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RESULT

Scheduled 
Maintenance

Unscheduled
Train Delays

Predictive maintenance
recommends repairs on 
the probability of failure, 

thus reducing
maintenance time and
lowering track outages
by an estimated 2 to 6 

percentage points*

Predictive maintenance
can increase rail line

capacity by an estimated
9 to 15 percent*

Predictive maintenance
helps prevent equipment
failures, which reduces
hours of train delay and

therefore frees up
additional line capacity
by an estimated 2 to 6 

percentage points*

Reducing scheduled maintenance and unexpected train-level events can free 
up an estimated 9 to 15 percent additional line capacity

* Terminology: The change from 70% to 74% is 4 percentage points and 5.7 percent. Part of this presentation involves changes in percentage points (abbreviated “pct pts”, or 
“%p”), while percentages are represented by “percent” or “%”.
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Maintenance

Curative 
Maintenance

Preventative 
Maintenance

Systematic 
Maintenance

Condition based 
maintenance

Predictive 
Maintenance

Increasing 
impact on 
rolling stock 
availability 
and LCC

Curative maintenance
• Failure repairs

Preventive maintenance
• Systematic: intervention along a fixed calendar 

and / or a given duration, such as mileage 
based on Rolling Stock Manufacturer 
guidelines 

• Condition Based: intervention based on 
tracking a limited set of parameters (such as 
brake pad erosion) with statistic logic or simple 
linear extrapolation of expected time before 
failure

• Predictive: data-based solution using 
connected multiple data sources in order to 
predict potential failures. Maintenance 
intervention is organized based on critical 
threshold and predicted probability of 
component failure within a time horizon

LCC: Life Cycle Cost
Source: Oliver Wyman

Mapping of maintenance solution Concepts description

What is Predictive Maintenance?
Predictive maintenance (PdM) utilizes connected data and advanced algorithms to 
predict component failure probabilities over time, and recommend when a preventive 
action should occur
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Category Potential impact

Maintenance hours Up to 10-20%

Time between major 
overhauls Up to 50%

Fleet size Reduction of 3-5%

Inventory value Reduction of 20-30%

Logistics costs Reduction of 5-20%

Spare/Consumable parts 
purchases Reduction of 10-30%

Purchasing teams Reduction of 10-30%

Examples of benefits

Why does predictive maintenance matter? 
PdM can reduce Total Life Cycle Costs by improving reliability and 
availability, and optimizing maintenance Opex

Implemented a monitoring system on physical and IT 
assets that provided automated diagnostics and 
alerts:
• 50% of issues were recognized and resolved 

before affecting train operations 
• Rail network availability increased by 4.6%.

European Railway

Predictive Maintenance

Average improvements for customers using predictive 
maintenance have included:
• 20 – 25% reduction in maintenance costs
• 70-75% of breakdowns eliminated
• 35 – 45% reduction in downtime
• 20 – 25% increase in production output

Examples

Sources: : IBM Travel & Transportation Industry,, “Predictive maintenance benefits for the railway 
industry”, 2015. Ed Crook, “The internet of things: industry’s digital revolution, June 27, 2017. 
https://www.ft.com/content/99399b86-59c3-11e7-9bc8-8055f264aa8b. Oliver Wyman

Locomotive sensors used by Amtrak:
• Reduced delays by 33% from 2015 to 2016.

https://www.ft.com/content/99399b86-59c3-11e7-9bc8-8055f264aa8b
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Reduction of inspection hours

Reduction of waiting time after a request

Inspection hours that affect 
availability

Inspection hours/year
(less maintenance hours)

Reduction of emergency replacements 
and repairs

Reduction of maintenance-related 
damages

Reduction of collateral damages

Reduction of post-maintenance test 
hours

Reduction of waiting time due to 
parts shipment

Reduction of the number of parts 
in the supply chain

Reduction of maintenance due to abnormal 
use (speed, torsion, temperature)

Increase of parts lifetime

Reduction of spare parts in stock

Reduction of maintenance and repairs 
hours

OPEX

Availability 
and 
reliability

Reduction of sudden failures interrupting 
the traffic for corrective maintenance

Reduction of unnecessary preventive 
maintenance

CAPEX Reduction of fleet size

Reduction of logistic needs

Reduction of false alerts and wasted 
time to look for breakdown cause

Reduction of total parts consumption

Operators productivity increase with 
higher share of operations standardized

Selected benefits of PdM – A Rail Industry Example

Source: Oliver Wyman

More effective long term maintenance 
scheduling

Less track, bridge and grade crossing 
protection failures

Fewer rolling stock failures (locomotives 
and railcars)

Why does predictive maintenance matter to the railroads?
PdM benefits railroads in many areas, including reductions in accidents, unnecessary 
preventative maintenance, fleet size, spare parts stock, and excess line capacity buffer 



Rail Capacity Overview2
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Graph reproduced from Krueger, Harald, “Parametric Modeling in Rail Capacity Planning,” Proceedings of the 1999 Winter Simulation Conference, Figure 2.

Types of Capacity Measures
In the paper “Parametric Modeling in Rail Capacity Planning,” Harald Krueger 
defines different components of capacity

Practical 
is 2/3 of 
Theory

Components of Practical Capacity
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Volume to Capacity Ratios and Level-of-Service Grades

Level-of-
Service 
Grade

Definition
Volume/ 
Practical 

Capacity Ratio

F
Above capacity: Unstable 
flows, service breakdown 
conditions

>1.0

E

At capacity: Very heavy 
train flows with very 
limited capacity for
maintenance and 
incident recovery

0.8-1.0

D
Near capacity: Heavy train 
flows, moderate capacity 
for maintenance and 
incident recovery

0.7-0.8

A, B, C
Below capacity: low to 
moderate train flows, good 
capacity for maintenance 
and incident recovery

0.0-0.7

Cambridge Systematics. “National Rail Freight Infrastructure and Investment Study” prepared for the Association of American Railroads, September 2007.

AAR Capacity Study applied highway level-of-service definitions to railroads
Comparing traffic volume to practical capacity provides a metric for 
establishing the stability of network flows
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Level-Of-
Service Grade

Theoretical Capacity Boundary
(volume can not exceed theoretical capacity by definition)

F: volume 
exceeds 
capacity

• Buffer exhausted. Can operate above practical capacity for short periods of time, but can’t 
sustain operations at this LOS

Practical Capacity Boundary
(rule-of-thumb: practical is 2/3 of theoretical)

E: volume at 
capacity • Have used almost all of the buffer built into the practical capacity

D: volume 
near capacity • Using the buffer built into the practical capacity

Target Level-of-Service is 70% of Practical Capacity
(good track utilization, excess capacity for recovery)

C: volume 
below capacity

B: volume 
below capacity • May require some of the buffer at the upper range (LOS C), but train movements generally 

unimpeded

A: volume 
below capacity

Cambridge Systematics. “National Rail Freight Infrastructure and Investment Study” prepared for the Association of American Railroads, September 2007. Krueger, Harald, “Parametric 
Modeling in Rail Capacity Planning,” Proceedings of the 1999 Winter Simulation Conference.

Connecting the AAR Study and the Krueger paper
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Can predictive maintenance increase rail capacity?

• Predictive maintenance does not increase theoretical capacity
– Theoretical capacity is the maximum number of trains assuming perfect conditions
– Therefore, locomotives never break down, railcars never fail, and tracks never need to be 

repaired
• However, predictive maintenance can impact practical capacity, and therefore, the 

target level-of-service
– There will be fewer unplanned stops due to locomotive or railcar failures
– There will be fewer stops due to grade-crossing protection failures
– There will be fewer outages for track maintenance, since predictive maintenance will allow 

track work to be done when necessary rather than on predefined schedules 
• This should cause a rethinking of:

– The rule-of-thumb that practical capacity is two-thirds of theoretical capacity
– The volume/practical capacity ranges for the A through F level-of-service grades

• The question, of course, is how much improvement is possible?
– The answer will vary with each individual line and operating conditions
– However, we can provide an overall indication



Impacts of Predictive Maintenance on 
Rail Capacity

3
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Improved by PdM
Theoretical vs. Practical

Scheduled Maintenance Yes

Train Uniformity No

Plant Delays

Length of Subdivision No

Meet Pass Planning Point Spacing No

Meet Pass Planning Point Uniformity No

Intermediate Signal Spacing Ratio No

Percent Double Track No

Traffic Delays

Traffic Peaking Factor No

Priority Probability No

Speed Ratio No

Average Minimum Run Time No

Operating Delays

Track Outages Yes

Temporary Slow Orders Yes

Train Stop Time Yes

Minimum Run Time
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Graph reproduced from Krueger, Harald, “Parametric Modeling in Rail Capacity Planning,” Proceedings of the 1999 Winter Simulation Conference.

Practical 
is 2/3 of 
Theory

Components of Practical Capacity

The impact of PdM on capacity is from reductions in maintenance and operating delays
This may seem obvious, but it allows establishing a framework for evaluating the 
magnitude of the impact
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Gap between theoretical and practical capacity 
for a given reduction in scheduled maintenance

Assumptions and calculations

• At current levels of scheduled maintenance, 
practical capacity is 2/3 of theoretical capacity
– Gap allows for track outage for scheduled 

maintenance
– Gap also allows for variations in train 

characteristics and operations, e.g.:
- Different priorities
- Unequal spacing
- Different size and speed

• Assume the gap between theoretical and practical 
is split evenly between train characteristics and 
scheduled maintenance
– PdM will not impact train characteristics
– PdM can impact track outage for scheduled 

maintenance

• Literature review shows a 10% to 35% reduction 
in maintenance, which would reduce the gap by 
2%p to 6%p, respectively (1)

– A PdM-caused reduction in scheduled 
maintenance of 25%, reduces the gap from 
33% to 29%, which is a 4%p capacity gain
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Reduction in Scheduled Maintenance

Capacity 
Gain of 4%p

(1) Since scheduled maintenance is half of the gap, a reduction of 10% translates to a 5% reduction in the buffer; 0.333(1-0.1/2)=0.317. This yields a 
percent buffer of 0.317/(1-0.371) = 0.463, which is a gap of 0.463/(1+0.463) = 0.32., or a 2 percentage point difference.

Practical vs. Theoretical Capacity

Reductions in scheduled maintenance is deterministic
Theoretical / practical capacity gap can be reduced by 2 to 6 percentage points
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Estimated frequency of unexpected train-
level events
Class I Railroads, 2013

Estimating the Z value*
The z value reflects the level of confidence 
the practical capacity will not be exceeded

• 1 out of every 4.9 trains experienced 
some delay

• The current target level-of-service has a 
V/C ratio of 0.7, thus the railroad buffer 
for line capacity is 42.9%

• This leads to a z value of 1.07
• A  z value of 1.07 means there is an 

86% chance the practical capacity won’t 
be exceeded

• This z value will be held constant for 
capacity calculations in this 
presentation

Event Total estimated 
incidents

Recrews 210,000

Unscheduled work 125,000

Crossing protection failures 110,000

Locomotive failures 44,000

UDEs 27,000

Detector Activations 12,000

Train separations 2,000

Detector failures 1,000

Total 531,000
Train Starts 2,590,000
Ratio 1 : 4.9

*Calculations are shown in the appendix
Source: Case, Rodney, “Digital Transformation in Surface Transportation,” RailTrends, November 17, 2016, page 18.

Target Volume vs. Practical Capacity

Estimating the size of the operating delay buffer
The target LOS of 70 percent of practical capacity translates to  a 14 percent 
chance capacity will be exceeded
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Event Primary 
Impacts

Low Estimate Base Estimate High Estimate

Recrews Train Stop Time, 
Slow Orders

10%
25% of 40% Reduction in 

Downtime (IBM) (not all recrews 
can be addressed by PdM)

20%
50% of 40% Reduction in 

Downtime (IBM) (not all recrews 
can be addressed by PdM)

30%
75% of 40% Reduction in Downtime 

(IBM) (not all recrews can be 
addressed by PdM)

Unscheduled 
work

Track Outages, 
Slow Orders

25%
Reduction in maintenance (IBM)

50%
European Railway Example

60%
European Railway Example +10% 
(can’t all be address by PdM, e.g., 

weather damage)
Crossing 
protection 
failures

Train Stop Time, 
Slow Orders

33%
Siemens reduced delays

50%
European Railway Example

75%
Breakdowns Eliminated (IBM) 

Locomotive 
failures Train Stop Time 33%

Siemens reduced delays
50%

European Railway Example
75%

Breakdowns Eliminated (IBM) 

Undesired 
Emergency Train Stop Time

16.7%
Half of 33% Siemens example 

(not all UDEs can be addressed 
by PdM)

25%
Half of 50% European Railway 
Example (not all UDEs can be 

addressed by PdM)

37.5%
Half of 75% Breakdowns Eliminated 

(IBM) example (not all UDEs can 
be addressed by PdM)

Detector 
Activations Train Stop Time 33%

Siemens reduced delays
50%

European Railway Example
75%

Breakdowns Eliminated (IBM) 

Train 
separations Train Stop Time

16.7%
Half of 33% Siemens example 
(not all train separations can be 

addressed by PdM)

25%
Half of 50% European Railway 

Example (not all train 
separations can be addressed 

by PdM)

37.5%
Half of 75% Breakdowns Eliminated 

(IBM) example (not all train 
separations can be addressed by 

PdM)
Detector 
failures Train Stop Time 33%

Siemens reduced delays
50%

European Railway Example
75%

Breakdowns Eliminated (IBM) 

Estimating the percentage improvement possible with predictive maintenance

Sources: : IBM Travel & Transportation Industry,, “Predictive maintenance benefits for the railway industry”, 2015. Ed Crook, “The internet of things: industry’s digital 
revolution, June 27, 2017. https://www.ft.com/content/99399b86-59c3-11e7-9bc8-8055f264aa8b. Oliver Wyman

Target Volume vs. Practical Capacity

https://www.ft.com/content/99399b86-59c3-11e7-9bc8-8055f264aa8b
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Based on published improvements attributed to PdM, it appears that 
unexpected train-level events could be reduced by 20 to 50 percent

Estimated frequency of unexpected train-level events with and without predictive maintenance
Class I Railroads, 2013 base

Event Total estimated 
incidents w/o 

PdM

% Improvement with predictive 
maintenance

Total estimated incidents with 
predictive maintenance

Low Base High Low Base High

Recrews 210,000 8.3% 12.5% 18.8% 189,000 168,000 147,000

Unscheduled work 125,000 25.0% 50.0% 60.0% 93,750 62,500 50,000

Crossing protection failures 110,000 33.3% 50.0% 75.0% 73,333 55,000 27,500

Locomotive failures 44,000 33.3% 50.0% 75.0% 29,333 22,000 11,000

UDEs 27,000 16.7% 25.0% 37.5% 22,500 20,250 16,875

Detector Activations 12,000 33.3% 50.0% 75.0% 8,000 6,000 3,000

Train separations 2,000 16.7% 25.0% 37.5% 1,667 1,500 1,250

Detector failures 1,000 33.3% 50.0% 75.0% 667 500 250

Total 531,000 418,250 335,750 256,875

Percentage Reduction 21.2% 36.8% 51.6%

Sources: Case, Rodney, “Digital Transformation in Surface Transportation,” RailTrends, November 17, 2016, page 18. ; IBM Travel & Transportation Industry,, “Predictive 
maintenance benefits for the railway industry”, 2015. Ed Crook, “The internet of things: industry’s digital revolution, June 27, 2017. https://www.ft.com/content/99399b86-
59c3-11e7-9bc8-8055f264aa8b.

Target Volume vs. Practical Capacity

https://www.ft.com/content/99399b86-59c3-11e7-9bc8-8055f264aa8b
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Increasing the target volume relative to practical capacity can lead to a 2 to 6 
percentage point gain in the ratio of target volume to practical capacity

Assumptions and calculations

• Based on available data, 1 in 4.9 trains 
experience a delay
– PdM can help to reduce the number of 

delays, thus reducing variance in transit 
times

• Using the current 86% confidence that 
volume won’t exceed practical capacity, 
yields the following:

• Assumptions about the level of confidence 
have a large impact on capacity

Target volume relative to practical capacity for 
changes in unexpected train-level events
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(in thousands)

z=.67 z=1.07 z=1.65 z=2.33

75% 
Confidence

86% 
Confidence

95% 
Confidence

99% 
Confidence

Current
PdM
Base

4%p

Reduction in 
Unexpected Events

Target Volume / 
Practical Capacity

Low 21.2% 0.72

Base 36.8% 0.74

High 51.6% 0.76

Target Volume vs. Practical Capacity
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Capacity in Trains / Day

Reductions in 
unexpected train-level 

events increases 
capacity between 2%p 
and 6%p, with a best 

estimate of 4%p

Practical 
is 2/3 of 
Theory

Components of
Practical Capacity

The combined estimated line capacity gain from PdM is 8 percentage points
Reduction in the gap between theoretical and practical capacity contributes 4 
percentage points, while reducing the variability due to unscheduled delays 
contributes another 4 percentage points

Reductions in scheduled 
maintenance increases 
capacity between 2%p 
and 6%p, with a best 

estimate of 4%p
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(1) Calculated as 70% of the practical capacity reported in Cambridge Systematics. “National Rail Freight Infrastructure and Investment Study” prepared for the Association of American 
Railroads, September 2007, Table 4.2.

(2) Sample calculations shown in the appendix

# of 
tracks

Control 
system

AAR Capacity Study Target 
Level (trains per day) 1

Target Level (trains per day) [Potential 
with predictive maintenance] 2

Low (4%p) Medium (8%p) High (12%p)

1 NS/TWC 11 12 13 13

1 ABS 13 14 14 15

1 CTC/TCS 21 23 24 24

2 NS/TWC 20 21 22 23

2 ABS 37 40 42 43

2 CTC/TCS 53 57 59 60

Key
• NS/TWC: no signal/track warrant control
• ABS: automatic block signaling
• CTC/TCS: centralized traffic control/traffic 

control system
Aggregated Class I rail data

Capacity in Trains / Day for Typical US Rail Corridors with Multiple Train Types 
With and Without Predictive Maintenance
These results are illustrative averages that will vary for specific rail lines

The AAR Study reported practical capacity for different track configuration
By considering the benefits of PdM, practical capacity can be expanded by 9 percent 
in the low case, 12 percent in the base case, and 15 percent in the high case
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Conclusions

• PdM offers many benefits to railroads, including:
– Improvements in safety
– Reduction in fleet size
– Shifting to more accurate preventative actions, thus reducing major repairs
– Lowering of spare parts inventory and costs
– Increases in line capacity

• The driving forces behind line capacity increases from PdM are:
– Reductions in track outages for unnecessary maintenance activities
– Reductions in train delays, reducing the variance of transit times

• Overall, an estimated 9 to 15 percent improvement in line capacity is achievable
– This is a ballpark average across all rail lines
– The actual values will change depending on the characteristics of a specific rail line



Appendix
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• 1 out of every 4.9 trains experienced some delay
– 531,000 unexpected train-level events
– 2.59 million train starts

• If zero equals no delay and one equals delay, then 1 in 4.9 trains has a standard 
deviation based on the Bernoulli distribution of 𝜎𝜎 = (1/4.9)*(1-1/4.9) = 0.403

• The current target level-of-service has a V/C ratio of 0.7, thus the railroad buffer for line 
capacity is 0.3 / 0.7 = 42.9%

• Substituting 42.9% for the buffer (B) and setting the mean (μ) to zero, it is possible to 
solve for the z value:
– B = 𝜇𝜇 + 𝑧𝑧𝛼𝛼 × 𝜎𝜎
– 𝑧𝑧𝛼𝛼 = B / 𝜎𝜎 = 0.4286 / 0.4023 = 1.07

• A  z value of 1.07 means there is an 86% chance the practical capacity won’t be 
exceeded

• To change the probability of not  exceeding practical capacity from 86% to 95%, use a z 
value = 1.65, which lowers the target V/C from 0.7 to 0.6

Source: Oliver Wyman analysis

Estimating the Z value
With a target level-of-service set to 70 percent of the practical capacity, there 
is a 14 percent chance capacity will be exceeded during a give timeframe
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Calculating the increase in trains per day
The AAR Capacity Study has single track CTC with a capacity of 30 trains 
per day.  This increases to 33.6 for the base estimate, a 12 percent increase.

45 Train / 
Day

45 Train / 
Day

33%
29% (4 pct

pts 
change)

30 Trains / 
Day

32 Train / 
Day

30%
26% (4 pct

pts 
change)

21 Trains / 
Day

24 Trains / 
Day
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