotating components, understanding the vibration signature of rotary
systems is a good choice for CBM [3]. Analysis of the current maintenance model revealed
corrective actions already in place that are performed to detect C1 & C4 (lubrication failures) at
intervals before the motor is removed for overhaul. C2 & C6 (excessive loading), C3 & C5 & C6
(misalignment) do not have any actions in the current maintenance model to detect them; besides
they can all be considered CCFs (Common Cause Failures) with high vibration as the CCF

10
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(Common Cause of Failure). Therefore, in this paper, it is proposed that regular onboard vibration
measurements should be conducted and vibration trend analysis performed.

The optimal interval for performing onboard vibration monitoring and trend analysis depends
on several factors, such as the size of the fleet, the availability of locomotives to perform
monitoring, the type of measuring equipment to be used and where to install it on the locomotive,
but to start with, the proposed interval for performing onboard vibration measurements and trend
analysis in the improved maintenance model is 92 days. This interval is to be reviewed after
performing at least 20 vibration measurements per locomotive on a minimum of 10 different
locomotives. The equipment to be used is to focus on the measurement of radial vibrations using
accelerometers in two test points as shown in Fig. 15.

= Accelerometer Pinion
Gear
Wheel A Wheel
B A
| Traction -l
( Motor D
A
| I |
Tube
i A Bull
Gear
A

Fig. 15. Accelerometers proposed locations for onboard vibration monitoring
8. Conclusions

In this paper, findings from a basic literature review and a survey into locomotive and train
maintenance professionals’ insights about their current maintenance approaches and why TBM
approaches are still preferred in the industry are presented. According to the results from the
survey in this paper, TBM is still highly adopted by industry as 47.3 % of the responses selected
mostly TBM as their current approach. Besides, there is clear support for less adoption of TBM
in exchange for more CBM approaches according to maintenance professionals. This is
particularly evident when professionals were asked what approach they preferred to be adopted,
only 13.9 % selected a mostly TBM approach. On the other hand, one of the most notable findings
from the literature review is that lack of structured approaches that explain how to adapt current
maintenance procedures for CBM is one of the main reasons for its slow adoption by industry.
Another important finding from the survey is that ease of planning and implementation is one of
the biggest advantages of TBM in the opinions of maintenance professionals. Therefore, in this
paper a structured approach to transition from a mostly TBM approach to a mostly CBM approach
for freight locomotives is proposed. The structured approach is intended to make CBM easier to
plan for and implement, thus turning one of the biggest advantages of TBM into one of the
advantages of CBM. The structured approach consists of three stages namely, the Critical Review
Stage, the CBM Experimentation Stage, and the CBM Implementation Stage. Only the critical
review stage is demonstrated in this paper focusing on the frequency of failures and the most
dominant failure, which is the AC Traction Motor. The marriage between frequently performing
critical reviews of the existing TBM model and historical failures is the secret recipe of the
structured approach presented in this paper. As future work, the proposed approach can be
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extended to demonstrate the CBM experimentation and implementation stages and to include
more locomotive components. Moreover, the Pareto analysis can be expanded to be based on cost
to address the components with the greatest impact on the profitability of the organization.
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