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Asset Assessment :
- Condition of Plant
- History
- Design
- Operation

v

Asset
Reliability
What is the
likelihood of
failure ?

Business Assessment
- Safety

- Environmental

- Economic

- Efficiency

v

Business
Consequence
What Happens

if it fails ?

v

Risk Assessment:
Determine the criticality
of each item of plant

v

Develop Maintenance
Strategy & Plan




STRATEGY DEFINITION APPLICATION EXAMPLE

BREAKDOWN FIXITWHENIT LOW REPLACEMENT NO OIL CHANGE
FAILS COST IN LIFE CYCLE
LOW CRITICALITY

HIGH RELIABILITY
LOW MAINTAINABILITY

PREVENTATIVE FIXIT BEFORE MED-HIGH REPLACEMENT OIL CHANGE AS
IT FAILS COST PER SCHEDULE
MED-HIGH DOWNTIME
MED-HIGH RELIABILITY
CANNOT BE MONITORED

PREDICTIVE FIX ITWHEN IT MED-HIGH REPLACEMENT OIL CHANGE ON
BEGINS TO COST SAMPLE
WEAR HIGH DOWNTIME RESULTS
SAFETY CRITICAL
UNPREDICATBLE
RELIABILITY
PRO - ACTIVE REMOVE MED-HIGH REPLACEMENT CONTAMINATION
CAUSE OF COST OR CRITICALITY CONTROL BASED
WEAR UNPREDICTABLE ON SAMPLE

RELIABILITY RESULTS



How do components fail

Bath Tub Curve



Risk - Reward

Mormal Distribution of Machine Failure

— Average Machine Life

Number of
Machine

Failures

Scheduled
Repair
e
|

Machine Life



Risk - Reward

Number of
Machine
Failures
Scheduled
Repair

5% to 10%
Fail

Mormal Distribution of Machine Failure

— Average Machine Life

50% of Machines exceed
the average life.

Machine Life



Risk - Reward

Normal Distribution of Machine Failure

— Average Machine Life

Number of
Machine
Failures

50% of Machines exceed
the average life.

5%

28.D. 18.D.
3yr Syr
20,000 hr 60,000 hr

Machine Life



Does Condition

N
Change ? o
Yes
Are you able to
i No— |
monitor change ?
Yes
Choose Monitoring
Method
Yes
Is CM cost Is there_an
effective ? No alternative No-p!
' method ?
Y

Is MTBF No
predictable ?
Yes
Yes
v Y
Implement
Implement Implement Breakdown
Condition Monitoring Scheduled Maintenance )

Maintenance




Does Condition
Change ?

What to Monitor

Yes

Are you able to
monitor change ?

Yes

Choose Monitoring
Method

Is there an
alternative
method ?

Is CM cost
effective ?







G.E. 787 Wheaelmotor




ODbjectives of Case Study

 Review GE 787 Wheelmotor Fleet Costsover an 11
year planning horizon. Apply an economic model to
simulate the expected costs over the planning horizon.

o« Compare 3Wheelmotor Fleet maintenance scenarios:
— operateto failure
— scheduled overhaul of the wheelmotor
— condition monitoring of the wheelmotor
 Review the Condition Monitoring results.






Wheelmotor Component Reliability Data

Failure Type
Inboard Hub Bearings
Outboard Hub Bearing
Inbd Torque Tube & O/B Hub Brg Seal:
Armature Commutator:
Armature Windings:
Armature Bearings:
Field Windings:
Sun Gear:
Planetary Gears:
Planet End Planetary Bearings (CR)
Pinion End Planetary Bearings(TR)
Torque Tube:
Outboard Torque Tube Seal
Fractured/Leaking Brake Hydraulic Hoses:

Failure
Distribution
(N=Normal

NE=Negative
Exponential)
N

2222222222222

Mean
Life
(Hrs)

50,000

40,000
45,000

35,000

50,000

32,500

75,000

45,000

75,000

37,500

55,000

75,000

45,000

50,000

Failure
Standard Detection
Deviation Warning
(Hrs) (Hrs)
2,500 3,000
2,500 6,000
2,500 5,000
3,500 2,500
3,500 5,000
2,500 2,500
5,000 5,000
2,000 5,000
2,500 5,000
2,500 2,500
3,500 5,000
3,500 5,000
2500 5,000
10000 0

Failure Type
Generate
Wheelmotor
Removal
(Yes/No)

Z<<<<<zZ<zZZ2Z22<<




Wheelmotor Repair Cost Data

Primary = Secondary
Component Component Repair Repair
Failure Type Cost Cost Manhours Fixed Cost
Inboard Hub Bearings| $8,000.00 $0.00 4 $25,000
Outboard Hub Bearing| $8,000.00 $0.00 4 $25,000
Inbd Torque Tube & O/B Hub Brg Seal:| $1,500.00 $0.00 4 $0
Armature Commutator:| $1,000.00 $1,000.00 4 $0
Armature Windings:| $25,000.00 $2,000.00 4 $0
Armature Bearings:| $1,000.00 $0.00 4 $0
Field Windings:| $28,000.00 $2,000.00 4 $0
Sun Gear:| $4,000.00 $2,000.00 4 $0
Planetary Gears:| $36,000.00 $5,000.00 4 $25,000
Planet End Planetary Bearings (CR)| $1,000.00 $5,000.00 4 $24,000
Pinion End Planetary Bearings(TR)| $5,000.00 $0.00 4 $25,000
Torque Tube:| $40,000.00 $5,000.00 4 $25,000
Outboard Torque Tube Seal| $500.00 $0.00 4 $24,500
Fractured/Leaking Brake Hydraulic Hoses:| $1,000.00 $0.00 4 $0




Economic Model Assumptions - General

Unplanned Truck Production Downtime Cost - $0/Hr
Maintenance Repair and Visual Inspection Charge - $40/Hr

Annual Wheelmotor Utilization — 6000Hrs per annum.
Planning Horizon — 11 Years

All Wheelmotor components exhibit increasing failure rate with
time.

Armature and sun gear failuresresult in removal of armature/sun
gear assembly and not wheelmotor .

Wheelmotor subjected to a visual inspection every 625 hrsfor all
maintenance strategy options.

| nfant mortality failures are not accounted for.

Operator induced failuresare not included.



Economic Model Assumptions - Operate to Failure Case

Components Renewed
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Inboard Hub Bearing:

Outboard Hub Bearing:

Inboard Torque Tube & O/B Hub Brg Seals:
Armature Commutator:

Armature Windings:

Armature Bearings:

Field Windings:

Sun Gear:

Planetary Gears:

Planet End Planetary Bearings (CR):
Pinion End Planetary Bearings(TR):
Torque Tube:

Outboard Torque Tube Seal:
Fractured/Leaking Brake Hydraulic Hoses:

Inboard Torque Tube & O/B Hub Brg Seals:

Outboard Torque Tube Seal:

Fractured/Leaking Brake Hydraulic Hoses:




Economic Model Assumptions - Operate to Failure Case

Primary Failure
Inboard Hub Bearing:
Outboard Hub Bearing:
Inboard Torque Tube & O/B Hub Brg Seals:
Armature Commutator:
Armature Windings:
Armature Bearings:
Field Windings:
Sun Gear:
Planetary Gears:

Planet End Planetary Bearings (CR):
Pinion End Planetary Bearings(TR):
Torque Tube:

Outboard Torque Tube Seal:
Fractured/Leaking Brake Hydraulic Hoses:

Inboard Hub Bearing:

Outboard Hub Bearing:

Inboard Torque Tube & O/B Hub Brg Seals:

Components Inspected
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Pinion End Planetary Bearings(TR):

Torque Tube:

Outboard Torque Tube Seal:

Fractured/Leaking Brake Hydraulic Hoses:




Economic Model Results— Operateto
Failure Case

« Expected Overall Wheelmotor Cost/Hr over
Planning Horizon is $6.36/Hr .

 Expected No. Wheelmotor Change-outs per
Truck over Planning Horizon is 5.46 change-
outs/Truck.

 Most dominant failure modeisInboard Hub
Bearing failure followed by Planet End
Planetary Bearing/s.



Wheelmotor Cost/Hr per Year

$18.00
$16.00

$14.00

0O Consequential Damage

$12.00 Cost/Hr per Wheelmotor

@ Expected Maintenance

$10.00 Cost/Hr per Wheelmotor

$8.00
$6.00
$4.00

$2.00

$0.00

1 2 3 4 5 6 7 8 9 10 11 12

Years




Economic Model Assumptions —
Wheelmotor Overhaul Only

 No Condition Monitoring I nspectionscarried
out on Wheelmotor with the exception of a
visual inspection every 625 hrs.



Economic Model Assumptions - Wheelmotor Overhaul

Primary Failure
Inboard Hub Bearing:
Outboard Hub Bearing:
Outbd Torque Tube & O/B Hub Brg Seals:
Armature Commutator:

Armature Windings:

Armature Bearings:

Field Windings:

Sun Gear:

Planetary Gears:

Planet End Planetary Bearings (CR):
Pinion End Planetary Bearings(TR):
Torque Tube:

Inboard Torque Tube Seal:
Fractured/Leaking Brake Hydraulic Hoses:

Inboard Hub Bearing:

Outboard Hub Bearing:

Outbd Torque Tube & O/B Hub Brg Seals:

Armature Commutator:

Components Renewed

Planet End Planetary Bearings (CR):

Planetary Gears:

Armature Windings:
Field Windings:

Armature Bearings:
Sun Gear:

Pinion End Planetary Bearings(TR):

Torque Tube:

Inboard Torque Tube Seal:

Fractured/Leaking Brake Hydraulic Hoses:

Wheelmotor Overhaul:

Wheelmotor Overhaul




Economic Model Assumptions - Wheelmotor Overhaul

Primary Failure

Inboard Hub Bearing:

Outboard Hub Bearing:

Outbd Torque Tube & O/B Hub Brg Seals:
Armature Commutator:

Armature Windings:

Armature Bearings:

Field Windings:

Sun Gear:

Planetary Gears:

Planet End Planetary Bearings (CR):
Pinion End Planetary Bearings(TR):
Torque Tube:

Inboard Torque Tube Seal:
Fractured/Leaking Brake Hydraulic Hoses:

Inboard Hub Bearing:

Outboard Hub Bearing:

Outbd Torque Tube & O/B Hub Brg Seals:

Armature Commutator:

Components Inspected

Planet End Planetary Bearings (CR):

Armature Windings:
Armature Bearings:

Field Windings:
Planetary Gears:

Sun Gear:

Pinion End Planetary Bearings(TR):

Torque Tube:

Inboard Torque Tube Seal:

Fractured/Leaking Brake Hydraulic Hoses:

Wheelmotor Overhaul:




Economic M odea Results—Wheelmotor
Overhaul Case

 For aWheelmotor Overhaul Life of 25,000
hour sthe Expected Wheelmotor Overall Cost
per Operating Hour is $6.67/Hr .

* Expected No. Wheelmotor Change-outs per
Truck over Planning Horizon is 5.04 change-
outs/Truck.

o Sengitivity Analysisrevealsvery flat Operating
Cost/Hr versus Wheelmotor Overhaul Interval
dueto impact of High Conseguential Damage.



Wheelmotor Cost/Hr per Year

$35.00
$30.00
$25.00 ,
0O Consequential Damage
Cost/Hr per Wheelmotor
$20.00 O Expected Maintenance
Cost/Hr per Wheelmotor
$15.00
$10.00
$5.00
$0.00
1 2 3 4 5 6 7 8 9 10 11 12
Years




Economic Model Sensitivity Analysis
GE 787 Wheelmotor

$9.00
$8.00
$7.00
$6.00
$5.00
$4.00
$3.00

$2.00

Total Overall Machine Cost/Hr:-

$1.00

$0.00
20000 22000 24000 26000 28000 30000 32000 34000 36000 38000 40000

Wheelmotor Overhaul Life




Economic Mode Results —Whealmotor
Over haul Case (M odification 1)

e Modify Whedmotor Overhaul by requiring Inboard
Hub Bearing change out when Outboard Hub Bearing
changed out.

e For aWhedmotor Overhaul Life of 25,000 hoursthe
Expected Wheelmotor Overall Cost per Operating
Hour reducesto $5.04/Hr.

 Expected No. Wheelmotor Change-outs per Truck over
Planning Horizon is4.1 Change-Outs/Truck.

o Senditivity Analysisrevealsvery flat Operating Cost/Hr
ver sus Wheelmotor Over haul Interval dueto impact of
High Consequential Damage.



Economic Mode Results —Whealmotor
Over haul Case (M odification 2)

| ntroduce Wheelmotor Oil Sampling at 1250Hr
Interval to reduce conseguential damage costs.

Retain Wheelmotor Overhaul strategy to require
Inboard Hub Bearing change out when Outboard Hub
Bearing changed out.

For a Whedmotor Over haul Life of 25,000 hoursthe
Expected Wheelmotor Overall Cost per Operating
Hour reducesto $2.56/Hr.

Expected No. Wheelmotor Change-outs per Truck over
Planning Horizon reduces slightly to 4.03 Change-
Outs/Truck.

Sengitivity Analysisrevealsflat Operating Cost/Hr
ver sus Wheamotor Over haul I nterval dueto continued
Impact of Conseauential Damaae.



Wheelmotor Cost/Hr per Year

$10.00
$9.00

$8.00

$7.00 .
O Consequential Damage

$6.00 Cost/Hr per Wheelmotor

o Expected Maintenance

$5.00 Cost/Hr per Wheelmotor

$4.00
$3.00
$2.00
$1.00

$0.00

1 2 3 4 5 6 7 8 9 10 11 12

Years




Economic M odel Assumptions— Condition
Monitoring Case

 Vibration monitoring performed every 1250
operating hours.

e OIil sampling performed every 1250 hours.

 Wheelmotor maintenance strategy (excluding
wheelmotor overhaul) same as Wheelmotor
Overhaul Case (Modification 2).



Probability of Detection - CM Case

Probability of Detection

Vibration Monitoring
Visual Inspection

Oil Sampling

Primary Failure

Inboard Hub Bearing:| 80% 80% 0%
Outboard Hub Bearing:| 80% 80% 0%

Outbd Torque Tube & O/B Hub Brg Seals:| 0% 20% 95%
Armature Commutator:( 90% 0% 95%
Armature Windings:[ 0% 0% 0%
Armature Bearings:| 95% 0% 0%
Field Windings:| 0% 0% 0%
Sun Gear:| 90% 90% 0%
Planetary Gears:| 90% 90% 0%
Planet End Planetary Bearings (CR):| 90% 90% 0%
Pinion End Planetary Bearings(TR):| 90% 90% 0%
Torque Tube:| 80% 80% 0%
Inboard Torque Tube Seal:| 0% 0% 75%
Fractured/Leaking Brake Hydraulic Hoses:| 0% 0% 100%




Economic Model Results — Condition
Monitoring Case

 The Expected Wheelmotor Overall Cost per Operating
Hour reducesfurther to $2.02/Hr.

o Expected No. Wheelmotor Change-outs per Truck over
Planning Horizon increases slightly to 4.3 Change-
Outs/Truck.

 Dominant unplanned failure modeisarmature
windings.

e Vibration monitoring costs are 10.64% of overall costs.

e Oil sampling costs are 0.96% of overall costs.



Wheelmotor Cost/Hr per Year

$7.00
$6.00
$5.00 O Consequential Damage
Cost/Hr per Wheelmotor
$4.00 O Expected Maintenance
' Cost/Hr per Wheelmotor
$3.00
$2.00
$1.00
$0.00
1 2 3 4 5 6 7 8 9 10 11 12
Years




Economic Model Results — Condition
Monitoring Case (Modification 1)

* Revise wheelmotor maintenance strategy to change out
both planetary bearings when either one fails.

 The Expected Wheelmotor Overall Cost per Operating
Hour reducesto $1.74/Hr.

o EXxpected No. Wheelmotor Change-outs per Truck over
Planning Horizon reducesto 2.8 Change-Outs/Truck.

e Dominant unplanned failure modeis armature
windings.

* Vibration monitoring costsare 12.73% of overall costs.

e Oil sampling costsare 1.15% of overall costs.



Overall Machine Cost/Hr versus Planning Horizon
(Optimum CM Strategy)
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Economic M odel Results Comparison

e Optimum Condition Monitoring of Wheelmotor
fleet resultsin a cost saving of $1.64 per truck
hour over planning horizon compared to
Optimum Wheelmotor Overhaul Strategy with
Oil Sampling.

e Total expected savings over planning horizon is
$1,298,880 for a 12 truck fleet which
corresponds to an average of $118,080 per year.

 Thefinancial return on the savings utilizng
Condition Monitoring is 340%.



L ee Ranch GE 787 Wheelmotor CM
Experience

o 24 wheelmotorsin CM Program

Wheelmotor Total Timedistribution as follows:
2 Wheelmotors at >37,000 hours
2 Wheelmotor s at >34,000 hour s and <35,000 hours
1 Wheelmotor at >33,000 hour s and <34,000 hours
3 Wheelmotors at >25,500 hour s and <29,000 hours
1 Wheelmotor at >21,500 hoursand < 23,000 hours
12 Wheelmotors at <12,000 hours
3 Wheelmotorstotal time unknown

e CM Program detected armature NCE bearing failure at 29,861
hours. Armatur e assembly changed out. Wheelmotor remained
on truck.



