Copyright © 2014 IEEE. Reprinted, with permission, from Julio Pulido,
“Using Accelerated Life Testing Techniques for Preventive Maintenance
Scheduling,” 2014 Reliability and Maintainability Symposium, January,
2014.
This material is posted here with permission of the IEEE. Such
permission of the IEEE does not in any way imply IEEE endorsement of
any of ReliaSoft Corporation's products or services. Internal or personal
use of this material is permitted. However, permission to
reprint/republish this material for advertising or promotional purposes or
for creating new collective works for resale or redistribution must be
obtained from the IEEE by writing to pubs-permissions@ieee.org.
By choosing to view this document, you agree to all provisions of the
copyright laws protecting it.

Using Accelerated Life Testing Techniques for Preventive
Maintenance Scheduling
Julio Pulido, PhD, ReliaSoft Corporation
Key Words: Design for Reliability, Accelerate Life Testing, Preventive Maintenance, Product Maintenance Strategy
SUMMARY & CONCLUSIONS
Every company is dependent on some type of asset that
keeps the business in business – be it a computer, a centrifuge
or a megawatt transformer. In a large enterprise, reducing costs
related to asset maintenance, repair and ultimate replacement
is at the top of management concerns. Downtime in any
network, manufacturing or computer system ultimately results
not only in high repair costs, but in customer dissatisfaction
and lower potential sales. In response to these concerns, this
paper presents a methodology for using Accelerated Life
Testing techniques for evaluating and projecting preventive
maintenance schedules. It provides valuable guidelines for
planning an enterprise system that monitors critical
maintenance processes and assets. The paper also presents an
application in a turbine where the technique was used in
determining the right maintenance interval.
1.0

MAINTAINABILITY

Reliability, maintainability and supportability (logistics)
program plans exist to define and implement the reliability,
maintainability and logistics tasks that a supplier considers
necessary to meet the overall reliability, maintainability and
supportability (RMS) objectives of the product. The scope of
the objective drives the number and types of tasks required,
and the details of implementing each task.
Successfully implementing the program plans ensures that
product RMS issues are addressed as part of the overall
engineering and manufacturing effort, and provides a high
degree of confidence that the RMS objectives will be met.
To achieve high reliability in both commercial and
military products, reliability practices are needed that allow
for, and promote, flexibility and innovation, encourage
continuous process improvement, promote reduction in
variability, foster defect prevention and control, and most
importantly, focus on user needs. A well-developed reliability
program plan will provide the roadmap to achieving high
reliability by stressing proactive reliability tasks over reactive
tasks.
A maintainability program plan should demonstrate an
understanding of the customer’s maintainability needs and the
product’s design, describe the approach to design for
maintainability based on a systems engineering process, and
explain compliance by validating maintainability through
analysis, test, and finally, monitoring operational performance.
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The key to any maintainability program is the
identification of risk via qualitative and most important
quantifiable methods. A credible reliability and maintainability
program must focus on the high-risk issues in the project.
There will be risk issues at every stage of the product life
cycle. Early in the concept phase, decisions are made relating
to the features and specifications needed to capture the target
market. Marketing uses extensive Voice Of the Customer
(VOC) to identify the next high-growth opportunities. These
growth opportunities usually involve new technologies [1]. For
businesses that compete on the cutting edge of technology,
new technologies represent a significant portion of the risk to
the program and long-term reliability
To develop the Reliability Centered Maintenance (RCM)
and/or a Reliability Based Asset Management (RBAM), a list
of challenges must be devised. Each of these challenges
represents risk to the program. To manage the risk, each item
should be ranked on the severity of the risk and those items
representing the highest risk should be tracked through the
maintenance program. The role of reliability engineering in the
evaluation phase is to ensure that the risk issues are properly
identified. The risks should be ranked by severity with
corrective actions listed so that when completed the risk is
mitigated. The risk plan needs to include all the functions that
are affected in the life cycle of the product. Risk issues that
relate to maintenance, manufacturability, design, safety and
environment should be included. Unfortunately, these
activities are reactive and thus add to the program
development time. However, it will be shown later that the net
result of these activities is a reduction in the product life cycle
cost.
2.0 MANTAINABILITY STRATEGY
It is important to consider that maintenance affects all
aspects of the plant’s organization. Equipment reliability must
be maintained in order to achieve generation goals, safety
goals, and to reduce overall production costs from avoidance
of catastrophic failures that require extensive downtime, labor
and parts to recover. The key to the strategy for improved
equipment reliability is the condition based maintenance
program that aids in the maintenance response to degrading
conditions, not just a time based and intrusive program that
could well introduce degraded conditions by “fixing what is
not broken.”[9]

This introduces the need to determine the conditions that
actually drive the need to do some corrective maintenance by
optimizing the program used by maintenance. Figure 1 reflects
the concept of a total site equipment reliability strategy with
the focal processes to support the program.
Long Range Business Strategy
Life Cycle Management
Component and System Strategy
Business and Operation integration Plan

Critical Components Identification
Critical and Non-Critical Components
Run to failure components
Critical factors for Critical Components

Performance Monitoring
PM Program
Condition Basde Monitoring
Preventive Maintenance Test Results

System Performance
Component Critical Degradation Factors
Predictive Maintenance Results
Corrective Action
Corrective Maintenance Planning
Failure Cause and Corrective Actions
Work Prioritization
Outage Management

Continuous Improvement
Adjustments to PM tasks and frequencies
Review of historical data
Review of alternate maintenance Strategies
Plan Staff Feedback review

Figure1: Equipment Reliability Program.
2.1. PLANT MAINTENANCE OPTIMIZATION
To optimize maintenance it is important not only to
examine the maintenance processes, but also the management
approach, work culture, skill set, motivation of the work force
and the effective use of the technologies [4]. Therefore, plant
maintenance optimization (PMO) is a program to create a
work environment that optimizes the use of resources,
maintenance processes, employee skills and technology for the
purpose of meeting the maintenance objectives. The PMO
categories include:
 Management and business culture – Creating a positive
work environment that promotes a learning organization
that optimizes plant maintenance. This is accomplished by
setting goals; providing strong leadership; promoting good
communication; establishing an organization where
individuals know their roles and responsibilities and are
held accountable; and providing the means to learn from
the staff’s experiences. Metrics are tracked for the purpose
of understanding the areas where improvement
opportunities exist and are corrected.
 Maintenance processes – Using the industry’s best
maintenance practices to minimize the impact on
production and to maximize the workforce utilization
optimizes plant maintenance. This is accomplished by
identifying work at the right time so it can be prioritized,
planned, scheduled and performed. Work is documented
and reviewed to learn from the experience. These
processes include day-to-day work, both planned and
unplanned outage work and work resulting from proactive
activities such as engineering projects.
 People Skills/Work Culture – Plant maintenance is
optimized by developing a highly motivated, qualified and



skilled workforce, and a safe work environment. This is
accomplished by providing an effective training and
qualification program, and by implementing a human
performance initiative that stresses positive behaviors and
values.
Technologies – Plant maintenance is optimized by
utilizing cost-effective technologies that maximize
maintenance process efficiencies, provides timely
information on equipment condition, and captures the
lessons learned. Integration technologies are incorporated
that allow access to multiple plants and department data
sources, and allow the findings, recommendations and
corrective actions to be shared.
3.0 ACCELERATE LIFE TESTING

The requirements for higher reliability have increased the
need for more up-front testing of materials, components and
systems. This is in line with the generally accepted modern
quality philosophy for producing high reliability products:
achieve high reliability by improving the design and
manufacturing processes, moving away from reliance on
unplanned inspections to achieve high reliability.
Estimating the failure-time distribution or long-term
performance of components of high reliability products is
particularly difficult. Many modern products are designed to
operate without failure for years, tens of years, or more. Thus
few units will fail or degrade importantly in a test of practical
length at normal use conditions. For this reason, Accelerated
Life Tests (ALT) can be used in manufacturing industries,
particularly to obtain timely information on the reliability of
product components and materials. Generally, information
from tests at high stress levels of accelerating variables (e.g.,
use rate, temperature, voltage or pressure) is extrapolated,
through a physically reasonable statistical model (e.g., Eiren,
Arrhenius, Inverse Power Law), to obtain estimates of life or
long-term performance at normal use conditions [2].
By collecting field measurements over time at each
preventive maintenance activity we can obtain a dataset that
emulates component degradation. By connecting these
measurements, we can determine a degradation trend. The first
step of the analysis will be the selection of the degradation
model. Degradation models can be exponential, power,
logarithmic, or Gompertz, as well as linear.
An exponential model is described by the following
function (1) and the linear one by the function (2) from Nelson
[7]:
Exponential: y  b  e a  x
Linear:

y  b  ax

(1)
(2)

where y represents the performance, x represents time, a ,
b and c are model parameters to be solved for.
Once the projected failures values for each degradation
model are obtained, an accelerated life analysis is done. The
analysis is performed using an Inverse Power Law life stress
relationship (3) with a probability density function (i.e.,
Weibull, lognormal, exponential) [5].

The initial HRC and BHN values obtained by from the
(3) equipment manufacturer are: HRC 37 and BHN 343.
The equipment manufacturer also indicated that the Disk
ALT results are used in design-for reliability processes to will require replacement when the BHN value of 371 and the
assess or demonstrate component and subsystem reliability, HRC value of 40 are achieved.
certify components, detect failure modes, compare different
The scope first scope is to analyze the data to determine
manufacturers, and so forth. ALTs have become increasingly the probability of having a Brinell Hardness (BHN) value of
important because of rapidly changing technologies, more 371 at 100,000 EBH and 150,000 EBH.
complicated products with more components, and higher
The second step is to perform a degradation analysis of
customer expectations for better reliability and lower life cycle the HRC values measured on site at the 85,000 hours and
cost.
calculate the probability of having a HRC value higher than 40
For some component design variables, it is possible to at 100,000 EBH and 150,000 EBH.
measure degradation directly over time, either continuously or
The analysis of the data in Table 1 indicates that there is a
at specific points in time. In most reliability testing strong case for evaluating the Brinell Hardness and HRC
applications, degradation data, if available, can have important values at longer intervals. The evaluation shows that Disk 1
practical advantages: degradation data can, particularly in and Disk 2 have the higher likelihood of faster degradation.
applications where few or no failures are expected, provide The analysis indicated at 100,000 EBH the probability of
considerably more reliability information than would be getting a BHN value of 371 or higher is 1.7195% and at
available from traditional censored failure-time data. 150,000 EBH the probability of getting a BHN value of 371 or
Accelerated tests are commonly used to obtain reliability test higher is 3.1075%.
information more quickly. Direct observation of the
The analysis also indicates the need to collect the
degradation process (e.g., component wear, fatigue wear) may historical inspection measurements previous to the 85,000
allow direct modeling of the failure-causing mechanism, EBH to improve the accuracy of the analysis especially for
providing more credible and precise reliability estimates and a HRC type of data.
basis for often-needed extrapolation. Modeling degradation of
performance output of a component or subsystem (e.g., voltage
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4.0 MAINTAIBLITY APPLICATION OF ACCELERATED
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Table 1: Brinell Hardness Data at 85,000 hours
The objective of this field application is to assess the risk
of not de-stacking the rotor at 100,000 Equivalent Base Hours
BHN
Disk
BHN
Disk
BHN
Disk
BHN
Disk
337
D1
361
D2
348
D3
326
D4
(EBH). A second objective is to assess the risk of not de360
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stacking at the third major inspection at 150,000 EBH.
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resistance to penetration. The test gets its name from Stanley
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P. Rockwell who devised the test and original machines, later
selling the rights. The test measures the hardness by pressing
Table 2: Brinell Hardness Data at 160,000 hours
an indenter into the surface of the steel with a specific load and
them measuring how far the inventor was able to penetrate. Table 3 shows the HRC values obtained for 85,000 EBH and
While there are a number of Rockwell tests, the most common for 160,000 EBH using conversion tables [8].
is Rockwell B. Rockwell C is used on hard materials [8].
When the material is very thin, lighter loads must be used.
There are conversion charts which will allow conversion from
one method of hardness to another, but it must be remembered
that these conversion charts cannot precisely convert from one
to another.
The data shown in Table 1 are actual measurements of
Brinell hardness at each disk of the turbine disk at 85,000
Table 3 HRC Values
EBH. The second data sets shown in Table 2 are Brinell
Hardness measurements for 160,000 EBH.

4.1 STRESS BASED ANALYSIS
The data shown in Table 1 and Table 2 were modeled
using an Inverse Power Law life stress relationship with a
lognormal probability distribution function (pdf). The data set
was analyzed using the Maximum Likelihood parameter
estimation method. For the confidence bounds calculation, the
Fisher Matrix method was used [6].
Figure 2 shows the parameters using the Inverse Power
Law model with a lognormal distribution. For this analysis two
stress levels were used. Each stress level represents an actual
inspection time (i.e., 85,000 EBH and 160,000 EBH).

Figure 4 Reliability vs. BHN Comparison of the Different
Disks at 150,000 EBH.
Figure 2 Parameter for the Life Data Analysis with Two Stress
Levels (85,000 EBH and 160,000 EBH).

Figure 5 Lognormal Plot at Use Level 150,000 EBH.
Figure 3: Reliability vs. BHN Comparison of the Different
Disks at 100,000 EBH.
Figure 3 shows the Reliability vs. BHN values indicating
that Disk 1 degrades faster than the others in the configuration
and it is a potential cause for replacement with Disk 2. In
Figure 4, Disk 1 and Disk 2 are also a potential cause for
replacement at 150,000 EBH. Disk 3 and Disk 4 degraded at a
slower rate.
Figure 6 shows low probability values for BHN values
higher than 371 at 100,000 EBH and 150,000 EBH. For
100,000 EBH the probability of getting a BHN value of 371 or
higher is 1.7195%. For 150,000 EBH the probability of getting
a BHN value of 371 or higher is 3.1075%.

Figure 6 Probability Values for 100,000 EBH and 150,000
EBH.
For 100,000 EBH the confidence bounds indicated that
you have a 90% certainty that the probability of having BHN
value of 371 or higher is 0.7582% to 3.5733%. For 150,000
EBH the confidence bounds indicated that you have a 90%
certainty that the probability of having BHN value of 371 or

higher is 1.4867% to 5.9755%. Figure 7 shows Reliability vs.
BHN values for both 100,000 EBH and 150,000 EBH.

Figure 9 Degradation Curve.
The model parameters for degradation function are shown in
Figure 10.
Figure 7 Reliability vs. BHN Values for 100000 EBH and
150000 EBH
4.2 DEGRADATION BASED ANALYSIS
A second type of analyses on how HRC values
degradation over time occurs. Figure 9 shows the degradation
curve of the HRC values over time. The degradation analysis
was performed using a linear degradation model and a 2
parameter lognormal as the life model. The analysis method
was a rank regression [7].
Figure 10 Model Parameters
It is a recommended practice that for the initial HRC
Figure 11 and Figure12 show the lognormal plot
values (i.e., below HRC 37) to use the actual measured value
occurrence
of EBH values above HRC 40 and the Reliability
obtained via inspection as a starting point in the degradation
vs.
Time.
modeling [8]. The Table 3 HRC is used as input for the
degradation analysis. Figure 8 shows the degradation input
data used in the degradation analysis.

Figure 8: Input Data for Degradation Analysis.
Figure 11 Weibull Plot for the Degradation Analysis.

Stress (EBH)
Upper Bound (0.975) =
R(t=371) =
Lower Bound (0.025) =

DISK 1
DISK 2
DISK 3
DISK 4
100000 100000 200000 300000
0.206768 0.050601 0.011981 0.006037
0.078308 6.82E-03 0.000206 1.06E-05
2.19E-02 4.93E-04 7.65E-07 1.01E-09

Figure 14 Probability Values for each EBH
Disk 1 and Disk 2 have the higher likelihood of faster
degradation as shown in Figure 3 and Figure 4. This should be
considered when planning the maintenance intervals and
actions for the turbine as shown in the Figure 14.
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