
















































































































































































































































































































































































































































































































































































































































































Figure 14–34 Eccentric sheaves.
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Figure 14–35 Light and heavy spots on an unbalanced sheave.

The elastic nature of belts can either amplify or damp vibrations that are generated by
the attached machine-train components.

Sheaves

Even new sheaves are not perfect and may be the source of abnormal forces and vibra-
tion. The primary sources of induced vibration resulting from sheaves are eccentric-
ity, imbalance, misalignment, and wear.

Eccentricity. Vibration caused by sheave eccentricity manifests itself as changes in
load and rotational speed. As an eccentric drive sheave passes through its normal 
rotation, variations in the pitch diameter cause variations in the linear belt speed. An
eccentric driven sheave causes variations in load to the drive. The rate at which such
variations occur helps determine which is eccentric. An eccentric sheave may also
appear to be unbalanced; however, performing a balancing operation will not correct
the eccentricity.

Imbalance. Sheave imbalance may be caused by several factors, one of which may
be that it was never balanced to begin with. The easiest problem to detect is an actual
imbalance of the sheave itself. A less obvious cause of imbalance is damage that has
resulted in loss of sheave material. Imbalance caused by material loss can be deter-
mined easily by visual inspection, either by removing the equipment from service or
by using a strobe light while the equipment is running. Figure 14–35 illustrates light
and heavy spots that result in sheave imbalance.

www.mpedia.ir

دانشنامه نت 



Misalignment. Sheave misalignment most often produces axial vibration at the shaft
rotational frequency (1¥) and radial vibration at one and two times the shaft rotational
frequency (1¥ and 2¥). This vibration profile is similar to coupling misalignment.
Figure 14–36 illustrates angular sheave misalignment, and Figure 14–37 illustrates
parallel misalignment.

Wear. Worn sheaves may also increase vibration at certain rotational frequencies;
however, sheave wear is more often indicated by increased slippage and drive wear.
Figure 14–38 illustrates both normal and worn sheave grooves.
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Figure 14–36 Angular sheave misalignment.

Figure 14–37 Parallel sheave misalignment.

Figure 14–38 Normal and worn sheave grooves.
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Belts

V-belt drives typically consist of multiple belts mated with sheaves to form a means
of transmitting motive power. Individual belts, or an entire set of belts, can generate
abnormal dynamic forces and vibration. The dominant sources of belt-induced vibra-
tions are defects, imbalance, resonance, tension, and wear.
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Figure 14–39 Typical spectral plot (i.e., vibration profile) of a defective belt.

Figure 14–40 Spectral plot of shaft rotational and belt defect (i.e.,
imbalance) frequencies.
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Figure 14–41 Spectral plot of resonance excited by belt-defect frequency.
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Defects. Belt defects appear in the vibration signature as subsynchronous peaks, often
with harmonics. Figure 14–39 shows a typical spectral plot (i.e., vibration profile) for
a defective belt.

Imbalance. An imbalanced belt produces vibration at its rotational frequency. If a
belt’s performance is initially acceptable and later develops an imbalance, the belt has

Figure 14–42 Examples of mode resonance in a belt span.
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most likely lost material and must be replaced. If imbalance occurs with a new belt,
it is defective and must be replaced. Figure 14–40 shows a spectral plot of shaft rota-
tional and belt defect (i.e., imbalance) frequencies.

Resonance. Belt resonance occurs primarily when the natural frequency of some
length of the belt is excited by a frequency generated by the drive. Occasionally, a
sheave may also be excited by some drive frequency. Figure 14–41 shows a spectral
plot of resonance excited by belt-defect frequency.

Adjusting the span length, belt thickness, and belt tension can control belt resonance.
Altering any of these parameters changes the resonance characteristics. In most appli-
cations, it is not practical to alter the shaft rotational speeds, which are also possible
sources of the excitation frequency.

Resonant belts are readily observable visually as excessive deflection, or belt whip. It
can occur in any resonant mode, so there may or may not be inflection points observed
along the span. Figure 14–42 illustrates first-, second-, and third-mode resonance in
a belt span.

Tension. Loose belts can increase the vibration of the drive, often in the axial plane.
In the case of multiple V-belt drives, mismatched belts also aggravate this condition.
Improper sheave alignment can also compromise tension in multiple-belt drives.

Wear. Worn belts slip, and the primary indication is speed change. If the speed of the
driver increases and the speed of the driven unit decreases, then slippage is probably
occurring. This condition may be accompanied by noise and smoke, causing belts to
overheat and be glazed in appearance. It is important to replace worn belts.
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The decision to establish a predictive maintenance program is the first step toward
controlling maintenance costs and improving process efficiency in your plant. Now
what do you do? Numerous predictive maintenance programs can serve as models for
implementing a successful predictive maintenance program. Unfortunately, many 
programs were aborted within the first three years because a clear set of goals and
objectives were not established before the program was implemented. Implementing
a total-plant predictive maintenance program is expensive. After the initial capital 
cost of instrumentation and systems, a substantial annual labor cost is required to
maintain the program.

To be successful, a predictive maintenance program must be able to quantify the
cost–benefit generated by the program. This goal can be achieved if the program is
properly established, uses the proper predictive maintenance techniques, and has mea-
surable benefits. The amount of effort expended to initially establish the program is
directly proportional to its success or failure.

15.1 GOALS, OBJECTIVES, AND BENEFITS

Constructive actions issue from a well-established purpose. It is important that the
goals and objectives of a predictive maintenance program be fully developed and
adopted by the personnel who perform the program and upper management of the plant.
A predictive maintenance program is not an excuse to buy sophisticated, expensive
equipment. Neither is the purpose of the program to keep people busy measuring and
reviewing data from the various machines, equipment, and systems within the plant.

The purpose of predictive maintenance is to minimize unscheduled equipment fail-
ures, maintenance costs, and lost production. It is also intended to improve the pro-

15
ESTABLISHING A PREDICTIVE
MAINTENANCE PROGRAM

325

www.mpedia.ir

دانشنامه نت 



duction efficiency and product quality in the plant. This is accomplished by regular
monitoring of the mechanical condition, machine and process efficiencies, and other
parameters that define the operating condition of the plant. Using the data acquired
from critical plant equipment, incipient problems are identified and corrective actions
taken to improve the reliability, availability, and productivity of the plant.

Specific goals and objectives will vary from plant to plant; however, we will provide
an example that illustrates the process. Before goals and objectives can be developed
for your plant, you must determine the existing maintenance costs and other parame-
ters that will establish a reference or baseline data set. Because most plants do not
track the true cost of maintenance, this may be the most difficult part of establishing
a predictive maintenance program.

At a minimum, your baseline data set should include the staffing, overhead, overtime
premiums, and other payroll costs of the maintenance department. It should also
include all maintenance-related contract services, excluding janitorial, and the total
costs of spare parts inventories. The baseline should also include the percentage of
unscheduled versus scheduled maintenance repairs, actual repair costs on critical plant
equipment, and the annual availability of the plant.

This baseline should include the incremental costs of production created by cata-
strophic machine failures and other parameters. If they are available or can be
obtained, they will help greatly in establishing a valid baseline. The long-term 
objectives of a predictive maintenance program are to:

• Eliminate unnecessary maintenance.
• Reduce lost production caused by failures.
• Reduce repair parts inventory.
• Increase process efficiency.
• Improve product quality.
• Extend the operating life of plant systems.
• Increase production capacity.
• Reduce overall maintenance costs.
• Increase overall profits.

Just stating these objectives, however, will not make them happen or provide the
means of measuring the program’s success. Establish specific objectives (e.g., reduce
unscheduled maintenance by 20 percent or increase production capacity by 15
percent). In addition to quantifying the expected goals, define the methods that will
be used to accomplish each objective and the means that can be used to measure the
actual results.

15.2 FUNCTIONAL REQUIREMENTS

Functional requirements will vary with the size and complexity of the plant, company,
or corporation; however, minimal requirements must be met regardless of the vari-
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ables. These requirements are management support, dedicated and accountable 
personnel, efficient data collection and analysis procedures, and a viable database.

15.2.1 Management Support

Implementing a predictive maintenance program will require an investment in both
capital equipment and labor. If a program is to get started and survive to accomplish
its intended goals, management must be willing to commit the necessary resources.
Management must also insist on the adoption of vital record-keeping and information
exchange procedures that are critical to program success and are outside the control
of the maintenance department. In most aborted programs, management committed to
the initial investment for capital equipment but did not invest the resources required
for training, consulting support, and in-house staffing that are essential to success.
Several programs have been aborted during the time between 18 and 24 months after
implementation. They were not aborted because the program failed to achieve the
desired results, but rather they failed because upper management did not clearly under-
stand how the program worked.

During the first 12 months, most predictive maintenance programs identify numerous
problems in plant machinery and systems. Therefore, the reports and recommendations
for corrective actions generated by the predictive maintenance group are highly visible.
After the initial 12 to 18 months, most of the serious plant problems have been resolved
and the reports begin to show little need for corrective actions. Without a clear under-
standing of this normal cycle and the means of quantifying the achievements of the
predictive maintenance program, upper management often concludes that the program
is not providing sufficient benefits to justify the continued investment in staffing.

15.2.2 Dedicated and Accountable Personnel

All successful programs are built around a full-time predictive maintenance team.
Some of these teams may cover multiple plants and some monitor only one; however,
every successful program has a dedicated team that can concentrate its full attention
on achieving the objectives established for the program. Even though a few success-
ful programs have been structured around part-time personnel, this approach is 
not recommended. All too often, part-time personnel will not or cannot maintain the
monitoring and analysis frequency that is critical to success.

The accountability expected of the predictive maintenance group is another critical
factor to program effectiveness. If measures of program effectiveness are not estab-
lished, neither management nor program personnel can determine if the program’s
potential is being achieved.

15.2.3 Efficient Data Collection and Analysis Procedures

Efficient procedures can be established if adequate instrumentation is available 
and the monitoring tasks are structured to emphasize program goals. A well-planned
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program should not be structured so that all machines and equipment in the plant
receive the same scrutiny. Typical predictive maintenance programs monitor from 50
to 500 machine-trains in a given plant.

Some of the machine-trains are more critical to the continued, efficient operation of
the plant than others. The predictive maintenance program should be set up to con-
centrate the program’s efforts in the areas that will provide maximum results. The use
of microprocessor- and PC-based predictive maintenance systems greatly improves
the data collection and data management functions required for a successful program.
These systems can also provide efficient data analysis; however, procedures that define
the methods, schedule, and other parameter of data acquisition, analysis, and report
generation must also be included in the program definition.

15.2.4 Viable Database

The methods and systems that you choose for your program and the initial program
development will largely determine the success or failure of predictive maintenance
in your plant. Proper implementation of a predictive maintenance program is not 
easy. It will require a great deal of thought and—perhaps for the first time—a com-
plete understanding of the operation of the various systems and machinery in your
plant.

The initial database development required to successfully implement a predictive
maintenance program will require several staffing months of effort. The result of the
extensive labor required to properly establish a predictive database often results in
either a poor or incomplete database. In some cases, the program is discontinued
because of staff limitations. If the extensive labor required to establish a database is
not available in-house, consultants can provide the knowledge and labor required to
accomplish this task.

The ideal situation would be to have the predictive systems vendor establish a viable
database as part of the initial capital equipment purchase. This service is offered by a
few of the systems vendors. Unfortunately, many predictive maintenance programs
have failed because these important first critical steps were omitted or ignored. There
are a variety of beneficial technologies and predictive maintenance systems. How do
you decide which method and system to use?

A vibration-based predictive maintenance program is the most difficult to properly
establish and requires much more effort than any of the other techniques. It will also
provide the most return on investment. Too many of the vibration-based programs fail
to use the full capability of the predictive maintenance tool. They ignore the automatic
diagnostic power that is built into most of the microprocessor-based systems and rely
instead on manual interpretation of all data.

The first step is to determine the types of plant equipment and systems that are to be
included in your program. A plant survey of your process equipment should list every
critical component within the plant and its impact on both production capacity and
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maintenance costs. A plant process layout is invaluable during this phase of program
development. It is easy to omit critical machines or components during the audit;
therefore, care should be taken to ensure that all components that can limit produc-
tion capacity are included in your list.

The listing of plant equipment should be ordered into the following classes depend-
ing on the equipment’s impact on production capacity or maintenance cost: Class I,
essential; Class II, critical; Class III, serious; and Class IV, others.

Class I, or essential, machinery or equipment must be online for continued plant
operation. Loss of any one of these components will result in a plant outage and
total loss of production. Plant equipment that has excessive repair costs or repair
parts lead-time should also be included in the essential classification.

Class II, or critical, machinery would severely limit production capacity. As
a rule of thumb, loss of critical machinery would reduce production capacity
by 30 percent or more. Also included in the critical classification are machines
or systems with chronic maintenance histories or that have high repair or
replacement costs.

Class III, or serious, machinery includes major plant equipment that does not 
have a dramatic impact on production but that contributes to maintenance
costs. An example of the serious classification would be a redundant system.
Because the inline spare could maintain production, loss of one component
would not affect production; however, the failure would have a direct impact
on maintenance cost.

Class IV machinery includes other plant equipment that has a proven history
of impacting either production or maintenance costs. All equipment in this
classification must be evaluated to determine whether routine monitoring is
cost effective. In some cases, replacement costs are lower than the annual costs
required to monitor machinery in this classification.

The completed list should include every machine, system, or other plant equipment
that has or could have a serious impact on the availability and process efficiency of
your plant. The next step is to determine the best method or technique for cost-
effectively monitoring the operating condition of each item on the list. To select the
best methods for regular monitoring, you should consider the dynamics of operation
and normal failure modes of each machine or system to be included in the program.
A clear understanding of the operating characteristics and failure modes will provide
the answer to which predictive maintenance method should be used.

Most predictive maintenance programs use vibration monitoring as the principal tech-
nique. Visual inspection, process parameters, ultrasonics, and limited thermographic
techniques should also be added to the in-house program. The initial cost of systems
and advanced training required by full thermographic and tribology techniques pro-
hibits their inclusion into in-house programs. Plants that require these techniques 
normally rely on outside contractors to provide the instrumentation and expertise
required.
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Because of the almost unlimited numbers and types of machinery and systems used
in industry, it is impossible to cover every one in this book; however, Chapter 7 pro-
vides a cross-section that illustrates the process used to identify the monitoring 
parameters for plant equipment.

15.3 SELLING PREDICTIVE MAINTENANCE PROGRAMS

Justification of a predictive maintenance program to corporate management is diffi-
cult, but convincing the entire workforce to embrace improvement is almost impos-
sible. Because few companies can afford to invest the financial resources and staffing
required to improve the effectiveness of their plants, corporate management has a
built-in resistance to change. Couple this resistance with the natural aversion to change
that dominates most workforces, and selling improvement becomes very difficult.
How do you convince corporate management and the workforce to invest in predic-
tive maintenance improvement?

15.3.1 Six Keys to Success

There are six keys to successful justification and implementation of a continuous
improvement program: (1) formulating a detailed program plan, (2) knowing your
audience, (3) creating an implementation plan, (4) doing your homework, (5) taking
a holistic view, and (6) getting absolute buy-in.

Formulating a Detailed Program Plan

Do not shortcut the program plan. It must be a concise, detailed document that pro-
vides clear direction for the program. Remember that the plan should be a living 
document. It should be upgraded or modified as the program matures.

Concise Goals and Objectives. Your justification package must include a clear,
concise game plan. Corporate and plant management expect you to understand the
problems that reduce plant effectiveness and to offer a well-defined plan to correct
these problems.

The first step in reaching this understanding is conducting a comprehensive evalua-
tion of your facility. Evaluation of your plant will be the most difficult part of your
preparation. Cost-accounting and performance tracking systems are not set up to track
all of the indices that define performance. At best, there will be some data for yield,
unscheduled delays, and traditional costs, such as maintenance, labor, and material,
but in most cases, the data will be extremely limited and may not provide a true picture.

Typically, the reports generated by these tracking programs are compartmentalized
and will only disclose part of the true picture. For example, delays will be contained
in several reports. Maintenance delays will be divided into at least two reports:
unscheduled and planned downtime. Operating delays will be in another report or
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reports, and material control in yet another. To get a true picture of downtime, you
must consolidate all nonproduction time into one report. The same is true of yield or
product quality. At one client’s facility, we found 57 different yield reports, none of
which agreed. As you can imagine, developing a true picture of the yield for this plant
was extremely difficult.

Do not use artificial limits; normalize data to the physical limits that bound plant per-
formance. For example, a plant that operates continuously has a physical limit of 8,760
production hours in a calendar year. Capacity, availability, and all other performance
indices should be based on this physical limit, not an arbitrary number of hours that
are the common industry practice. Data should also be normalized to remove other
variables, such as selling price and sales volume.

Self-evaluation is extremely difficult. Each of us has built-in perceptions that influ-
ence how we interpret data. These perceptions are deep-rooted and may prevent you
from developing an honest evaluation of plant effectiveness. One of my favorite exam-
ples is maintenance planning. Most of my clients state absolutely that they plan at
least 80 percent of their maintenance activities. Few, if any, actually plan 10 percent.
At best, 80 percent of their maintenance tasks may be listed on a written schedule,
but few are effectively planned.

How do you get around these perceptions? There is no easy answer. You must either
make a commitment to honestly evaluate the effectiveness of each function and area
within your plant or hire a qualified consultant to conduct the evaluation for you.

Accurate Cost Estimates. Many programs fail simply because costs, such as training,
infrastructure, and required staffing, are underestimated. Make every effort to identify
and quantify these costs as part of your justification.

Realistic Return-on-Investment Milestones. A clear set of project milestones will help
ensure continuation of your program. If corporate executives can see measurable
improvements, the probability of continuation and long-term success is greatly
improved.

Tracking and Evaluation Plan. Selling the program is not finished when the justifi-
cation package is approved. You must continue to sell the program for its entire life.
A well-defined tracking and evaluation plan, coupled with clearly defined milestones,
will greatly improve your chance of success. Remember: Never stop selling the
program. Newsletters, video presentations, periodic reports, and personal contacts 
are essential to the continuation and success of your program.

Knowing Your Audience

There are at least five levels of selling that must be accomplished for a successful
program: (1) corporate management, (2) plant management, (3) division management,
(4) line supervision, and (5) the hourly workforce. Your justification package must
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address all five levels of approval. Benefits must address the unique concerns of each
of these five groups.

Corporate Management. Corporate management must make the first commitment.
Most improvement programs are expensive and will require corporate-level approval.
Therefore, your initial justification package must be prepared for this critical 
audience.

A successful justification package must be couched in terms that these individuals 
will understand and accept. Remember that corporate managers are driven by one 
and only one thing—the bottom line. Your company’s president is evaluated by the
stockholders and board of directors based solely on the overall profitability of 
the corporation. Your justification package must presents the means to improve 
profitability.

Improvements in terms of staffing per unit produced, increased yields, and reduced
overall costs are the key phrases that must be used to gain approval. Corporate-level
executives are looking for ways to improve their perceived value. You must supply
these means as part of your plan.

Plant Management. To a lesser degree, plant executives are driven by the same stimuli
as those at corporate level. Although they tend to have a broader view of plant oper-
ations, plant-level managers want to see justification couched in terms of total plant.

One other factor is critical to success at this level. Most plant executives do not have
a maintenance background. In fact, most have a built-in prejudice against the main-
tenance organization. Many are convinced that maintenance is the root-cause of the
plant’s poor performance. If your justification package and program plan are defined
in maintenance terms or you limit improvements to traditional maintenance issues,
your chances for approval will be severely limited.

Division Management. Total, absolute support of division managers is crucial. In most
plants, the division manager controls all of the resources required to implement
change. Regardless of the organizational structure, this level of management has
control of the operating and maintenance budget as well as allocation of the work-
force. Without this support, your program cannot succeed. If you can gain this support,
you are well on your way to success.

Line Supervision. In many plants, first-line supervisors are the most resistant to
change. In some cases, this resistance is driven by insecurity. Generally, this segment
of the workforce is the first to be cut during reengineering or downsizing. As a result,
their natural tendency is to resist any new program that is touted as a plant improve-
ment program.

In other plants, supervisors have been conditioned by a long history of failed attempts
to correct plant problems. The myriad “programs of the month,” which have become
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the norm in our domestic plants, have resulted in widespread frustration throughout
the workforce. This frustration is especially true of first-line supervisors.

Regardless of the reason for their resistance, first-line supervisors must be convinced
to provide absolute, unconditional support. Your program plan must include the 
motivation and rationale that will convince this critical part of the workforce to 
get involved and to become a positive force that will ensure success.

Hourly Workforce. Most programs fail to address the final audience—the hourly
workforce. This mistake is absolutely fatal. Without the total support and assistance
of the hourly workers, nothing can change. Your program plan must include specific
means of winning both initial and long-term support from the workers.

The best way to accomplish this key milestone is to include their representatives in
the program development phase and continue their involvement throughout the
program. Think like your audience. Include specific information and data that will 
be understood by your audience. Corporate executives will relate to staffing per ton,
working ratios, and bottom-line profit. Hourly workers will relate to improved
working conditions and higher incentives that result from improved yields. Think like
your audience and your potential for approval will be improved.

Creating an Implementation Plan

A concise, detailed program plan is the most important part of your program. Without
a good plan, most programs fail within the first year. The plan must include well-
defined goals and objectives. Use extreme caution to ensure that goals are achievable
within the prescribed timeline.

Few plants can afford to lay out major capital investments that are required by
improvement programs. Therefore, your program should use a phased approach. 
Specific tasks should be defined in a logical sequence that minimizes investment and
maximizes returns. Return on investment must be the driving force behind your 
timeline and implementation approach.

Make sure that all tasks required to accomplish your program are included in 
the program plan. Each task should include a clear definition, including a deliv-
erable; assign responsibility to a specific individual; and indicate a start and end 
date. In addition, each task description should include all tools, skills, and support
required.

Return on Investment. A viable continuous improvement program must be designed
to pay for itself. Do not be misled; this is not an arbitrary management view. Your
profit and loss statement clearly shows that the financial resources required to support
an improvement program are simply not available. Every decision made must be
driven by this single factor—return on investment. Unless your program can definitely
pay for itself, it should not be implemented.

Establishing a Predictive Maintenance Program 333
www.mpedia.ir

دانشنامه نت 



Frankly, most maintenance improvement programs will not pay for themselves. Tra-
ditional applications of predictive maintenance, reliability-centered maintenance, total
productive maintenance, and a myriad of others are not capable of generating enough
return to justify implementation. The only proven means of generating a positive
return is to include the total plant in your program.

Do Not Overstate Benefits. The natural tendency is to define outlandish benefits that
will be generated by the program. In some instances, these projections are based on
data provided by consultants or vendors of improvement systems, like predictive
maintenance, and are simply not valid. In other cases, you may overstate expected
return-on-investment numbers to ensure approval. This is perhaps the greatest mistake
that can be made. Remember that your justification will establish expectations that
you must meet. If you overstate benefits, you will be expected to deliver. In conclu-
sion, make sure that you prepare your justification and plan to assure success.

Doing Your Homework

An honest, in-depth evaluation of your plant is an absolute requirement. This evalu-
ation provides two essential data sets: (1) it defines the specific areas that need to be
improved, and (2) it provides a baseline or benchmark that can be used to measure
the success of your program.

Taking a Holistic View

Do not limit your plant evaluation to a single plant function or deficiency. If you really
want to improve the performance of your plant, look at every function or variable that
has a direct or indirect impact on performance. Your evaluation should include these
critical plant functions: sales, purchasing, engineering, production, maintenance,
human resources, and management. Unless you take a holistic view, your program
and its benefits will be limited.

Getting Absolute Buy-In

The total, absolute support of all employees within your plant is essential to success.
You must gain their support or the program will fail. This task must be ongoing for
the duration of your program. You must constantly reinforce this commitment or some
portion of the workforce will lose interest and you will lose their support.

15.4 SELECTING A PREDICTIVE MAINTENANCE SYSTEM

After developing the requirements for a comprehensive predictive maintenance
program, the next step is to select the hardware and software system that will most
cost-effectively support your program. Because most plants will require a combina-
tion of techniques (e.g., vibration, thermography, tribology), the system should be able
to provide support for all of the required techniques. Because a single system that will
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support all of the predictive maintenance is not available, you must decide on the spe-
cific techniques that must be used to support your program. Some of the techniques
may have to be eliminated to enable the use of a single predictive maintenance system.
In most cases, though, two independent systems will be required to support the 
monitoring requirements in your plant.

Most plants can be cost-effectively monitored using a microprocessor-based system
designed to use vibration, process parameters, visual inspection, and limited infrared
temperature monitoring. Plants with large populations of heat transfer systems and
electrical equipment will need to add a full thermal imaging system in order to meet
the total-plant requirements for a full predictive maintenance program. Plants with
fewer systems that require full infrared imaging may elect to contract this portion of
the predictive maintenance program. This option will eliminate the need for an addi-
tional system. A typical microprocessor-based system will consist of four main com-
ponents: a meter or data logger, a host computer, transducers, and a software program.
Each component is important, but the total capability must be evaluated to achieve a
system that will support a successful program.

15.4.1 Fundamental System Requirements

The first step in selecting the predictive maintenance system that will be used in your plant
is to develop a list of the specific features or capabilities the system must have to support
your program. At a minimum, the total system must have the following capabilities:

• User-friendly software and hardware
• Automated data acquisition
• Automated data management and trending
• Flexibility
• Reliability
• Accuracy
• Training and technical support

User-Friendly Software and Hardware

The premise of predictive maintenance is that existing plant staff must be able to
understand the operation of both the data logger and the software program. Because
plant staff normally has little, if any, computer or microprocessor background, the
system must use simple, straightforward operation of both the data acquisition instru-
ment and software. Complex systems, even if they provide advanced diagnostic capa-
bilities, may not be accepted by plant staff and therefore will not provide the basis for
a long-term predictive maintenance program.

Automated Data Acquisition

The object of using microprocessor-based systems is to remove any potential for
human error, reduce staffing, and automate as much as possible the acquisition of
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vibration, process, and other data that will provide a viable predictive maintenance
database. Therefore, the system must be able to automatically select and set monitor-
ing parameters without user input. The ideal system would limit user input to a single
operation, but this is not totally possible with today’s technology.

Automated Data Management and Trending

The amount of data required to support a total-plant predictive maintenance program
is massive and will continue to increase over the life of the program. The system must
be able to store, trend, and recall the data in multiple formats that will enable the user
to monitor, trend, and analyze the condition of all plant equipment included in the
program. The system should be able to provide long-term trend data for the life of the
program. Some of the microprocessor-based systems limit trends to a maximum of 26
data sets and will severely limit the decision-making capabilities of the predictive
maintenance staff. Limiting trend data to a finite number of data sets eliminated the
ability to determine the most cost-effective point to replace a machine rather than let
it continue in operation.

Flexibility

Not all machines or plant equipment are the same, and neither are the best methods
of monitoring their condition equal. Therefore, the selected system must be able to
support as many of the different techniques as possible. At a minimum, the system
should be capable of obtaining, storing, and presenting data acquired from all vibra-
tion and process transducers and provide an accurate interpretation of the measured
values in user-friendly terms. The minimum requirement for vibration-monitoring
systems must include the ability to acquire filter broadband, select narrowband, time
traces, and high-resolution signature data using any commercially available trans-
ducer. Systems that are limited to broadband monitoring or to a single type of trans-
ducer cannot support the minimum requirements of a predictive maintenance program.

The added capability of calculating unknown values based on measured inputs will
greatly enhance the system’s capabilities. For example, neither fouling factor nor effi-
ciency of a heat exchanger can be directly measured. A predictive maintenance system
that can automatically calculate these values based on the measured flow, pressure,
and temperature data would enable the program to automatically trend, log, and alarm
deviations in these unknown, critical parameters.

Reliability

The selected hardware and software must be proven in actual field use to ensure their
reliability. The introduction of microprocessor-based predictive maintenance systems
is still relatively new, and it is important that you evaluate the field history of a system
before purchase. Ask for a list of users and talk to the people who are already using
the systems. This is a sure way to evaluate the strengths and weaknesses of a partic-
ular system before you make a capital investment.
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Accuracy

Decisions on machine-train or plant system condition will be made based on the data
acquired and reported by the predictive maintenance system. It must be accurate and
repeatable. Errors can be input by the microprocessor and software as well as by the
operators. The accuracy of commercially available predictive maintenance systems
varies. Although most will provide at least minimum acceptable accuracy, some are
well below the acceptable level.

It is extremely difficult for the typical plant user to determine the level of accuracy of
the various instruments that are available for predictive maintenance. Vendor litera-
ture and salespeople will attempt to assure the potential user that their system is the
best, most accurate, and so on. The best way to separate fact from fiction is to compare
the various systems in your plant. Most vendors will provide a system on consign-
ment for up to 30 days. This will provide sufficient time for your staff to evaluate each
of the potential systems before purchase.

Training and Technical Support

Training and technical support are critical to the success of your predictive 
maintenance program. Regardless of the techniques or systems selected, your staff
will have to be trained. This training will take two forms: system users’ training and
application knowledge for the specific techniques included in your program. Few, if
any, of the existing staff will have the knowledge base required to implement the
various predictive maintenance techniques discussed in the preceding chapters. None
will understand the operation of the systems that are purchased to support your
program.

Many of the predictive systems’ manufacturers are strictly hardware and software ori-
ented. Therefore, they offer minimal training and no application training or technical
support. Few plants can achieve minimum benefits from predictive maintenance
without training and some degree of technical support. It is therefore imperative that
the selected system or system vendors provide a comprehensive support package that
includes both training and technical support.

System Cost

Cost should not be the primary deciding factor in system selection. The capabilities
of the various systems vary greatly, and so does the cost. Care should be taken to
ensure a fair comparison of the total system capability and price before selecting your
system. For example, vibration-based systems are relatively competitive in price. The
general spread is less than $1,000 for a complete system; however, the capabilities 
of these systems are not comparable. A system that provides minimum capability for
vibration monitoring will be about the same price as one that provides full vibration-
monitoring capability and provides process parameter, visual inspection, and point-
of-use thermography.

Establishing a Predictive Maintenance Program 337
www.mpedia.ir

دانشنامه نت 



Operating Cost

The real cost of implementing and maintaining a predictive maintenance program is
not the initial system cost. Rather, it is the annual labor and overhead costs associated
with acquiring, storing, trending, and analyzing the data required to determine the
operating condition of plant equipment. This is the area where predictive maintenance
systems have the greatest variance in capability. Systems that fully automate data
acquisition, storing, and so on will provide the lowest operating costs. Manual systems
and many of the low-end microprocessor-based systems require substantially more
labor to accomplish the minimum objectives required by predictive maintenance. 
The list of users will again help you determine the long-term cost of the various
systems. Most users will share their experience, including a general indication of labor
cost.

The Microprocessor

The data logger or microprocessor selected by your predictive maintenance program
is critical to the program’s success. A wide variety of systems are on the market,
ranging from handheld overall value meters to advanced analyzers that can provide
an almost unlimited amount of data. The key selection parameters for a data acquisi-
tion instrument should include the expertise required to operate, accuracy of data, type
of data, and staffing required to meet the program demands.

Expertise Required to Operate. One of the objectives for using microprocessor-based
predictive maintenance systems is to reduce the expertise required to acquire error-
free, useful vibration and process data from a large population of machinery and
systems within a plant. The system should not require user input to establish maximum
amplitude, measurement bandwidths, filter settings, or allow free-form data input. All
of these functions force the user to be a trained analyst and will increase the cost and
time required to routinely acquire data from plant equipment. Many of the micro-
processors on the market provide easy, menu-driven measurement routes that lead the
user through the process of acquiring accurate data. The ideal system should require
a single key input to automatically acquire, analyze, alarm, and store all pertinent data
from plant equipment. This type of system would enable an unskilled user to quickly
and accurately acquire all of the data required for predictive maintenance.

Accuracy of Data. The microprocessor should be able to automatically acquire accu-
rate, repeatable data from equipment included in the program. The elimination of user
input on filter settings, bandwidths, and other measurement parameters would greatly
improve the accuracy of acquired data. The specific requirements that determine data
accuracy will vary depending on the type of data. For example, a vibration instrument
should be able to average data, reject spurious signals, auto-scale based on measured
energy, and prevent aliasing.

The basis of frequency-domain vibration analysis assumes that we monitor the rota-
tional frequency components of a machine-train. If a single block of data is acquired,
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nonrepetitive or spurious data can be introduced into the database. The microproces-
sor should be able to acquire multiple blocks of data, average the total, and store the
averaged value. Basically, this approach enables the data acquisition unit to automat-
ically reject any spurious data and provide reliable data for trending and analysis.
Systems that rely on a single block of data will severely limit the accuracy and repeata-
bility of acquired data. They will also limit the benefits that can be derived from the
program.

The microprocessor should also have electronic circuitry that automatically checks
each data set and block of data for accuracy and rejects any spurious data that may
occur. Auto-rejection circuitry is available in several of the commercially available
systems. Coupled with multiple block averaging, this auto-rejection circuitry ensures
maximum accuracy and repeatability of acquired data. A few of the microprocessor-
based systems require the user to input the maximum scale that is used to acquire data.
This will severely limit the accuracy of data.

Setting the scale too high will prevent acquisition of factual machine data, whereas
too low a setting will not capture any high-energy frequency components that may be
generated by the machine-train. Therefore, the microprocessor should have auto-
scaling capability to ensure accurate data. Vibration data can be distorted by high-
frequency components that fold over into the lower frequencies of a machine’s sig-
nature. Even though these aliased frequency components appear real, they do not exist
in the machine. Low-frequency components can also distort the midrange signature
of a machine in the same manner as high frequency. The microprocessor selected for
vibration should include a full range of anti-aliasing filters to prevent distortion of
machine signatures.

The features illustrated in the example also apply to nonvibration measurements. For
example, pressure readings require the averaging capability to prevent spurious read-
ings. Slight fluctuations in line or vessel pressure are normal in most plant systems.
Without the averaging capability, the microprocessor cannot acquire an accurate
reading of the true system pressure.

Alert and Alarm Limits. The microprocessor should include the ability to automati-
cally alert the user to changes in machine, equipment, or system condition. Most of
the predictive maintenance techniques rely on a change in the operating condition of
plant equipment to identify an incipient problem. Therefore, the system should be able
to analyze data and report any change in the monitoring parameters that were estab-
lished as part of the database development.

Predictive maintenance systems use two methods to detect a change in the operating
condition of plant equipment: static and dynamic. Static alert and alarm limits are pre-
selected thresholds that are downloaded into the microprocessor. If the measurement
parameters exceed the preset limit, an alarm is displayed. This type of monitoring does
not consider the rate of change or historical trends of a machine and therefore cannot
anticipate when the alarm will be reached.
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The second method uses dynamic limits that monitor the rate of change in the mea-
surement parameters. This type of monitoring can detect minor deviations in the rate
that a machine or system is degrading and anticipate when an alarm will be reached.
The use of dynamic limits will greatly enhance the automatic diagnostic capabilities
of a predictive maintenance system and reduce the manual effort required to gain
maximum benefits.

Data Storage. The microprocessor must be able to acquire and store large amounts
of data. The memory capacities of the various predictive maintenance systems vary.
At a minimum, the system must be able to store a full eight hours of data before trans-
ferring it to the host computer. The actual memory requirements will depend on the
type of data acquired. For example, a system used to acquire vibration data would
need enough memory to store about 1,000 overall readings or 400 full signatures.
Process monitoring would require a minimum of 1,000 readings to meet the minimum
requirements.

Data Transfer. The data acquisition unit will not be used for long-term data storage.
Therefore, it must be able to reliably transfer data into the host computer. The actual
time required to transfer the microprocessor’s data into the host computer is the only
nonproductive time of the data acquisition unit. It cannot be used to acquire additional
data during the data transfer operation. Therefore, the transfer time should be kept to
a minimum. Most of the available systems use an RS 232 communication protocol
that allows data transfer at rates of up to 19,200 baud. The time required to dump the
full memory of a typical microprocessor can be 30 minutes or more.

Some of the systems have incorporated an independent method of transferring data
that eliminates the dead time altogether. These systems transfer stored data from the
data logger into a battery-backed memory, bypassing the RS 232 link. Using this tech-
nique, data can be transferred at more than 350,000 baud and will reduce the non-
productive time to a few minutes.

The microprocessor should also be able to support modem communication with
remote computers. This feature will enable multiple plant operation and direct access
to third-party diagnostic and analysis support. Data can be transferred anywhere in
the world using this technique. Not all predictive maintenance systems use a true RS
232 communications protocol or support modem communications. These systems can
severely limit the capabilities of your program. The various predictive maintenance
techniques will add other specifications for an acceptable data acquisition unit.

The Host Computer

The host computer provides all of the data management, storage, report generation,
and analysis capabilities of the predictive maintenance program. Therefore, care
should be exercised during the selection process. This is especially true if multiple
technologies will be used within the predictive maintenance program. Each predictive
maintenance system will have a unique host computer specification that will include
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hardware configuration, computer operating system, hard disk memory requirements,
and many others. This can become a serious if not catastrophic problem. You may find
that one system requires a special printer that is not compatible with other programs
to provide hard copies of reports or graphic data. One program may be compatible
with PC-DOS, whereas another requires a totally different operating program.

Therefore, you should develop a complete computer specification sheet for each of
the predictive maintenance systems that will be used. A comparison of the list will
provide a compatible computer configuration to support each of the techniques. If this
is not possible, you may have to reconsider your choice of techniques. Computers,
like plant equipment, sometimes fail. Therefore, the use of a commercially available
computer is recommended. The critical considerations include availability of repair
parts and local vendor support.

Most of the individual predictive maintenance techniques do not require a dedicated
computer. Therefore, there is usually sufficient storage and computing capacity to
handle several, if not all, of the required techniques and still leave room for other
support programs (e.g., word processing, database management). Use of commercially
available PCs provides the user with the option of including these auxiliary programs
in the host computer. The actual configuration of the host computer will depend on
the specific requirements of the predictive maintenance techniques that will be used.
Therefore, we will not attempt to establish guidelines for selection.

The Software

The software program provided with each predictive maintenance system is the heart
of a successful program. It is also the most difficult aspect to evaluate before pur-
chase. The methodology used by vendors of predictive maintenance systems varies
greatly. Many appear to have all of the capabilities required to meet the demands of
a total-plant predictive maintenance program; however, on close inspection, usually
after purchase, they are found to be lacking.

Software is also the biggest potential limiting factor of a program. Even though all
vendors use some form of formal computer language (e.g., Fortran, Cobol, Basic),
their programs are normally not interchangeable with other programs. The apparently
simple task of having one computer program communicate with another can often be
impossible. This lack of compatibility among various computer programs prohibits
transferring a predictive maintenance database from one vendor’s system into a system
manufactured by another vendor. The result is that once a predictive maintenance
program is started, a plant cannot change to another system without losing the data
already developed in the initial program.

At a minimum, the software program should provide automatic database manage-
ment, automatic trending, automatic report generation, and simplified diagnostics. 
As in the case of the microprocessor used to acquire data, the software must be 
user-friendly.
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User-Friendly Operation. The software program should be menu-driven with 
clear online user instructions. The program should protect the user from distorting 
or deleting stored data. Some of the predictive maintenance systems are written in
DBASE software shells. Even though these programs provide a knowledgeable user
with the ability to modify or customize the structure of the program (e.g., report
formats), they also provide the means to distort or destroy stored data. A single key
entry can destroy years of stored data. Protection should be built into the program to
limit the user’s ability to modify or delete data and to prevent accidental database
damage.

The program should have a clear, plain language user’s manual that provides the logic
and specific instructions required to set up and use the program.

Automatic Trending. The software program should be capable of automatically
storing all acquired data and updating the trends of all variables. This capability should
include multiple parameters, not just a broadband or single variable. This will enable
the user to display trends of all variables that affect plant operations.

Automatic Report Generation. Report generation will be an important part of the 
predictive maintenance program. Maximum flexibility in format and detail is 
important to program success. The system should be able to automatically generate
reports at multiple levels of detail. At a minimum, the system should be able to 
report:

• A listing of machine-trains or other plant equipment that has exceeded or 
is projected to exceed one or more alarm limits—The report should also
provide a projection to probable failure based on the historical data and last
measurement.

• A listing of missed measurement points, machines overdue for monitoring,
and other program management information—These reports act as
reminders to ensure that the program is maintained properly.

• A listing of visual observations—Most of the microprocessor-based 
systems support visual observations as part of their approach to pre-
dictive maintenance. This report provides hard copies of the visual 
observations as well as maintaining the information in the computer’s 
database.

• Equipment history reports—These reports provide long-term data on the
condition of plant equipment and are valuable for analysis.

Simplified Diagnostics. Identification of specific failure modes of plant equipment
requires manual analysis of data stored in the computer’s memory. The software
program should be able to display, modify, and compare stored data in a manner that
simplifies the analysis of the actual operating condition of the equipment. At a
minimum, the program should be able to directly compare data from similar machines,
normalize data into compatible units, and display changes in machine parameters (e.g.,
vibration, process).
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Transducers

The final portion of a predictive maintenance system is the transducer that will be
used to acquire data from plant equipment. Becaise we have assumed that a micro-
processor-based system will be used, we will limit this discussion to those sensors that
can be used with this type of system.

Acquiring accurate vibration and process data will require several types of transduc-
ers. Therefore, the system must be capable of accepting input from as many different
types of transducers as possible. Any restriction of compatible transducers can become
a serious limiting factor. This should eliminate systems that will accept inputs from a
single type of transducer. Other systems are limited to a relatively small range of trans-
ducers that will also prohibit maximum utilization of the system. Selection of the spe-
cific transducers required to monitor the mechanical condition (e.g., vibration, flow,
pressure) also deserves special consideration and will be discussed later.

15.5 DATABASE DEVELOPMENT

Each of the predictive maintenance technologies requires a logical method of acquir-
ing, storing, evaluating, and trending massive amounts of data over an extended
period. Therefore, a comprehensive database that is based on the actual requirements
of critical plant systems must be developed for the predictive maintenance program.
At a minimum, these databases should include the following capabilities:

• Establishing data acquisition frequency
• Setting up analysis parameters
• Setting boundaries for signature analysis
• Defining alert and alarm limits
• Selecting transducers

15.5.1 Establishing Data Acquisition Frequency

During the implementation stage of a predictive maintenance program, all classes of
machinery should be monitored to establish a valid baseline data set. Full vibration
signatures should be acquired to verify the accuracy of the database setup and deter-
mine the initial operating condition of the machinery. Because a comprehensive
program will include trending and projected time-to-failure, multiple readings are
required on all machinery to provide sufficient data for the microprocessor to develop
trend statistics. During this phase, measurements are usually acquired every two
weeks.

After the initial or baseline evaluation of the machinery, the frequency of data col-
lection will vary depending on the classification of the machine-trains. Class I
machines should be monitored on a two- to three-week cycle; Class II on a three- to
four-week cycle; Class III on a four- to six-week cycle; and Class IV on a six- to ten-
week cycle. This frequency can, and should, be adjusted for the actual condition of
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specific machine-trains. If the rate of change of a specific machine indicates rapid
degradation, you should either repair it or at least increase the monitoring frequency
to prevent catastrophic failure.

The recommended data acquisition frequencies are the maximum that will ensure pre-
vention of most catastrophic failures. Less frequent monitoring will limit the ability
of the program to detect and prevent unscheduled machine outages.

To augment the vibration-based program, you should also schedule the nonvibration
tasks. Bearing cap, point-of-use infrared measurements, visual inspections, and
process parameters monitoring should be conducted in conjunction with the vibration
data acquisition. Full infrared imaging or scanning on the equipment included in the
vibration-monitoring program should be conducted on a quarterly basis. In addition,
full thermal scanning of critical electrical equipment (e.g., switch gear, circuit break-
ers) and all heat transfer systems (e.g., heat exchangers, condensers, process piping)
that are not in the vibration program should be conducted quarterly.

Lubricating oil samples from all equipment included in the program should be taken
on a monthly basis. At a minimum, a full spectrographic analysis should be conducted
on these samples. Wear particle or other analysis techniques should be used on an 
as-needed basis.

15.5.2 Setting Up Analysis Parameters

The next step in establishing the program’s database is to set up the analysis para-
meters that will be used to routinely monitor plant equipment. Each of these parame-
ters will be based on the specific machine-train requirements that we have just
developed. For nonmechanical equipment, the analysis parameter set usually consists
of the calculated values derived from measuring the thermal profile or process para-
meters. Each classification of equipment or system will have its own unique analysis
parameter set.

15.5.3 Setting Boundaries for Signature Analysis

All vibration-monitoring systems have finite limits on the resolution or ability to
graphically display the unique frequency components that make up a machine’s vibra-
tion signature. The upper limit (Fmax) for signature analysis should be set high enough
to capture and display enough data so that the analyst can determine the operating
condition of the machine-train, but no higher. Most vibration-based predictive main-
tenance systems are capable of resolutions up to 12,000 lines; the tendency is to
acquire high-resolution signatures as part of the routine monitoring sequence.
Although this approach is technically viable, the use of high-resolution signatures (i.e.,
1,000 lines or higher) dramatically increases the memory required to store acquired
data. Because most of the data collectors have limited memory, this will limit the
number of signatures that can be stored without uploading them to the host computer.
The time lost because of the combined use of high-resolution signatures and the
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limited data collector memory will severely hamper the program’s effectiveness.
Effective programs limit routine monitoring to a maximum of 800 lines of resolution.
This resolution will provide enough definition to detect incipient problems without
the negatives associated with higher resolutions.

To determine the impact of resolution, calculate the display capabilities of your
system. For example, a vibration signature with a maximum frequency (Fmax) of 
1,000Hz taken with an instrument capable of 400 lines of resolution would result in
a display in which each line will be equal to 2.5Hz or 150 rotations per minute (rpm).
Any frequencies that fall between 2.5 and 5.0 (i.e., the next displayed line) would be
lost.

15.5.4 Defining Alert and Alarm Limits

The methods of establishing and using alert and alarm limits vary depending on the
particular vibration-monitoring system that you select. These systems usually use
either static or dynamic limits to monitor, trend, and alarm measured vibration. We
will not attempt to define the different dynamic methods of monitoring vibration sever-
ity in this book. We will, however, provide a guideline for the maximum limits that
should be considered acceptable for most plant mechanical equipment.

The systems that use dynamic alert and alarm limits base their logic (correctly in my
opinion) on the concept that the rate of change of vibration amplitude is more impor-
tant than the actual level. Any change in the vibration amplitude is a direct indication
that a corresponding change in the machine’s mechanical condition has occurred;
however, there should be a maximum acceptable limit (i.e., absolute fault).

The accepted severity limit for casing vibration is 0.628 inches per second, ips-Peak
(velocity). This unfiltered broadband value normally represents a bandwidth between
10 and 10,000Hz. This value can be used to establish the absolute fault or maximum
vibration amplitude for broadband measurement on most plant machinery. The 
exception would be machines with running speeds below 1,200 rpm or above 
3,600 rpm.

Narrowband limits (i.e., discrete bandwidth within the broadband) can be established
using the following guideline: Normally, 60 to 70 percent of the total vibration energy
will occur at the true running speed of the machine. Therefore, the absolute fault limit
for a narrowband established to monitor the true running speed would be 0.42
ips-Peak. This value can also be used for any narrowbands established to monitor 
frequencies below the true running speed.

Absolute fault limits for narrowbands established to monitor frequencies above
running speed could be ratioed using the 0.42 ips-Peak limit established for the true
running speed. For example, the absolute fault limit for a narrowband created to
monitor the blade-passing frequency of a fan with 10 blades would be set at 0.042 or
0.42 divided by 10. Narrowband designed to monitor high-speed components (i.e.,
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above 1,000Hz) should have an absolute fault of 3.0 inches per second, g’s-Peak
(acceleration).

Rolling-element bearings, based on factor recommendations, have an absolute fault
limit of 0.01 ips-Peak. Sleeve or fluid-film bearings should be watched closely. If 
the fractional components that identify oil whip or whirl are present at any level, the
bearing is subject to damage and the problem should be corrected. Nonmechanical
equipment and systems will normally have an absolute fault limit that specifies the
maximum recommended level for continued operation. Equipment or systems vendors
can usually provide this information.

15.5.5 Selecting Transducers

The type of transducers and data acquisition techniques that you will use for the
program is the final critical factor that can determine the success or failure of your
program. Their accuracy, proper application, and mounting will determine whether
valid data will be collected.

The optimum predictive maintenance program developed in earlier chapters is pre-
dicated on vibration analysis as the principle technique for the program. It is also 
the most sensitive to problems created by using the wrong transducer or mounting
technique.

Three basic types of vibration transducers can be used to monitor the mechanical con-
dition of plant machinery: displacement probe, velocity transducer, and accelerome-
ters. Each has specific applications and limitations within the plant.

Displacement Probes

Displacement, or eddy-current, probes are designed to measure the actual movement
(i.e., displacement) of a machine’s shaft relative to the probe. Therefore, the dis-
placement probe must be rigidly mounted to a stationary structure to gain accurate,
repeatable data.

Permanently mounted displacement probes will provide the most accurate data on
machines with a low—relative to the casing and support structure—rotor weight. Tur-
bines, large process compressors, and other plant equipment should have displace-
ment transducers permanently mounted at key measurement locations to acquire data
for the program.

The useful frequency range for displacement probes is from 10 to 1,000Hz or 600 to
60,000 rpm. Frequency components below or above this range will be distorted and
therefore unreliable for determining machine condition.

The major limitation with displacement or proximity probes is cost. The typical cost
for installing a single probe, including a power supply, signal conditioning, and so on,
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will average $1,000. If each machine in your program requires 10 measurements, the
cost per machine will be about $10,000. Using displacement transducers for all plant
machinery will dramatically increase the initial cost of the program.

Displacement data are normally recorded in terms of mils or .001 inch, peak-to-peak.
This valve expresses the maximum deflection or displacement off the true centerline
of a machine’s shaft.

Velocity Transducers

Velocity transducers are electromechanical sensors designed to monitor casing or rel-
ative vibration. Unlike the displacement probe, velocity transducers measure the rate
of displacement, not actual movement. Velocity data are normally expressed in terms
of inches per second, peak (ips-peak) and are perhaps the best method of expressing
the energy created by machine vibration. Velocity transducers, like displacement
probes, have an effective frequency range of about 10 to 1,000Hz. They should not
be used to monitor frequencies below or above this range.

The major limitation of velocity transducers is their sensitivity to mechanical and
thermal damage. Normal plant use can cause a loss of calibration, and therefore a strict
recalibration program must be used to prevent distortion of data. Velocity transducers
should be recalibrated at least every six months. Even with periodic recalibration, 
programs using velocity transducers are prone to bad or distorted data that results 
from loss of calibration.

Accelerometers

Accelerometers use a piezoelectric crystal to convert mechanical energy into electri-
cal signals. Data acquired with this type of transducer are relative vibration, not actual
displacement, and are expressed in terms of g’s or inches per second. Acceleration is
perhaps the best method of determining the force created by machine vibration.

Accelerometers are susceptible to thermal damage. If sufficient heat is allowed to
radiate into the crystal, it can be damaged or destroyed; however, because the data
acquisition time using temporary mounting techniques is relatively short (less than 30
seconds), thermal damage is rare. Accelerometers do not require a recalibration
program to ensure accuracy.

The effective range of general-purpose accelerometers is from about 1 to 10,000Hz.
Ultrasonic accelerometers are available for frequencies up to 1MHz. Machine 
data above 1,000Hz or 60,000 rpm should be taken and analyzed in acceleration 
or g’s.

Mounting Techniques

Predictive maintenance programs using vibration analysis must have accurate, repeat-
able data to determine the operating condition of plant machinery. In addition to the
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transducer, three factors will affect data quality: measurement point, orientation, and
compressive load.

Key measurement point locations and orientation to the machine’s shaft were selected
as part of the database setup to provide the best possible detection of incipient
machine-train problems. Deviation from the exact point or orientation will affect the
accuracy of acquired data. Therefore, it is important that every measurement through-
out the life of the program be acquired at exactly the same point and orientation. In
addition, the compressive load or downward force applied to the transducer should be
the same for each measurement. For accuracy of data, a direct mechanical link to the
machine’s casing or bearing cap is necessary. Slight deviations in this load will induce
errors in the amplitude of vibration and may create false frequency components that
have nothing to do with the machine.

The best method of ensuring that these three factors are the same each time is to hard-
mount vibration transducers to the selected measurement points. This technique will
guarantee accuracy and repeatability of acquired data, but it will also increase the
initial cost of the program. The average cost of installing a general-purpose accelerom-
eter will be about $300 per measurement point or $3,000 for a typical machine-train.

To eliminate the capital cost associated with permanently mounting transducers, a
well-designed quick-disconnect mounting can be used. This mounting technique 
permanently mounts a quick-disconnect stud, with an average cost of less than $5, at
each measurement point location. A mating sleeve, built into a general-purpose accel-
erometer, is then used to acquire accurate, repeatable data. A well-designed quick-
disconnect mounting technique provides the same accuracy and repeatability as 
the permanent mounting technique but at a much lower cost.

The third mounting technique that can be used is a magnetic mount. For general-
purpose use, below 1,000Hz, a transducer can be used in conjunction with a 
magnetic base. Even though the transducer/magnet assembly will have a resonant 
frequency that may provide some distortion to acquired data, this technique can be
used with marginal success. Because the magnet can be placed anywhere on the
machine, it will not guarantee that the exact location and orientation is maintained on
each measurement.

The final method used by some plants to acquire vibration data is handheld transduc-
ers. This approach is not recommended if any other method can be used. Handheld
transducers will not provide the accuracy and repeatability required to gain maximum
benefit from a predictive maintenance program. If this technique must be used,
extreme care should be exercised to ensure that the exact point, orientation, and 
compressive load is used for every measurement point.

15.6 GETTING STARTED

The steps we have defined provide guidelines for establishing a predictive mainte-
nance database. The only steps remaining to get the program started are to establish
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measurement routes and take the initial or baseline measurements. Remember, the pre-
dictive maintenance system will need multiple data sets to develop trends on each
machine. With this database, you will be able to monitor the critical machinery in your
plant for degradation and begin to achieve the benefits that predictive maintenance
can provide. The actual steps required to implement a database will depend on the
specific predictive maintenance system selected for your program. The system vendor
should provide the training and technical support required to properly develop the
database with the information discussed in the preceding chapters.

15.6.1 Training

One of the key issues that has severely limited both equipment reliability and predic-
tive maintenance programs is the lack of proper training of technicians, analysts, and
engineers. Most programs have limited training to a few days or a few weeks of train-
ing that is typically provided by the system vendor. For the most part, these training
programs are limited to use of the vendor’s system and perhaps a cursory under-
standing of data acquisition and analysis techniques. Even the few plants that invest
in vibration, thermography, or tribology training tend to limit the duration and depth
of training provided to their predictive teams.

Contrary to popular opinion, the skills required to interpret the data provided by these
predictive maintenance technologies cannot be acquired in a few three- to five-day
courses. I have used these technologies for more than 30 years and still learn some-
thing new almost every day.

In addition to the limitations imposed by companies that will not authorize sufficient
training for their predictive maintenance teams, there is also a severe lack of viable
predictive training courses. If we exclude the overview courses offered by the system
vendors, only one or two companies offer any training in predictive maintenance tech-
nologies. With few exceptions, these courses are less than adequate and do not provide
the level of training required for a new analyst/engineer to master the use of these
technologies.

Generally, these courses are either pure theory and have little practical use in the field
or are basic introductions to one or more techniques, such as vibration or infrared
interpretation. Few, if any, of these courses are designed to address the unique require-
ments of your plant. For example, vibration courses are limited to general machinery,
such as compressors, pumps, and fans, and exclude the process systems that are unique
to your industry or plant. Although these common machines are important, your 
predictive maintenance team must be taught to analyze the critical processes, such as
paper machines, rolling mills, and presses, that you rely on to produce your products
and revenue.

Over the past 30 years, we have trained several thousand predictive maintenance 
analysts and reliability engineers. We have found that a minimum of 13 to 26 weeks
of formal training, along with a similar period of supervised practical application, is
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required before a new predictive maintenance engineer or analyst can become profi-
cient in the use of the three basic technologies used in most predictive maintenance
programs. A significant difference exists between the 5 to 15 days of training that most
predictive analysts receive and the minimum level required to use basic predictive
maintenance tools. How can you close the gap without an excessive investment?

Unfortunately, the answer is that you cannot. With the training courses that are avail-
able in today’s market, you have only two options: (1) you either restrict training 
to the limited number of short courses that are available, or (2) you hire a 
consulting/training company to provide a long-term, plant-specific training program
for your predictive maintenance staff. The former option costs less, but will severely
limit your benefits. The latter option is expensive and will require a long-term invest-
ment, but will provide absolute assurance that your predictive maintenance program
will generate maximum improvements in equipment reliability and profitability.

An ideal third option would be to use interactive training programs that would permit
new analysts to learn predictive maintenance skills at their own pace and without the
expense of formal instructor training. From our viewpoint, there is a real need for 
an interactive training program that can provide comprehensive, industry-specific 
predictive maintenance training. The computer technology exists to support this
approach, but someone must develop the courses that are needed to provide this type
of comprehensive training program.

Successful completion of this critical phase of creating a total-plant predictive main-
tenance program will require a firm grasp of the operating dynamics of plant machin-
ery, systems, and equipment. Normally, some if not all of this knowledge exists within
the plant staff; however, the knowledge may not be within the staff selected to imple-
ment and maintain the predictive maintenance program.

In addition, a good working knowledge of the predictive maintenance techniques and
systems that will be included in the program is necessary. This knowledge probably
does not exist within current plant staff. Therefore, training—before attempting to
establish a program—is strongly recommended. The minimum recommended level 
of training includes user training for each predictive maintenance system that will 
be used, a course on machine dynamics, and a basic theory course on each of the 
techniques that will be used.

In some cases, the systems vendors can provide all of these courses. If not, several
companies and professional organizations offer courses on most nondestructive testing
techniques.

15.6.2 Technical Support

The labor and knowledge required to properly establish a predictive maintenance
program is often too much for plant staff members to handle. To overcome this
problem, the initial responsibility for creating a viable, total-plant program can be 
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contracted to a company that specializes in this area. A few companies provide full
consulting and engineering services directed specifically toward predictive mainte-
nance. These companies have the knowledge required and years of experience. They
can provide all of the labor required to implement a full-plant program and normally
can reduce total time required to get the program up and running. Caution should be
used in selecting a contractor to provide this startup service. Check references very
carefully.
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With all of the techniques that are available for predictive maintenance, how do we
select the best methods required to monitor the critical machines, equipment, and
systems in a plant? It would be convenient if a single system existed that would
provide all of the monitoring and analysis techniques required to routinely monitor
every critical piece of equipment. Unfortunately, this is not the case.

Each of the predictive techniques discussed in the preceding chapter are highly spe-
cialized. Each has a group of systems vendors that promote their technique as the
single solution to a plant’s predictive maintenance needs. The result of this special-
ization is that no attempt has been made by predictive maintenance systems vendors
to combine all of the different techniques into a single, total-plant system. Therefore,
each plant must decide which combination of techniques and systems is required to
implement its predictive maintenance program.

If a plant decides to use all of the available techniques, a total capital cost for instru-
mentation and systems can easily exceed $150,000. In most cases, this fact alone
would prohibit implementing a program; however, the true costs would be much
higher. To implement a program that includes all of the predictive maintenance tech-
niques would require extensive staffing, training, and technical support. A minimum
staff of at least five trained technicians and three highly trained engineers would be
required to maintain this type of program. The annual costs for this operation would
be extremely high. The actual labor and overhead costs will depend on the salaries
and overhead rates of each plant, but the annual cost could easily exceed $500,000.

Because of the high capital and operating costs, this type of program would have to
save more than 1 million dollars each year to justify its costs. Even though this type
of savings is possible in larger plants, most small to medium-sized plants cannot justify
including all of the available techniques in their predictive maintenance programs.

16
A TOTAL-PLANT PREDICTIVE
MAINTENANCE PROGRAM
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How do you decide which techniques will provide a cost-effective method of con-
trolling the maintenance activities in your plant? The answer lies in determining the
type of plant equipment that needs to be monitored. Plants with a large population of
electrical equipment (e.g., motors, transformers, switch gear) should use thermo-
graphic or infrared scanning as their primary tool, whereas plants with a large popu-
lation of mechanical machines and systems should rely on vibration techniques. In
most cases, your plant will require a combination of two or more techniques, but you
may elect to establish one technique as an in-house tool and contract with an outside
source for periodic monitoring using the secondary techniques. This approach would
provide the benefits that the secondary techniques provide without the additional costs.

16.1 THE OPTIMUM PREDICTIVE MAINTENANCE PROGRAM

The optimum predictive maintenance program will, in most cases, consist of a com-
bination of several monitoring techniques. Because most plants have large popula-
tions of mechanical systems, vibration techniques will be the primary method required
to implement a total-plant program.

16.1.1 Predictive Technologies

Vibration methods alone cannot provide all of the information required to maintain
the operating condition of the plant. It cannot provide the data required to maintain
electrical equipment or the operating efficiency of nonmechanical equipment. There-
fore, secondary methods must be used to gain this additional information. At a
minimum, a comprehensive predictive maintenance program should include:

• Visual inspection
• Process dynamics
• Thermography
• Tribology

Visual Inspection

All predictive maintenance programs should include visual inspection as one of the
tools used to monitor plant systems. The cost—considered in conjunction with other
techniques that require periodic monitoring of plant equipment—is relatively small.
In most cases, visual inspection can take place as the predictive maintenance team
conducts the regular data acquisition required by any of the other techniques and there-
fore adds little or no costs to the program. Visual inspection can provide a wealth of
information about the operating condition of the plant. This simple but often neglected
tool can detect leaks, loose mountings, structural cracks, and several other failure
modes that can limit the plant’s performance.

Most of the commercially available vibration-monitoring systems provide visual
observation capabilities in their data acquisition instruments. Therefore, visual obser-
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vations can automatically be recorded concurrent with data acquisition of vibration
data.

Process Dynamics

A true understanding of plant condition cannot be accomplished without knowing the
operating efficiency of every machine or system in the plant. For example, how do
you know the operating condition of a shell-and-tube heat exchanger without knowing
the efficiency and fouling factor? The calculations required to determine these 
two critical factors is extremely simple, but you must first know the actual process
parameters (i.e., flow, pressure and temperature) on both the primary and secondary
side of the heat exchanger. Six simple measurements will provide the data required to
periodically calculate both the efficiency and fouling factor.

Monitoring process parameters usually require the addition of some plant instru-
mentation. Few plants have working instruments that monitor all of the variables
required to determine the operating condition of critical systems; however, advance-
ments in instrumentation technology have developed nonintrusive methods of acquir-
ing most of the required process variables without the expense of installing permanent
instrumentation. Several techniques have been developed to monitor process flow—
the most difficult process parameter to measure—without installing a pitot or vortex-
shedding flowmeter. These new instruments are commercially available and can 
often be read by the microprocessor-based, vibration-based predictive maintenance
systems.

A few of the microprocessor-based, vibration-monitoring systems provide the ability
to directly acquire process data from permanently installed instruments and allow for
manual entry of analog gauges. This capability provides the means to automatically
acquire process parameters in conjunction with routine acquisition of vibration data.
In addition, some of these systems can automatically calculate unknown process para-
meters (e.g., efficiency, fouling factors). These systems record the process parameters
that can be directly measured and then automatically calculate, store, and trend the
unknown in the same manner as parameters that are acquired directly. This ability
greatly enhances the predictive maintenance system’s benefits and eliminates both 
the manual effort required to calculate unknowns and the potential errors that manual
calculation may create.

Thermography

Implementing a full thermographic program is usually not cost effective; however,
many of the vibration-based systems will permit direct acquisition of infrared data
through a point-of-use scanner. This feature should be incorporated into every pre-
dictive maintenance program. The scanner can be used to acquire several process para-
meters that will augment the program. Typical applications for this technique include
bearing cap temperatures, spot checks of process temperatures, motor winding 
temperatures, spot checks of electrical equipment, and many more.
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Unless the plant has a large population of electrical equipment or heat transfer systems,
the cost of implementing a full infrared scanning system is prohibitive. For plants that
have less of this type of equipment or systems, the most cost-effective method of
including the benefits of full infrared scanning is to purchase periodic surveys of plant
equipment from companies that specialize in these services.

A full survey of plant equipment should be conducted at least twice each year. The
frequency should be determined by the impact these systems have on plant produc-
tion. In addition to process and electrical systems, a full thermal scan of roofs and
other building envelope parameters should be conducted every five years.

Tribology

Unless the plant has a large population of machinery and systems that are highly 
susceptible to damage as the direct result of lubricating oil contamination or has 
an extremely high turnover on lubricating inventories, the cost associated with using
tribology techniques as part of a continuous predictive maintenance program is pro-
hibitive. In fact, even in the exception cases noted, the cost and training required to
use these techniques may not be cost effective.

Numerous companies provide full lubricating oil analysis on either a regular sched-
ule or an as-needed basis. Most plants can achieve the benefits of tribology without
the capital or recurring costs required to perform the function in-house. As a routine
predictive maintenance tool, tribology should be limited to the simpler forms of 
tribology analysis (i.e., lubricating oil analysis and spectroscopy). The data provided
by these two techniques will provide all of the information required to maintain the
operating condition of the plant.

Wear particle analysis should be limited to a failure-mode analysis tool. If there is a
known, chronic problem in plant machinery, this technique can provide information
that will assist the diagnostics process. Otherwise, it is an unnecessary expense.

16.1.2 The Optimum Predictive Maintenance System

Predicated on the predictive maintenance requirements of most manufacturing 
and process plants, the best predictive maintenance system would use vibration 
analysis as the primary monitoring technique. The system should provide the ability
to automate data acquisition, data management, trending, report generation, and diag-
nostics of incipient problems, but the system should not be limited to this technique
alone. The optimum system should include visual inspection, process parameter mon-
itoring, limited thermographic monitoring, and the ability to calculate unknown
values.

In addition, the optimum system will permit direct data acquisition from any com-
mercially available transducer. This will permit direct monitoring of any variable that
may affect plant performance. One example of this feature would be the ability to
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directly monitor, using a current loop tester, the electrical condition of motors. By
acquiring data directly from the power cable or an electric motor and monitoring the
motor’s slip frequency, defects such as loose or broken rotor bars can be detected.

Few of the commercially available vibration-based predictive maintenance systems
provide all of the required capabilities, but they do exist. Caution should be exercised
in this selection process. A mistake can guarantee failure of any predictive mainte-
nance program.

16.2 PREDICTIVE IS NOT ENOUGH

As a subset of preventive maintenance, predictive maintenance alone cannot improve
plant performance. Because the only output of an effective predictive maintenance
program is information, the capability to directly change performance levels is nil.
Until the information is used to correct anomalies identified by using predictive 
technologies, nothing will change. Therefore, an effective preventive maintenance
program must also exist. At a minimum, the overall maintenance management
methods must include effective planning and scheduling, preventive maintenance
tasks, motivations, and record keeping.

16.2.1 Effective Planning and Scheduling

The plant or facility must have an effective maintenance planning and schedul-
ing function that incorporates the information provided by the predictive main-
tenance activity into a global plan that will provide effective maintenance for all 
critical plant equipment and systems. The purposes of the maintenance planning func-
tion are to:

• Create an area of improved management planning coupled with greater flex-
ibility of the in-facility workforce in conjunction with other departments.

• Obtain the maintenance and equipment efficiency and profitability neces-
sary to operate the enterprise, and simultaneously achieve the workers’
desire for security.

Planning is not a natural function to most people because it is contemplative and non-
action-oriented. The person determined to start a job, complete it on time, and estab-
lish a good record for him or herself will probably not plan unless he or she is
particularly experienced or astute, or unless some discipline is imposed. Without a
work plan, however, good maintenance is impossible. Because the natural inclination
of most people is not to plan at all, or to spend as little time planning as possible, it
is difficult to plan excessively.

The major planning failure is to plan at the beginning of a job and then neglect to
update the plan as work progresses, so that a major portion of control is lost. Some
facilities spend about 6 percent of their sales dollars on maintenance and repair. As
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figures repeatedly show, the days have passed when top management could regard
maintenance as merely a bothersome expense to keep as low as possible. Not only is
low-cost maintenance impossible, it may be undesirable.

What factors are causing this continuous increase in maintenance costs? It certainly
isn’t inflation because maintenance costs are related to the fixed percentage of fixed
assets. Increased mechanization is one factor, although it increases the significance of
equipment maintenance. This means that if you mechanize a facility (i.e., install better,
faster, more complicated equipment to take care of production needs), then the main-
tenance staff must be increased proportionately with better-qualified, higher-salaried
people. As mechanization continues, the equipment becomes more complex, necessi-
tating highly skilled personnel, therefore creating the need for training of both oper-
ations and maintenance. This domino effect means increased maintenance parts and
supplies, which again means sky-rocketing maintenance costs.

Another factor is that larger, more complex, single-line processes have increased 
the impact of any interruption in a single operation on the overall production scheme.
This means maximized round-the-clock maintenance when a unit is down. These 
large single-line units again mean tighter delivery schedules that increase the effect
of interruptions to operating equipment and demand more and better maintenance.

A third factor is competition and market saturation, which means increased quality
requirements and calls for immediate correction of defective conditions. All of 
these factors—coupled with the continually rising costs of labor, supplies, and 
materials—have caused top management to focus more attention on the maintenance
function.

16.2.2 Preventive Maintenance Tasks

Fundamental preventive maintenance tasks, such as lubrication, must be universally
implemented before a predictive maintenance program can provide optimum results.
If these fundamental tasks are not performed, the predictive maintenance program will
be overwhelmed with chronic lubrication, calibration, alignment, balancing, and other
problems that would be eliminated by basic preventive maintenance tasks.

Lubrication

Friction of two materials moving relative to each other causes heat and wear. Great
Britain has calculated that friction-related problems cost their industries more than 1
billion dollars per year. They coined a new term, tribology—derived from the Greek
work, “tribos,” which means “rubbing”—to refer to new approaches to the old
dilemma of friction, wear, and the need for lubrication. Technology intended to
improve the wear resistance of metal, plastics, and other surfaces in motion has greatly
improved over recent years, but planning, scheduling, and control of the lubricating
program is often reminiscent of a plant handyman wandering around with his long-
spouted oil can looking for trouble spots.
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Anything that is introduced onto or between moving surfaces in order to reduce 
friction is called a lubricant. Oils and greases are the most commonly used substances,
although many other materials may be suitable. Other liquids and even gases are 
being used as lubricants. Air bearings, for example, are used in gyroscopes and other 
sensitive devices in which friction must be minimal. The functions of a lubricant 
are to:

• Separate moving materials from each other in order to prevent wear, scoring,
and seizure.

• Reduce heat.
• Keep out contaminants.
• Protect against corrosion.
• Wash away worn materials.

Good lubrication requires two conditions: (1) sound technical design for lubrication
and (2) a management program to ensure that every item of equipment is properly
lubricated.

Lubrication Program Development. Information for developing lubrication specifi-
cations can come from four main sources:

• Equipment manufacturers
• Lubricant vendors
• Other equipment users
• Individuals’ own experience

Like most other preventive maintenance elements, initial guidance on lubrication
should come from manufacturers. They should have extensive experience with their
own equipment both in their test laboratories and in customer locations. They should
know what parts wear and are frequently replaced. Therein lies a caution: A manu-
facturer could in fact make short-term profits by selling large numbers of spare 
parts to replace worn ones. Over the long term, however, that strategy will backfire
and other vendors, whose equipment is less prone to wear and failure, will replace
them.

Lubricant suppliers can be a valuable source of information. Most major oil compa-
nies will invest considerable time and effort in evaluating their customers’ equipment
to select the best lubricants and frequency or intervals for change. Figure 16–1 shows
a typical report. Naturally, the vendor hopes that the consumer will purchase its lubri-
cants, but the total result can be beneficial to everyone. Lubricant vendors perform a
valuable service of communicating and applying knowledge gained from many users
to their customers’ specific problems and opportunities.

Experience gained under similar operating conditions by other users or in your 
own facility can be one of the best teachers. Personnel, including operators and
mechanics, have a major impact on lubrication programs. Table 16–1 shows typical
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codes for methods of lubrication, intervals, actions, and responsibility. Figure 16–2
shows a typical lubrication schedule. Specific lubricants and intervals will not be 
discussed here because they can be more effectively handled by the sources listed 
previously.

The quality and quantity of the lubricant applied are the two most important condi-
tions of any lube program. Lubrication properties must be carefully selected to meet
the operating conditions. The viscosity of the oil (or the base oil, if grease is used)
and additives to provide film strength under pressure are especially important for
bearing lubrication. Too little lubricant is usually worse than too much, but excess can

Figure 16–1 Recommended lubricants report.
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cause problems such as overheating and churning. The amount needed can range from
a few drops per minute to a complete submersion bath.

A major step in developing the lubrication program is to assign specific responsibil-
ity and authority for the lubrication program to a competent maintainability or main-
tenance engineer. The primary functions and steps involved in developing the program
are to:

1. Identify every piece of equipment that requires lubrication.
2. Ensure that every piece of major equipment is uniquely identified, prefer-

ably with a prominently displayed number.
3. Ensure that equipment records are complete for manufacturer and physi-

cal location.
4. Determine the locations on each piece of equipment that need to be 

lubricated.
5. Identify the lubricant to be used.
6. Determine the best method of application.
7. Establish the frequency or interval of lubrication.
8. Determine if the equipment can be safely lubricated while operating or if

it must be shut down.
9. Decide who should be responsible for any human involvement.

Table 16–1 Lubrication Codes

Methods of Application Servicing Actions
ALS Automatic lube system CHG Change
ALL Air line lubricator CL Clean
BO Bottle oilers CK Check
DF Drip feed DR Drain
GC Grease cups INS Inspect
GP Grease packed LUB Lubricate
HA Hand applied
HO Hand oiling Servicing Intervals
ML Mechanical lubricator H Hourly
MO Mist oiler D Daily
OB Oil bath W Weekly
OC Oil circulation M Monthly
OR Oil reservoir Y Yearly
PG Pressure gun NOP When not operating
RO Ring oiled OP OK to service when operating
SLD Sealed
SFC Sight feed cups Service Responsibility
SS Splash system MAE Maintenance electricians
WFC Wick feed oil cups MAM Maintenance mechanics
WP Waste packed MAT Maintenance trades

OPR Operating personnel
OIL Oiler
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10. Standardize lubrication methods.
11. Package the previous elements into a lubrication program.
12. Establish storage and handling procedures.
13. Evaluate new lubricants to take advantage of state-of-the-art advances.
14. Analyze any failures involving lubrication and initiate necessary correc-

tive actions.

Lubrication Program Implementation. An individual supervisor in the maintenance
department should be assigned the responsibility for implementation and continued
operation of the lubrication program. This person’s primary functions are to:

• Establish lubrication service actions and schedules.
• Define the lubrication routes by building, area, and organization.
• Assign responsibilities to specific persons.
• Train lubricators.
• Ensure that supplies of proper lubricants are stocked through the storeroom.

Figure 16–2 Typical lubrication schedule.
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• Establish feedback that ensures completion of assigned lubrication and
follows up on any discrepancies.

• Develop a manual or computerized lubrication scheduling and control
system as part of the larger maintenance management program.

• Motivate lubrication personnel to check equipment for other problems and
to create work requests where feasible.

• Ensure continued operation of the lubrication system.

It is important that a responsible person who recognizes the value of thorough lubri-
cation be placed in charge of this program. As with any activity, interest diminishes
over time, equipment is modified without corresponding changes to the lubrication
procedures, and state-of-the-art advances in lubricating technology may not be
employed. A factory may have thousands of lubricating points that require attention.
Lubrication is no less important to computer systems, even though they are often per-
ceived as electronic. The computer field engineer must provide proper lubrication to
printers, tape drives, and disks that spin at 3,600 rotations per minute (rpm). A lot of
maintenance time is invested in lubrication. The effect on production uptime can be
measured nationally in billions of dollars.

Calibration

Calibration is a special form of preventive maintenance whose objective is to keep
measurement and control instruments within specified limits. A standard must be used
to calibrate the equipment. Standards are derived from parameters established by the
National Bureau of Standards (NBS). Secondary standards that have been manufac-
tured to close tolerances and set against the primary standard are available through
many test and calibration laboratories and often in industrial and university tool rooms
and research laboratories. Ohmmeters are examples of equipment that should be cali-
brated at least once a year and before further use if subjected to sudden shock or stress.

Standards. The government sets forth calibration system requirements in MIL-C-
45662 and provides a good outline in the military standardization handbook MIL-
HDBK-52, Evaluation of Contractor’s Calibration System. The principles are equally
applicable to any industrial or commercial situation. The purpose of a calibration
system is to prevent tool inaccuracy through prompt detection of deficiencies and
timely application of corrective action. Every organization should prepare a written
description of its calibration system. This description should cover measuring test
equipment and standards, including:

• Establishing realistic calibration intervals.
• Listing all measurement standards.
• Establishing environmental conditions for calibration.
• Ensuring the use of calibration procedures for all equipment and standards.
• Coordinating the calibration system with all users.
• Ensuring that equipment is frequently checked by periodic system or cross-

checks in order to detect damage, inoperative instruments, erratic readings,
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and other performance-degrading factors that cannot be anticipated or 
provided for by calibration intervals.

• Providing timely and positive correction action.
• Establishing decals, reject tags, and records for calibration labeling.
• Maintaining formal records to ensure proper controls.

Inspection Intervals. The checking interval may be in terms of time (hourly, weekly,
monthly), or based on amount of use (every 5,000 parts), or every lot. For electrical
test equipment, the power-on time may be a critical factor and can be measured
through an electrical elapsed-time indicator.

Adherence to the checking schedule makes or breaks the system. The interval should
be based on stability, purpose, and degree of usage. If initial records indicate that the
equipment remains within the required accuracy for successive calibrations, then the
intervals may be lengthened; however, if equipment requires frequent adjustment or
repair, the intervals should be shortened. Any equipment that does not have specific
calibration intervals should be (1) examined at least every six months, and (2) cali-
brated at intervals of no longer than one year.

Adjustments or assignment of calibration intervals should be done so that a minimum
of 95 percent of equipment or standards of the same type is within tolerance 
when submitted for regularly scheduled recalibration. In other words, if more than 
5 percent of a particular type of equipment is out of tolerance at the end of its 
interval, then the interval should be reduced until less than 5 percent is defective when
checked.

Control Records. A record system should be kept on every instrument, including:

• History of use
• Accuracy
• Present location
• Calibration interval and when due
• Calibration procedures and necessary controls
• Actual values of latest calibration
• History of maintenance and repairs

Test equipment and measurement standards should be labeled to indicate the date of
last calibration, by whom it was calibrated, and when the next calibration is due (see
Figure 16–3). When the size of the equipment limits the application of labels, an iden-
tifying code should be applied to reflect the serviceability and due date for next cali-
bration. This provides a visual indication of the calibration serviceability status. Both
the headquarters calibration organization and the instrument user should maintain a
two-way check on calibration. A simple means of doing this is to create a small form
for each instrument with a calendar of weeks or months (depending on the interval
required) across the top, which can be punched and noticed to indicate the calibration
due date. An example of this type of form is shown in Figure 16–4.
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If the forms are sorted every month, the cards for each instrument that should be
recalled for check or calibration can easily be pulled out.

Alignment Practices

Shaft alignment is the proper positioning of the shaft centerlines of the driver and
driven components (e.g., pumps, gearboxes) that make up the machine drive train.
Alignment is accomplished either through shimming or moving a machine compo-
nent. Its objective is to obtain a common axis of rotation at operating equilibrium for
two coupled shafts or a train of coupled shafts.

Shafts must be aligned as perfectly as possible to maximize equipment reliability and
life, particularly for high-speed equipment. Alignment is important for directly

Figure 16–3 A typical calibration
label.

Figure 16–4 A typical calibration card.
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coupled shafts, as well as coupled shafts of machines that are separated by distance—
even those using flexible couplings. It is important because misalignment can intro-
duce a high level of vibration, cause bearings to run hot, and result in the need for
frequent repairs. Proper alignment reduces power consumption and noise level, and
helps achieve the design life of bearings, seals, and couplings.

Alignment procedures are based on the assumption that one machine-train component
is stationary, level, and properly supported by its baseplate and foundation. Both
angular and offset alignment must be performed in the vertical and horizontal planes,
which is accomplished by raising or lowering the other machine components and/or
moving them horizontally to align with the rotational centerline of the stationary shaft.
The movable components are designated as “machines to be moved” (MTBM) or
“machines to be shimmed” (MTBS). MTBM generally refers to corrections in the hor-
izontal plane, whereas MTBS generally refers to corrections in the vertical plane.

Too often, alignment operations are performed randomly and adjustments are made
by trial and error, resulting in a time-consuming procedure.

Alignment Fundamentals. This section discusses the fundamentals of machine align-
ment and presents an alternative to the commonly used trial-and-error method. This
section addresses exactly what alignment is and the tools needed to perform it, why
it is needed, how often it should be performed, what is considered to be “good
enough,” and what steps should be taken before performing the alignment procedure.
It also discusses types of alignment (or misalignment), alignment planes, and why
alignment is performed on shafts as opposed to couplings.

Shafts are considered to be in alignment when they are colinear at the coupling point.
The term colinear refers to the condition when the rotational centerlines of two mating
shafts are parallel and intersect (i.e., join to form one line). When this is the case, the
coupled shafts operate just like a solid shaft. Any deviation from the aligned or co-
linear condition, however, results in abnormal wear of machine-train components such
as bearings and shaft seals.

Variations in machine-component configuration and thermal growth can cause mount-
ing-feet elevations and the horizontal orientations of individual drive-train compo-
nents to be in different planes. Nevertheless, they are properly aligned as long as their
shafts are colinear at the coupling point.

Note that it is important for final drive-train alignment to compensate for actual oper-
ating conditions because machines often move after startup. Such movement is gener-
ally the result of wear, thermal growth, dynamic loads, and support or structural shifts.
These factors must be considered and compensated for during the alignment process.

The tools most commonly used for alignment procedures are dial indicators, adjustable
parallels, taper gauges, feeler gauges, small-hole gauges, and outside micrometer
calipers.
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Why Perform Alignment and How Often? Periodic alignment checks on all coupled
machinery are considered one of the best tools in a preventive maintenance program.
Such checks are important because the vibration effects of misalignment can seriously
damage a piece of equipment. Misalignment of more than a few thousandths of an
inch can cause vibration that significantly reduces equipment life.

Although the machinery may have been properly aligned during installation or during
a previous check, misalignment may develop over a very short period. Potential causes
include foundation movement or settling, accidentally bumping the machine with
another piece of equipment, thermal expansion, distortion caused by connected piping,
loosened hold-down nuts, expanded grout, rusting of shims, and others. Indications
of misalignment in rotating machinery are shaft wobbling, excessive vibration (in both
radial and axial directions), excessive bearing temperature (even if adequate lubrica-
tion is present), noise, bearing wear pattern, and coupling wear.

Many alignments are done by the trial-and-error method. Although this method may
eventually produce the correct answers, it is extremely time consuming and, as a result,
it is usually considered “good enough” before it really is. Rather than relying on “feel”
as with trial-and-error, some simple trigonometric principles allow alignment to 
be done properly with the exact amount of correction needed either measured or cal-
culated, taking the guesswork out of the process. Such accurate measurements and
calculations make it possible to align a piece of machinery on the first attempt.

What Is Good Enough? This question is difficult to answer because there are vast 
differences in machinery strength, speed of rotation, type of coupling, and so on. It
also is important to understand that flexible couplings do not cure misalignment 
problems—a common myth in industry. Although they may somewhat dampen the
effects, flexible couplings are not a total solution.

An easy (perhaps too easy) answer to the question of what is good enough is to align
all machinery to comply exactly with the manufacturers’ specifications; however, the
question of which manufacturers’ specifications to follow must be answered because
few manufacturers build entire assemblies. Therefore, an alignment is not considered
good enough until it is well within all manufacturers’ tolerances and a vibration analy-
sis of the machinery in operation shows the vibration effects caused by misalignment
to be within the manufacturers’ specifications or accepted industry standards. Note
that manufacturers’ alignment specifications may include intentional misalignment
during “cold” alignment to compensate for thermal growth, gear lash, and the like
during operation.

Coupling Alignment versus Shaft Alignment. If all couplings were perfectly bored
through their exact center and perfectly machined about their rim and face, it might
be possible to align a piece of machinery simply by aligning the two coupling halves;
however, coupling eccentricity often results in coupling misalignment. This does not
mean that dial indicators should not be placed on the coupling halves to obtain align-
ment measurements. It does mean that the two shafts should be rotated simultaneously
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when obtaining readings, which makes the couplings an extension of the shaft 
centerlines, whose irregularities will not affect the readings.

Although alignment operations are performed on coupling surfaces because they are
convenient to use, it is extremely important that these surfaces and the shaft “run true.”
If there is any runout (i.e., axial or radial looseness) of the shaft and/or the coupling,
a proportionate error in alignment will result. Therefore, before making alignment
measurements, the shaft and coupling should be checked and corrected for runout.

Balancing Practices

Mechanical imbalance is one of the most common causes of machinery vibration and
is present to some degree on nearly all machines that have rotating parts or rotors.
Static, or standing, imbalance is the condition when more weight is exerted on one
side of a centerline than the other; however, a rotor may be in perfect static balance
and not be in a balanced state when rotating at high speed.

If the rotor is a thin disc, careful static balancing may be accurate enough for high
speeds. If the rotating part is long in proportion to its diameter, however, and the un-
balanced portions are at opposite ends or in different planes, the balancing must 
counteract the centrifugal force of these heavy parts when they are rotating rapidly.

This section provides information needed to understand and solve most balancing
problems using a vibration/balance analyzer, a portable device that detects the level
of imbalance, misalignment, and so on in a rotating part based on the measurement
of vibration signals.

Sources of Vibration Caused by Mechanical Imbalance. Two major sources of vibra-
tion caused by mechanical imbalance in equipment with rotating parts or rotors are
assembly errors and incorrect key length guesses during balancing.

Assembly errors. Even when parts are precision balanced to extremely close toler-
ances, vibration caused by mechanical imbalance can be much greater than necessary
because of assembly errors. Potential errors include relative placement of each part’s
center of rotation, location of the shaft relative to the bore, and cocked rotors.

Center of rotation. Assembly errors are not simply the additive effects of tolerances,
but also include the relative placement of each part’s center of rotation. For example,
a “perfectly” balanced blower rotor can be assembled to a “perfectly” balanced shaft
and yet the resultant imbalance can be high. This can happen if the rotor is balanced
on a balancing shaft that fits the rotor bore within 0.5mil (0.5 thousandths of an inch)
and then is mounted on a standard cold-rolled steel shaft allowing a clearance of more
than 2mils.

Shifting any rotor from the rotational center on which it was balanced to the piece of
machinery on which it is intended to operate can cause an assembly imbalance four
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to five times greater than that resulting simply from tolerances. Therefore, all rotors
should be balanced on a shaft with a diameter as nearly the same as the shaft on which
it will be assembled.

For best results, balance the rotor on its own shaft rather than on a balancing shaft.
This may require some rotors to be balanced in an overhung position, a procedure the
balancing shop often wishes to avoid; however, it is better to use this technique rather
than being forced to make too many balancing shafts. The extra precision balance
attained by using this procedure is well worth the effort.

Method of locating position of shaft relative to bore. Imbalance often results with
rotors that do not incorporate setscrews to locate the shaft relative to the bore (e.g.,
rotors that are end-clamped). In this case, the balancing shaft is usually horizontal.
When the operator slides the rotor on the shaft, gravity causes the rotor’s bore to make
contact at the 12 o’clock position on the top surface of the shaft. In this position, the
rotor is end-clamped in place and then balanced.

If the operator removes the rotor from the balancing shaft without marking the point
of bore and shaft contact, it may not be in the same position when reassembled. This
often shifts the rotor by several mils as compared to the axis on which it was bal-
anced, thus introducing an imbalance. The vibrations that result are usually enough to
spoil what should have been a precision balance and produce a barely acceptable
vibration level. In addition, if the resultant vibration is resonant with some part of the
machine or structure, a more serious vibration could result.

To prevent this type of error, the balancer operators and those who do final assembly
should follow the following procedure: (1) The balancer operator should permanently
mark the location of the contact point between the bore and the shaft during balanc-
ing. (2) When the equipment is reassembled in the plant or the shop, the assembler
should also use this mark. (3) For end-clamped rotors, the assembler should slide the
bore on the horizontal shaft, rotating both until the mark is at the 12 o’clock position
and then clamp it in place.

Cocked rotor. If a rotor is cocked on a shaft in a position different from the one in
which it was originally balanced, an imbalanced assembly will result. If, for example,
a pulley has a wide face that requires more than one setscrew, it could be mounted
on-center but be cocked in a different position than during balancing. This can happen
by reversing the order in which the setscrews are tightened against a straight key
during final mounting as compared to the order in which the setscrews were tightened
on the balancing arbor. This can introduce a pure couple imbalance, which adds to 
the small couple imbalance already existing in the rotor and causes unnecessary 
vibration.

For very narrow rotors (e.g., disc-shaped pump impellers or pulleys), the distance
between the centrifugal forces of each half may be very small. Nevertheless, a very
high centrifugal force, which is mostly counterbalanced statically (discussed in
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Section 16.2.1) by its counterpart in the other half of the rotor, can result. If the rotor
is slightly cocked, the small axial distance between the two very large centrifugal
forces causes an appreciable couple imbalance, which is often several times the allow-
able tolerance because the centrifugal force is proportional to half the rotor weight 
(at any one time, half of the rotor is pulling against the other half) times the radial
distance from the axis of rotation to the center of gravity of that half.

To prevent this, the assembler should tighten each setscrew gradually—first one, then
the other, and back again—so that the rotor is aligned evenly. On flange-mounted
rotors such as flywheels, it is important to clean the mating surfaces and the bolt holes.
Clean bolt holes are important because high couple imbalance can result from the
assembly bolt pushing a small amount of dirt between the surfaces, cocking the rotor.
Burrs on bolt holes can also produce the same problem.

Other. Other assembly errors can cause vibration. Variances in bolt weights when one
bolt is replaced by one of a different length or material can cause vibration. For
setscrews that are 90 degrees apart, the tightening sequence may not be the same at
final assembly as during balancing. To prevent this, the balancer operator should mark
which setscrew was tightened first.

Key length. With a keyed-shaft rotor, the balancing process can introduce machine
vibration if the assumed key length is different from the length of the one used during
operation. Such an imbalance usually results in a mediocre or “good” running machine
as opposed to a very smooth running machine.

For example, a “good” vibration level that can be obtained without following the 
precautions described in this section is amplitude of 0.12 in./sec. (3.0mm/sec.). By
following the precautions, the orbit can be reduced to about 0.04 in./sec. (1mm/sec.).
This smaller orbit results in longer bearing or seal life, which is worth the effort to
ensure that the proper key length is used.

When balancing a keyed-shaft rotor, one half of the key’s weight is assumed to be
part of the shaft’s male portion. The other half is considered part of the female portion
that is coupled to it. When the two rotor parts are sent to a balancing shop for rebal-
ancing, however, the actual key is rarely included. As a result, the balance operator
usually guesses at the key’s length, makes up a half key, and then balances the part.
(Note: A “half key” is of full-key length but only half-key depth.)

In order to prevent an imbalance from occurring, do not allow the balance operator
to guess the key length. It is strongly suggested that the actual key length be recorded
on a tag that is attached to the rotor to be balanced. The tag should be attached so that
another device (such as a coupling half, pulley, fan, etc.) cannot be attached until the
balance operator removes the tag.

Theory of Imbalance. Imbalance is the condition when more weight is exerted on one
side of a centerline than the other. This condition results in unnecessary vibration,
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which generally can be corrected by adding counterweights. There are four types of
imbalance: (1) static, (2) dynamic, (3) couple, and (4) dynamic imbalance combina-
tions of static and couple.

Static. Static imbalance is single-plane imbalance acting through the center of 
gravity of the rotor, perpendicular to the shaft axis. This imbalance can also be sepa-
rated into two separate single-plane imbalances, each acting in-phase or at the same
angular relationship to each other (i.e., 0 degrees apart); however, the net effect is as
if one force is acting through the center of gravity. For a uniform straight cylinder,
such as a simple paper machine roll or a multigrooved sheave, the forces of static
imbalance measured at each end of the rotor are equal in magnitude (i.e., the ounce-
inches or gram-centimeters in one plane are equal to the ounce-inches or gram-
centimeters in the other).

In static imbalance, the only force involved is weight. For example, assume that a
rotor is perfectly balanced and, therefore, will not vibrate regardless of the speed of
rotation. Also, assume that this rotor is placed on frictionless rollers or “knife edges.”
If a weight is applied on the rim at the center of gravity line between two ends, the
weighted portion immediately rolls to the 6 o’clock position because of the gravita-
tional force.

When rotation occurs, static imbalance translates into a centrifugal force. As a result,
this type of imbalance is sometimes referred to as force imbalance, and some bal-
ancing machine manufacturers use the word force instead of static on their machines;
however, when the term force imbalance was just starting to be accepted as the proper
term, an American standardization committee on balancing terminology standardized
the term static instead of force. The rationale was that the role of the standardization
committee was not to determine and/or correct right or wrong practices, but simply
to standardize those currently in use by industry. As a result, the term static imbal-
ance is now widely accepted as the international standard and, therefore, is the term
used in this document.

Dynamic. Dynamic imbalance is any imbalance resolved to at least two correction
planes (i.e., planes in which a balancing correction is made by adding or removing
weight). The imbalance in each of these two planes may be the result of many imbal-
ances in many planes, but the final effects can be characterized to only two planes in
almost all situations.

An example of a case where more than two planes are required is flexible rotors (i.e.,
long rotors running at high speeds). High speeds are considered to be revolutions per
minute (rpm) higher than about 80 percent of the rotor’s first critical speed; however,
in more than 95 percent of all common rotors (e.g., pump impellers, armatures, gen-
erators, fans, couplings, pulleys), two-plane dynamic balance is sufficient. Therefore,
flexible rotors are not covered in this book because of the low number in operation
and the fact that balancing operations are almost always performed by specially trained
people at the manufacturer’s plant.
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In dynamic imbalance, the two imbalances do not have to be equal in magnitude 
to each other, nor do they have to have any particular angular reference to each 
other. For example, they could be 0 (in-phase), 10, 80, or 180 degrees from each 
other.

Although the definition of dynamic imbalance covers all two-plane situations, an
understanding of the components of dynamic imbalance is needed so that its causes
can be understood. An understanding of the components also makes it easier to under-
stand why certain types of balancing do not always work with many older balancing
machines for overhung rotors and very narrow rotors. The primary components of
dynamic imbalance include number of points of imbalance, amount of imbalance,
phase relationships, and rotor speed.

Points of Imbalance. The first consideration of dynamic balancing is the number of
imbalance points on the rotor because there can be more than one point of imbalance
within a rotor assembly. This is especially true in rotor assemblies with more than one
rotating element, such as a three-rotor fan or multistage pump.

Amount of imbalance. The amplitude of each point of imbalance must be known to
resolve dynamic balance problems. Most dynamic balancing machines or in situ bal-
ancing instruments are able to isolate and define the specific amount of imbalance at
each point on the rotor.

Phase relationship. The phase relationship of each point of imbalance is the third
factor that must be known. Balancing instruments isolate each point of imbalance and
determine their phase relationship. Plotting each point of imbalance on a polar plot
does this. In simple terms, a polar plot is a circular display of the shaft end. Each point
of imbalance is located on the polar plot as a specific radial, ranging from 0 to 360
degrees.

Rotor speed. Rotor speed is the final factor that must be considered. Most rotating
elements are balanced at their normal running speed or over their normal speed range.
As a result, they may be out of balance at some speeds that are not included in 
the balancing solution. For example, the wheels and tires on your car are dynamically
balanced for speeds ranging from 0 to the maximum expected speed (i.e., 80 miles
per hour). At speeds above 80 miles per hour, they may be out of balance.

Coupled Imbalance. Couple imbalance is caused by two equal noncolinear imbalance
forces that oppose each other angularly (i.e., 180 degrees apart). Assume that a rotor
with pure couple imbalance is placed on frictionless rollers. Because the imbalance
weights or forces are 180 degrees apart and equal, the rotor is statically balanced;
however, a pure couple imbalance occurs if this same rotor is revolved at an appre-
ciable speed.

Each weight causes a centrifugal force, which results in a rocking motion or rotor
wobble. This condition can be simulated by placing a pencil on a table, then at one
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end pushing the side of the pencil with one finger. At the same time, push in the 
opposite direction at the other end. The pencil will tend to rotate end-over-end. This
end-over-end action causes two imbalance “orbits,” both 180 degrees out-of-phase,
resulting in a “wobble” motion.

Balancing Standards. The International Standards Organization (ISO) has published
standards for acceptable limits for residual imbalance in various classifications of rotor
assemblies. Balancing standards are given in ounce-inches or pound-inches per pound
of rotor weight or the equivalent in metric units (g-mm/kg). The ounce-inches are for
each correction plane for which the imbalance is measured and corrected.

Caution must be exercised when using balancing standards. The recommended levels
are for residual imbalance, which is defined as imbalance of any kind that remains
after balancing. Table 16–2 is the norm established for most rotating equipment. Addi-
tional information can be obtained from ISO 5406 and 5343. Similar standards are
available from the American National Standards Institute (ANSI) in their publication
ANSI S2.43-1984.

Table 16–2 Balance Quality Grades for Various Groups of Rigid Rotors

Balance
Quality Grade Type of Rotor

G4,000 Crankshaft drives of rigidly mounted slow marine diesel engines with
uneven number of cylinders.

G1,600 Crankshaft drives of rigidly mounted large two-cycle engines.
G630 Crankshaft drives of rigidly mounted large four-cycle engines; crankshaft

drives of elastically mounted marine diesel engines.
G250 Crankshaft drives of rigidly mounted fast four-cylinder diesel engines.
G100 Crankshaft drives of fast diesel engines with six or more cylinders;

complete engines (gasoline or diesel) for cars and trucks.
G40 Car wheels, wheel rims, wheel sets, drive shafts; crankshaft drives of

elastically mounted fast four-cycle engines (gasoline and diesel) with
six or more cylinders; crankshaft drives for engines of cars and trucks.

G16 Parts of agricultural machinery; individual components of engines
(gasoline or diesel) for cars and trucks.

G6.3 Parts or process plant machines; marine main-turbine gears; centrifuge
drums; fans; assembled aircraft gas-turbine rotors; fly wheels; pump
impellers; machine-tool and general machinery parts; electrical
armatures.

G2.5 Gas and steam turbines; rigid turbo-generator rotors; rotors; turbo-
compressors; machine-tool drives; small electrical armatures; turbine-
driven pumps.

G1 Tape recorder and phonograph drives; grinding-machine drives.
G0.4 Spindles, disks, and armatures of precision grinders; gyroscopes.

Source: “Balancing Quality of Rotating Rigid Bodies,” Shock and Vibration Handbook, ISO 1940–1973;
ANSI S2.19–1975.
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So far, there has been no consideration of the angular positions of the usual two points
of imbalance relative to each other or the distance between the two correction planes.
For example, if the residual imbalances in each of the two planes were in-phase, they
would add to each other to create more static imbalance.

Most balancing standards are based on a residual imbalance and do not include mul-
tiplane imbalance. If they are approximately 180 degrees to each other, they form a
couple. If the distance between the planes is small, the resulting couple is small; if
the distance is large, the couple is large. A couple creates considerably more vibration
than when the two residual imbalances are in-phase. Unfortunately, nothing in the 
balancing standards considers this point.

Another problem could also result in excessive imbalance-related vibration even
though the ISO standards were met. The ISO standards call for a balancing grade of
G6.3 for components such as pump impellers, normal electric armatures, and parts of
process plant machines. This results in an operating speed vibration velocity of 6.3
mm/sec. (0.25 in./sec.) vibration avelocity; however, practice has shown that an
acceptable vibration velocity is 0.1 in./sec. and the ISO standard of G2.5 is required.
Because of these discrepancies, changes in the recommended balancing grade are
expected in the future.

16.2.3 Motivation

Staff motivation to perform preventive maintenance properly is a critical issue. A little
extra effort in the beginning to establish an effective preventive maintenance program
will pay large dividends, but finding those additional resources when so many “fires”
need to be put out is a challenge. Like with most things we do, if we want to do it, we
can. Herzberg’s two levels of motivation, as outlined in Figure 16–5, help us under-
stand the factors that cause people to want to do some things and not be so strongly
stimulated to do others. Paying extra money, for example, is not nearly as motivating
as are demonstrated results that show equipment running better because of the preven-
tive maintenance and a good “pat on the back” from management for a job well done.

A results orientation is helpful because, as shown in Figure 16–6, an unfilled need is
the best motivator. That need, in reference to effective maintenance management, 
is equipment availability and reliability, desire to avoid breakdowns, and opportunity
to achieve improvement. The converse is failures and downtime, with resulting low
production and angry customer users.

Production/Maintenance Cooperation

Some organizations, such as General Motors’ Fisher Body Plant, have established the
position of Production/Maintenance Coordinator. This person’s function is to ensure
that equipment is made available for inspections and preventive maintenance at the
best possible time for both organizations. This person is a salesman for maintenance.
This is an excellent developmental position for a foreman or supervisor. One year in
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that position will probably be enough for most people to learn the job well and to
become eager to move on to duties with less conflict.

Other organizations make production responsible for initiating a percentage of work
orders. At Frito-Lay plants, for example, the production goal is 20 percent. This target
stimulates both equipment operators and supervisors to be alert for any machine con-
ditions that should be improved. This approach tends to catch problems before they
become severe, rather than allowing them to break down. The results appear to be
better uptime than in plants where a similar situation does not occur.

Effectiveness

Productivity is made up of both time and rate of work. Many people confuse motion
with action. Utilization, which is usually measured as percentage of productive time
over total time, indicates that a person is engaged in a productive activity. Drinking

Figure 16–5 Two-factor theory of motivation.

Figure 16–6 The process of motivation.
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coffee, reading a newspaper, and attending meetings are generally classed as nonpro-
ductive. Hands-on maintenance time is classed as productive. What appears to be useful
work, however, may be repetitious, ineffective, or even a redoing of earlier mistakes.

A technical representative of a major reprographic company was observed doing pre-
ventive cleaning on a large duplicator. He spread out a paper “drop cloth” and opened
the machine doors. The flat area on the bottom of the machine was obviously dirty
from black toner powder, so the technical representative vacuumed it clean. Then he
retracted the developer housing. That movement dropped more toner, so he vacuumed
it. He removed the drum and vacuumed again. He removed the developer housing 
and vacuumed for the fifth time. On investigation, it was found that training had been
conducted on clean equipment. No one had shown this representative the “one best
way” to do the common cleaning tasks. This lack of training and on-the-job follow-
up counseling is too common! To be effective, we must make the best possible use of
available time. There are few motivational secrets to effective preventive maintenance,
but these guidelines can help:

1. Establish inspection and preventive maintenance tasks as recognized,
important parts of the maintenance program.

2. Assign competent, responsible people.
3. Follow up to ensure quality and to show everyone that management does

care.
4. Publicize reduced costs with improved uptime and revenues that are the

result of effective preventive activities.

Total Employee Involvement

If the only measure of our performance were the effort we exerted in our day-to-day
activities, life would be simpler. Unfortunately, we are measured on the performance
of those who work for us, as well as on our own effectiveness. As supervisors and
managers, our success depends more on our workforce than on our own individual
performance. Therefore, it is essential that each of our employees consistently 
performs at his or her maximum capability. Typically, employee motivation skill is
not the strong suit of plant supervisors and managers, but it is essential for both plant
performance and success as a manager.

By definition, motivation is getting employees to exert a high degree of effort on their
jobs. The key to motivation is getting employees to want to consistently do a good
job. In this light, motivation must come from within an employee, but the supervisor
must create an environment that encourages motivation on the part of employees.
Motivation can best be understood using the following sequence of events: needs,
drives or motives, and accomplishment of goals. In this sequence, needs produce
motives, which lead to the accomplishment of goals. Needs are caused by deficien-
cies, which can be either physical or mental. For instance, a physical need exists when
a person goes without sleep for a long period. A mental need exists when a person
has no friends or meaningful relationships with other people. Motives produce action.
Lack of sleep (the need) activates the physical changes of fatigue (the motive), which
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produces sleep (the accomplishment). The accomplishment of the goal satisfies the
need and reduces the motive. When the goal is reached, balance is restored.

Employee Needs. All employees have common basic needs that must be addressed
by the plant or corporate culture. These needs include the following:

Physical needs are the needs of the human body that must be satisfied in order
to sustain life. These needs include food, sleep, water, exercise, clothing,
shelter, and the like.

Safety needs are concerned with protection against danger, threat, or depriva-
tion. Because all employees have a dependent relationship with the organiza-
tion, safety needs can be critically important. Favoritism, discrimination, and
arbitrary administration of organizational policies are actions that arouse
uncertainty and affect the safety needs of employees.

Social needs include love, affection, and belonging. Such needs are 
concerned with establishing one’s position relative to that of others. They are
satisfied by developing meaningful personal relations and by acceptance 
into meaningful groups of individuals. Belonging to organizations and 
identifying with work groups are ways of satisfying the social needs in 
organizations.

Esteem or ego needs include both self-esteem and the esteem of others. All
people have needs for the esteem of others and for a stable, firmly based, high
evaluation of themselves. The esteem needs are concerned with developing
various kinds of relationships based on adequacy, independence, and giving
and receiving indications of self-esteem and acceptance.

Self-actualization or self-fulfillment is the highest order of needs. It is the need
of people to reach their full potential in terms of their abilities and interests.
Such needs are concerned with the will to operate at the optimum and thus
receive the rewards that are the result of doing so. The rewards may not be
economic and social but also mental. The needs for self-actualization and self-
fulfillment are never completely satisfied.

Recognizing Needs. Every supervisor knows that some people are easier to motivate
than others. Why? Are some people simply born more motivated than others? No
person is exactly like another. Each individual has a unique personality and makeup.
Because people are different, different factors are required to motivate different
people. Not all employees expect or want the same things from their jobs. People work
for different reasons. Some work because they have to work; they need money to pay
bills. Others work because they want something to occupy their time. Still others work
so they can have a career and its related satisfactions. Because they work for differ-
ent reasons, different factors are required to motivate employees.

When attempting to understand the behavior of an employee, the supervisor should
always remember that people do things for a reason. The reason may be imaginary,
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inaccurate, distorted, or unjustified, but it is real to the individual. The reason, what-
ever it may be, must be identified before the supervisor can understand the employee’s
behavior. Too often, the supervisor disregards an employee’s reason for a certain
behavior as being unrealistic or based on inaccurate information. Such a supervisor
responds to the employee’s reason by saying, “I don’t care what he thinks—that’s not
the way it is!” Supervisors of this kind will probably never understand why employ-
ees behave as they do.

Another consideration in understanding the behavior of employees is the concept of
the self-fulfilling prophecy, known as the Pygmalion effect. This concept refers to the
tendency of an employee to live up to the supervisor’s expectations. In other words,
if the supervisor expects an employee to succeed, the employee will usually succeed.
If the supervisor expects employees to fail, failure usually follows. The Pygmalion
effect is alive and well in most plants.

When asked the question, most supervisors and managers will acknowledge that they
trust a small percentage of their workforce to effectively perform any task that is
assigned to them. Further, they will state that a larger percentage is not trusted to
perform even the simplest task without close, direct supervision. These beliefs are
exhibited in their interactions with the workforce, and each employee clearly under-
stands where he or she fits into the supervisor’s confidence and expectations as 
individuals and employees. The “superstars” respond by working miracles and the
“dummies” continue to plod along. Obviously, this is no way to run a business, but it
has become the status quo. Little, if any, effort is made to help underachievers become
productive workers.

Reinforcement. Reinforced behavior is more likely to be repeated than behavior 
that is not reinforced. For instance, if employees are given a pay increase when their
performance is high, then the employees are likely to continue to strive for high 
performance in hopes of getting another pay raise. Four types of reinforcement—
positive, negative, extinction, and punishment—can be used.

Positive reinforcement involves providing a positive consequence because of
desired behavior. Most plant and corporate managers follow the traditional
motivation theory that assumes money is the only motivator of people. Under
this assumption, financial rewards are directly related to performance in the
belief that employees will work harder and produce more if these rewards are
great enough; however, money is not the only motivator. Although few
employees will refuse to accept financial rewards, money can be a negative
motivator. For example, many of the incentive bonus plans for production
workers are based on total units produced within a specific time (i.e., day,
week, or month). Because nothing in the incentive addresses product quality,
production, or maintenance costs, the typical result of these bonus plans is an
increase in scrap and total production cost.

Negative reinforcement involves giving a person the opportunity to avoid 
a negative consequence by exhibiting a desired behavior. Both positive and
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negative reinforcement can be used to increase the frequency of favorable
behavior.

Extinction involves the absence of positive consequences or removing previ-
ously provided positive consequences because of undesirable behavior. For
example, employees may lose a privilege or benefit, such as flextime or paid
holidays, that already exists.

Punishment involves providing a negative consequence because of undesir-
able behavior. Both extinction and punishment can be used to decrease the
frequency of undesirable behavior.

Discipline

Discipline should be viewed as a condition within an organization where employees
know what is expected of them in terms of rules, standards, policies, and behavior.
They should also know the consequences if they fail to comply with these criteria.
The basic purpose of discipline should be to teach about expected behaviors in a 
constructive manner.

A formal discipline procedure begins with an oral warning and progresses through a
written warning, suspension, and ultimately discharge. Formal discipline procedures also
outline the penalty for each successive offense and define time limits for maintaining
records of each offense and penalty. For instance, tardiness records might be maintained
for only a six-month period. Tardiness before the six months preceding the offense would
not be considered in the disciplinary action. Preventing discipline from progressing
beyond the oral warning stage is obviously advantageous to both the employee and man-
agement. Discipline should be aimed at correction rather than punishment.

One of the most important ways of maintaining good discipline is communication.
Employees cannot operate in an orderly and effective manner unless they know the
rules. The supervisor has the responsibility of informing employees of these rules, reg-
ulations, and standards. The supervisor must also ensure that employees understand
the purpose of these criteria. If an employee becomes lax, it is the supervisor’s respon-
sibility to remind him or her and if necessary enforce these criteria. Employees also
have a responsibility to become familiar with and adhere to all published requirements
of the company.

Whenever possible, counseling should precede the use of disciplinary reprimands or
stricter penalties. Through counseling, the supervisor can uncover problems affecting
human relations and productivity. Counseling also develops an environment of open-
ness, understanding, and trust. This encourages employees to maintain self-discipline.

To maintain effective discipline, supervisors must always follow the rules that employ-
ees are expected to follow. There is no reason for supervisors to bend the rules for
themselves or for a favored employee. Employees must realize that the rules are for
everyone. It is the supervisor’s responsibility to be fair toward all employees.
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Although most employees do follow the organization’s rules and regulations, there are
times when supervisors must use discipline. Supervisors must not be afraid to use the
disciplinary procedure when it becomes necessary. Employees may interpret failure
to act as meaning that a rule is not to be enforced. Failure to act can also frustrate
employees who are abiding by the rules. Applying discipline properly can encourage
borderline employees to improve their performance.

Before supervisors use the disciplinary procedure, they must be aware of how far they
can go without involving higher levels of management. They must also determine how
much union participation is required. If the employee to be disciplined is a union
member, the contract may specify the penalty that must be used.

Because a supervisor’s decisions may be placed under critical review in the grievance
process, supervisors must be careful when applying discipline. Even if there is no
union agreement, most supervisors are subject to some review of their disciplinary
actions. To avoid having a discipline decision rescinded by a higher level of man-
agement, it is important that supervisors follow the guidelines.

Every supervisor should become familiar with the law, union contracts, and past prac-
tices of the company as they affect disciplinary decisions. Supervisors should resolve
with higher management and human resources department any questions they may
have about their authority to discipline.

The importance of maintaining adequate records cannot be overemphasized. Not only
is this important for good supervision, but it can also prevent a disciplinary decision
from being rescinded. Written records often have a significant influence on decisions
to overturn or uphold a disciplinary action. Past rule infractions and the overall per-
formance of employees should be recorded. A supervisor bears the burden of proof
when his or her decision to discipline an employee is questioned. In cases where the
charge is of a moral or criminal nature, the proof required is usually the same as that
required by a court of law (i.e., beyond a reasonable doubt).

Another key predisciplinary responsibility of the supervisor is the investigation. This
should take place before discipline is administered. The supervisor should not disci-
pline and then look for evidence to support the decision. What appears obvious on the
surface is sometimes completely discredited by investigation. Accusations against any
employee must be supported by facts. Supervisors must guard against taking hasty
action when angry or when a thorough investigation has not yet been conducted.
Before disciplinary action is taken, the employee’s motives and reasons for rule infrac-
tion should be investigated and considered.

Conclusions

With few exceptions, employees are not self-motivated. The management philosophy
and methods that are adopted by plants and individual supervisors determine whether
the workforce will constantly and consistently strive for effective day-to-day perfor-
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380 An Introduction to Predictive Maintenance

mance or continue to plod along as they always have. As a supervisor or manager, it
is in your best interest, as well as your duty, to provide the leadership and motivation
that your workforce needs to achieve and sustain best practices and world-class 
performance.

16.2.4 Record Keeping

The foundation records for preventive maintenance are the equipment files. The equip-
ment records provide information for purposes other than preventive maintenance.
The essential items include:

• Equipment identification number
• Equipment name
• Equipment product/group/class
• Location
• Use meter reading
• Preventive maintenance interval(s)
• Use per day
• Last preventive maintenance due
• Next preventive maintenance due
• Cycle time for preventive maintenance
• Crafts required, number of persons, and time for each
• Parts required

Figure 16–7 shows a typical accounts cost matrix developed for a SAP R-4 comput-
erized maintenance management system (CMMS). The figure illustrates the major cost
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Figure 16–7 G/L accounts cost matrix.
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classifications and how they will be used to support the maintenance improvement
process. Date collected in the eight “cost buckets” will be used to develop perfor-
mance indicators, maintenance strategy, realistic maintenance budgets, and benchmark
data.

Work Orders

All work done on equipment should be recorded on the equipment record or on related
work order records that can be searched by equipment. The equipment failure and
repair history provide vital information for analysis to determine if preventive main-
tenance is effective. How much detail should be retained on each record must be 
individually determined for each situation. Certainly, replacement of main bearings,
crankshafts, rotors, and similar long-life items that are infrequently replaced should
be recorded. That knowledge is helpful for planning major overhauls both to deter-
mine what has recently been done, and therefore should not need to be done at this
event, and for obtaining parts that probably should be replaced. There is certainly no
need to itemize every nut, bolt, and lightbulb.

Cost Distribution

Maintenance improvement depends on the ability to accurately determine where costs
are expended. Therefore, the SAP R-3 CMMS must be configured to accurately
capture and compile maintenance cost by type, production area, process, and specific
equipment or machinery. This task is normally accomplished by establishing a work
breakdown structure that will provide a clear, concise means of reporting expendi-
tures of maintenance dollars. Within the SAP system, cost will be allocated into the
following eight classifications:

• Emergency
• Maintenance
• Repair
• Condition monitoring and inspections
• Training
• Turnarounds/shutdown
• Improvements, modifications, and technical innovations
• Regulatory compliance

Emergency. All work performed in response to actual or anticipated emergency break-
downs, OSHA-reportable incidents, and safety-related repairs will be charged to the
emergency classification. The intent of the maintenance improvement process is to
eliminate or drastically reduce the percentage of time and cost associated with this
type of work. In the SAP system, these tasks and activities will be assigned priority
code 1.

Maintenance. As defined as, all activities performed in an attempt to retain an item
in specified condition by providing systematic, time-based inspection and visual
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checks; any actions that are preventive of incipient failures. All work and actions are
planned. Preventive maintenance tasks, such as inspections, lubrication, calibration,
and adjustments, will be allocated to this cost classification. The intent of the main-
tenance improvement program is to increase the efforts in this classification to between
25 and 35 percent of total maintenance costs. In the SAP system, these tasks and activ-
ities will be assigned a priority code 6.

Repair. Includes all activities performed to restore an item to a specified condition,
or any activities performed to improve equipment and its components so that pre-
ventive maintenance can be carried out reliably. All costs associated with repair, cor-
rective maintenance, noncapital improvements, and rebuilds will be allocated to this
classification. Examples of tasks include diagnostics, remediation of damage, and
follow-up work and documentation. SAP priority codes 2, 3, or 4 will be assigned to
these tasks.

Condition Monitoring and Inspections. The activities are defined as all activities
involved in the use of modern signal-processing techniques to accurately diagnose the
condition of equipment (level of deterioration) during operation. The periodic mea-
surement and trending of process or machine parameters with the aim of predicting
failures before they occur. Included in these activities are visual inspection, functional
testing, material testing (all NDE/NDT), inspection, and technical condition monitor-
ing. These tasks will be assigned SAP priority code 6.

Training. This cost center is defined as training provided to the maintenance 
workforce to enhance effectiveness. Examples of costs that should be allocated to 
this cost center include proactive maintenance, life-cycle cost, and total cost of 
ownership.

Turnarounds/Shutdowns. All activities required during a planned and scheduled tem-
porary operating unit shutdown to maintain or restore operating efficiency, inspect
equipment for purposes of mechanical or instrument/electrical integrity, and perform
tests and inspections. Examples of activities that should be allocated to this cost center
include major shutdowns and modifications of industrial systems and upgrading of
buildings, steel structures, and pipeline systems. These tasks will be assigned an SAP
priority code 5.

Improvements, Modifications, and Technical Innovations. All activities and measures
taken to improve/optimize plant performance that are not carried out as a part of a
project. This would include improvements relative to efficiency, availability, or safety
improvements. Also included are improvement of plant technology, adaptation to
current engineering requirements and regulations, and optimization of spare and
replacement parts inventory.

Regulatory Compliance. Cost for the initial actions taken to achieve compliance with
regulatory, safety, environmental, or quality requirements. For example, OSHA
1910.119, ISO 9000, FDA, Kosher, and others.
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Cost Accounts Not Included in Maintenance and Repair. Some maintenance-related
cost classifications may be omitted from the key performance indicators (KPIs) used
to measure maintenance effectiveness. These omissions include the following:

• Production support. All activities required to support operations. These 
tasks and activities include connections, recommendations, retrofits, and
cleaning work necessitated by operations, as well as opening and closing of
equipment for filling, emptying, cleaning, and filter changes required for
production.

• New investment. All activities required by in-house personnel to support
capital equipment projects. These costs should be allocated to the appro-
priate project cost center.

• Improve existing assets. All activities required by in-house personnel to
support expense projects. As in the case of capital projects, these costs
should be allocated to the appropriate project cost center.

• Demonstrations. Follow the Corporate Capitalization Policy.

16.2.5 Special Concerns

Several factors can limit the effectiveness of maintenance. The primary factors that
must be considered include (1) parts availability, (2) repairable parts, (3) detailed 
procedures, (4) quality assurance, (5) avoiding callbacks, (6) repairs at preventive
maintenance, and (7) data gathering.

Parts Availability

Parts to be used for preventive maintenance can generally be identified and procured
in advance. This ability to plan for investment of dollars for parts can save on inven-
tory costs because it is not necessary to have parts continually sitting on the shelf
waiting for a failure. Instead, they can be obtained just-in-time to do the job.

The procedures should list the parts and consumable materials required. The sched-
uler should ensure availability of those materials before the job is scheduled. Manu-
ally checking inventory when the preventive maintenance work order is created
achieves this goal. The order should be held in a “waiting for resources” status until
the parts, tools, procedures, and personnel are available. Parts will usually be the
missing link in those logistics requirements. The parts required should be written on
a pick list or a copy of the work order given to the stock keeper. He or she should
pull those parts and consolidate them into a specified pickup area. It is helpful if the
stock keeper writes that bin number on the work order copy or pick list and returns it
to the scheduler so that the scheduler knows a person can be assigned to the job and
production can be contacted to make the equipment available, knowing that all other
resources are ready. It may help to send two copies of the work order or pick list to
the stock keeper so that one of them can be returned with the part confirmation and
location. Then, when the craftsperson is given the work order assignment, he or she
sees on the work order exactly where to go to find the parts ready for immediate use.

A Total-Plant Predictive Maintenance Program 383
www.mpedia.ir

دانشنامه نت 



It can be helpful, when specific parts are often needed for preventive maintenance, to
package them together in a kit. This standard selection of parts is much easier to pick,
ship, and use, compared to gathering the individual items. Plugs, points, and a con-
denser are an example of an automobile tune-up kit, while air filters, drive belts, and
disposable oilers are common with computer service representatives. Kits also make
it easier to record the parts used for maintenance with less effort than the individual
recording of piece parts. Any parts that are not used, either from kits or from 
individual draws, should be returned to the stockroom.

With a computer support system, parts availability can be automatically checked when
the work order is dispatched. If the parts are not in the stockroom, the computer will
indicate in a few seconds by a message on the screen that “All parts are not available;
check the pick list.” The pick list will show what parts are not on hand and what their
status is, including availability with other personnel and quantities on order, at the
receiving dock, or at the quality-control receiving inspection. The scheduler can then
decide whether the parts could be obtained quickly from another source to schedule
the job now, or perhaps to place the parts on order and hold the work request until the
parts arrive. The parts should be identified with a work order so that receiving per-
sonnel know to expedite their inspection and shipment to the stockroom, or perhaps
can be shipped directly to the requiring location.

A similar capability should be established for parts that are required to do major over-
hauls and unique planned jobs. Working with the equipment drawing and replaceable
parts catalog, one should prepare a list of all parts that may possibly be required.
Failure-rate data and predictive information from condition monitoring should be
reviewed to indicate any parts with a high probability of need. Parts replaced on pre-
vious, similar work should also be reviewed—both for those that obviously must be
replaced at every teardown and for those that will definitely not be replaced because
they were installed the last time.

Once the list of parts needs is established, internal inventory should be checked and
available parts should be staged to an area in preparation for the planned work. Special
orders should be placed for the additional required parts, just as they are placed to fill
any other need.

Repairable Parts

Repairable parts should receive the same kind of advance planning. If it can be
afforded as a trade-off against reduced downtime, a good part should be available to
install and the removed repairable parts should be rebuilt later and then restocked 
to inventory. If a replacement part cannot be made available, then at least all tools,
fixtures, materials, and skilled personnel should be standing by when the repairable
part is removed.

The condition of repairable parts, as well as those that are throwaways, should be eval-
uated as soon as convenient. The purpose is to measure the parameters that could lead
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to failure and to determine how much longer the part could be expected to operate
without failure. If examination shows that considerable life is left on the part, then the
preventive maintenance task or rebuild interval should be extended in the future.
Removed repairable parts should be tagged to indicate why they were removed.
Nothing is more frustrating to a repairperson then trying to find a defect that does not
exist.

Detailed Procedures

This topic has been covered earlier but should be reemphasized to ensure that the best
balance is developed between details and general functions. The following are some
general guidelines:

• Common words in short sentences should be used, with a reading compre-
hension level no higher than seventh grade.

• Illustrations should be used where possible, especially to point out critical
measurements.

• Commonly done tasks should be referred to by function, whereas those 
tasks that are done once a year or less frequently may be described in 
detail.

• Daily and weekly checklists should be protected with a transparent cover
and kept on equipment.

• Inspections and maintenance done once a month or less often should be
issued as specific work orders.

• The craftsperson’s signature should be required on every completed job.
• Management should complete a follow-up inspection on at least a large

sample of the jobs in order to ensure quality.
• Failure rates on equipment should be tracked to increase inspection and 

preventive maintenance on items that are failing and to decrease efforts
where there is little payoff.

• What was done and how much time it took should be recorded as guidance
for future work.

Quality Assurance

Quality of maintenance is a subject that requires more emphasis than it has received
in the past. Like quality of any product, maintenance quality must be designed and
built in. It cannot be inspected into the job.

The quality of inspection and preventive maintenance tasks starts with well-designed
procedures, equipment, and a surrounding environment that is conducive to good
maintenance and management emphasis. The procedures must then be followed 
properly, adequate time provided to the craftsperson to do the job well, and standards
available with training to illustrate what is expected. There is one best way to do 
most inspections and preventive maintenance. That way should be detailed in a set 
of procedures and controlled to ensure successful completion.

A Total-Plant Predictive Maintenance Program 385
www.mpedia.ir

دانشنامه نت 



First-line supervision is critical. Forepersons should spend most of their time manag-
ing their people at the work site and ensuring that customers are satisfied. It is not
possible to manage preventive maintenance from behind a desk. A foreperson must
get out and participate in the jobs as they are being done and inspect them on com-
pletion. This motivates people to do both high-quantity and high-quality work. The
foreperson will be on the site to apply corrective action as needed and to provide final
job inspection and close out the work order.

Avoiding Callbacks

“Callbacks” are generally defined as any repeat requirements for maintenance that
may result from problems that should have been alleviated earlier or that were caused
by earlier maintenance. Some organizations define a callback as any emergency main-
tenance on the same equipment within 24 hours for any reason. Other organizations
narrow their definition to the same problem but within periods as long as 30 days. A
measure should be chosen that suits the specific type of equipment. If your organiza-
tion services for pay, you certainly should not charge additional for callback service
because the problem should have been fixed the first time.

The fact remains that low-reliability people often service highly reliable equipment.
Preventive maintenance often incurs exposure to potential damage. The same steps
that improve quality assurance also reduce the incidence of callbacks:

1. Establish and follow detailed procedures.
2. Train and motivate persons on the importance of thorough preventive 

maintenance.
3. If it works, don’t fix it.
4. Conduct a complete operational test after maintenance is complete.

Repairs at Preventive Maintenance

Two philosophies exist on the best way to handle repairs that are detected during pre-
ventive maintenance. One approach is to fix everything as it is discovered. The other
extreme is to repair nothing but rather mark it on the work order and ensure that
follow-up work orders are created. A policy that falls between the two is recom-
mended: fix the minor things that can be most quickly done while the equipment is
available, and identify other problems for separate work orders. A guideline limit of
10 minutes has proved useful to separate tasks that should be done at the time from
those that should be scheduled separately. Naturally, any safety problem that is found
should result in shutdown of the equipment and be repaired before the equipment is
operated again. Restricting the amount of repair done on preventive maintenance work
orders helps control these activities so they can stay on schedule. Table 16–3 outlines
the criteria to be considered for repair with preventive versus separate repair.

It can thus be seen that a small workforce with multiskilled persons servicing equip-
ment that requires long travel, has delay time to get on the equipment, and requires
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extensive preparation and access time should make repairs at the same time as 
preventive tasks. If, however, the workforce is large enough to be specialized and 
supports large numbers of similar equipment that are located close together, then 
the inspection/preventive maintenance function should be separated from repairs. In
general, most manufacturing plants should do repairs separately from preventive tasks.
Most field service personnel will do both at the same time.

Data Gathering

Maintenance management needs data, but maintenance personnel do not like to report
data. Given this disparity between supply and demand, everything possible should be
done to minimize data requirements, make data easy to obtain, and enforce accurate
reporting. The main information needed from inspection and preventive activity is as
follows:

• That the job was done
• Equipment used in meter reading
• Part numbers of any parts replaced
• Repair work requests to fix discovered problems
• Time involved

As preventive maintenance sophistication increases toward predictive maintenance,
the test measurements should be recorded so that signature and trend analysis with
control limits can be used to guide future maintenance actions.

16.3 CONCLUSION

The following points summarize some of the main concepts in the preceding 
discussions:

• Preventive maintenance is necessary for most durable hardware.
• Preventive maintenance enables preaction, which is better than reaction.
• It is necessary to plan.

Table 16–3 Criteria for Preventive Maintenance Repair Method

Repair Separate from PM Repair with PM
Enables more accurate scheduling of Best if:

PM, at consistent times. Equipment is difficult to get from production.
Allows use of inspection specialists with Extensive tear down is involved that would 

separate repair experts. have to be repeated for separate repairs.
Allows parts, tools and documents to Extensive travel time is required to return to 

be obtained as required, instead of the location.
carrying extensive inventory. It is difficult for the person discovering the 

problem to describe it to another repair person.
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• A good data collection and information analysis system must be established
to guide efforts.

• All possible maintenance should be done at a single access.
• Safety must be regarded as paramount.
• Vital components must be inspected.
• Anything that is defective must be repaired.
• If it works, don’t fix it.
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The labor-intensive part of predictive maintenance management is complete. A
viable program has been established, the database is complete, and you have 
begun to monitor the operating condition of your critical plant equipment. Now 
what?

Most programs stop right here. The predictive maintenance team does not continue
its efforts to get the maximum benefits that predictive maintenance can provide.
Instead it relies on trending, comparative analysis, or—in the case of vibration-based
programs—simplified signature analysis to maintain the operating condition of the
plant. This is not enough to gain the maximum benefits from a predictive maintenance
program. In this chapter, we discuss the methods that can be used to ensure that you
gain the maximum benefits from your program and improve the probability that the
program will continue.

17.1 TRENDING TECHNIQUES

The database that was established in Chapter 5 included broadband, narrowband, and
full-signature vibration data. It also included process parameters, bearing cap 
temperatures, lubricating oil analysis, thermal imaging, and other critical monitoring
parameters. What do we do with this data?

The first method required to monitor the operating condition of plant equipment is to
trend the relative condition over time. Most of the microprocessor-based systems
provide the means of automatically storing and recalling vibration and process para-
meters trend data for analysis or hard copies for reports. They will also automatically
prepare and print numerous reports that quantify the operating condition at a specific
point. A few will automatically print trend reports that quantify the change over a
selected time frame. All of this is great, but what does it mean?

17
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Monitoring the trends of a machine-train or process system will provide the ability to
prevent most catastrophic failures. The trend is similar to the bathtub curve used to
schedule preventive maintenance. The difference between the preventive and predic-
tive bathtub curve is that the latter is based on the actual condition of the equipment,
not a statistical average.

The disadvantage of relying on trending as the only means of maintaining a predic-
tive maintenance program is that it will not tell you the reason a machine is degrad-
ing. One good example of this weakness is an aluminum foundry that relied strictly
on trending to maintain its predictive maintenance program. In the foundry are 36 can-
tilevered fans that are critical to plant operation. The rolling-element bearings in each
of these fans are changed on an average of every six months. By monitoring the trends
provided by the predictive maintenance program, the plant can adjust the bearing
changeout schedule based on the actual condition of the bearings in a specific fan.
Over a two-year period, no catastrophic failures or loss of production resulted from
the fans being out of service. Did the predictive maintenance program work? In their
terms, the program was a total success; however, the normal bearing life should have
been much greater than six months. Something in the fan or process created the reduc-
tion in average bearing life. Limiting the program to trending only, the plant was
unable to identify the root-cause of the premature bearing failure. Properly used, your
predictive maintenance program can identify the specific or root-cause of chronic
maintenance problems. In the example, a full analysis provided the answer. Plate-out
or material buildup on the fan blades constantly increased the rotor mass and there-
fore forced the fans to operate at critical speed. The imbalance created by operation
at critical speed was the forcing function that destroyed the bearings. After taking cor-
rective actions, the plant now gets an average of three years from the fan bearings.

17.2 ANALYSIS TECHNIQUES

All machines have a finite number of failure modes. If you have a thorough under-
standing of these failure modes and the dynamics of the specific machine, you can
learn the vibration analysis techniques that will isolate the specific failure mode 
or root-cause of each machine-train problem. The following example will provide a
comparison of various trending and analysis techniques.

17.2.1 Broadband Analysis

The data acquired using broadband data are limited to a value that represents the total
energy that is being generated by the machine-train at the measurement point location
and in the direction opposite the transducer. Most programs trend and compare the
recorded value at a single point and disregard the other measurement points on 
the common-shaft.

Rather than evaluate each measurement point separately, plot the energy of each mea-
surement point on a common-shaft. Figure 17–1 illustrates this technique for a
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Hoffman blower. First, the vertical measurements were plotted to determine the mode
shape of the machine’s shaft. This plot indicates that the outboard end of the motor
shaft is displaced much more than the remaining shaft. This limits the machine
problem to the rear of the motor. Based strictly on the overall value, the probable cause
is loose motor mounts on the rear motor feet. The second step was plotting the hori-
zontal mode shape. This plot indicates that the shaft is deflected between the pillow
block bearings. Without additional information, the mode shaft suggests a bent shaft
between the bearings. Even though we cannot identify the absolute failure mode, we
can isolate the trouble to the section of the machine-train between the pillow block
bearings.

17.2.2 Narrowband Analysis

The addition of unique narrowbands that monitor specific machine components or
failure modes provides more diagnostic information. If we add the narrowband infor-
mation acquired from the Hoffman blower, we find that the vertical data are primar-
ily at the true running speed of the common-shaft. This confirms that a deflection of
the shaft exists. No other machine component or failure mode is contributing to the
problem. The horizontal measurements indicate that the blade-pass, bearing defect,
and misalignment narrowbands are the major contributors.

As we discussed, fans and blowers are prone to aerodynamic instability. The indica-
tion of abnormal vane-pass suggests that this may be contributing to the problem. The
additional data provided by the narrowband readings help eliminate many of the 
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possible failure modes that could be affecting the blower; however, we still cannot
confirm the specific problem.

17.2.3 Root-Cause Failure Analysis

A visual inspection of the blower indicated that the discharge is horizontal and oppo-
site the measurement point location. By checking the process parameters recorded
concurrent with the vibration measurements, we found that the motor was in a no-
load or run-out condition and that the discharge pressure was abnormally low. In addi-
tion, the visual inspection showed that the blower sits on a cork pad and is not bolted
to the floor. The discharge piping, 24-inch-diameter schedule 40 pipe, was not iso-
lated from the blower and did not have any pipe supports for the first 30 feet of hor-
izontal run. With all of these clues in hand, we concluded that the blower was operating
in a run-out condition (i.e., it was not generating any pressure) and was therefore
unstable. This part of the machine problem was corrected by reducing (i.e., partially
closing) the damper setting and forcing the blower to operate within acceptable aero-
dynamic limits.

After correcting the damper setting, all of the abnormal horizontal readings were
within acceptable limits. The vertical problem with the motor was isolated to improper
installation. The weight of approximately 30 feet of discharge piping compressed the
cork pad under the blower and forced the outboard end of the motor to elevate above
the normal centerline. In this position, the motor became an unsupported beam and
resonated in the same manner as a tuning fork. After isolating the discharge piping
from the blower and providing support, the vertical problem was eliminated.

If you followed the suggested steps in Chapter 5, your predictive maintenance teams
receive training on how to use the predictive maintenance system or systems that were
selected for your program. In addition, they have been exposed to the theory behind
each of the techniques that will be used to employ the data acquired by the systems.
Was it enough to gain maximum benefit from your program?

17.4 ADDITIONAL TRAINING

The initial user’s training and basic theory will not be enough to gain maximum 
benefits from a total-plant predictive maintenance program. You will need to continue
the training process throughout the life of the program.

A variety of organizations, including predictive maintenance systems vendors, provide
training programs in all of the predictive maintenance techniques. Caution in select-
ing both the type of course and instructor is strongly recommended. Most of the public
courses are in reality sales presentations. They have little practical value and will not
provide the knowledge base required to gain the maximum benefit from your program.

Practical or application-oriented courses are available that will provide the additional
training required to gain maximum diagnostic benefits from your program. The best
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way to separate the good from the bad is to ask previous attendees. Request a list of
recent attendees and then talk to them. If reputable firms present the courses, they will
gladly provide this information.

17.5 TECHNICAL SUPPORT

None of the predictive maintenance technologies is capable of resolving every possi-
ble problem that may develop in a manufacturing or process plant. For example, the
microprocessor-based vibration systems use single-channel data collectors. These
systems cannot monitor transient problems, torsional problems, and many other
mechanical failures that could occur. At best, they can resolve 85 to 90 percent of the
most common problems that will occur.

To resolve the other 10 to 15 percent of mechanical problems and the other non-
destructive testing that may occasionally be required to maintain the plant, you will
need technical support. Few of the predictive maintenance systems vendors can
provide the level of support required. Therefore, you will need to establish contacts
with consulting and engineering services companies that have a proven record of
success in each of the areas required to support your program. Many consulting and
engineering services companies offer full support to predictive maintenance. These
companies specialize in the nondestructive testing and analysis techniques required to
solve plant problems. Caution in selecting a technical support contractor is recom-
mended. As in training suppliers, there are 10 bad ones for every good one.

17.6 CONTRACT PREDICTIVE MAINTENANCE PROGRAMS

The benefits that are derived from a total-plant predictive maintenance provide the
means of controlling maintenance costs, improving plant performance, and increas-
ing the profits of most manufacturing and production plants. Unfortunately, many
plants do not have the staff to implement and maintain the regular monitoring and
analysis that is required to achieve these goals. There is a solution to this problem.

The proven benefits derived from predictive maintenance and staff limitations at
numerous plants have created a new type of service company. Numerous reputable
companies now specialize in providing full-capability predictive maintenance services
on an annual contract basis. These companies will provide all of the instrumentation,
database development, data acquisition, and analysis responsibility and provide peri-
odic reports that quantify plant condition. Using contract predictive maintenance will
provide plants with all of the benefits of predictive maintenance without the major
expense required to set up and maintain an in-house program.

As stated, numerous reputable companies can provide this service; however, some of
these firms claim to provide full predictive maintenance services but do not actually
do so. Extreme caution must be exercised in the selection process. As in the case 
of selecting a system and vendor for an in-house program, references should be 
thoroughly checked.
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Good maintenance is good business. The prime motivator in manufacturing, especially
as it pertains to equipment maintenance, is to keep production running in high gear.
Competition mandates it. Maintenance directly affects the productivity, quality, and
direct costs of production. Yet, today the most commonly practiced approach to main-
tenance continues to be purely reactive (i.e., an almost universal focus on equipment
breakdowns). This breakdown maintenance mentality stands in direct opposition to
the target of high productivity. The postmortem being that production stops and the
maintenance department draws exceptional and unwanted visibility created by the
extraordinary costs that such practices incur in terms of competitiveness and real
dollars.

18.1 WHAT IS WORLD-CLASS MAINTENANCE?

To keep production in high gear—and to survive—manufacturers are increasingly
obliged to move from a breakdown maintenance mindset toward a concept of proac-
tive maintenance organized around a well-trained staff, within a carefully defined plan,
and with meaningful participation of employees outside of what is normally thought
of as traditional maintenance. It’s a move toward a total team approach of effective
preventive maintenance and total quality management (TQM).

At the core of world-class maintenance is a new partnership among the manufactur-
ing or production people, maintenance, engineering, and technical services to improve
what is called overall equipment effectiveness (OEE). It is a program of zero break-
downs and zero defects aimed at improving or eliminating the six crippling shop-floor
losses:

• Equipment breakdowns
• Setup and adjustment slowdowns
• Idling and short-term stoppages
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World-Class Maintenance 395

• Reduced capacity
• Quality-related losses
• Startup/restart losses

A concise definition of world-class maintenance is elusive, but improving equipment
effectiveness comes close. The partnership idea is what makes it work.

18.2 FIVE FUNDAMENTALS OF WORLD-CLASS PERFORMANCE

World-class maintenance stresses the basics of good business practices as they relate
to the maintenance function. The five fundamentals of this approach include improv-
ing equipment effectiveness, involving operators in daily maintenance, improving
maintenance efficiency and effectiveness, educating and training, and designing and
managing equipment for maintenance prevention.

18.2.1 Improving Equipment Effectiveness

In other words, looking for the six big losses, finding out what causes your equipment
to be ineffective, and making improvements.

18.2.2 Involving Operators in Daily Maintenance

This does not necessarily mean actually performing maintenance. In many successful
programs, operators do not have to actively perform maintenance. They are involved
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Figure 18–1 Components of world-class maintenance.
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in the maintenance activity—in the plan, in the program, in the partnership, but not
necessarily in the physical act of maintaining equipment.

18.2.3 Improving Maintenance Efficiency and Effectiveness

In most world-class organizations, the operator is directly involved in some level of
maintenance. This effort involves better planning and scheduling, better preventive
maintenance, predictive maintenance, reliability-centered maintenance, spare parts
equipment stores, tool locations—the collective domain of the maintenance depart-
ment and the maintenance technologies.

18.2.4 Educating and Training

This is perhaps the most important task in the world-class approach. It involves every-
one in the company: Operators are taught how to operate their machines properly and
maintenance personnel to maintain them properly. Because operators will be per-
forming some of the inspections, routine machine adjustments, and other preventive
tasks, training involves teaching operators how to do those inspections and how to
collaborate with maintenance. Also involved is training supervisors on how to super-
vise in a proactive-type team environment.

18.2.5 Designing and Managing Equipment for Maintenance Prevention

Equipment is costly and should be viewed as a productive asset for its entire life.
Designing equipment that is easier to operate and maintain than previous designs is a
fundamental part of proactive performance. Suggestions from operators and main-
tenance technicians help engineers design, specify, and procure equipment that is more
effective. By evaluating the costs of operating and maintaining the new equipment
throughout its life cycle, long-term costs will be minimized. Low purchase prices do
not necessarily mean low life-cycle costs.

18.3 COMPETITIVE ADVANTAGE

In most companies today, management is looking for every possible competitive
advantage. Companies focus on total quality (TQC, TQM), just-in-time (JIT), and total
employee involvement (TEI) programs. All require complete management commit-
ment and support to be successful. Consider the following questions regarding com-
petition and maintenance:

• Is it possible to produce quality products on poorly maintained equipment?
• Can quality products come from equipment that is consistently out of 

specification or worn to the point that it cannot consistently hold 
tolerance?

• Can a JIT program work with equipment that is unreliable or has low 
availability?
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• Can employee involvement programs work for long if management ignores
the pleas to fix the equipment or get better equipment so a world-class
product can be delivered to the customer on a timely basis, thus satisfying
the employee concerns and suggestions?

Proactive maintenance management can help improve reliability, maintainability,
operability, and profitability, but achieving these goals requires the talents and involve-
ment of every employee. Through autonomous activities, in which the operator is
involved in the daily inspection and cleaning of his or her equipment, companies will
discover that the most important asset in achieving continuous improvement is people.

Companies are beginning to realize that the management techniques and methods 
previously used to maintain equipment are no longer sufficient to compete in world
markets. Attention is beginning to focus on the benefits of proactive maintenance, 
yet the number of companies that have successfully implemented new maintenance
management methods is relatively small. The reason is that many companies try to
use tools, such as predictive maintenance, to compensate for an immature or dys-
functional maintenance operation. They fail to realize that achieving world-class 
performance is an evolutionary step, not a revolutionary one. To fully understand the
character of world-class maintenance, it is necessary to consider the evolution of a
typical quality program.

18.4 FOCUS ON QUALITY

In Figure 18–2, the various stages of a quality improvement program are highlighted
along the bottom of the arrow. In the early days, a company would ship almost any-
thing to the customer. If the product did not meet customer standards, nothing was
done about it until the customer complained and shipped it back; however, this
approach eventually became costly when competitors would ship products that 
the customer would accept because there was no quality problem. Complacency 

Figure 18–2 The various stages of the quality maturity continuum.
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sabotaged competitiveness. To stay in the game, the company was forced to make
changes in the way it did business.

The second step was to begin inspecting the product in the final production stage or
in shipping just before it was loaded for delivery to the customer. Because this
approach reduced the number of customer complaints, it was better than before and
the company realized that it was expensive to produce a product only to reject it just
before it was shipped. In effect, they were shooting themselves in the foot. It was far
more economical to find the defect earlier in the process and eliminate running defec-
tive material through the rest of the production process.

This led to the third step in quality system maturity—the development of the quality
department. This department’s responsibility was to monitor, test, and report on the
quality of the product as it passed through the plant. At first, this approach seemed to
be much more effective than before, with the defects being found earlier, even to the
point of statistical techniques being used to anticipate or predict when quality would
be out of limits; however, there were still problems. The more samples the quality
department was required to test, the longer it would take to get the results back to the
operations department. It was still possible to produce minutes’, hours’, or even shifts’
worth of product that was defective or out of tolerance before anyone called attention
to the affected piece of equipment.

Solving this problem led to the fourth step—training the operators in the statistical
techniques necessary to monitor and trend their own quality. In this way, the phrase
“quality at the source” was coined. This step enabled the operator to know down to
the individual part when it was out of tolerance, and no further defective components
were produced. This approach eliminated the production of any more defects and pre-
vented rework and expensive downstream scrap; however, circumstances beyond the
control of the operator still contributed to quality problems, which led to the next
step—the involvement of all departments of the company in the quality program.

From the product design phase, through the purchasing of raw materials, to final pro-
duction and shipping of the product, all involved recognized that producing a quality
product for the lowest price, the highest quality, and the quickest delivery was the
company’s goal. This meant that products were designed for productivity; the mate-
rials used to make the product had to be of the highest quality; and the production
process had to be closely monitored to ensure that the final product was perfect. The
company had evolved to the world-class stage of maturity.

18.5 FOCUS ON MAINTENANCE

How does this path to maturity relate to the path to maturity for asset or equipment
maintenance? Figure 18–3 compares the two. In stage 1 of the path to world-class 
performance, the equipment is not maintained or repaired unless the customer (i.e.,
operations, production, or facilities) complains that it is broken. Only then will the
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maintenance organization work (or in some cases be allowed to work) on the equip-
ment. In other words, “if it ain’t broke, don’t fix it.”

Over time, companies began to realize that when equipment breaks down it always
costs more and takes longer to fix than if it was maintained on a regularly scheduled
basis. This cost is compounded when the actual cost of downtime is calculated. Com-
panies began to question the policy, understanding that it is cost effective to allow the
equipment to be shut down for shorter periods for minor service to reduce the fre-
quency and duration of breakdowns. This leads to the second step on the road to pro-
active maintenance—establishing a good preventive maintenance program or building
on one already in place.

This step allows for the inspection and routine servicing of the equipment before it
fails and results in fewer breakdowns and equipment failures. In effect, the product is
inspected before the “customer” gets it. Some of the techniques of preventive main-
tenance include routine lubrication and inspections for major defects.

This second step, while producing some results, is not sufficient to prevent certain
types of failures. The third step, then, is to implement predictive and statistical tech-
niques for monitoring the equipment. The most common of these techniques are the
following:

• Vibration analysis
• Tribology

Figure 18–3 Evalution of maintenance.

www.mpedia.ir

دانشنامه نت 



• Thermographic or infrared temperature monitoring
• Nondestructive testing
• Ultrasonics

The information produced from proper utilization of these techniques reduces the
number of breakdowns to a low level, with overall availability being more than 90
percent. At this point, the “hidden” problems are discovered before they develop into
major problems; however, the quest for continuous improvement emphasizes the need
to do better. This leads to the fourth step—involvement of the operators in mainte-
nance activities.

This step does not mean that all maintenance activities are turned over to the opera-
tors. Only the basic tasks are included, such as some inspection, basic lubrication,
adjusting, and routine cleaning of equipment. The rationale for having operators
involved in these activities is that they know best when something is not right with
the equipment. In actual practice, the tasks they take over are the ones that the main-
tenance technicians have trouble finding the time to do. Freed of the burden of doing
some of the more routine tasks, the maintenance technicians can concentrate on refin-
ing the predictive monitoring and trending of the equipment. They also will have more
time to concentrate on equipment failure analysis, which will prevent future or repet-
itive problems on the equipment. This step increases not only the availability of the
equipment but also reliability over its useful life.

The last step of the evolution process is involving all employees in solving equipment
problems, thereby increasing equipment effectiveness. The most common method is
the use of cross-functional teams formed of members from various organizational dis-
ciplines to produce total solutions for these problems. Through team-building train-
ing, the team members learn the function, need, and importance of each team member,
and in a spirit of understanding and cooperation allow for production and service to
reach world-class standards.

To reach these goals, certain resources must be in place or accounted for. They can
be divided into three main categories: (1) management support and understanding, (2)
sufficient training, and (3) allowance for sufficient time for evolution. If not in place,
the lack of these resources becomes an obstacle to achieving the goals of world-class
performance.

Management support. Management must completely understand the true 
goal of the program and back it. If management begins the program by empha-
sizing its desire to eliminate maintenance technicians, they have failed to
understand the program’s true purpose. The real goal is to increase overall
equipment effectiveness, not reduce the labor head-count. Without manage-
ment understanding of the true goal of asset utilization, the program is doomed
to failure.

Sufficient skills training. It must be given on at least two different levels. The
first addresses the increased skills required for the maintenance technicians.
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The technicians will be trained in advanced maintenance techniques, such as
predictive maintenance and equipment improvement. They also must have
extensive training and guidance in data analysis to prepare them to find and
solve equipment failure and effectiveness problems. Refresher training in the
fundamentals of sound equipment maintenance methods is also considered a
vital part of the program. Second, operators must be trained to do basic main-
tenance on their equipment in areas such as inspections, adjustments, bolt
tightening, lubrication, and proper cleaning techniques. Also, before doing any
repairs, operators must receive training to be certified to do the assigned tasks.
Without proper training in selected skills, the equipment’s effectiveness will
decrease. The degree of operator involvement must also fit with the company
culture. Additional training for work groups, leadership, engineers, planners,
and others is a vital part of the proactive work culture.

Allowing enough time for evolution to occur. The change from a reactive
program to a proactive program will take time. By some estimates, it may be
a three- to five-year program to achieve a competitive position. By failing to
understand this point, many managers condemn their programs to failure
before they ever get started.

Successful world-class programs focus on specific goals and objectives. When the
entire organization understands the goals and how they affect the company’s com-
petitiveness, the company will be successful. The five central objectives are to:

• Ensure equipment capacities.
• Develop a program of maintenance for the entire life of the equipment.
• Require support from all departments involved in the use of the equipment

or facility.
• Solicit input from employees at all levels of the company.
• Use consolidated teams for continuous improvement.

Ensuring equipment capacity emphasizes that the equipment performs to specifica-
tions. It operates at its design speed, produces at the design rate, and yields a quality
product at these speeds and rates. The problem is that many companies do not even
know the design speed or rate of production of their equipment. This allows manage-
ment to set arbitrary production quotas. A second problem is that over time, small
problems cause operators to change the rate at which they run equipment. As these
problems continue to build, the equipment output may be only 50 percent of what it
was designed to be. This will lead to the investment of additional capital in equip-
ment, trying to meet the required production output.

Implementing a program of maintenance for the life of the equipment is analogous 
to the popular preventive and predictive maintenance programs that companies
presently use to maintain their equipment, but with a significant difference—it 
changes just as the equipment changes. All equipment requires different amounts of
maintenance as it ages. A good preventive/predictive maintenance program considers
these changing requirements. Monitoring failure records, trouble calls, and basic
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equipment conditions can help modify the program to meet the changing needs of the
equipment.

A second difference is that world-class maintenance involves all employees, from shop
floor to top floor. The operator may be required to perform basic inspecting, cleaning,
and lubricating of the equipment, which is really the front-line defense against prob-
lems. Upper managers may be required to ensure that maintenance gets enough time
and budget to properly provide any service or repairs required to keep the equipment
in good condition so that it can run at design ratings. Requiring the support of all
departments involved in the use of the equipment or facility will ensure full cooper-
ation and understanding of affected departments. For example, including maintenance
in equipment design/purchase decisions ensures that equipment standardization will
be considered. The issues surrounding this topic alone can contribute significant cost
savings to the company. Standardization reduces inventory levels, training require-
ments, and startup times. Proper support from stores and purchasing can help reduce
downtime, but more important, it will aid in optimizing spare parts inventory levels,
thus reducing on-hand inventory.

Soliciting input from employees at all levels of the company allows employees to con-
tribute to the process. In most companies, this step takes the form of a suggestion
program, but it needs to go beyond that; it should include an open-door management
policy. This indicates that managers, from the front line to the top, must be open and
available to listen to and consider employee suggestions. A step further is the response
that should be given to each discussion. It is no longer sufficient to say “That won’t
work” or “We are not considering that now.” To keep communication flowing freely,
reasons must be given. It is just a matter of developing and using good communica-
tion and management skills. Without these skills, employee input will be destroyed at
the outset, and the ability to capitalize on the greatest savings generator in the company
will be lost.

The more open management is to the ideas of the workforce, the easier it is for teams
to function. Areas, departments, lines, process, or equipment can form these teams.
They will involve the operators, maintenance, and management personnel. Depend-
ing on the needs, they will involve other personnel on an as-needed basis, such as
engineering, purchasing, or stores. These teams will provide answers to problems that
some companies have tried to solve independently for years.

18.6 OVERALL EQUIPMENT EFFECTIVENESS

Overall equipment effectiveness (OEE) is the benchmark used for world-class main-
tenance programs. The OEE benchmark is established by measuring equipment per-
formance. Measuring equipment effectiveness must go beyond just the availability or
machine uptime. It must factor in all issues related to equipment performance. The
formula for equipment effectiveness must look at the availability, the rate of perfor-
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mance, and the quality rate. This allows all departments to be involved in determin-
ing equipment effectiveness. The formula could be expressed as:

Availability ¥ Performance Rate ¥ Quality Rate = OEE

The availability is the required availability minus the downtime, divided by the
required availability. Expressed as a formula, this would be:

The required availability is the time production is to operate the equipment, minus the
miscellaneous planned downtime, such as breaks, scheduled lapses, meetings, and so
on. The downtime is the actual time the equipment is down for repairs or changeover.
This is also sometimes called breakdown downtime. The calculation gives the true
availability of the equipment. This number should be used in the effectiveness formula.
The goal for most companies is greater than 90 percent.

The performance rate is the ideal or design cycle time to produce the product multi-
plied by the output and divided by the operating time. This will give a performance
rate percentage. The formula is:

The design cycle time or production output will be in a unit of production, 
such as parts per hour. The output will be the total output for the given period. The
operating time will be the availability value from the previous formula. The result 
will be a percentage of performance. This formula is useful for spotting capacity
reduction breakdowns. The goal for world-class companies is greater than 95 percent.
The quality rate is the production input into the process or equipment minus 
the volume or number of quality defects divided by the production input. The formula
is:

The product input is the unit of product being fed into the process or production cycle.
The quality defects are the amount of product that is below quality standards (not
rejected; there is a difference) after the process or production cycle is finished. The
formula is useful in spotting production-quality problems, even when the customer
accepts the poor-quality product. The goal for world-class companies is higher than
99 percent. Combining the total for these goals, it is seen that:

90% ¥ 95% ¥ 99% = 85%

To be able to compete for the national total productive maintenance (TPM) prize in
Japan, the equipment effectiveness must be greater than 85 percent. Unfortunately, the

Production Input Quality Defects

Production Input
Quality Rate

-
¥ =100

Design Cycle Time Output

Operating Time
Performance Rate

¥
¥ =100

Required Availibility Downtime

Required Availability
Availability

-
¥ =100

World-Class Maintenance 403
www.mpedia.ir

دانشنامه نت 



404 An Introduction to Predictive Maintenance

equipment effectiveness in most U.S. companies barely breaks 50 percent. It is little
wonder that there is so much room for improvement in typical equipment maintenance
management programs.

A plastic injection molding plant had a press with the following statistics:

• The press was scheduled to operate 15 eight-hour shifts per week.
• This gave a total possibility of 7,200 minutes of run time per week.
• Planned downtime for breaks, lunches, and meetings totaled 250 minutes.
• The press was down for 500 minutes for maintenance for the week.
• The changeover time was 4,140 minutes for the week.
• The total output was 15,906 pieces.
• The design cycle time was 9.2 pieces per minute.
• There were 558 rejected pieces for the week.
• What is the OEE for the press for the week in question?

A form to collect and analyze OEE information is pictured in Table 18–2. The 
equipment availability is calculated in the first section of the form. The gross time

Table 18–1 Twelve-Point Data Collection Process Facilitates Analysis of OEE Information

Overall Equipment Effectiveness

1. Planned Time Available 7,200 minutes
8 hours ¥ 60 minutes = 480 minutes ¥ 15 turns or shifts

2. Planned Downtime 250 minutes
For preventive maintenance, lunch, breaks, etc.

3. Net Available Run Time 6,950 minutes
Item 1 - Item 2

4. Downtime Losses 4,640 minutes
Breakdowns, setups, adjustments

5. Actual Operating Time 2,310 minutes
Item 3 - Item 4

6. Equipment Availability 33%

7. Total Output for Operating Time 15,906 units
Total produced in units, pieces, tons, etc.

8. Design Cycle Time 0.109 minutes/unit
9. Operational Efficiency 75%

10. Rejects During Turn (Shift) 558 units
11. Rate of Product Quality 96.8%

12. OEE 23.96%
Item 6 ¥ Item 9 ¥ Item 11

Item 7 Item 10

Item 7

-
¥ 100

Item 8 Item 7

Item 5

¥
¥ 100

Item 5

Item 3
¥ 100
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available for the press is entered in line 1. The planned downtime, which involves
activities that management sets a priority on and cannot be eliminated, is entered in
line 2 (the 250 minutes for the week). The net available time for operation is entered
in line 3 (this is actually line 1 minus line 2). The downtime losses, which are 
all unplanned delays, are entered in line 4. This would include maintenance 
delays, changeovers (which can be minimized), setups, adjustments, and so on. The
actual time the press operated is entered on line 5 (this is the difference between lines
3 and 4). The equipment availability (line 6) is line 5 divided by line 3 times 100
percent.

The OEE is calculated in the next section. The total output for the operating time is
entered in line 7. The actual design cycle time (this number must be accurate) is entered
on line 8. The operational efficiency is calculated and entered on line 9. The opera-
tional efficiency is line 7 (the total output) times line 8 (design cycle time) divided by
line 5 (the actual operating time) times 100 percent. This number should be evaluated
carefully to ensure that the correct design capacity was used. If the percentage is high
or exceeds 100 percent, then the wrong design capacity was probably used.

Table 18–2 Overlaying World-Class Standard on the Baseline Data

Overall Equipment Effectiveness

1. Planned Time Available 7,200 minutes
8 hours ¥ 60 minutes = 480 minutes ¥ 15 turns or shifts

2. Planned Downtime 250 minutes
For preventive maintenance, lunch, breaks, etc.

3. Net Available Run Time 6,950 minutes
Item 1 - Item 2

4. Downtime Losses 695 minutes
Breakdowns, setups, adjustments

5. Actual Operating Time 6,255 minutes
Item 3 - Item 4

6. Equipment Availability 90%

7. Total Output for Operating Time 54,516 units
Total produced in units, pieces, tons, etc.

8. Design Cycle Time 0.109 minutes/unit
9. Operational Efficiency 95%

10. Rejects During Turn (Shift) 545 units
11. Rate of Product Quality 99%

12. OEE 85%
Item 6 ¥ Item 9 ¥ Item 11

Item 7 Item 10

Item 7

-
¥ 100

Item 8 Item 7

Item 5

¥
¥ 100

Item 5

Item 3
¥ 100
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The quality rate is determined by the total output for the operating time (line 7) minus
the number of rejects for the measured period (line 10) divided by the total output
(line 7) times 100 percent. In the sample, the availability is 33 percent; the operational
efficiency is 75 percent; and the quality rate is 96.8 percent. The OEE for the press
for the week is 23.96 percent.

What do these conditions mean? What do the indicators show the typical manufac-
turer? The answers are evident when a second model using the same press is exam-
ined. In Table 18–2, the parameters are set at world-class standards to give an OEE
of 85 percent. As can be quickly observed, the major improvement is in the total output
for the operating time (line 7).

The press now will make 54,516 parts, compared to 15,348 with the 23.96 percent
OEE. Because the resources to make the parts (labor and press time) are the same, 
it makes the company more products and ultimately more profits. With the press 
operating at an OEE of 85 percent, the same productivity results as if 3.5 presses 
were running at the 23.96 percent OEE. The potential for increased profitability and
ultimate competitiveness is staggering.

Proactive maintenance can have a positive impact on any company’s productivity and
profitability, as long as the entire organization is willing to change its culture and the
way in which day-to-day business is conducted.

18.7 ELEMENTS OF EFFECTIVE MAINTENANCE

The first hurdle to overcome before pitching maintenance improvement to upper 
management is taking a close look at where you are now in terms of corporate culture
and willingness to change. Once this has been assessed and the program’s starting
point set, the next hurdle is selling upper management on the long-term positive effect
on the overall bottom line. It will take not only an environment in which you have
the technical expertise but also a climate in which people are excited enough to
become involved and want to make a contribution. Most of the ongoing improvement
activities depend primarily on employee involvement and employees taking owner-
ship of equipment and processes.

Employee empowerment and involvement are essential to effective maintenance, and
it will take top management commitment, an adequate budget, and changes in corpo-
rate culture to make it happen. Unless workers are given the power to act on pro-
blems; unless they are given the opportunity to become involved; and unless they are
given the authority to make things happen, total productive maintenance will be a
futile effort at best.

18.7.1 Commitment

The importance of management commitment in a maintenance improvement program
is that proactive maintenance is an empowering process. As such, one of the most dif-
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ficult things to struggle with on a day-to-day basis is convincing workers that (1) they
are empowered to do things that before they weren’t and, (2) management is serious
about change.

The problem of empowerment is one of getting the workers to test the water in order
to convince them that their ideas are important, that they are now decision makers in
the company, and that management is there to back them up. Management commit-
ment can be exhibited in the following ways:

• By being accessible, on the factory floor and in the office.
• By sending improvement teams to national conferences. This sends 

the message that management is willing to invest in its people; pro-
duction workers seldom get the opportunity to attend conferences of any
kind.

• By staying involved, taking an active interest in what the improvement
teams are doing on the plant floor.

Table 18–3 Adjusted to Physical Time Available, World-Class Is Not So Good

Overall Equipment Effectiveness

1. Gross Time Available 10,080 minutes
8 hours ¥ 60 minutes = 480 minutes ¥ 21 turns or shifts

2. Planned Downtime 3,130 minutes
For preventive maintenance, lunch, breaks, etc.

3. Net Available Run Time 6,950 minutes
Item 1 - Item 2

4. Downtime Losses 695 minutes
Breakdowns, setups, adjustments

5. Actual Operating Time 6,255 minutes
Item 3 - Item 4

6. Equipment Availability 62.1%

7. Total Output for Operating Time 54,516 units
Total produced in units, pieces, tons, etc.

8. Design Cycle Time 0.109 minutes/unit
9. Operational Efficiency 95%

10. Rejects During Turn (Shift) 558 units
11. Rate of Product Quality 96.8%

12. OEE 57.1%
Item 6 ¥ Item 9 ¥ Item 11

Item 7 Item 10

Item 7

-
¥ 100

Item 8 Item 7

Item 5

¥
¥ 100

Item 5

Item 1
¥ 100
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• By keeping visibility high: publishing articles in company newsletters, 
recognizing significant achievements, keeping communication channels
fluid and open, and providing the means to have workers’ voices heard.

• By demonstrating that management has a team mindset, as opposed to an
autocratic one.

• By providing an environment in which management is open to change and
willing to permit workers to plan for and implement change.

18.7.2 Cost

Like all other programs, maintenance improvement comes with a price tag. From 
the very beginning, it must be impressed on senior management that launching a
program will cause an initial increase in costs as a result of accelerated maintenance
activities, team-building training, and technical training. Startup costs will be incurred
in assessing current equipment effectiveness and baseline pilot equipment in the plant.
Introducing the plan to the entire workforce and communicating it on a regular 
basis will require additional outlays for newsletters, communication centers, and the
like.

But the long-term payoffs from proactive maintenance will overwhelm costs. To the
extent that downtime of your equipment can be reduced, you are going to save money
by keeping production running. To the extent that the performance of your equipment
can be enhanced, you are going to maintain throughput, and you are going to improve
product quality. To the extent that your equipment is adequately maintained, you are
going to keep it in service longer and reduce your capital expenditures.

18.7.3 Culture

Company culture is one of the most critical aspects in determining if the program will
be successful. The company that truly believes in using the talents of its people is
more likely to have a successful maintenance improvement program than one still
hanging onto the autocratic principles of Taylorism. Experience has shown that
workers thrive on involvement in an environment where they are treated as produc-
tive individuals who have a voice in their workplace.

Productivity is fostered when management is willing to provide the latitude for people
to try new things, even if they fail occasionally. Maintenance improvement requires
a culture where there is a commitment to change, a commitment to ongoing improve-
ment, and a commitment to treating each individual as a valued employee. Imple-
mentation will have a profound, positive effect on the culture of a company. It will
change the culture. It will change relationships across organizations of the company.
It will distribute decision making and disperse the authority base.

A definite correlation exists between management style and the culture of an organi-
zation. How people are led and managed affects how they feel about the company and
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how much discretionary effort they contribute. It also affects the health of the
company.

Conventional practice in recent years has seen many companies restructure and down-
size their operations. Those that could not compete successfully are gone. Among
those that survived, there is a common denominator: all recognized that they must
change, and the change involved the fundamentals of the way they conducted their
businesses. In some companies, culture changed dramatically. For most, the new
culture evolved. In all, a more participative climate emerged.

Buy-in by everyone in the company is central to creating a climate for proactive main-
tenance. Each person must recognize the need for change and be dedicated to making
it happen. The need for change does not necessarily mean that the company is on the
verge of going out of business. It does mean, however, that everyone in the organi-
zation must realize that changes are necessary to maintain a competitive advantage,
to make the company—and themselves—prosper. Status quo must be seen as a sure
way to weaken the company.

There is no magic formula for making changes, but starting at the top of the organi-
zation works best. Senior management must have a contagious vision. Each company
must develop its own vision, which must be translated into strategy and tactics. Mea-
surable goals and objectives have to be developed. Buy-in and commitment must be
gained from everyone in the organization to achieve the vision and, as time goes on,
the vision will need to be adjusted to meet new challenges and opportunities. This will
cause further changes. This change continuum will become a way of life, because it
has no end.

Indicators of successful change in organizations form around certain common 
characteristics. Change in this context means the company will likely succeed 
in implementing a strong total productive maintenance program. Some of the 
characteristics may not be possible in terms of what is practical, but collectively 
they form a good starting point for understanding where the organization of a 
company stands.

18.7.4 Customer Focus

The priority of everyone in the maintenance improvement program must be the inter-
nal customer. The maintenance department’s customer is the machine operator. Oper-
ators expect their equipment to be serviced and repaired regularly. The operator’s
customer is management, who is responsible for throughput rate. This group expects
equipment to have zero downtime; the manager’s customer is the company’s customer,
who expects zero-defect products quickly and at competitive cost; the final customer
is the owner/shareholder, who expects the company to be profitable and have 
production-ready assets.
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18.7.5 Management Commitment

The bottom line is that management must “walk the talk.” Actions must be directed
toward improving OEE. Management cannot vacillate in this regard; workers pick up
on this and quickly assume that management is not serious.

18.7.6 Change

Change should be taking place on a wide scale. Not all change works, but people
should be, and generally are, willing to try new things.

18.7.7 Management Philosophy

Old management styles should disappear and be replaced by more involvement of the
workers. Empowered workers believe that they are a vital part of the company.

18.7.8 Risk Taking

Risk should be recognized as a part of the business climate. People should be able to
take risks and know that they will not damage their careers. Because of this approach,
problems will be solved quickly.

18.7.9 Information

There should be a good flow of information within the company. People should feel
informed and trusted. They should have the information needed to do their jobs and
to help in planning the future.

18.7.10 Roles

The role of each person in the company should be clearly defined. Everyone ought to
be aware of where he or she must go for help or information.

18.7.11 Teamwork

The organization should foster team spirit. People working cooperatively should relax
controls to permit self-direction of tasks and projects.

18.7.12 Strategy

The strategy of the company should be clearly represented in the way resources 
are intermeshed. Carefully planned integration of technology, organization, and 
people makes a strong message for the importance of each individual in the 
organization.
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18.7.13 Tasks

The form of the organization should be flexible enough to perform various routine
tasks in an effective manner.

18.7.14 Decision Making

The organization should be designed to drive decision making to the lowest 
level possible. Those who will be personally affected usually make the best deci-
sions. Attention should be placed on an organization that can make decisions 
quickly.

18.7.15 Stability

To encourage a feeling of belonging and dedication, the organization should not be
changed often without good reason. Where a change is required, extensive efforts must
be made to accommodate the change and to communicate to all the rationale for the
change.

18.7.16 Innovation

The organization should provide for the constant development of innovative
approaches to improve, enhance, and strengthen the maintenance improvement
process. Much of the grist for this development will come from the shop floor. Let it
be heard and recognized.

18.7.17 Trust

The organization should promote a high degree of trust among its employees. One
part of the organization must not be pitted against another in an adversarial relation-
ship. Teamwork and cooperation must prevail throughout the organization.

18.7.18 Problem Solving

The company should have a problem-solving process that is widely understood and
used. The common thread binding these characteristics of successful change is the
individual worker as the focal point in a team-driven organization. By using people’s
talents and ideas, not just their physical abilities, a great deal of positive change can
be effected.

Those involved with the equipment on a daily basis are the primary equipment stew-
ards, or caretakers, in a proactive culture. The most receptive culture for implemen-
tation is one where people at all levels understand the business environment in which
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they function, why they are there, the company’s mission, and what kind and level of
competition they are facing or expecting to face. If the workers are prepared to make
the changes necessary in terms of their work habits to ensure the long-term survival
of the organization, a proactive culture is defined.

Operators have the most knowledge about how a machine or process works. They
know what to do to increase the company’s profitability at the shop-floor level, to
make the company competitive worldwide. That’s why it is absolutely essential that
shop-floor workers be involved in the decision-making process, that they have the
facts and information at hand to make informed choices. Armed with proper and suf-
ficient information, workers don’t have to wait to get something done. They don’t
have to wait for the process of going up the ladder and then back down. They go
across functions, saving a lot of time. Efficiency is the result.

18.8 RESPONSIBILITIES

Too many maintenance functions continue to pride themselves on how fast they can
react to a catastrophic failure or production interruption rather than on their ability to
prevent these interruptions. Although few will admit their continued adherence to this
breakdown mentality, most plants continue to operate in this mode. Contrary to
popular belief, the role of the maintenance organization is to maintain plant equip-
ment, not to repair it after a failure. The mission of the maintenance department in a
world-class organization is to achieve and sustain optimum availability, optimum
operating condition, maximum utilization of maintenance resources, optimum equip-
ment life, minimum spares inventory, and the ability to react quickly.

18.8.1 Optimum Availability

The production capacity of a plant is partly determined by the availability of produc-
tion systems and their auxiliary equipment. The primary function of the maintenance
organization is to ensure that all machinery, equipment, and systems within the plant
are always online and in good operating condition.

18.8.2 Optimum Operating Condition

Availability of critical process machinery is not enough to ensure acceptable plant per-
formance levels. The maintenance organization must maintain all direct and indirect
manufacturing machinery, equipment, and systems so that they will continue to be in
optimum operating condition. Minor problems, no matter how slight, can result in
poor product quality, reduced production speeds, or other factors that limit overall
plant performance.

18.8.3 Maximum Utilization of Maintenance Resources

The maintenance organization controls a substantial part of the total operating budget
in most plants. In addition to an appreciable percentage of the total-plant labor budget,
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the maintenance manager often controls the spare parts inventory, authorizes the use
of outside contract labor, and requisitions millions of dollars in repair parts or replace-
ment equipment. Therefore, one goal of the maintenance organization should be effec-
tive use of these resources.

18.8.4 Optimum Equipment Life

One way to reduce maintenance cost is to extend the useful life of plant equipment.
The maintenance organization should implement programs that will increase the
useful life of all plant assets.

18.8.5 Minimum Spares Inventory

Reductions in spares inventory should be a major objective of the maintenance orga-
nization; however, the reduction cannot impair the ability to meet goals 1 through 4.
With the predictive maintenance technologies that are available today, maintenance
can anticipate the need for specific equipment or parts far enough in advance to 
purchase them on an as-needed basis.

18.8.6 Ability to React Quickly

All catastrophic failures cannot be avoided. Therefore, the maintenance organization
must maintain the ability to react quickly to unexpected failures.

18.9 THREE TYPES OF MAINTENANCE

There are three main types of maintenance and three major divisions of preventive
maintenance, as illustrated in Figure 18–4.

18.9.1 Corrective Maintenance

The little finger in the analogy to a human hand used previously in the book repre-
sents corrective (i.e., emergency, repair, remedial, unscheduled) maintenance. At
present, most maintenance is corrective. Repairs will always be needed. Better
improvement maintenance and preventive maintenance, however, can reduce the need
for emergency corrections. A shaft that is obviously broken into pieces is relatively
easy to maintain because little human decision is involved. Troubleshooting and diag-
nostic fault detection and isolation are major time consumers in maintenance. When
the problem is obvious, it can usually be corrected easily. Intermittent failures and
hidden defects are more time-consuming, but with diagnostics, the causes can be iso-
lated and corrected. From a preventive maintenance perspective, the problems and
causes that result in failures provide the targets for elimination by viable preventive
maintenance. The challenge is to detect incipient problems before they lead to total
failures and to correct the defects at the lowest possible cost. That leads us to the
middle three fingers—the branches of preventive maintenance.
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18.9.2 Preventive Maintenance

As the name implies, preventive maintenance tasks are intended to prevent unsched-
uled downtime and premature equipment damage that would result in corrective or
repair activities. This maintenance management approach predominantly consists of
a time-driven schedule or recurring tasks, such as lubrication and adjustments, which
are designed to maintain acceptable levels of reliability and availability.

Reactive

Reactive maintenance is done when equipment needs it. Inspection using human
senses or instrumentation is necessary, with thresholds established to indicate when
potential problems start. Human decisions are required to establish those standards 
in advance so that inspection or automatic detection can determine when the 
threshold limit has been exceeded. Obviously, a relatively slow deterioration before
failure is detectable by condition monitoring, whereas rapid, catastrophic modes of
failure may not be detected. Great advances in electronics and sensor technology are
being made.

Also needed is a change in the human thought process. Inspection and monitoring
should disassemble equipment only when a problem is detected. The following are
general rules for on-condition maintenance:

• Inspect critical components.
• Regard safety as paramount.
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Figure 18–4 Structure of maintenance.
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• Repair defects.
• If it works, don’t fix it.

Condition Monitoring

Statistics and probability theory are the basis for condition-monitoring maintenance.
Trend detection through data analysis often rewards the analyst with insight into the
causes of failure and preventive actions that will help avoid future failures. For
example, stadium lights burn out within a narrow time range. If 10 percent of the lights
have burned out, it may be accurately assumed that the rest will fail soon and should,
most effectively, be replaced as a group rather than individually.

Scheduled

Scheduled, fixed-interval preventive maintenance tasks should generally be used only
if there is opportunity for reducing failures that cannot be detected in advance, or if
dictated by production requirements. The distinction should be drawn between fixed-
interval maintenance and fixed-interval inspection that may detect a threshold condi-
tion and initiate condition-monitoring tasks. Examples of fixed-interval tasks include
3,000-mile oil changes and 48,000-mile spark plug changes on a car, whether it needs
the changes or not. This approach may be wasteful because all equipment and their
operating environments are not alike. What is right for one situation may not be right
for another.

The five-finger approach to maintenance emphasizes eliminating and reducing main-
tenance need wherever possible, inspecting and detecting pending failures before they
happen, repairing defects, monitoring performance conditions and failure causes, and
accessing equipment on a fixed-interval basis only if no better means exist.

18.9.3 Maintenance Improvement

Picture these divisions as the five fingers on your hand. Maintenance improvement
efforts to reduce or eliminate the need for maintenance are like the thumb, the first
and most valuable digit. We are often so involved in maintaining that we forget to
plan and eliminate the need at its source. Reliability engineering efforts should empha-
size elimination of failures that require maintenance. This is an opportunity to pre-act
instead of react.

For example, many equipment failures occur at inboard bearings that are located in
dark, dirty, inaccessible locations. The oiler does not lubricate inaccessible bearings
as often as he or she lubricates those that are easy to reach. This is a natural tendency.
One can consider reducing the need for lubrication by using permanently lubricated,
long-life bearings. If that is not practical, at least an automatic oiler could be installed.

World-Class Maintenance 415
www.mpedia.ir

دانشنامه نت 



416 An Introduction to Predictive Maintenance

A major selling point of new automobiles is the elimination of ignition points that
require replacement and adjustment, the introduction of self-adjusting brake shoes and
clutches, and the extension of oil-change intervals.

18.9.4 Advantages and Disadvantages

Overall, preventive maintenance has many advantages. It is beneficial, however, to
overview the advantages and disadvantages so that the positive may be improved and
the negative reduced. Note that in most cases the advantages and disadvantages vary
with the type of preventive maintenance tasks and techniques used. Use of on-
condition or condition-monitoring techniques is usually better than fixed intervals.

Advantages

There are distinct advantages to preventive maintenance management. The primary
advantages include management control, reduced overtime, smaller parts inventories,
less standby equipment, better safety controls, improved quality, enhanced support to
users, and better cost–benefit ratio.

Management Control. Unlike repair maintenance, which must react to failures, 
preventive maintenance can be planned. This means pre-active instead of reactive
management. Workloads may be scheduled so that equipment is available for pre-
ventive activities at reasonable times.

Overtime. Overtime can be reduced or eliminated. Surprises are reduced. Work can
be performed when convenient. Proper distribution of time-driven preventive main-
tenance tasks is required, however, to ensure that all work is completed quickly
without excessive overtime.

Parts Inventories. Because the preventive maintenance approach permits planning, of
which parts are going to be required and when, those material requirements may be
anticipated to be sure they are on hand for the event. A smaller stock of parts is
required in organizations that emphasize preventive tasks compared to the stocks 
necessary to cover breakdowns that would occur when preventive maintenance is not
emphasized.

Standby Equipment. With high demand for production and low equipment avail-
ability, standby equipment is often required in case of breakdowns. Some backup 
may still be required with preventive maintenance, but the need and investment will
certainly be reduced.

Safety and Pollution. If there are no preventive inspections or built-in detection
devices, equipment can deteriorate to a point where it is unsafe or may spew forth
pollutants. Performance will generally follow a sawtooth pattern, as shown in Figure
18–5, which does well after maintenance and then degrades until the failure is noticed
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and brought back up to a high level. A good detection system catches degrading 
performance before it ever reaches this level.

Quality. For the same general reasons discussed previously, good preventive mainte-
nance helps ensure quality output. Tolerances are maintained within control limits.
Productivity is improved, and the investment in preventive maintenance pays off with
increased revenues.

Support to Users. If properly publicized, preventive maintenance tasks help show
equipment operators, production managers, and other equipment users that the main-
tenance function is striving to provide a high level of support. Note that an effective
program must be published so that everyone involved understands the value of per-
formed tasks, the investment required, and individual roles in the system.

Cost–Benefit Ratio. Too often, organizations consider only costs without recognizing
the benefit and profits that are the real goal. Preventive maintenance allows a three-
way balance between corrective maintenance, preventive maintenance, and produc-
tion revenues.

Disadvantages

Despite all the good reasons for doing preventive maintenance, several potential prob-
lems must be recognized and minimized.

Potential Damage. Every time a person touches a piece of equipment, damage can
occur through neglect, ignorance, abuse, or incorrect procedures. Unfortunately, 
low-reliability people service much high-reliability equipment. The Challenger space
shuttle failure, the Three Mile Island nuclear power plant disaster, and many less 
publicized accidents have been affected by inept preventive maintenance. Most of us
have experienced car or home appliance problems that were caused by something that
was done or not done at a previous service call. This situation results in the slogan:
“If it works, don’t fix it.”

Infant Mortality. New parts and consumables have a higher probability of being
defective, or failing, than the materials that are already in use. Replacement parts are
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Figure 18–5 Preventive maintenance to keep acceptable performance.
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too often not subjected to the same quality assurance and reliability tests as parts that
are put into new equipment.

Parts Use. Replacing parts at preplanned preventive maintenance intervals, rather
than waiting until a failure occurs, will obviously terminate that part’s useful life
before failure and therefore require more parts. This is part of the trade-off between
parts, labor, and downtime, of which the cost of parts will usually be the smallest com-
ponent. It must, however, be controlled.

Initial Costs. Given the time-value of money and inflation that causes a dollar spent
today to be worth more than a dollar spent or received tomorrow, it should be recog-
nized that the investment in preventive maintenance is made earlier than when those
costs would be incurred if equipment were run until failure. Even though the cost will
be incurred earlier, and may even be larger than corrective maintenance costs would
be, the benefits in terms of equipment availability should be substantially greater from
doing preventive tasks.

Access to Equipment. One of the major challenges when production is at a high rate
is for maintenance to gain access to equipment in order to perform preventive main-
tenance tasks. This access will be required more frequently than it is with breakdown-
driven maintenance. A good program requires the support of production, with
immediate notification of any potential problems and a willingness to coordinate
equipment availability for inspections and necessary tasks.

The reasons for and against doing preventive maintenance are summarized in the fol-
lowing list. The disadvantages are most pronounced with fixed-interval maintenance
tasks. Reactive and condition-monitoring tasks both emphasize the positive and reduce
the negatives.

Advantages

• Can be performed when convenient
• Increases equipment uptime
• Generates maximum production revenue
• Standardizes procedures, times, and costs
• Minimizes parts inventory
• Cuts overtime
• Balances workload
• Reduces need for standby equipment
• Improves safety and pollution control
• Facilitates packaging tasks and contracts
• Schedules resources on hand
• Stimulates pre-action instead of reaction
• Indicates support to user
• Ensures consistent quality
• Promotes cost–benefit optimization
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Disadvantages

• Exposes equipment to possible damage
• Makes failures in new parts more likely
• Uses more parts
• Increases initial costs
• Requires more frequent access to equipment

18.10 SUPERVISION

Supervision is the first, essential level of management in any organization. The super-
visor’s role is to encourage members of a work unit to contribute positively toward
accomplishing the organization’s goals and objectives. If you have ever attempted to
introduce change or continuous improvement in your plant without the universal
support of your first-line supervisors, you should understand the critical nature of this
function. As the most visible level of management in any plant, front-line supervisors
play a pivotal role in both existing plant performance and any attempt at change.

Although the definition is simple, the job of supervision is complex. The supervisor
must learn to make good decisions, communicate well with people, make proper work
assignments, delegate, plan, train people, motivate people, appraise performance, and
deal with various specialists in other departments. The varied work of the supervisor
is extremely difficult to master. Yet, mastery of supervision skills is vital to plant
success.

Most new supervisors are promoted from the ranks. They are the best mechanicals,
operators, or engineers within the organization. Employees with good technical skills
and good work records are normally selected by management for supervisory posi-
tions; however, good technical skills and a good work record do not necessarily make
a person a good supervisor. In fact, sometimes these attributes can act adversely to
productive supervisory practices. Other skills are also required to be an effective
supervisor. The complex work of supervision is often categorized into four areas,
called the functions of management or the functions of supervision. These functions
are planning, staffing, leading, and controlling.

18.10.1 Functions of Supervision

Planning involves determining the most effective means of achieving the work of the
unit. Generally, planning includes three steps:

1. Determining the present situation. Assess such things as the present con-
ditions of the equipment, the attitude of employees, and the availability of
materials.

2. Determining the objectives. Higher levels of management usually establish
the objectives for a work unit. Thus, this step is normally done for the
supervisor.
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3. Determining the most effective way of attaining the objectives. Given the
present situation, what actions are necessary to reach the objectives?

Everyone follows these three steps in making personal plans; however, the supervi-
sor makes plans not for a single person, but for a group of people. This complicates
the process.

Organizing involves distributing the work among the employees in the work group
and arranging the work so that it flows smoothly. The supervisor carries out the work
of organizing through the general structure established by higher levels of manage-
ment. Thus, the supervisor functions within the general structure and is usually given
specific work assignments from higher levels of management. The supervisor then
sees that the specific work assignments are completed.

Staffing is concerned with obtaining and developing good people. Because supervi-
sors accomplish their work through others, staffing is an extremely important func-
tion. Unfortunately, first-line supervisors are usually not directly involved in hiring or
selecting work group members. Normally, higher levels of management make these
decisions; however, this does not remove the supervisor’s responsibility to develop an
effective workforce. Supervisor’s are, and should be, the primary source of skills train-
ing in any organization. Because they are in proximity with their work group members,
they are the logical source of on-the-job training and enforcement of universal 
adherence to best practices.

Leading involves directing and channeling employee behavior toward accomplishing
work objectives. Because most supervisors are the best maintenance technicians or
operators, the normal tendency is to lead by doing rather than by leading. As a result,
the supervisor spends more time performing actual work assigned to the work group
than he or she does in management activities. This approach is counterproductive 
in that it prevents the supervisor from accomplishing his or her primary duties. In
addition, it prevents workforce development. As long as the supervisor performs the
critical tasks assigned to the work group, none of its members will develop the 
skills required to perform these recurring tasks.

Controlling determines how well the work is being done compared with what was
planned. This involves measuring actual performance against planned performance
and taking any necessary corrective actions.

An effective supervisor will spend most of each workday in the last two categories.
The supervisor must perform all of the functions to be effective, but most of his or
her time must be spent on the plant floor directly leading and controlling the work-
force. Unfortunately, this is not the case in many plants. Instead, the supervisor spends
most of a typical workday generating reports, sitting in endless meetings, and per-
forming a variety of other management tasks that prevent direct supervision of the
workforce.
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The supervisor’s work can also be examined in terms of the types of skills required
to be effective:

Technical skills refer to knowledge about such things as machines, processes,
and methods of production or maintenance. Until recently, all supervisors were
required to have a practical knowledge of each task that his or her work group
was expected to perform as part of its normal day-to-day responsibility. Today,
many supervisors lack this fundamental requirement.

Human relations skills refer to knowledge about human behavior and to the
ability to work well with people. Few of today’s supervisors have these basic
skills. Although most will make a concerted attempt to learn the basic people
skills that are essential to effective supervision, few are given the time to
change. The company simply assigns them to supervisory roles and provides
them with no training or direction in this technical area.

Administrative skills refer to knowledge about the organization and how it
works—the planning, organizing, and controlling functions of supervision.
Again, few companies recognize the importance of these skills and do not
provide formal training for newly appointed supervisors.

Decision-making and problem-solving skills refer to the ability to analyze
information and objectively reach logical decisions.

In most organizations, supervisors need a higher level of technical, human relations,
and decision-making skills than of administrative skills. As first-line supervisors, these
skills are essential for effective management.

18.10.2 Characteristics of Effective Supervision

Supervisors are successful for many reasons; however, five characteristics are critical
to supervisory success:

• Ability and willingness to delegate. Most supervisors are promoted from
operative jobs and have been accustomed to doing the work themselves. An
often difficult, and yet essential, skill that such supervisors must develop is
the ability or willingness to delegate work to others.

• Proper use of authority. Some supervisors let their newly acquired autho-
rity go to their heads. It is sometimes difficult to remember that the use of
authority alone does not garner the support and cooperation of employees.
Learning when not to use authority is often as important as learning when
to use it.

• Setting a good example. Supervisors must always remember that the work
group looks to them to set the example. Employees expect fair and equi-
table treatment from their supervisors. Too many supervisors play favorites
and treat employees inconsistently. Government legislation has attempted to
reduce this practice in some areas, but the problem is still common.
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• Recognizing the change in role. People who have been promoted into super-
vision must recognize that their role has changed and that they are no longer
one of the gang. They must remember that being a supervisor may require
unpopular decisions. Supervisors are the connecting link between the other
levels of management and the operative employees and must learn to repre-
sent both groups.

• Desire for the job. Many people who have no desire to be supervisors are
promoted into supervision merely because of their technical skills. Regard-
less of one’s technical skills, the desire to be a supervisor is necessary for
success. That desire encourages a person to develop the other types of skills
necessary in supervision—human relations, administrative, and decision-
making skills.

18.10.3 Working without Supervision

There is a growing trend in U.S. industry to eliminate the supervisor function. Instead,
more plants are replacing this function with self-directed teams, using a production
supervisor to oversee maintenance, or using hourly workers to direct the work 
function. Each of these methods can provide some level of work direction, but all
eliminate many of the critical functions that should be provided by the first-line 
supervisor.

Self-Directed Teams

This approach is an adaptation of the Japanese approach to management. The func-
tional responsibilities of day-to-day plant operation are delegated to individual groups
of employees. Each team is then required to develop the methods, performance crite-
ria, and execution of their assigned tasks. The team decides how the work is to be
accomplished, who will perform required tasks, and the sequence of execution. All
decisions require a consensus of the team members.

In some environments, this approach can be successful; however, the absence of a
clearly defined leader, mentor, and enforcer can severely limit the team’s effective-
ness. By nature, any process that requires majority approval of actions taken is slow
and inefficient. This is especially true of the self-directed work team. Composition of
the work team is also critical to success. Typically, one of three scenarios takes place.
Some teams have a single, strong individual who in effect makes all team decisions.
This individual controls the decision process and the team always adopts his or her
ideas. The second scenario is a team with two or more natural leaders. In this team
composition, the strong members must agree on direction before any consensus can
be reached. In many cases, the team is forced into inaction simply because disagree-
ment exists among the strongest team members. The third team composition is one
without any strong-willed members. Generally, this type of group founders and little,
if any, productive work is provided. Regardless of the team composition, this attempt
to replace first-line supervisors severely limits plant performance.
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Cross-Functional Supervision

A common approach to the reduction in first-line supervisors is to use production
supervisors to oversee maintenance personnel. This is especially true on back-turns
(i.e., second and third shifts). In most plants, maintenance personnel are assigned to
these shifts simply as insurance in case something breaks down. Because of this under-
stood mission, these work periods tend to yield low productivity from the assigned
maintenance personnel. Therefore, first-line supervision that can ensure maximum
productivity from these resources is essential. The companies who recognize this fact
are attempting to resolve the need for direct supervision and still reduce what is viewed
as nonrevenue overhead (supervisors) by assigning a production supervisor to oversee
back-turn maintenance personnel.

One of the fundamental requirements of an effective supervisor is his or her knowl-
edge of the work to be performed. In most cases, production supervisors have little,
if any, knowledge or understanding of maintenance. Moreover, they have little inter-
est or desire to ensure that critical plant systems are properly maintained. The normal
result of this type of supervision is that nothing, with the possible exception of emer-
gencies, is accomplished during these extended work periods. The maintenance 
personnel assigned to the back-turns simply sit in the break room waiting for some-
thing to malfunction.

Hourly Workers as Team Leaders

With few exceptions, this is the most untenable approach to supervisor-less operation.
In this scenario, hourly workers are assigned the responsibility of first-line supervi-
sion. This responsibility is typically in addition to their normal work assignments as
an operator or maintenance craftsperson. I cannot think of any position in corporate
America that is more unfair or has the least chance of success.

If you were in the military, this position is similar to a Warrant Officer in the Army.
Real officers look down on them, but expect them to produce results; noncommis-
sioned officers view them with total disdain; and soldiers treat them with less respect
than officers from higher ranks. They simply cannot win.

It is the same with the team leader concept. Senior management expects the team
leader to provide effective leadership, enforce discipline, and perform all of the other
duties normally assigned to a first-line supervisor; hourly workers tend to either treat
the team leader as “one of them” or totally ignore their direction. The team leader is
truly a pariah; he or she does not belong to the management team or the hourly work-
force. They are caught in purgatory, disliked by both management and their peers.

The common problem with these attempts to replace first-line supervision is the lack
of training and infrastructure support that is essential to effective performance. As is
the case in most functions within a plant or corporation, employees are simply not
provided with the skills essential to the successful completion of assigned tasks.
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Combine this with corporate policies and procedures that do not provide clear, uni-
versal direction for the day-to-day operation of the plant, and the potential for success
is nil.

18.11 STANDARD PROCEDURES

First, we should define the term standard procedure. The concept of using standards
is predicated on the assumption that there is only one method for performing a spe-
cific task or work function that will yield the best results. It also assumes that a valid
procedure will permit anyone with the necessary skills to correctly perform the duty
or task covered by the procedure.

In the case of operations or production, there is only one correct way to operate a
machine or production system. This standard operating method will yield the
maximum, first-time-through prime capacity at the lowest costs. It will also ensure
optimum life-cycle costs for the production system. In maintenance, there is only one
correct way to lubricate, inspect, or repair a particular machine. Standard maintenance
procedures are designed to provide step-by-step instructions that will ensure proper
performance of the task as well as maximum reliability and life-cycle cost from the
machine or system that is being repaired.

This same logic holds true for every task or duty that must be performed as part of
the normal activities that constitute a business. Whether the task is to develop a busi-
ness plan; hire new employees; purchase Maintenance, Repair, and Operations (MRO)
spares; or any of the myriad of other tasks that make up a typical day in the life of a
plant, standard procedures ensure the effectiveness of these duties.

18.11.1 Reasons for Not Using Standard Procedures

There are many reasons that standard procedures are not universally followed. Based
on our experience, the predominant reason is that few plants have valid procedures.
This is a two-part failure. In some plants, procedures simply do not exist. For what-
ever the reason, the plant has never developed procedures that are designed to govern
the performance of duties by any of the functional groups within the plant. Each group
or individual is free to use the methods that he or she feels most comfortable with. As
a result, everyone chooses a different method for executing assigned tasks.

The second factor that contributes to this problem is the failure to update procedures
to reflect changes in the operation of the business. For example, production proce-
dures must be updated to correct for changes in products, production rates, and a multi-
tude of other factors that directly affect the mode of operation. The same is true in
maintenance. Procedures must be upgraded to correct for machine or system modifi-
cations, new operating methods, and other factors that directly affect maintenance
requirements and methods.
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The second major reason for not using standard procedures is the perception that “all
employees know how to do their job.” Over the years, hundreds of maintenance man-
agers have reported that standard maintenance procedures are unnecessary because
the maintenance craftspeople have been here for 30 years and know how to repair,
lubricate, and so on. Even if this were true, maintenance craftspeople who have been
in the plant for 30 years will retire soon. Will the new 18-year-old replacement know
how to do the job properly?

18.11.2 Creating Standard Procedures

Creating valid standard procedures is not complicated, but it can be time and labor
intensive. When you consider every recurring task that must be performed by all 
functional groups within a typical plant, the magnitude of the effort required to create
standards may seem overwhelming; however, the long-term benefits more than justify
the effort. Where do you start?

The first step in the process must be a complete duty-task analysis. This evaluation
identifies and clarifies each of the recurring tasks or duties that must be performed
within a specific function area, such as production or maintenance, of the plant. When
complete, the results of the duty-task analysis will define task definition, frequency,
and skill requirements for each of these recurring tasks.

With the data provided by the duty-task analysis, the next step is to develop best prac-
tices or standard procedures for each task. For operating and maintenance procedures,
the primary reference source for this step are the operating and maintenance manuals
that come with the machine or production system. These documents define the
vendors’ recommendations for optimum operating and maintenance methods. The
second source of information is the actual design of the involved systems. Using best
engineering practices as the evaluation tool, the design will define the operating enve-
lope of each system and system component. This knowledge, combined with the
vendors’ manuals, provides all of the information required to develop valid standard
operating and maintenance procedures.

The content of each procedure must be complete. Assume that the person (or persons)
who will perform the procedure is doing it for the first time. Therefore, the procedure
must include enough definition to ensure complete compliance with best practices.
Because each procedure requires specific skills for proper performance, the procedure
must also define the minimum skills required.

The level of detail required for a viable standard procedure will vary with the task’s
complexity. For example, an inspection procedure will require much less detail than
one for the complete rebuild of a complex production system; however, both must
have specific, clearly defined methods. In the case of an inspection, the procedure
must include specific, quantifiable methods for completion. A procedure that says
“inspect V-belt for proper tension” is not acceptable. Instead, the procedure should
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state exactly how to make the inspection as well as the acceptable range of tension.
For a major repair, the procedures should include drawings, tools, safety concerns,
and a step-by-step disassembly and reassembly procedure.

18.11.3 Standard Procedures Are Not Enough

Without universal adherence, standard procedures are of no value. If adherence is left
to the individual operators and maintenance craftspeople, the probability of measur-
able benefit is low. To achieve benefit, every employee must constantly and consis-
tently follow these procedures. The final failure of most corporations is a failure to
enforce adherence to established policies and procedures. It seems to be easier to
simply let everyone do his or her own thing and hope that most will choose to follow
established guidelines. Unfortunately, this simply will not happen. The resultant
impact on plant performance is dramatic, but few corporate or plant managers are
willing to risk the disfavor of their employees by enforcing compliance.

From my viewpoint, this approach is unacceptable. The negative impact on perfor-
mance created by a failure to universally follow valid procedures is so great that there
can be no justification for permitting it to continue. The simple act of implementing
and following standard procedures can eliminate as much as 90 percent of the 
reliability, capacity, and quality problems that exist in most plants. Why then, do we
continue to ignore this basic premise of good business practices?

18.12 WORKFORCE DEVELOPMENT

When one thinks logically about the problems that limit plant and corporate perfor-
mance, few could argue that improving the skills of the workforce must rank very
high. Yet, few corporations address this critical issue. In most corporations, training
is limited to mandated courses, such as safety and drug usage. Little, if any, of the
annual budget is allocated for workforce skills training. This failure is hard to under-
stand. It should be obvious that there is a critical need for skills improvement through-
out most organizations. This fact is supported by three major factors: (1) lack of basic
skills, (2) workforce maturity, and (3) unskilled workforce pool.

18.12.1 Lack of Basic Skills

Evaluations of plant organization universally identify a lack of basic skills as a major
contributor to poor performance. This problem is not limited to the direct workforce
but includes all levels of management as well. Few employees have the minimum
skills required to effectively perform their assigned job functions.

18.12.2 Workforce Maturity

Most companies will face a serious problem within the next 5 to 10 years. Evalua-
tions of the workforce maturity indicate that most employees will reach mandatory
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retirement age within this period. Therefore, these companies will be forced to replace
experienced employees with new workers who lack basic skills and experience in the
job functions needed.

18.12.3 Unskilled Workforce Pool

The decline in the fundamental education afforded by our education system further
compounds the problem that most companies face in the workforce replacement
process. Too many potential new employees lack the basic skills sets, such as reading,
writing, mathematics, and so on that are fundamental requirements for all employees.
This problem is not limited to primary education. Many college graduates lack a
minimum level of the basic skills or practical knowledge in their field of specialty
(e.g., business, engineering). If you accept these problems as facts, why not train? One
of the more common reasons is a lack of funds. Many corporations face serious cash-
flow problems and low profitability. As a result, they believe that training is a luxury
they simply cannot afford.

Although this might sound like a logical argument, it simply is not true. Training does
not require a financial investment. External funds are available from other sources that
can be used to improve workforce skills. Leading the list of providers of training funds
are the federal, state, and local governments. Although these funds are primarily
limited to the direct workforce, grants are also available for all levels of management.
In fact, government-sponsored agencies are available that will help small and medium-
sized companies develop and grow.

18.12.4 Manufacturing Extension Partnership

The Manufacturing Extension Partnership (MEP) is a nationwide network of not-
for-profit centers in more than 400 locations nationwide, whose sole purpose is to
provide small and medium-sized manufacturers with the help they need to succeed.
The centers, serving all 50 states, the District of Columbia, and Puerto Rico, are linked
through the Department of Commerce’s National Institute of Standards and Tech-
nology. That makes it possible for even the smallest firm to tap into the expertise 
of knowledgeable manufacturing and business specialists all over the United States.
To date, MEP has assisted more than 62,000 firms.

Each center has the ability to assess where your company stands today, to provide
technical and business solutions, to help you create successful partnerships, and 
to help you keep learning through seminars and training programs. The special 
combination of each center’s local expertise and their access to national resources
really makes a difference in the work that can be done for your company
(www.mep.nist.gov). The primary focus of training grants is through the U.S. Depart-
ment of Labor. The Job Training Partnership Act and several other federal initiatives,
such as the Employment and Training Administration (ETA), have been established
with the sole mission of resolving the workforce skills problem that is a universal
problem in U.S. industry.
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18.12.5 U.S. Department of Labor Employment and Training Administration

The ETA’s mission is to contribute to the more efficient and effective functioning of
the U.S. labor market by providing high-quality job training, employment, labor
market information, and income maintenance services primarily through state and
local workforce development systems. The ETA seeks to ensure that American
workers, employers, students, and those seeking work can obtain information, employ-
ment services, and training by using federal dollars and authority to actively support
the development of strong local labor markets that provide such resources
(www.doleta.gov).

18.12.6 Apprenticeship Programs

Within the framework of the ETA, the U.S. Department of Labor provides appren-
ticeship training. The purpose of these programs, authorized by The National Appren-
ticeship Act of 1937, is to stimulate and assist industry in developing and improving
apprenticeships and other training programs designed to provide the skills workers
need to compete in a global economy. On-the-job training and related classroom
instruction in which workers learn the practical and theoretical aspects of a highly
skilled occupation are provided. Joint employer and labor groups, individual 
employers, and/or employer associations sponsor apprenticeship programs.

The Bureau of Apprenticeship and Training (BAT) registers apprenticeship programs
and apprentices in 23 states and assists or oversees Apprenticeship Councils (SACs),
which perform these functions in 27 states, the District of Columbia, Puerto Rico, and
the Virgin Islands. The government’s role is to safeguard the welfare of the appren-
tices, ensure the quality and equality of access, and provide integrated employment
and training information to sponsors and the local employment and training 
community.

Job Training Partnership Act

The Job Training Partnership Act (JTPA) provides job-training services for econom-
ically disadvantaged adults and youth, dislocated workers, and others who face 
significant employment barriers. The act, which became effective on October 1, 1983,
seeks to move jobless individuals into permanent self-sustaining employment. State
and local governments, together with the private sector, have primary responsibility
for development, management, and administration of training programs under JTPA
(www.doleta.gov/programs/factsht/jtpa.htm).

Economic Dislocation and Worker Adjustment Assistance Act (EDWAA)

This act, as part of the JTPA, provides funds to states and local grantees so they can
help dislocated workers find and qualify for new jobs. It is part of a comprehensive
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approach to aid workers who have lost their jobs that also includes provisions for
retraining displaced workers. Workers can receive classroom, occupational skills,
and/or on-the-job training to qualify for jobs that are in demand. Basic and remedial
education, entrepreneurial training, and instruction in literacy or English-as-a-second-
language (ESL) training may be provided.

18.12.7 Training Grants

Training grants are distributed though state and local agencies. The following 
list provides the initial contact point for information and applications for these 
funds. Note that all states do not currently participate in these federally funded 
programs, but most provide funds and/or other assistance for employee skills 
training.

Note: This list is based on the most current information provided by the states.

ARIZONA

Ms. Joni Saad
Arizona State Clearinghouse
3800 N. Central Avenue
Fourteenth Floor
Phoenix, Arizona 85012
Telephone: (602) 280-1315
FAX: (602) 280-8144
jonis@ep.state.az.us

CALIFORNIA

Grants Coordination
State Clearinghouse
Office of Planning and Research
1400 10th Street, Room 121
Sacramento, California 95814
Telephone: (916) 445-0613
FAX: (916) 323-3018
No e-mail address

DISTRICT OF COLUMBIA

Mr. Charles Nichols
State Single Point of Contact
Office of Grants Management and Development
717 14th Street, N.W. - Suite 1200
Washington, D.C. 20005
Telephone: (202) 727-1700 (direct)
(202) 727-6537 (secretary)
FAX: (202) 727-1617
No e-mail address

ARKANSAS

Mr. Tracy L. Copeland
Manager, State Clearinghouse
Office of Intergovernmental Services
Department of Finance and Administration
1515 W. 7th St., Room 412
Little Rock, Arkansas 72203
Telephone: (501) 682-1074
FAX: (501) 682-5206
tlcopeland@dfa.state.ar.us

DELAWARE

Executive Department
Office of the Budget
540 S. Dupont Highway
Suite 5
Dover, Delaware 19901
Telephone: (302) 739-3326
FAX: (302) 739-5661
No e-mail address

FLORIDA

Florida State Clearinghouse
Department of Community Affairs
2555 Shumard Oak Blvd.
Tallahassee, Florida 32399-2100
Telephone: (850) 922-5438
FAX: (850) 414-0479
Contact: Ms. Cherie Trainor
(850) 414-5495
cherie.trainor@dca.state.fl.us
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Note: This list is based on the most current information provided by the states.

GEORGIA

Ms. Deborah Stephens
Coordinator
Georgia State Clearinghouse
270 Washington Street, S.W. - 8th Floor
Atlanta, Georgia 30334
Telephone: (404) 656-3855
FAX: (404) 656-7901
ssda@mail.opb.state.ga.us

INDIANA

Ms. Allison Becker
State Budget Agency
212 State House
Indianapolis, Indiana 46204-2796
Telephone: (317) 7221 (direct line)
FAX: (317) 233-3323
No e-mail address

KENTUCKY

Mr. Kevin J. Goldsmith, Director
Sandra Brewer, Executive Secretary
Intergovernmental Affairs
Office of the Governor
700 Capitol Avenue
Frankfort, Kentucky 40601
Telephone: (502) 564-2611
FAX: (502) 564-0437
kgoldmkgosmith@mail.state.ky.us
sbrewer@mail.state.ky.us

MARYLAND

Ms. Linda Janey
Manager, Plan & Project Review
Maryland Office of Planning
301 W. Preston Street - Room 1104
Baltimore, Maryland 21201-2365
Telephone: (410) 767-4490
FAX: (410) 767-4480
linda@mail.op.state.md.us

MISSISSIPPI

Ms. Cathy Mallette
Clearinghouse Officer
Department of Finance and Administration
550 High Street
303 Walters Sillers Building
Jackson, Mississippi 39201-3087
Telephone: (601) 359-6762
FAX: (601) 359-6758
No e-mail address

ILLINOIS

Ms. Virginia Bova, Single Point of Contact
Illinois Department of Commerce and
Community Affairs
James R. Thompson Center
100 West Randolph, Suite 3-400
Chicago, Illinois 60601
Telephone: (312) 814-6028
FAX: (312) 814-1800

IOWA

Mr. Steven R. McCann
Division for Community Assistance
Iowa Department of Economic Development
200 East Grand Avenue
Des Moines, Iowa 50309
Telephone: (515) 242-4719
FAX: (515) 242-4809
steve.mccann.@ided.state.ia.us

MAINE

Ms. Joyce Benson
State Planning Office
184 State Street
38 State House Station
Augusta, Maine 04333
Telephone: (207) 287-3261
FAX: (207) 287-6489
joyce.benson@state.me.us

MICHIGAN

Mr. Richard Pfaff
Southeast Michigan Council of Governments
660 Plaza Drive - Suite 1900
Detroit, Michigan 48226
Telephone: (313) 961-4266
FAX: (313) 961-4869
pfaff@semcog.org

MISSOURI

Ms. Lois Pohl
Federal Assistance Clearinghouse
Office of Administration
P.O. Box 809
Jefferson Building, Room 915
Jefferson City, Missouri 65102
Telephone: (573) 751-4834
FAX: (573) 522-4395
pohll@mail.oa.state.mo.us
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Note: This list is based on the most current information provided by the states.

NEW MEXICO

Mr. Nick Mandell
Local Government Division
Room 201 Bataan Memorial Building
Santa Fe, New Mexico 87503
Telephone: (505) 827-4991
FAX: (505) 827-4984
No e-mail address

NEVADA

Department of Administration
State Clearinghouse
209 E. Musser Street, Room 200
Carson City, Nevada 89710
Telephone: (702) 684-0222
FAX: (702) 684-0260
Contact: Ms. Heather Elliot
(702) 684-0209
helliot@govmail.state.nv.us

NORTH DAKOTA

North Dakota Single Point of Contact
Office of Intergovernmental Assistance
600 East Boulevard Avenue
Department 105
Bismarck, North Dakota 58505-0170
Telephone: (701) 328-2094
FAX: (701) 328-2308
No e-mail address

SOUTH CAROLINA

Ms. Omeagia Burgess
State Single Point of Contact
Budget and Control Board
Office of State Budget
1122 Ladies Street - 12th floor
Columbia, South Carolina 29201
Telephone: (803) 734-0494
FAX: (803) 734-0645
No e-mail address

UTAH

Ms. Carolyn Wright
Utah State Clearinghouse
Office of Planning and Budget
Room 116 State Capitol
Salt Lake City, Utah 84114
Telephone: (801) 538-1535 (direct)
FAX: (801) 538-1547
cwright@state.ut.us

NORTH CAROLINA

Ms. Jeanette Furney
North Carolina Department of Administration
116 West Jones Street - Suite 5106
Raleigh, North Carolina 27603-8003
Telephone: (919) 733-7232
FAX: (919) 733-9571
jeanette furney@mail.doa.state.nc.us

NEW HAMPSHIRE

Mr. Jeffrey H. Taylor
Director, New Hampshire Office of State
Planning
Attn: Intergovernmental Review Process
Mr. Mike Blake
21/2 Beacon Street
Concord, New Hampshire 03301
Telephone: (603) 271-4991
FAX: (603) 271-1728
No e-mail address

RHODE ISLAND

Mr. Kevin Nelson
Review Coordinator
Department of Administration
Division of Planning
One Capitol Hill, 4th Floor
Providence, Rhode Island 02908-5870
Telephone: (401) 222-1220 (secretary)
FAX: (401) 222-2093 (direct)
knelson@planning.state.ri.us

TEXAS

Mr. Tom Adams
Governors Office
Director, Intergovernmental Coordination
P.O. Box 12428
Austin, Texas 78711
Telephone: (512) 463-1771
FAX: (512) 936-2681
tadams@governor.state.tx.us

WEST VIRGINIA

Mr. Fred Cutlip, Director
Community Development Division
W. Virginia Development Office
Building #6, Room 553
Charleston, West Virginia 25305
Telephone: (304) 558-4010
FAX: (304) 558-3248
fcutlip@wvdo.org
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Most labor agreements include a stipulation that a percentage of union dues will be
set aside for employee (membership) training. In some cases, the available funds are
substantial and often go unused. Although these funds are exclusively limited to the
hourly workforce, they represent a real source of funding that can be effectively used
to improve plant performance.

A lack of money is not the reason that corporations fail to provide the training that is
sorely needed to improve workforce performance. Millions of dollars are available to
fund these training programs. The sad part is that much of this available funding is
not used. Corporations, for whatever reasons, fail to recognize the seriousness of this
problem or to do anything about it.

18.12.8 America’s Job Bank

Employees who become displaced because of layoffs, plant closures, or who simply
want to seek a more rewarding position have a free resource that is also provided by
the government. America’s Job Bank is a partnership between the U.S. Department

Note: This list is based on the most current information provided by the states.

WISCONSIN

Mr. Jeff Smith
Section Chief, Federal/State Relations
Wisconsin Department of Administration
101 East Wilson Street - 6th Floor
P.O. Box 7868
Madison, Wisconsin 53707
Telephone: (608) 266-0267
FAX: (608) 267-6931
sjt@doa.state.wi.us

TERRITORIES

GUAM*
Mr. Joseph Rivera
Acting Director
Bureau of Budget and Management Research
Office of the Governor
P.O. Box 2950
Agana, Guam 96932
Telephone: (671) 475-9411 or 9412
FAX: (671) 472-2825

NORTH MARIANA ISLANDS

Mrs. Viginia Villagomez
Acting Special Assistant
Office of Management and Budget
Office of the Governor
Caller Box 10007
Saipan, MP 96950
Telephone: (670) 664-2265 or 2266 or 2267
FAX: (670) 664-2272

WYOMING

Ms. Sandy Ross
State Single Point of Contact
Department of Administration and Information
2001 Capitol Avenue, Room 214
Cheyenne, WY 82002
Telephone: (307) 777-5492
FAX: (307) 777-3696
srossl@missc.state.wy.us

PUERTO RICO

Mr. Jose Caballero-Mercado
Chairman, Puerto Rico Planning Board
Federal Proposals Review Office
Minillas Government Center
P.O. Box 41119
San Juan, Puerto Rico 00940-119
Telephone: (787) 727-4444
(787) 723-6190
FAX: (787) 724-3270

VIRGIN ISLANDS*

Nellon Bowry
Director, Office of Management and Budget
#41 Norregade Emancipation Garden Station
Second Floor
Saint Thomas, Virgin Islands 00802

Please direct all questions and correspondence
about intergovernmental review to: Linda Clarke
Telephone: (809) 774-0750
FAX: (809) 776-0069
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of Labor and the public Employment Service. The latter is a state-operated program
that provides labor exchange service to employers and job seekers through a network
of 1,800 offices throughout the United States.

Since 1979, the states have cooperated to exchange information that offers employ-
ers national exposure of their job openings. In the spring of 1998, the additional service
of posting résumés from job seekers was initiated. Publicizing job listings on a national
basis has helped employers recruit the employees needed to help their business
succeed, while providing the American labor force with an increased number of oppor-
tunities to find work and realize their career goals.

The America’s Job Bank computerized network links state Employment Service
offices to provide job seekers with the largest pool of active job opportunities avail-
able anywhere. It also offers nationwide exposure for job seekers’ résumés. Most of
the jobs listed on the America’s Job Bank are full-time listings and most are in the
private sector. The job openings come from all over the country and represent all types
of work, from professional and technical to blue collar, from management to clerical
and sales. Perhaps the best feature of the America’s Job Bank is that it’s free. There
is no charge to either the employer who lists jobs or to job seekers who use the Job
Bank to obtain employment. These services are funded through the Unemployment
Insurance taxes paid by employers.
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A
Abrasion, 247
Acceleration, 131
Accelerometers, 154, 347
Acceptance testing, 115
Alert/alarm limits, 339, 345
Alignment, 314
Amplitude, 130
Analysis parameters, 344
Asset protection, 62

B
BHP, 277
BPFI, 303
BPFO, 303
BSF, 303
Backlash, 303
Ball spin frequency, 303
Ballpass frequency, inner race, 303
Ballpass frequency, outer race, 303
Bearings

rolling element, 302
sleeve or Babbitt, 303

Belt drives
Benefits, 60, 61
Bent shaft
Blackbody, 172
Brake horsepower, 277
Broadband, 131, 390
Broadband trending, 161, 165, 390

435

C
Cage defect frequency, 302
Calibration, 362
Chemical attack, 247
Compressors, 235
Computers, 340
Contamination, 203
Corrective maintenance, 46, 

413
Corrosion, 247
Critical speeds, 286
Cutting wear, 206

D
Data acquisition, 327, 343
Data collection, 327
Data management, 341
Data storage, 340
Data transfer, 340
Database, 326
Degrees of freedom, 142
Displacement, 130
Displacement probes, 153, 346

E
Eddy current, 153, 346
Electric motors
Electrical testing, 112
Electro-magnetic spectrum, 176
Electro-mechanical systems, 13
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Equipment reliability, 52
Emmissitivy, 172, 178

F
FTF, 302
Failure data, 51
Failure modes analysis, 285

critical speeds, 286
imbalance, mechanical, 288
mechanical looseness, 290
misalignment, 293
modulations, 294
process instability, 296
resonance, 297

Failure modes, 5, 218
baghouses, 240
conveyors, pneumatic, 229
conveyors, mechanical, 229
control valves, 249
cyclonic separators, 240
dust collectors, 240
fans, centrifugal, 225
fans, positive displacement, 228
compressors, centrifugal, 229
compressors, positive displacement,

231
compressors, reciprocating, 235
gearboxes, 242
inverters, 249
mixers and agitators, 240
process rolls, 241, 312
pumps, centrifugal, 218
pumps, positive displacement, 222
seals and packing, 251
steam traps, 249

Ferrography, 207
Frequency, 129
Frequency domain, 74, 101, 119, 148
Fuel dilution, 203
Fuel soot, 204
Fundamental train frequency, 302

G
Gear damage

abrasion, 247
chemical attack, 247
overloading, 248
defective gear profiles, 307
excessive wear, 307
cracked or broken teeth, 307

Goal and objectives, 325
Graybody, 172

H
Heat transfer concepts, 177
Host computer

I
ISO certification, 62
Imbalance, 239, 288, 320
Infrared equipment, 178
Infrared imaging, 175
Infrared technology, 15, 105, 174, 176
Infrared thermometers, 174
Impact of maintenance, 9

L
Leak detection, 116
Line scanning, 175
Lubrication, 358
Lubricating oil analysis, 202, 203

M
MTBF, 4, 72, 264
MTTF, 3
Machine dynamics, 132, 271
Machine-train, 74
Maintenance cost of, 1, 23, 408

Impact of, 9
management of, 2, 398, 406
role of maintenance, 43
types of, 45
world-class, 394

Management support, 327, 400, 410
Mean-time-between-failure, 4, 72, 264
Mean-time-to-failure, 3
Mechanical looseness, 290
Microprocessor, 338
Misalignment, 293, 303, 321
Mode shapes, 93
Monitoring parameters, 74

bearings, 303
belt drives, 322
chain drives, 78, 304
compressors, centrifugal, 86
compressors, reciprocating, 87
couplings, 79
electric motors, 75
fans, 92
gearboxes, 81, 306
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generators, 93
process equipment, 94, 312
pumps, centrifugal, 95
pumps, positive displacement, 97
steam turbines, 77
v-belt drives, 83

N
Narrowband trending, 162, 165, 391
Narrowbands, 74, 131, 345, 391
Nitration, 204
Non-destructive testing, 6, 400

O
OEE, 8, 402
Objectives and goals, 325
Operating dynamics analysis, 14, 267

interpreting data, 281
Overall equipment effectiveness, 8, 402
Oxidation, 204

P
Particle count
Periodic motion, 125
Plant optimization, 16
Predictive maintenance, 4, 16, 115, 

414
assessing the need for, 24
benefits of, 60, 64, 325
database development, 343
designing a program, 50, 208, 325
economics of, 32
functional requirements, 326, 335
getting started, 348
justifying, 29
keys to success, 330
primary uses of, 16, 61
reasons for implementation, 61
cost of, 25, 62
optimizing, 10
proper use of, 12
selecting a systems, 334

Preloads
Preventive maintenance, 3, 357, 414

calibration, 362
lubrication, 353

Process instability, 296
Process dynamics, 217, 353
Process parameters monitoring, 217, 

353

Pumps
centrifugal, 218
reciprocating

R
RCM, 6, 9
RMS
Record keeping, 380
Reliability-center maintenance, 6, 9
Reliability improvement, 16
Resonance, 297, 324
Rolling fatigue, 206
Root-cause failure analysis, 392
Rotating machinery, 122
Rubbing wear, 206
Run-to-failure, 2

S
Signature analysis, 164, 344
Sliding wear, 206
Software, 341
Solids content, 204
Spectrographic analysis, 206
Standard procedures, 424

T
TAN, 204
TBN, 204
TPM, 6
Technical support, 350, 393
Tilting pad bearings
Thermography, 16, 105, 172, 354, 400

blackbody, 172
emissivity, 172, 178
instruments, 178
graybody, 172
infrared imaging, 174
infrared thermometers, 106, 175
line scanners, 106, 175
safety issues, 107, 179
uses of, 179, 182

Thermal imaging, 174
Time domain, 118, 146
Total productive maintenance, 6
Training, 7, 337, 349, 382, 392, 400
Transducers, 121, 346
Tribology, 108, 202, 355, 399

ferrography, 207
lubricating oil analysis, 108, 202, 203
uses of, 108
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limitations of, 109
wear particle analysis, 205

Total acid number, 204
Total base number, 204
Total plant predictive maintenance, 70, 

352

U
Ultrasonic monitoring, 111, 256, 400

types of systems, 257
limitations, 258
uses of, 256

V
Velocity, 130
Velocity transducer, 347
Vibration analysis, 72, 114, 117, 283, 399

broadband trending, 161, 165
interpretation of, 120
narrowband trending, 162, 165, 391
signature analysis, 164

technology limitations, 100
uses of, 114

Vibration-measuring equipment, 121
Vibration monitoring, 13, 99, 121, 399
Vibration sources, 122

rotating machinery, 122
reciprocating and linear, 124

Vibration theory, 125
periodic motion, 125
harmonic motion, 125, 127
non-harmonic motion, 128

Viscosity, 203
Visual inspection, 111, 259, 353

inspection methods, 260
thresholds, 263

W
Wear particle analysis, 109, 205
Wear, rolling and sliding combined
Workforce development, 426
World-class maintenance, 394
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