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PREFACE

The fundamental purpose of this handbook, Maintenance Engineering Techniques,
is to provide authoritative information requisite to the planning and implementation of
effective maintenance engineering programs. A comprehensive discussion of maintenance
engineering functions that must be accomplished in order to insure cost-effective ac-
quisition, operation, and support of Army materiel is presented. The general method
of presentation is to define a function and its importance, and then to provide basic
information on when the function should be accomplished and the techniques that should
be used.

Although written primarily for maintenance engineers, the handbook is structured
with a wider audience in mind. The level of detail and manner of presentation make
the handbook useful for the orientation and guidance of new personnel, Army contractors,
and personnel in engineering disciplines such as system design, reliability, maintainability,
safety, and human engineering. Additionally, management personnel may improve their
understanding of the scope and importance of maintenance engineering by reading the
handbook. Use of the handbook by this wider audience is encouraged. A greater under-
standing of maintenance engineering by the management and engineering disciplines with
which it interfaces will result in more cost-effective Army materiel.

The handbook was prepared by the Orlando Division of Martin Marietta Acrospace
under subcontract to the Engineering Handbook Office of the Research Triangle Institute,
Research Triangle Park, North Carolina, prime contractor of the US Army Materiel
Command. Technical guidance and coordination were provided by an Ad Hoc Working
Group representing the AMC Commodity Commands and agencies.

The Engineering Design Handbooks fall into two basic categories, those approved
for release and sale, and those classified for security reasons. The US Army Materiel
Command policy is to release these Engineering Design Handbooks in accordance with
current DoD Directive 7230.7, dated 18 September 1973. All unclassified Handbooks can
be obtained from the National Technical Information Service (NTIS). Prodedures for ac-
quiring these Handbooks follow:

a. All Department of Army activities having need for the Handbooks must submit
their request on an official requisition form (DA Form 17, dated Jan 70) directly to:

Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

(Requests for classified documents must be submitted, with appropriate "Need to Know"
justification, to Letterkenny Army Depot.) DA activities will not requisition Handbooks
for further free distribution.

b. All other requestors, DoD, Navy, Air Force, Marine Corps, nonmilitary Government
agencies, contractors, private industry, individuals, universities, and others must purchase
these Handbooks from:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

XXi
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xxii

Classified documents may be released on a “Need to Know™ basis verified by an official
Department of Army representative, and processed from Defense Documentation Center
(DDC), ATTN: DDC-TSR, Cameron Station, Alexandria, VA 22314,

Comments and suggestions on this Handbook are welcome and should be addressed
to:

Commander

U S Army Materiel Command
ATTN: AMCRD-TV
Alexandria, VA 22333

(DA Forms 2028, Recommended Changes to Publications, which are available through
normal publications supply channels, may be used for comments/suggestions )
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CHAPTER 1
INTRODUCTION

This chapter defines maintenance engineer-
ing and discusses the concepts, philosophies, and
practices it applies throughout the life cycle of
a materiel acquisition program. The relationship
of maintenance engineering to maintenance is
described. Maintenance engineering objectives
are listed, and activities contributing to their
attmmnment are outlined. Design disciplines and
support elements interfacing with maintenance
engineering are identified, and the techniques
used to coordinate design and support element
activities are presented.

1-1 WHAT IS MAINTENANCE
ENGINEERING?

Maintenance engineering is a distinct dis-
cipline established as one of the principal ac-
tivities within the maintenance organizational
structure of each military service and within
most industries that produce products requiring
maintenance. The Department of Defense de-
fines maintenance engineering as “that activity
of equipment maintenance which develops con-
cepts, criteria and technical requirements dur-
ing the conceptual and acquisition phases to
be applied and maintained in a current status
during the operational phase to assure timely,
adequate and economic maintenance support of
weapons and equipments” (Ref. 1). The re-
mainder of this paragraph will interpret this
definition by eclaborating on the specified func-
tions and giving an overview of how they are
accomplished.

The major maintenance engineering con-
tributions to a materiel program are to insure
that the materiel is designed for ease and econ-
omy of support, to define and develop an ade-
quate and economic maintenance support sub-
system that will be available when the materiel
is deployed, and to monitor and improve the
subsystem until the materiel is removed from
the inventory. Design for ease and economy of
support is obtained by determining optimum
levels of materiel reliability, maintainability,
human factors, safety, and transportability de-
sign features, and transmitting these features
as requirements to design engineers. Require-
ment decisions result from a series of main-

tenance engineering analyses that trade off
materiel operational requirements, acquisition
costs, and support costs.

The support subsystem is comprised of
support resources such as trained personnel, re-
pair parts, and Technical Manuals required to
support the materiel after it is deployed. Main-
tenance engineering develops the basis for the
subsystem by a series of maintenance engineer-
ing analyses that identify and refine the re-
quirecments for each type of support resource.
The requirements specify where, when, how,
why, with what, and by whom the necessary
actions will be taken to retain equipment in
or restore it to a serviceable condition. After
materiel deployment, these requirements are
modified when analysis of available data shows
that improvements in maintenance economy
and efficiency are feasible.

To accomplish its mission, maintenance en-
gineering conducts two closely related types of
planning: one involves planning the support of
materiel; the other involves planning for the
acquisition of resources to provide the planned
support. The first type of planning is accom-
plished almost solely by maintenance engineer-
ing, and is constrained by operational require-
ments and materiel design. The other planning
is accomplished mainly by organizational sup-
port clements in consonance with the mainte-
nance engineering analyses, planning, and
resultlng requirements. Maintenance engineer-
ing consolidates all of the planning decisions
into materiel support plans, which become part
of a total plan for materiel acquisition and
deployment.

Maintenance engineering is a dynamic
function. The depth of analyses and con-
sequently the depth of detail in the generated
plans and requirements are limited by available
design and support data. These data are quite
gross at the start of most materiel programs,
but become increasingly detailed as time prog-
resses. As a result of iterative analyses, main-
tenance “engineering plans and design and sup-
port requirements are progressively refined. An
exception to the foregoing occurs when a
materiel program involves the procurement and
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deployment of off-the-shelf equipment. In this
case, complete design data and operational re-
quirements are immediately available, and the
development and refinement of plans and sup-
port requirements can be accomplished with
relatively few iterations of the maintenance
analysis process.

It is important to note that maintenance
engineering is responsible for generating design
and support requirements, for monitoring ac-
tions taken to satisfy the requirements, and for
judging the adequacy of the actions, but usually
is not responsible for taking the actions. For
example, maintenance engineering might im-
pose a materiel design requirement for modular
packaging, and a support requirement for re-
moval and replacement of modules at the or-
ganizational level of maintenance. The latter re-
quirement is then refined into detailed require-
ments specifying the personnel skills and quan-
tities and repair parts required and describing
how the maintenance action will be performed.
The design requirements are submitted to de-
sign personnel, and the support requirements
are submitted to personnel in the personnel
training, repair parts, and technical publica-
tions support organizations. In both cases,
maintenance engineering takes no action to ac-
tually satisfy the requirements, but is respon-
sible for insuring that the requirements are sat-
isfied according to schedules that are compati-
ble with deployment schedules.

An analogy can be drawn between system
engineering and hardware development, and
maintenance engineering and support subsys-
tem development. The system engineer estab-
lishes the overall design concept, performance
requirements, and interfaces among functional
system clements. Detailed design (system elec-
tronics or hydraulics, for example) is performed
by other disciplines. Similarly, the maintenance
engineer establishes the overall support concept,
performance requirements for the support
resources, and interface requirements. Detailed
design of the resources is accomplished by other
disciplines. Thus, the maintenance engineer is
the system engineer for the maintenance sup-
port subsystem.

Maintenance engineering is a technical
analysis and planning function rather than a
function that physically performs maintenance.

1-2

The end products of the analysis and planning
are mission-ready end item weapons and equip-
ment. The maintenance engineering effort,
therefore, is oriented toward end items as sys-
tems, as contrasted with considering end items
that are associated with more than one system
as a homogencous group (Ref. 1).

Maintenance engineering participates
throughout the life cycle of a materiel acquisi-
tion program, and all significant decisions and
findings are based on maintenance engineering
analyses. During the conceptual phase for new
materiel, historical maintenance data and sup-
port concepts are researched for use in devel-
oping materiel technical requirements (Ref. 1).
Maintenance analyses are then conducted to de-
velop a broad general plan for logistic support
that identifies anticipated critical issues of sup-
portability, the anticipated materiel logistic en-
vironment, goals for life cycle support costs,
and recommended maintainability and reliabili-
ty parameters. This plan becomes part of an
overall plan for acquiring the materiel (Ref. 2).
Although all program decisions are important,
the initial support decisions are of particular
significance, since, barring program reorienta-
tion, all subsequent support decisions are refine-
ments of the initial decisions.

During the next phase, which involves def-
inition and validation of the sclected approach,
studies are conducted, prototype hardware may
be designed, and final reports, which include
plans for materiel development are prepared
Maintenance engineering participates in the
support aspects of all these activities. It pro-
vides support guidance, conducts support trade-
offs, provides information for reliability and
maintainability studies, and updates and ex-
pands the maintenance analyses, which are still
generalized, but of increasing depth, since func-
tional design information is available to aug-
ment historical data. Mathematical and sim-
ulation support models are used during this and
subsequent phases. The results of maintenance
engineering activity are a firm system main-
tenance concept, support plans, and mainte-
nance related specifications.

Maintenance engineering activity starts to
peak as materiel is designed, developed, and
tested. Previously described activities are con-
tinued, and, as soon as preliminary engineering




drawings are available, formal documentation
of maintenance engineering analysis data is in-
stituted. This analysis is continuously updated
as the design evolves and becomes more de-
tailed. All design changes are evaluated to de-
termine the impact on support parameters, and
in turn, maintenance analysis reveals deficien-
cies that require design changes. Although
many design changes are anticipated prior to
production, early analysis is necessary in order
to provide early planning data for long-lead sup-
port resources. The early maintenance analysis
should be conducted in accordance with the
same procedure as that used later in the pro-
gram, and the data generated should be in the
same format, to the extent possible, and limited
only by the degree of design detail available.
Requirements for the complete support subsys-
tem are refined, and support resources are de-
veloped. Production configurations of operating
materiel and support equipment and the
resources of appropriate support clements are
tested as a system to determine the adequacy
of the planned support. These maintenance en-
gineering activities will result in final materiel
support plans and an operating maintenance
analysis data system.

As production is accelerated, maintenance
engineering activity declines from its peak. De-
sign change impacts are analyzed; compatibility
is maintained between the design changes, the
data system, and the matericl support plans;
and the acquisition of support resources is mon-
itored. Additionally, a plan is prepared for mod-
ifying the materiel if modifications are required
after it is deployed.

During deployment, maintenance engineer-
ing evaluates and analyzes the maintenance and
operating experience of deployed materiel. The
efficiency and effectiveness of support are de-
termined, in large part, by comparing field data
with the maintenance analysis data that were
previously compiled. Problems are solved by in-
depth maintenance analyses. In some cases, the
solution will be to modify the maintenance sup-
port plans. In other cases, both hardware
changes and support plan modifications will be
required. As the materiel life cycle approaches
its conclusion and sufficient data relating to
the future force structure become available,
maintenance engineering prescribes technical
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criteria regarding the final disposal of materiel,
and a plan is prepared for removing the
materiel from the inventory. Preparation and
implementation of the plan are not maintenance
engineering responsibilities.

Maintenance engineering depends heavily
upon historical maintenance data. It is virtually
the only type of data upon which to base
decisions during the early part of a materiel
program. Subsequently, design data upon which
to base technical decisions become available,
but historical data remain as a valuable source
of ideas and a tool with which to test the validi-
ty of analytical determinations. Analysis of past
experience reveals which characteristics have or
have not proved satisfactory on existing items.
Such analysis discloses major downtime con-
tributors, indicates high failure rate items,
identifies design features that benefit support,
identifies prime contributors to high cost, in-
dicates maintenance man-hour requirements,
helps identify trouble spots, and provides pa-
rameters for analyses.

Without the benefit of the operational and
support history of previous systems, the main-
tenance engineer cannot perform his function
efficiently and effectively on a new system.
This highlights an easily overlooked fact: data
acquired and analyzed after deployment of a
system benefit not only the system itself, but
also future systems.

Materiel support resource requirements
vary with design changes, and are termed sup-
port parameters when considered in this light.
Similarly, design features that impact support
requirements are termed maintenance param-
cters. One of the most important maintenance
engineering functions is to influence the main-
tenance parameters in order to reduce the cost -
of the support parameters by an amount greater
than any increase accruing to materiel acquisi-
tion costs as a result of design changes. For
example, the design of equipment with discard-
at-failure modules will normally improve
materiel availability and reduce the costs of the
personnel, training, and publication support pa-
rameters. On the other hand, repair part costs
and basic hardware costs will probably increase.
If the total of the reduced costs exceeds the
total of the increased costs, on a life cycle basis,
discard-at-failure modules comprise a desirable
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maintenance parameter. A proper course of ac-
tion cannot be selected without a detailed trade-
off. Par. 1-3 discusses maintenance engineering
objectives, and it will be noted that many of
these objectives can be attained by properly in-
fluencing design. It must be emphasized, how-
ever, that each item of materiel and its op-
crational requirements pose a unique problem,
and maintenance parameters suitable for one
combination might be undesirable for another.

1-2 INTERFACE BETWEEN MAINTENANCE
ENGINEERING AND MAINTENANCE

Maintenance engineering and maintenance
are two distinct disciplines with well-defined
interfaces. Maintenance engineering assists in
the acquisition of resources required for main-
tenance and provides policies and plans for the
utilization of the resources in accomplishing
maintenance. Maintenance activities make use
of the resources in physically performing those
actions and tasks attendant on the equipment
maintenance function for servicing, repair, test,
overhaul, modification, calibration, modern-
ization, conversion, etc. (Ref. 1).

Maintenance engineering activities begin
in the conceptual phase of a materiel program
and continue throughout its life cycle. Main-
tenance activities begin at the start of the
deployment phase and continue until disposal.
During the deployment phase, when the two
activities are concurrent, maintenance person-
nel document maintenance experience in for-
mats prescribed by applicable directives. Main-
tenance engineering analyzes these data and
may establish requirements for equipment mod-
ifications and modified maintenance policies or
plans (Ref: 3).

Maintenance engineering defines, in-
tegrates, and evaluates the total support sub-
system. Any changes in system technical re-
quirements or in the support plan that are sub-
jected to a maintenance analysis invariably will
impact upon more than one support clement.
Maintenance is performed at levels identified
as organizational, field, and depot, each of
which is devoted to the maintenance of system
components specified by maintenance engineer-
ing. Maintenance personnel are not responsible
for considering the total support subsystem,
which would, of course, duplicate maintenance
engineering functions.

1-4

Although maintenance engineering and
maintenance have the same objective, i.e., mis-
sion ready equipment at lowest cost, the en-
vironments in which they function are signifi-
cantly different. Maintenance engineering is an
analytical function and, as such, is methodical
and deliberate. On the other hand, maintenance
is a function which, particularly in combat,
must be performed under adverse circum-
stances and great stress. At such a time, its
one goal is to rapidly restore the equipment
to an operational status with the resources at
hand. Whether the task can be performed rapid-
ly and economically under those circumstances
depends in large part upon how well past main-
tenance engineering decisions reflect an under-
standing of maintenance problems generated by
the operational environment.

1-3 MAINTENANCE ENGINEERING
OBJECTIVES

The fundamental objectives of mainte-
nance engineering are to insure that new
materiel is designed for case of maintenance
and that an adequate economic support sub-
system is provided in a timely manner. These
objectives must be attained concurrently to
reach an optimum balance between design and
support. It is possible to provide an optimum
support subsystem for a poorly conceived de-
sign, but this subsystem would represent failure
in the achievement of the maintenance engi-
neering design objective, and consequently
would not be comparable economically to a sup-
port subsystem for well-designed materiel. The
design and support objectives are inseparable.

The fundamental objectives may be at-
tained through identification and attainment of
a series of contributing objectives (Ref. 4). Each
objective is very important, but is termed con-
tributing because its accomplishment merely
contributes to accomplishment of the
fundamental objectives rather than their com-
plete accomplishment. The contributing objec-
tives are:

a. Reduce the amount and frequency of
maintenance.

b. Improve maintenance operations.
¢. Reduce the amount of supply support.

d. Establish optimum frequency and extent
of preventive maintenance to be performed.




e. Minimize the effect of complexity.
[ Reduce the maintenance skills required.

9. Reduce the volume and improve the
quality of maintenance publications.

h. Provide maintenance information and
improve maintenance educational programs.

i Improve the maintenance organization.

J. Improve and insure maximum utiliza-
tion of maintenance facilities.

The actions required for attainment of the
contributing objectives (Ref. 4), and hence the
fundamental objectives, must start when
materiel is being conceived and must continue
until it is removed from the inventory. The ac-
tions impact design, and the structure and ap-
plication of support resources. Some of the ac-
tions, by strict definition, do not fall within
maintenance engineering functions, but since
they impact adequacy and economy of support,
maintenance engineering must provide lead-
ership in insuring that they are accomplished.
" Each contributing objective and some of the
more important actions supporting its attain-
ment follow. Wherever appropriate, the phrase
“when cost-effective” should be considered
implicit in the action statements. It will be
noted that some of the actions support the at-
tainment of more than one objective.

a. Reduce the amount and frequency of
maintenance:

(1)Establish a support concept and
qualitative design requirements when materiel
is being conceived.

2) Establish quantitative
maintainability and reliability design features
carly enough to permit their incorporation into
the materiel development program.

(3) When feasible, stress modular
packaging, quick go/no-go diagnostics, prog-
nostics, and accessibility.

(4) Make maximum use of test and
maintenance data in establishing and eval-
uating support element resources.

(5) Accomplish a teardown of materiel
prior to preparation of final maintenance alloca-
tion charts and initial provisioning.

(6) Obtain and analyze maintenance,
performance, and failure data from the field,
and correct discrepancies.
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(7) Perform no unnecessary mainte-
nance.

(8) Carefully establish inspection pro-
cedures and criteria by which to determine re-
pair eligibility of materiel.

(9) Publish lists of materiel to be can-
nibalized or salvaged when it becomes un-
serviceable.

b. Improve maintenance operaticns:

(1) Define and apply the best of cur-
rent management and maintenance techniques.

(2) Research industry practices,
participate in symposia, and review trade
publications.

(3) When possible, establish standard
commercial-type test, measurement, and diag-
nostic/prognostic equipment, tools, and han-
dling equipment for use in maintenance shops.

(4) Develop uniform criteria and pro-
cedures for computing maintenance workloads.

(5) Establish a file of reference data
on all work operations, including time and over-
haul standards, layouts, tool and equipment re-
quirements, and related information, to expedite
planning and accomplishment of recurring op-
erations.

(6) Develop and apply simplified inter-
nal budgeting techniques to control costs in
maintenance shops.

¢. Reduce the amount of supply support:

(1)Reduce the number of varieties of
cquipment, components, and repair parts by
standardization, eliminating nonessential items,
phasing out obsolete materiel, emphasizing geo-
graphical standardization, and, when feasible,
using restrictive procurement to augment exist-
ing inventories with identical items.

(2) Screen repair parts lists and
climinate duplications.

(3) Use cannibalization as a source of
low mortality repair parts and for repair parts
not type classified as standard during the latter
part of the materiel life cycle.

(4) Maintain current, worldwide in-
ventories of materiel requiring repair parts sup-
port.

(5) Develop and publish data identify-
ing where repair parts are used, by make, mod-
el, and serial number, if necessary, of end
items, assemblies, and components.
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(6) Determine and publish data per-
taining to repair parts interchangeability.

(7) Periodically review authorizations
of expendable supplies and assure compatibility
between current authorizations and require-
ments.

d. Reduce the frequency and extent of pre-
ventive maintenance to be performed:

(1) Establish design requirements such
as seclf-adjusting assemblies, self-lubricating
bearings, and corrosion-resistant finishes.

(2) Apply diagnostic/prognostic equip-
ment and techniques to eliminate teardown in-
spections for determining required mainte-
nance.

(3) Establish realistic preventive main-
tenance intervals based initially upon historical
and design data, and adjust the intervals when
field experience data become available.

(4) Insure that current preventive
maintenance checklists are in the hands of the
user.

e. Minimize the effect of complexity:

(1) Design materiel for maximum
practical reliability and maintainability.

(2) Design materiel to permit accom-
plishment of organizational maintenance by
casy removal and replacement of modules or
assemblies.

(3) Design to provide with the max-
imum practical number of discard-at-failure
modules.

(4) Provide for diagnostics/prognostics
by built-in test equipment (BITE) and auto-
-matic test equipment (ATE) that is easy to op-
erate and interpret.

(5) Accomplish maintenance by re-
placement of picce parts as a last resort and
only at the depot level.

(6) Provide depots with automatic test
cquipment, and minimize depot requirements
for manual troubleshooting.

f- Reduce the maintenance skills required:

(1) Establish, during the conceptual
phase, an optimum support concept and qual-
itative design requirements that are compatible
with materiel mission requirements.

(2) Establish quantitative
maintainability and reliability design features

early enough to permit their incorporation into
the materiel development program.

(3) When practical, stress simple
go/no-go diagnostics and discard-at-failure mod-
Lles.

(4) Establish design features that
eliminate or minimize the need for mainte-
nance.

g. Reduce the volume and improve the
quality of maintenance publications:

(1) Use the most advanced and proven
military, educational, and commercial tech-
niques for the presentation of material.

(2) When such presentation is effec-
tive, present information with combinations of
microfilm and taped aural narration.

(3) Make maximum use of illustra-
tions, charts, and tables.

(4) Periodically review maintenance.
publications to assure currency.

(5) Critically review maintenance en-
gineering analysis data provided to equipment
publications personnel as the basis for manuals.

(6) Conduct careful validation and ver-
ification programs for maintenance publica-
tions.

(7) Stress adherence to standard def-
initions and symbols.

(8) Make maximum use of manufac-
turers’ manuals.

h. Provide maintenance information and
improve maintenance educational programs:

(1) Establish and maintain a program
for dissemination of digested maintenance in-
formation of general value to maintenance per-
sonnel.

(2) Use available communication
media, including military and commercial
publications and presentations to military and
civilian personnel, to stress the importance of
maintenance.

(3) Insure that key management per-
sonnel, both directly and indirectly associated
with maintenance, are adequately indoctrinated
with the objectives and importance of main-
tenance engineering and maintenance by at-
tending appropriate schools as a part of their
career development program.




(4) Insure that agencies involved in the
maintenance indoctrination of personnel use
current material.

(5) Conduct on-the-job maintenance
training to augment formal training courses.

i Improve the maintenance organization:

(1)Place maintenance activities in a
position in the organizational structure which
provides for authority commensurate with the
continuously increasing scope and magnitude of
their responsibilities.

(2) Periodically evaluate the personnel
and equipment resources assigned to mainte-
nance organizations by determining workloads
and resource utilization rates, and make appro-
priate changes.

(3) Develop and apply improved stand-
ards for determining the maintenance resources
required to accomplish actual maintenance
workloads and similar standards for accurately
predicting maintenance workloads that will be
generated by new materiel.

(4) Monitor depot maintenance oper-
ations, and, when appropriate, insure that suc-
cessful innovative management procedures and
techniques proven at one depot become standard
for all depots.

J. Improve and insure maximum utiliza-
tion of maintenance facilities:

(1) Continuously survey existing Army
depot maintenance facilities for essentiality and
maximum utilization.

(2) Identify and segregate excess costs
resulting from underutilized capabilities of
depot maintenance shops, and take appropriate
action.

(3) Schedule the total depot mainte-
nance workload into the minimum number of
depot maintenance facilities that can efficiently
.and economically accomplish the work with one-
shift operations.

(4) Combine maintenance functions
and allied trade shops, and use cross-servicing
agreements with other services when econom-
ical and practical.

(5) Reduce the variety of facilities,
special tools, and test, measurement, and di-
agnostic equipment by standardization,
climinating obsolete and nonstandard supply
items, establishing uniform maintenance proce-
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dures and,shop layouts, and conducting effec-
tive maintenance engineering activities during
the development of special tools and test, meas-
urement, and diagnostic equipment.

1-4 INTERFACE AMONG MAINTENANCE
ENGINEERING ELEMENTS AND
RELATED DISCIPLINES

Maintenance engineering is the interface
between system design and system support. It
influences design by levying requirements on
the design disciplines of reliability,
maintainability, human factors, safety, and
transportability. It controls the design of sys-
tem support since it is the sole activity that
establishes resource requirements that must be
satisfied by the support subsystem. The require-
ments are further refined and the resources are
developed and acquired by organizational en-
tities called support elements, which are estab-
lished for support equipment, repair parts and
support, equipment publications, personnel and
training, facilities, supply and maintenance
technical assistance, contract maintenance, and
transportation and packaging.

Fig. 1-1is a chart of maintenance engi-
neering intgrfaces with these elements. The
focal point of the chart contains the three in-
separable maintenance engineering ecle-
ments— analysis, planning, and documentation.
Analysis and planning comprise the systematic
process by which maintenance engineering con-
siders all factors bearing on timely and eco-
nomic support, and reaches a decision. Docu-
mentation is a systematic recording of the
analysis process and of the decisions reached.
Analysis, planning, and documentation are ac-
complished within a broad spectrum of formali-
ty. At one extreme, analysis and planning can
involve the solution of a current problem by
the simple application of historical data and
judgment. The companion documentation could
be correspondence documenting the solution and
giving the rationale, and a milestone in a plan.
The middle of the spectrum is represented by
analyses involving trade-offs among various
support alternatives, reaching a decision, and
documenting the trade-offs and the decision.
Typical of the other spectrum extreme are
formal analysis, planning, and documentation
involving detailed examination of system
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materiel to determine support requirements and
other maintenance-relevant data, and recording
the results in a prescribed format.

The activities (except provisioning) shown
in Fig. 1-1apply to all materiel program phases.
Maintenance engineering starts influencing de-
sign and defining support requirements in the
conceptual phase and continues until disposal.
At any point during the program phases, main-
tenance engineering is aware of the status of
design, and the status of the support subsystem.
If design were frozen at any point, subsequent
maintenance engineering effort would be
devoted to refinement of the support subsystem
to the degree permitted by the depth of design
information. This situation rarely occurs. De-
sign is constantly evolving, even during deploy-
ment, as is the support subsystem. As a result,
maintenance engineering is continuously receiv-
ing design and support status information, per-
forming and documenting analyses, updating
plans, and issuing requirements to the design
and support functional elements. Maintenance
engineering design requirements may mnot
always be completely satisfied because of con-
flicts with system constraints such as allotted
time, performance, size, weight, and available
funds. Support requirements are essentially
directive in nature, and will be satisfied.

The interfaces among maintenance engi-
neering and the related disciplines can best be
described by briefly discussing the contribution
of each discipline to support and the type of
information that flows between maintenance
engineering and the disciplines. The design dis-
ciplines will be discussed first, in the order in
which they are shown in Fig. 1-1.

Reliability is a characteristic of design
that can be expressed briefly as the probability
that equipment will perform without failure for
a specified time under stated conditions. An a-
nalogous definition for maintainability is the
probability that an item can be repaired in a
specified time under stated conditions. These
two design characteristics are very important.
They combine to produce availability, which is
the probability that materiel will be available
for use, when required, under stated conditions.
They are also the largest generator of support
resource requirements, since failures resulting
from unreliability generate the corrective main-
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tenance workload, and the level of
maintainability determines how economically
the maintenance can be accomplished.

The leverage reliability exerts on the sup-
port elements can be appreciated by observing
that an item that will function throughout its
intended life cycle with no failures requires no
maintenance corrective support other than the
end items required to replace items lost in com-
bat or otherwise destroyed. It would not be
logical to plan for the repair of such equipment.
Unfortunately, complex systems with 100 per-
cent reliability are technically or economically
impossible to produce, and therefore the main-
tenance support must be planned for military
materiel. Maintenance engineering participates
in the establishment of initial reliability re-
quirements. Major considerations are oper-
ational requirements, historical data, reliability
state of the art, support resource requirements,
and materiel acquisition costs. As the program
progresses, the reliability requirements are
refined whenever it can be demonstrated that
operational requirements can be satisfied with
reduced life cycle costs. Reliability analyses
continuously provide maintenance engineering
with predicted reliability or observed reliability,
depending upon the materiel program phase.

Predicted reliability data tend to be op-
timistic when compared to failures that actually
occur when materiel is in the hands of the user,
because reliability engineers normally deal with
inherent reliability—the reliability of the paper
design—rather than with reliability of the field-
ed materiel. Inherent reliability does not ac-
count for failures that might result from ac-
tivities such as manufacturing, acceptance
tests, user maintenance activities, and operator
errors. Maintenance engineering ascertains how
reliability data were derived and, when appro-
priate, modifies the data with field experience
and maintenance engineering judgment.

The objective of maintainability is to de-
sign equipment that will satisfy operational
availability requirements and can be main-
tained easily and economically. In relation to
support, the term “easily” implies low personnel
skills, simple diagnostic procedures, and min-
imum times to remove, replace, and test the
failed, replaceable unit. The term “economi-
cally” implies accomplishment of the mainte-
nance at lowest life cycle cost. Maintainability
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and maintenance engineering objectives with
regard to ease and economy of maintenance are
the same. Maintenance engineering provides
general requirements to maintainability by
means of the maintenance concept, assists in
the interpretation of the concept and in the con-
duct of design and support trade-offs, and
transmits specific requirements as they become
available from analysis. Maintainability deter-
mines design features such as equipment pack-
aging and diagnostics that economically satisfy
both operational requirements and the mainte-
nance concept and incorporates the features
into materiel design. Design maintenance char-
acteristics and predicted or observed repair
times are transmitted to maintenance engineer-
ing.

Human factors and safety are disciplines
closely related to each other, and to main-
tainability. The objective of human factors is
to design both operational and support equip-
ment so that its use and maintenance are com-
patible with human capabilities. The objective
of safety is to design the same equipment so
that it can be operated and maintained safely.
Maintenance engineering requirements for these
disciplines are based on historical data, design
analysis, and observation of activities involving
the operation and maintenance of hardware.
The disciplines transmit design information and
safety procedures to maintenance engineering.

Transportability, in its broadest sense, is
a design characteristic that establishes the
transportation, handling, and packaging re-
quirements for equipment. Some trans-
portability features might be dictated by special
operational requirements—such as a capability
for equipment to be delivered by parachute.
Others—such as compatibility with standard
transportation and handling equipment, ade-
quate tiedown and lift points, and compatibility
with standard packaging and preservation tech-
niques—are established by maintenance engi-
neering. Materiel design is monitored by main-
tenance engineering to insure that trans-
portability requirements are satisfied.

Maintenance engineering derives quanti-
tative and qualitative resource requirements for
cach of the support elements by analyzing avail-
able data—including design information, histor-
ical data, and operational requirements— as they

110

apply to the current maintenance concept. The
requirements include delivery schedules that
must be satisfied. The support functional ele-
ments feed back detailed plans for satisfying
the requirements, and maintenance engineering
develops a materiel support plan that defines
how each type of resource will be used in
logistic support and how it will be obtained.
Typical products of each support element, other
than a plan, and the nature of the requirements
received by the element from maintenance en-
gineering are discussed in the paragraphs that
follow.

Support equipment includes test, measure-
ment, and diagnostic equipment, handling
equipment, tools, calibration equipment, and
training equipment. Maintenance engineering
transmits requirements to the support equip-
ment clement for both new and standard sup-
port equipment. The new equipment undergoes
a design cycle identical to that of operational
cquipment, and maintenance engineering in-
fluences the design as previously described. Use
locations and quantities for all support equip-
ment are refined, and requirements and sup-
porting data for provisioning the equipment are
transmitted to the support equipment clement.
Maintenance engineering plans the support of
support equipment in the same manner that
it plans the support of operational equipment.

Repair parts and support include repair
parts and maintenance floats. Maintenance en-
gineering identifies all requirements for repair
parts and maintenance floats, and generates
other data required to provision the items. Re-
quirements and documentation are transmitted
to the repair parts and support functional ele-
ment for satisfaction of the requirements.

After receiving maintenance engineering
requirements, personnel from the support equip-
ment and repair parts and support functions
partlclpate in provisioning activity. The
provisioning activity has the objective of assur-
ing that support equipment and repair parts
will be available in the proper locations, when
they are required (Ref. 5). The full provisioning
cycle involves documentation, selection, coding,
determination of maintenance factors, catalog-
ing, computation, procurement, productlon and
delivery. Maintenance engineering analysis pro-
vides the source data for the first four of these




functions. Maintenance engineering generates
documentation to support provisioning
decisions, sciects items, identifies the source of
each item, establishes the lowest level of main-
tenance authorized to use the item, and provides
guidance for the disposition of unserviceable
items. Additionally, it provides maintenance
factors showing the replacement rate require-
ment generated by deployed items (Ref. 6). The
two support functional elements and other
agencies complete the provisioning process
based on the maintenance engineering inputs.
When the volume of data is large, as is the
case in major materiel acquisitions, provision-
ing is accomplished with the assistance of auto-
matic data processing (ADP) equipment.

Equipment publications include Technical
Manuals, Technical Bulletins, and depot main-
tenance work requirements that define the man-
ner in which the operational equipment will be
operated and maintained. In addition, the
publications include Supply Manuals and man-
uals pertaining to the maintenance and oper-
ation of the support equipment. Maintenance
engineering inputs to the equipment publication
clement include much of the information re-
quired for preparation of the necessary docu-
mentation. Publication personnel augment the
information by drawing and hardware analysis.

The objective of the personnel and training
clement is to train personnel in the numbers
and skills required. Maintenance engineering
specifies requirements for the numbers and
skills, and provides other information that as-
sists in defining training requirements. The per-
sonnel and training element prepares courses
of instruction, identifies requirements for train-
ing equipment, which are made a part of main-
tenance engineering requirements to the sup-
port equipment element, and accomplishes the
instruction.

The facility element exists to satisfy all
maintenance and storage facility requirements
by either reprogramming the use of existing
facilities or constructing new facilities. Main-
tenance engineering describes the facility re-
quirements in terms of utilization, plans or
sketches, utility requirements, and other infor-
mation required by the facility element to ac-
complish its function.
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Supply and maintenance teci sical assist-
ance is provided to field commandgers to aug-
ment their organic supply ar3 maintenance
capability. This assistance norms<.ily is provided
by Army military and civilian personnel, but
is sometimes provided by contractor field serv-
ice personnel. Maintenance eng:neering estab-
lishes supply and maintenance technical assist-
ance requirements based on cost-effectiveness
considerations. Sometimes, it is cost-effective to
use the assistance during a limited period while
an organic capability is being estabiished. How-
ever, the assistance frequently is provided
throughout the operational phase for complex
systems and for low-density systems with
materiel quantities that do not justify the es-
tablishment of a normal full-range support pro-
gram.

Contract maintenance is that maintenance
of Army materiel performed at the organiza-
tional, field, or depot level by a contractor on
a one-time or continuing basis. Unlike con-
tractor field service, contract maintenance aug-
ments Army maintenance resources such as
manpower, facilities, equipment, and tools. As
in the case of supply and maintenance technical
assistance, maintenance engineering bases con-
tract maintenance requirements or? cost-
effectiveness considerations.

Transportation and packaging include the
activities involved in moving equipment from
the production line to the point ¢f use and re-
cycling it between the point of use and appro-
priate maintenance levels. Specifically, it in-
volves preservation, packaging, packing, trans-
portation, and handling. Maintenance engineer-
ing provides the transportation and packaging
clement with requirements that identify quan-
tities, locations, and schedules, and environmen-
tal constraints that impact preservation and
packaging. The requirements emphasize
nonstandard aspects of equipment that preclude
normal transportation by military and com-
mercial carriers, and aspects that necessitate
special preservation and packaging techniques.
Transportation and packaging may identify re-
quirements for additional handling equipment,
in which case the requirements will be trans-
mitted to the support equipment ¢lement by
maintenance engineering.
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CHAPTER 2

MAINTENANCE ENGINEERING EFFORT THROUGHOUT
THE LIFE CYCLE

This chapter elaborates on the materiel life
cycle concept and defines the objectives of each
phase. The tools and techniques available to
maintenance engineering to insure timely avail-
ability of an optimum combination of materiel
and support resources are described. Army and
contractor plans that provide the basis for all
life cycle support activities are discussed.

2-1 INTRODUCTION

The time frame encompassing all activities
associated with a materiel program from con-
ception through disposal is called its life cycle.
For management purposes, the life cycle is
divided into intervals of time called phases, and
cach is assigned specific objectives. Phase dura-
tions are established by the highest manage-
ment levels in the Department of Defense and
the Army, and vary depending upon technical,
economic, and foreign threat factors. These
management levels also review progress at spec-
ified phase points to determine whether or not
subsequent activities should be continued.

Appropriate agencies and disciplines are
assigned responsibilities for accomplishing spe-
cific functions within each phase. For example,
maintenance engineering is responsible for pre-
paring a support concept in the first life cycle
phase. These responsibilities are assigned by
formal directives. The assignments, coupled
with the time frames established for the phases,
provide the responsible parties with the infor-
mation required to plan for the accomplishment
of their assigned functions, and provide man-
agement with a basis for evaluating progress.

Life cycle phases are designated with de-
scriptive names, which in the past have under-
gone relatively frequent minor changes. The de-
scriptions of some specific functions have also
changed, particularly with regard to the des-
ignations of the documentation that must be
prepared during the phases. However, the fun-
damental requirement to prepare documen-
tation remains. When viewed in this light, it
may be stated that fundamental functions, in-
cluding fundamental maintenance engineering
functions, have remained unchanged.

In anticipation of future designation
changes for both phases and specific functions,
this chapter will emphasize the fundamental
maintenance engineering functions and will in-
troduce specific phase and functional designa-
tions only to the degree required to provide
continuity. When these requirements occur, des-
ignations current during the preparation of this
handbook will be used.

Fig. 2-1 shows the life cycle phases, in the
sequence in which they occur during acquisition
and deployment of complex materiel, and im-
portant decision milestones. During the con-
ceptual and validation phases, program activity
is limited to the phase in progress. During por-
tions of the other phases, program activity typ-
ically occurs in more than one phase. Phase
durations and the durations of phase overlaps
arc unique to each materiel program (Ref. 1).

Maintenance engineering participates in all
of the life cycle phases. Summary statements
of phase objectives and some of the most im-
portant maintenance engineering activities fol-
low:

a. Conceptual Phase. The objective of this
phase is to select a materiel concept and a com-
panion support concept that best satisfy estab-
lished operational requirements. Selection is
based on but not limited to technical, cost, po-
litical, world environment, and schedule con-
siderations. Maintenance engineering first pro-
vides historical data that assist in selection of
the materiel approach that best satisfies the
requirements. Subsequently, two functions are
performed almost concurrently: (1)the materiel
concept is influenced by considerations of econ-
omy of support, and (2) an economic support
concept is developed. Current support resources
and concepts as well as new concepts are eval-
uated for application to the new materiel. Selec-
tions and design recommendations are based on
analyses, trade-offs, historical data, and judg-
ment. Support plans are prepared and become
a part of the materiel documentation package
that must receive management approval before
the next phase can be initiated.
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b. Validation Phase. The objective of this
phase is to validate and refine conceptual
decisions regarding materiel and support. This
phase normally is conducted with the assistance
of one or more contractors. Maintenance en-
gineering provides support inputs to a request
for proposal that solicits contractor proposals
to accomplish the validation phase scope of
work and assists in cvaluating contractor re-
sponses. Seclected contractors conduct com-
prehensive studies and may fabricate prototype
hardware. The contractors then prepare reports
that include matericl and support specifications
and proposals for developing and acquiring the
materiel and support element resources. Main-
tenance engineering evaluates the support
aspects of the proposals, makes revisions to sup-
port planning, and assists in contractor selec-
tion. Subsequently, a development contract is
negotiated.

¢. Full-scale Development Phase. The ob-
jectives of this phase arc as follows: to prepare
a technical data package that can be used to
produce operating and support materiel; to de-
velop selected support resources to a degree
that they can be used in realistic tests; and
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to identify and plan for the acquisition of all
required support resources. An extensive main-
tenance engineering analysis effort is initiated.
Requirements for design changes are estab-
lished, and support resource requirements are
refined concurrently with progressing design. A
preliminary maintenance allocation chart and
preliminary technical publications are prepared.
Hardware test and demonstration results are
reflected in requests for design changes and
support requirements. Final plans for the ac-
quisition of support clement resources are pre-
pared. Plans should be formulated for verifying
the requirement for long lead time support
equipment early in the development cycle.

d. Production Phase. The first objective of
this phase is to demonstrate with limited pro-
duction quantities that the materiel produced
with production tooling meets planned objec-
tives and is compatible with planned support.
Subsequently, full-scale production is initiated,
and planned quantities of operating and support
materiel and support resources are manufac-
tured or otherwise acquired. Maintenance en-
gineering assists in evaluating test results dur-
ing limited production. Throughout production,




compatibility between design and support is
maintained, and the acquisition of support
resources is monitored.

e. Deployment Phase. The objectives of
this phase are to deploy, operate, and support
the materiel. Maintenance engineering receives
and analyzes operational performance and sup-
port data, recommends design and support
changes, and evaluates design changes recom-
mended by other agencies for their impact on
support. Support plans, policy, doctrine, and the
maintenance analysis data system are updated
as required.

f. Disposal Phase. The objective of this
phase is to remove materiel from the inventory.
Materiel can become obsolete due to improved
capabilities of potential enemies, as a result of
technological advances that make possible the
development of more economical materiel with
improved performance characteristics, or more
likely, due to a combination of the two factors.
Maintenance engineering prepares and provides
technical criteria to be used in accomplishing
the disposal phase.

Each of these phases is treated in detail
in the paragraphs that follow.

2-2 CONCEPTUAL PHASE

The objective of the conceptual phase is
to develop and select the best materiel approach
that will satisfy an established requirement and
to demonstrate the feasibility of the approach
from a technical, cost, and schedule standpoint.
The conceptual effort is characterized by the
generation of materiel design data and utili-
zation plans in sufficient detail to allow gross
life cycle cost analyses and the definition of
baseline operational and support concepts. The
effort encompasses preparation of a devel-
opment plan that includes a description of the
materiel to be developed, a plan for conducting
the validation phase, and the support plans. At
the conclusion of the conceptual phase, a man-
agement review is conducted to insure that the
necessary preliminary work has been accom-
plished and that threat and operational
analyses, trade-off and cost and mission effec-
tiveness studies, and the technological state of
the art provide a firm foundation for pro-
ceeding.
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Maintenance engineering is responsible for
the accomplishment of all activities directly re-
lated to support, and for the maintenance of
interfaces with disciplines that impact support.
Other disciplines have analogous functions with
regard to their responsibilities, and all man-
agement levels have a requirement to track
progress. Procedural models have been devel-
oped to assist all activities in accomplishing
their functions properly and on time. Among
other functions, these models dictate that main-
tenance engineering trade-offs and analyses of
operational and support parameters be con-
ducted, and that certain support plans be pre-
pared.

Procedural models present the time-phased
activities required of all agencies involved in
a materiel acquisition program, ranging from
management decisions to activities of dis-
ciplines such as maintenance engineering,
reliability, and maintainability. The models also
provide guidance pertaining to methods, coor-
dination and interface requirements, and the
destination of the products of the activities. In
effect, procedural models are complex function-
al flow diagrams that specify how materiel will
be conceived, fielded, and supported.

Materiel operational parameters are the
characteristics that equipment must have in
order to satisfy operational requirements; for
example, a capability to operate in Arctic
regions. Maintenance parameters are the char-
acteristics of materiel that impact maintenance
requirements; for example, maintainability fea-
tures. Maintenance engineering determines the
support impact of operational parameters and,
by analyses and trade-offs, establishes mainte-
nance parameters that result in satisfaction of
the operational parameters at least cost.

Support planning is designed to identify,
schedule, and control the activities required for
timely and adequate support of materiel. These
activities pertain to plans, events, and resources
necessary for analysis and evaluation of support
requirements, and for development, acquisition,
and use of support resources. Support planning
is based on materiel maintenance character-
istics. Support plans are the implementing
documents for maintenance decisions. They re-
flect the current state of proposed maintenance
for the system, and establish a baseline for sup-
port resource development.
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Support plans, in general, describe the
maintenance actions that are being considered
for the materiel and the projected maintenance
and supply capability necessary to accomplish
the actions. Specific functional area plans are
prepared to provide this capability. Support
plans prepared during the conceptual phase
comprise a part of the resulting baseline docu-
mentation. It is very important that the support
plans completely define both objectives and re-
quirements to insure that support receives
proper consideration in the validation phase.

2-2,1 PROCEDURALMODEL

Numerous Army agencies, the Office of the
Secretary of Defense, and one or more con-
tractors participate in a major materiel acquisi-
tion program. Regulations and directives specify
how these programs will be conducted, but it
is easy to envision the confusion that could

REQUIRED
QPERATIONAL

CAPABILITY

result if ecach agency planned its own and its
interface activities based on its interpretation
of the current directives. To circumvent the po-
tential problem, procedural models have been
developed that lay out in a timed sequence the
activity responsibilities and interfaces of each
agency. The models can be simplified and made
more useful by emphasizing a major activi-
ty—support planning and acquisition, for exam-
ple—and that is precisely what is done in the
case of support procedural models that have
been developed and published for each life cycle
phase.

At the start of a matericl acquisition pro-
gram, maintenance engineering should first ac-
quire a current support procedural model, study
the model along with pertinent directives, and
plan conceptual activities. Fig. 2-2 shows a sup-
port procedural model for the conceptual phase
developed to an intermediate level of detail.
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Figure 2-2. Support Procedural Model, Conceptual Phase
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This level is most useful for a general model.
For a specific situation, each of the activity
blocks can be expanded to lower levels, but the
value derived from such expansion would be
doubtful. A model user should be experienced
to a degree that a requirement to identify sup-
port trade-offs, for example, need not be backed
up with several blocks describing how the re-
quirement is to be accomplished.

The discussion of Fig. 2-2 which follows
will result in a description of maintenance en-
gineering activities in the conceptual phase and
will show how these activities are guided by
a procedural model. The first thing to note is
that four separate agencies are directly in-
volved. Two other agencies, indirectly involved,
arc the combat developer and the user. (These
have been omitted in the interest of simplicity.)
For a major materiel program, higher head-
quarters decisions are made by both the Office
of the Secretary of Defense and the Department
of the Army. The design engineering discipline
is the materiel developer, the maintenance en-
gineering discipline is the support developer,
and the trainer represents Army training or-
ganizations.

Conceptual activity in the model starts
with identification of an operational require-
ment by any Army agency. The requirement
is prepared in a prescribed format, and is pro-
cessed and submitted to higher headquarters for
approval. If approved, higher headquarters ap-
points a task force to prepare the documen-
tation requisite to a decision to proceed to the
validation phase. Within the task force are rep-
resentatives of the activities shown, as well as
combat developer and user representatives.
Although the task force is dissolved at the end
of the conceptual phase, the materiel developer,
support developer, and other activities continue
to function.

The materiel developer and support devel-
oper work together closely. First, each identifies
feasible trade-offs within his sphere of respon-
sibility, and then each conducts trade-offs. Note
that these activities are interdependent, as are
support developer and trainer activities. During
this period, maintenance, operational, and sup-
port parameters are traded off against life cycle
costs and effectiveness. The trade-offs necessi-
tate identifying and costing support eclement
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resources required for each approach. Historical
data are quite valuable in identifying feasible
support approaches and in making the required
gross cost estimates.

After the trade-offs, the materiel developer
selects the best combination of design and sup-
port concepts. The trainer refines the personnel
requirements and long lead time training
devices required by this approach, and prepares
a personnel and training requirement plan. The
plan identifies new skills, individual and crew
training requirements, training devices, train-
ing facilities, and associated schedules. The plan
also provides current information concerning
numbers and skills of personnel involved in the
use, maintenance, and support of the proposed
materiel. Training devices that require long de-
velopment lead times are separately identified.
Not shown in the model is the fact that in-
formation on personnel requirements derived
from the plan is forwarded to the combat de-
veloper for his planning purposes.

The support developer refines support re-
quirements for the selected approach and pre-
pares a logistic support plan. The support plan
is broad in scope and includes milestones for
verifying the status of support development at
appropriate points in the materiel life cycle. The
plan also includes critical issues of supportabili-
ty, the anticipated logistic environment in
which the materiel is expected to operate, life
cycle support cost goals, and recommended
maintainability and reliability parameters. The
plan is greatly expanded in subsequent life cy-
cle phases.

The support developer generates a consid-
erable quantity of additional data and plans to
be included in the documentation output of the
conceptual phase. Some of the most significant
are inputs to a coordinated test plan involving
both testing requirements and a plan for sup-
porting the tests, and inputs to plans and re-
quirements for the validation and subsequent
phases. Among these inputs are support man-
agement control techniques defining the con-
trols to be used, and maintenance engineering
analysis data management requirements.

The training and logistic support plans and
other support data are forwarded for inclusion
in a development concept paper, a concept
formulation package, and a final report. The
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total task force makes contributions to these
documents, but the materiel developer is the
major recipient and integrator of support in-
puts. Eventually, the three documents are for-
warded to higher headquarters, and their ap-
proval authorizes initiation of the validation
phase.

2-2.2 OPERATIONAL AND MAINTENANCE
PARAMEYERS

Materiel is acquired to perform specific
missions in specific environments. These mis-
sions and environments generally are termed
operational requirements or operational param-
cters. Established operational parameters may
be satisfied by various combinations of design
and support, but they must be satisfied. The
support contribution to the attainment of op-
erational parameters also can be a combination
of design and support; for example, main-
tainability features coupled with a maintenance
float will contribute to the operational param-
eter of availability. A function of maintenance
engineering is to insure that the design selected
to satisfy the basic operational parameters
(range or payload, for example), when coupled
with maintenance factors and support tech-
niques, will result in materiel that can be ef-
fectively and economically supported. This
means that operational parameters must be an-
alyzed and their support impact fully under-
stood before useful maintenance engineering
work can be accomplished.

2-2.2.1 Operational Parameters

Some of the most significant operational
parameters that, must be evaluated are:

a. Missioen profiles

&

Operational states

c. Missier time factors

d. Availability requirements
e. Operational environments

J. Deployment plans, including quantities,
locations, and schedules.

The first three parameters depict, on a
calendar basis, the active and inactive status
of the materiel, the time on alert or standby,
the mission frequency and duration, and other
operational demand periods. Analysis of these
data and availability requirements will reveal
the periods during which time is available for
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maintenance actions, the location of the
materiel at these times, and the types of main-
tenance that can be performed within the allot-
ted times.

The geographical and environmental con-
ditions under which the weapon systems are
to operate must be subjected to analysis.
Materiel deterioration caused by climate and
terrain must be taken into account during de-
velopment of maintenance policies. Geograph-
ical deployment affects the ecase with which the
weapon may be supplied and supported. The
working environment affects human perform-
ance and requires design and maintenance pol-
icies that will optimize maintenance. Finally,
deployment plans must be evaluated carefully.
Support design requirements and support con-
cepts differ radically for a few units of materiel
in a single location versus numerous units
deployed on a worldwide basis.

2-2.2.2 Maintenance Parameters

An analysis of the operational parameters
will show which maintenance parameters are
tentatively acceptable and should be evaluated,
and which are unacceptable. In broad terms,
maintenance parameters include reliability and
maintainability. Some of the more significant
maintenance parameters in the latter category
are:

a. Fault 1solation

b. Mechanical and electrical packaging into
modules, assemblies, etc.

c. Accessibility

d. Adjustments

e. Interchangeability
Jf. Standardization.

These parameters must be grouped for
some applications, and may be used singly for
others. The first four, as a group, determine
mean time to repair, and skill requirements,
and with reliability, determine maintenance
man-hour requirements. The last two impact
support economy. Quantitative statements of
maintainability resulting from such groupings
arc also termed maintenance parameters. Some
of the most important of these parameters are:

a. Mean time and maximum time to repair
at cach level of maintenance operations




b. Mean and maximum downtime for cor-
rective maintenance

¢. Maintenance man-hours per utilization
hour—total and by category of maintenance op-
erations

d. Minimum allowable time between sched-
uled maintenance actions for each category of
maintenance operations

e. Mean and minimum time be-
tween/hefore overhaul

/- Maintenance man-hours by skill lev-
el/specific maintenance action.

The example that follows demonstrates
how maintenance engineering selects mainte-
nance parameters. Suppose that an analysis of
operational parameters reveals that the max-
imum time available to accomplish a certain
corrective maintenance action is 30 minutes. An
analysis of the proposed design reveals that 40
minutes will be required, with the time about
equally distributed between fault location, re-
moval and replacement, and test and checkout.
Various combinations of fault isolation
methods, packaging, and accessibility that will
result in a repair time of 30 minutes are traded
off against costs. The best combination is
selected, and appropriate design requirements
arc established. In an actual analysis, the prob-
lem normally is not so easily solved because
of system interactions, but the principles apply
nonetheless.

Established operational and maintenance
parameters are made a part of contract spec-
ifications, and must be stated in quantitative
terms, or in some other manner that permits
demonstration of achievement. It would be
sufficient to state that like parts will be inter-
changeable without adjustments. On the other
hand, it would not be sufficient to state that
good accessibility will be provided. This would
have to be defined in terms of numbers and
types of fasteners, sizes of access ports, time,
and similar terms.

2-2.3 PLANNING TECHNIQUES

To provide for orderly documentation of
support requirements within the materiel man-
agement spectrum, the Army uses a series of
formal documentary plans that provide an
interlock of all system documentation by cross-
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referencing plans with each other and with sup-
porting documentation. Initiated ecarly in the
conceptual phase, these plans are the media
that flow through management channels at
various levels to provide the information on
which materiel management actions and
decisions can be made. These documents are
not static records but continue to recycle
through management channels, since they are
updated as the materiel is validated, developed,
operated, modified, and subsequently phased
out (Ref 2).

2-2.3.1 DevelopmentPlan

Virtually all of the plans of interest to
maintenance engineering are contained in a de-
velopment plan. The development plan, which
is comprised of multiple plans, documents the
program decisions, user requirements, and
analyses of technical options and life cycle
plans for development, production, and support
of materiel. The development plan is a docu-
ment of record maintained to reflect all phases
of planning and program execution consistent
with direction and policies of the Army. It is
the controlling document for the materiel de-
velopment effort and is appropriately refined
and updated throughout the materiel life cycle.
The specific content, scope, and level of detail
are tailored to the needs of the particular pro-
gram and its stage of development.

The development plan documents both the
technical and administrative plans, and iden-
tifies responsibilities, tasks, and time phasing
related to the major actions, principal objec-
tives, and major decisions. The plan is com-
prised of the sections and subsections depicted
by the blocks in Figs. 2-3 and 2-4.

2-2.3.2 Planfor Logistic Support

The plan for logistic support (Fig. 2-4) is
the primary planning and management tool de-
signed to identify, schedule, and control the ac-
tion elements required for timely and econom-
ical support of materiel. The action elements
pertain to plans, events, and resources neces-
sary for the analysis and evaluation of proto-
type materiel and for the development, acquisi-
tion, and use of support resources. The plan
identifies reliability and maintainability char-
acteristics and the qualitative and quantitative
requirements for the support clements of
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DEVELOPMENT
PLAN
SYSTEM PLAN FOR
SYSTEM REQUIREMENTS PLANS FOR COORDINATED PLAN FOR PERSONNEL
SUMMARY AND SYSTEM TEST LOGISTIC AND
ANALYSES DEVELOPMENT PROGRAM SUPPORT TRAINING
ciu
TECHNICAL MANAGEMENT FINANCIAL F::‘LDTY ADVANCE
DEVELOPMENT PLAN PLAN RESOUR CE PROCUREMENT
PLAN PLAN PLAN

Figure 2-3. Development Plan

materiel, and contains scheduling data and nar-
rative information concerning the planned use
and support of the item. The total range and
depth of documentation do not spring into being
at one time. A basic maintenance concept for
a logistic approach to new materiel is conceived
during conceptual studies. Such studies provide
source data for an. equally basic maintenance
plan and support clement plans. A brief de-
scription of the contents of a plan for logistic
support follows for the purpose of
demonstrating the types, not the depth, of plan-
ning that may emerge from the conceptual cf-
fort (Ref. 2).

2-2.3.2.1 Schedule and Basis for Logistic Support
Planning

The schedule of logistic support planning
(Fig. 2-4) cstablishes a schedule for support
planning events, such as a schedule for devel-
oping and refining remaining parts of the total
support plan. The basis for logistic support
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planning briefly states the intended function or
application of the materiel, describes its major
and secondary end items, and provides data on
performance and physical characteristics. Also
listed are support data for the materiel, such
as nomenclature, stock number, proposed type
classification and the agency responsible for
logistic support, and operational readiness float
information. Included are procurement status,
the planned procurement for the immediate
future, and the type of funding for test items
and quantity procurement.

2-2.3.2.2 Elements of Logistic Support

Elements of logistic support comprise the
major portion of the logistic support plan. These
clements consist of a maintenance plan, support
clement plans, and plans for funding and man-
aging the support program.

a. Maintenance Plan. The maintenance
plan addresses opcrational requirements, the
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PLAN FOR
LOGISTIC
SUPPORT
SCHEDULE OF ELEMENTS BASIS FOR
LOGISTIC LOGISTIC
SUPPORT LOGISTIC SUPPORT
PLANNING SUPPORT PLANNING
——————
MAINTENANCE
MAINFIRMANG E SUPP.?:S:.AND SUPPLY TRANSZ(;RDTATION TECHNICAL
SUPPORT DATA
EQUIPMENT HANDLING
e I
PERSONNEL LOGISTIC LOGISTIC
FACILITIES AND SUPPORT SUPPORT
RESQURCE MANAGEMENT
IRAINING FUNDS INFORMATION

Figure 2-4. Plan for logistic Support

plan for maintenance, and user and support or-
ganizations. Operational requircments or pa-
rameters—initially established by a required op-
erational capability, expanded by conceptual
studies, and restated in a document covering
system requirements and analyses (Fig.
2-3)—are included as a background for support
planning. The types of operational parameters
discussed are identical to thosc listed in par.
2-2.2.1.The other major portion of the plan in-
cludes the reliability and maintainability pa-
rameters (from the technical development plan,
Fig. 2-3) that are considered with the oper-
ational parameters in order to select a main-
tenance plan,.and states decisions rcached as
follows:

(1) Maintenance categories and repair
levels

(2) Packaging concept

(3) Test and checkout concept

(4) Designation of support depot

(5) Maintenance float considerations

(6) Peculiar logistic considerations in-
volving activities such as calibration, storage,
transportation, and handling.

Other arcas of the maintenance plan iden-
tify using and support organizations, mainte-
nance test requirements, support plans for the
coordinated test program, and a plan for ac-
complishing physical teardown of the materiel.
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Source data for test planning are contained in
the coordinated test program plan (Fig. 2-3).

b. Support and Test Equipment Plan. The
support and test equipment plan outlines all
requirements for organizational through depot
levels for support equipment, including special-
purpose vehicles, test equipment, special tools,
calibration equipment, and handling equipment.
It identifies the level of maintenance to which
equipment 1is allocated, the agency responsible
for logistic support, the type classification stat-
us, the procurement status, operational read-
iness float requirements, and the forecast equip-
ment delivery by date and quantity. Operating
and support equipment that requires calibration
and measurement is specified, and a plan for
accomplishing the calibration and measurement
is presented. The availability of required sup-
port and test equipment is established, or plans
for its acquisition are presented.

¢. Supply Support Plan. The supply sup-
port plan states the programmed action dates
for required provisioning schedules, and the
date on which the National Inventory Control
Point has placed requirements on other respon-
sible agencies for repair parts to support the
materiel under development or procurement.
The estimated cost of repair parts support for
the first year of operation, pertinent data for
emergency requisitions, and the identity of any
special supply procedures are included. Storage
requirements, special requirements for care and
preservation and for demilitarization of mate-
rial (such as disposal of radioactive material),
and long lead time repair parts are identified.
The procurement status of the long lead time
items is shown. The provisioning plan is part
of the supply support clement; It is the vehicle
for scheduling and accomplishing all actions.re-
quired to deliver repair parts, tools, test equip-
ment, and support equipment to the user for
the initial period of service.

d. Transportation and Handling Plan. The
transportation and handling plan identifies
materiel transportability characteristics, trans-
portation requirements, and a plan for obtain-
ing transportation resources and satisfying the
requirements. Both operating and support
materiel are considered. Transportability data
such as size, weight, safety, fragility, and
security requirements are listed. Typical of the

210

transportation data are required locations,
times, and quantities. A plan is shown for the
acquisition of the preservation, packaging, and
transportation resources to satisfy the preced-
ing requirements, with achievement dates com-
patible with materiel development milestones.

e. Technical Data Plan. The technical data
plan provides for development and distribution
of drawings, operating, maintenance, and mod-
ification instructions, provisioning and facilities
information, specifications, inspection, test, and
calibration procedures, instruction cards and
cquipment placards, special-purpose computer
programs, and other forms of audio or visual
presentations required to guide personnel in
performing operations and support tasks. Army
equipment publications, planned or available,
arc listed. If other than official Army equip-
ment publications are to be used for support
of the materiel during tests, both the level of
materiel, to be supported and the publication(s)
to be used are identified specifically. A list of
requirements for equipment operational, histor-
ical, and maintenance forms is included.

f. Facility Plan. The facility plan states
the arca required to accommodate shop supply,
maintenance, and storage for all categories of
maintenance. Desired arca features are defined
by descriptions of utility, prime power, humid-
ity, temperature, and dust control requirements.
Illustrations or sketches are used to depict spe-
cial operational and maintenance layouts, and
requirements for new or modified depot facil-
ities are explained in general terms. Source data
for this plan are contained in the facility and
resource plan (Fig. 2-3).

g. Personnel and Training Plan. The per-
sonnel and training plan contains qualitative
and quantitative personnel requirements and
training information. The plan lists military oc-
cupational specialty requirements by number
and title for operator, organizational, direct
support, general support, and depot mainte-
nance personnel. New-equipment training re-
quirements, which include instruction for in:
structor personnel and special training aids or
devices, are identified. All requirements for
new-equipment introductory letters, in-
troductory teams, and training teams are iden-
tified, and the locations of initial training
courses for operator and maintenance personnel




in all categories of maintenance and training
required for test personnel are specified. The
plan also identifies requirements for supply and
maintenance technical assistance, and presents
a plan for satisfying the requirements. Source
data for the plan are contained in the plan for
personnel and training requirements (Fig. 2-3).

h. Logistic Support Resource Funds Plan.
The logistic support resource funds plan iden-
tifies support funding requirements for each
logistic element, each program phase, new re-
quirements, and the allocation and maintenance
of existing capabilities. The element also con-
tains a financial plan for support that shows
how development and accomplishment of
planned logistic support will be funded. Basic
data for the support resource funds element are
contained in the financial plan (Fig. 2-3).

1. Logistic Support Management Informa-
tion Plan. The logistic support management in-
formation plan (Fig. 2-4) defines requirements
and responsibilities for the acquisition and use
of management data. The plan identifies the
planned use of management techniques and
documents such as test and demonstration re-
ports and the Army maintenance management
system, and assigns responsibilities for acquir-
ing the necessary data at specified times. At-
tained operational and maintenance parameters
arc identified as data to be periodically recorded
and evaluated to determine progress. The
breadth and depth of the maintenance docu-
mentation and analysis techniques to be used
are defined in detail. Responsibilities for data
generation, acquisition, analysis, and dis-
semination of reports are assigned.

2-3 VALIDATION PHASE

Higher authority approval of conceptual
phase documentation results in initiation of the
validation phase. This phase can be conducted
solely by the Army, or with contractor assist-
ance. The same fundamental effort must be ac-
complished in either event. A phase objective
is to insurec that full-scale development is not
started until costs, schedules, and performance
and support objectives have been carefully pre-
pared and evaluated against one another, and
a high probability of successfully accomplishing
the development of the materiel can be antic-
ipated. The ultimate goal is achievable perform-
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ance and support specifications that are respon-
sive to the operational requirements; and are
backed by a firm fixed price or full structured
incentive-type contract, when full-scale devel-
opment is to be performed by a contractor.

Contractor assistance normally is used
during a major materiel acquisition program.
When this approach is selected, the validation
phase effort is divided into three distinct inter-
vals. During the first interval, a request for
proposal is prepared and contractors are
selected. Contractor work is performed during
the second interval. During the final interval,
contractor reports are evaluated; materiel pro-
gram plans, including support plans, are up-
dated; the materiel configuration is refined; and
a contractor to accomplish full-scale devel-
opment is selected.

2-3.1 REQUESTFOR PROPOSAL INPUTS

Adequate and effective materiel support
planning must be accomplished during valida-
tion to insure inclusion of support requirements
in the full-scale development contract. For this
to happen, maintenance engineering must clear-
ly state logistic support goals, objectives, and
requirements in the request for proposal. These
inputs exert considerable influence on selection
of the system approach, and should be prepared
in a manner that provides the potential valida-
tion contractors with a firm basis for proposing
a plan for logistic support which addresses all
of the support elements. The scope must be
sufficiently comprehensive to insure that a giv-
en contractor’s response, within the context of
his proposed support plan, will describe all an-
ticipated demands in such depth that unique
or complex features are readily identifiable, and
will include associated life cycle cost pre-
dictions.

In general, maintenance engineering
should insure that those portions of the request
for proposal dealing with support fully reflect
the plans and conclusions that have resulted
from the conceptual phase, and request their
refinement or improvement by the contractor.
Some typical specifics follow:

a. Maintemance Plan:

(1) Provide the maintenance concept,
and request its expansior and refinement.
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(2) Specify the minimum trade-offs to
be conducted among operational, maintenance,
and support parameters.

(3) Encourage contractor analysis to
identify additional trade-off requirements.

(4) Request comprehensive justifica-
tion for proposed maintenance parameters.

b. Support and Test Equipment:

(1) Identify support and test equip-
ment items or philosophy resulting from con-
ceptual studies.

(2) Define functional requirements for
new equipment to a depth that will permit plan-
ning for its development.

(3) Regucst a plan that identifies and
justifies each equipment item, and states how
and when it will be acquired.

¢. Supply Support:

(1) Request supply management and
provisioning plans.

(2) Request identification of long lead
time items.

(3) Request repair part cost estimates.
d. Transportation and Handling:

(1) Request identification of packag-
ing, preservation, transportation, and handling
requirements for initial delivery of materiel and
for subsequent movement.

(2) Request a plan for satisfying all re-
quirements, showing schedules, proposed pack-
aging, and transportation modes.

(3) Request identification of any trans-
portation and handling requirements that can-
not be satisfied by standard Army or com-
mercial vehicles, and identification of reusable
container requirements.

e. Technical Data:

(1)Designate the specifications that
will govern technical data preparation.

(2) Request a list of technical data re-
quired for materiel operation and support.

(3) Request a plan for- development,
production, and distribution of the data.

(4) Request a description of contractor
experience and the personnel and facilities the
contractor will use to prepare and produce tech-
nical data.

212

[ Facilities:

(1) ¥ vide conceptual phase data.

(2) Request verification or modi-
fication of conceptual data.

(3) Request plans for establishment of
facility design criteria and for interfacing with
the Army Corps of Engincers and other Army
agencies.

(4) Request a complete plan for facility
acquisition.

g. Personnel and Training Requirements:

(1) Provide conceptual phase findings.

(2) Request identification of materiel
items that generate requirements for new or
additional training.

(3) Request estimates for qualitative
and quantitative personnel requirements and
identification of new skills.

(4) Request identification of training
equipment requirements.

(5) Request human engineering stud-
ies.

(6) Request a plan for satisfying the
requirements.

h. Logistic Support Resource Funds:

(1) Provide costing ground rules.
(2) Request desired cost estimates.

i. Logistic Support Management Informa-
tion:

(1) Designate specifications that define
the range and depth of the desired data system.

(2) Request a plan for acquiring the
data system by direct application of a system
in being, modification of an existing system,
or new development.

(3) Request a description of how the
data system will be used in the contractor or-
ganization for support management that assigns
responsibilities to organizational elements for
data development, storage, retrieval, and appli-
cation.

Contractors respond to the request for pro-
posal with proposals that explain how they will
accomplish the work, and describe their qual-
ifications. The first interval concludes with
selection of the successful con-
tractors—normally, two or three.




2-3.2 CONTRACTOR EFFORT

During the second interval, contractors
perform the effort specified by the request for
proposal, and additional innovative work they
believe will add to the cost-effectiveness of the
materiel. The products of their efforts are
proposed plans for conducting a full-scale de-
velopment program and supporting rationale,
including analyses and trade-offs. Also included
is a broad plan for contractor effort during the
production phase.

Insofar as support is concerned, the trade-
offs and analyses center on operational, main-
tenance, and support parameters, the mainte-
nance concept, and cost. Such analysis will in-
clude any requirements for depot and factory
maintenance, and need for extensive mainte-
nance technical data. The depth of the work
is limited by available information so th’at plans
will include provisions for trade-off and analysis
refinements during development, as well as for
conducting additional analytical work. Quanti-
tative operational, maintenance, and support
parameters will be stated, and materiel life cy-
cle costs will be estimated. All analytical effort
is oriented toward demonstrating that the best
possible balance -has been achieved among total
cost, design, support, schedules, and operational
effectiveness.

A contractor version of a logistic support
plan that addresses each support element is pre-
pared by establishing element requirements and
describing how they will be satisfied. Costs as-
sociated with contractor implementation of the
plan are broken out as prescribed by the scope
of work.

A plan for management of the support ef-
fort is included. The plan is comprised of or-
ganizational charts and narrative text. The
charts show the relationship of the support de-
veloper to other contractor organizational ele-
ments. The narrative text describes the respon-
sibility and authority of the support developer
and other personnel in conducting the materiel
program. Communication channels between the
Government and the support developer, as well
as between the latter and subcontractors and
vendors, are delineated. Equally important, the
plan describes all support management control
data to be used, their sources, and the way
in which the data are controlled and applied
to the management process.
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To provide essential background data for
development planning, the contractor generates
a broad plan for production and uses request
for proposal data and assumptions to develop
a deployment scenario. These also are included
in the proposal.

2-3.3 EVALUATION OF CONTRACTOR REPORTS

Maintenance engineering evaluates the
support aspects of contractor reports. The eval-
uation is conducted with the assistance of pre-
viously prepared evaluation criteria, but these
must be augmented with historical data and
experience. The general questions facing the
evaluator concern cost-effectiveness, manage-
ment capability, and program risk. To answer
the general questions, the evaluator must ex-
amine the reports in minute detail and consider
not only the merits of the plans for a particular
support element, but also the impact of the
plans on the remainder of the materiel program
in both the design and support arcas. Infor-
mation obtained from such evaluations permits
determination of both the validity of proposed
efforts and the degree to which the planning
should be reflected in an updated logistic sup-
port plan.

To insure that the proposed design and
support and the support elements are in har-
mony and satisfy operational requirements, the
following typical maintenance engineering con-
siderations are required:

a. Maintenance Plan:

(1) Determine that the proposed plan
is in consonance with the conceptual phase
maintenance concept.

(2) Evaluate trade-offs, analyses, and
parameters on which the plan is based.

(3) Assess the design, support, and
cost impact of proposed diagnostic methods,
packaging, and repair levels.

(4) Analyze preventive maintenance
plans for adequacy and realism.

b. Support and Test Equipment:

(1) Review operational and mainte-
nance parameter trade-offs, and confirm the
justification for each item of equipment, par-
ticularly special equipment.

(2) Determine the realism of plans for
developing and acquiring special support and
test equipment.
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(3) Determine the adequacy of plans
for providing maintenance and calibration serv-
ices to deployed equipment.

e. Supply Support:

(11) Evaluate the overall supply man-
agement plan, including the provisioning plan.

(2) Consider the realism of cost
estimates.

d. Transportation and Handling:

(1) Insure that preservation, packag-
ing, transportation, and handling requirements
are correctly identified.

(2) Evaluate contractor plans for ini-
tial delivery of materiel and repair parts.

(3) Carefully review any justifications
offered for requirements to use special pres-
ervation and packaging techniques, special
transportation and handling equipment, and
reusable containers.

e. Technical Data:

(1) Assess the accuracy of the range
and depth of technical data proposed for the
materiel.

(2) Evaluate the worth of the overall
technical data plan.

(3) Consider contractor experience and
the adequacy of the resources he proposes to
use.

| Facilities:

(1) Analyze the contractor approach to
developing facility requirements, and the ac-
curacy of the results. .

(2) Determine the adequacy of con-
tractor plans for working with Government
agencies in establishing design criteria and for
supporting facility surveys and subsequent ac-
tivities.

g. Personnel and Training:

(1) Evaluate initial proposed quali-
tative and quantitative personnel requirements
for realism and completeness.

(2) Evaluate the authenticity of main-
tenance parameters used to project the support
workload.

(3) Insure that proposed skill levels are
compatible with the work to be accomplished.
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(4) Consider the adequacy of the range
and depth of proposed training courses and the
types of training devices.

(5) Remember that personnel comprise
the most scarce and expensive support resource.

h. Logistic Support Resource Funds:

(1)Evaluate for recalism and respon-
siveness to the statement of work.

(2) Pay particular attention to the
facts, assumptions, and techniques used in
estimating life cycle costs.

i. Logistic Support Management Informa-
tion:

(1)Evaluate the adequacy of the
proposed range and depth of management in-
formation.

(2) Assess the plans for data gener-
ation, storage, retrieval, and application.

(3) Determine whether or not the con-
tractor has delegated sufficient authority to
support management to permit effective utili-
zation of the data system.

(4) Consider the realism of proposed
costs and schedules for the development of a
new data system, or modification of an existing
system.

After the proposals are evaluated, a con-
tractor is selected, and each plan within the
development plan is updated. The result is a
complete documentation package that defines
the materiel and desired support to a depth that
permits negotiation of a definitive contract for
their development. After this package is ap-
proved by higher authority, a development con-
tract is negotiated with the previously seclected
contractor.

2-3.4 SUPPORTPLANS

The updating of the development plan is
accomplished after a contract award has been
made based on the proposals as originally
submitted. In those cases where the Army has
procured full rights to data in the proposals,
which is normal, the best.of these data are
then synthesized, additional analyses and trade-
offs are conducted as required, and the results
are integrated into the plans that were prepared
during the conceptual phase. Every plan in the




development plan is affected. The discussion
that follows is limited to significant changes
in the plan for logistic support (Fig. 2-4), since
this is the planning vehicle for maintenance en-
gineering. The changes involve modifications of
previous information, as well as the addition
of considerable new information, as follows:

a. The schedule for logistic support plan-
ning is updated to reflect contractor schedules
for accomplishing specific support events dur-
ing full-scale development.

b. The basis for logistic support planning
is modified to show an updated list of materiel,
performance, and physical characteristics, and
procurement status information.

¢. The maintenance plan is extensively ex-
panded. Maintenance parameter data are aug-
mented, and definitive data pertaining to main-
tenance echelons and repair levels, packaging,
diagnostics, depot support, maintenance floats,
and maintenance test requirements are added.

d. The support and test equipment plan is
updated to show a more complete list of equip-
ment, the levels of maintenance to which it is
allocated, and the plans for its acquisition.

e. The supply support plan is modified to
show integrated Army and contractor plans for
supply management and provisioning. Also, a
preliminary list of long lead time repair parts
is included. -

f. The transportation and handling plan is
updated by adding materiel transportability
characteristics, special equipment requirements,
preliminary total transportation requirements,
and inkegrated Army and contractor respon-
sibilities for satisfying the requirements.

g. The technical data plan is refined. Re-
quired technical data are specified in greater
detail, and schedules for the development of
technical data are included.

h. The facility plan is modified to include
more information on technical criteria and a
plan and schedule for the joint Army-contractor
development of final technical criteria and
subsequent facility acquisition.

i The personnel and training plan is ex-
tensively modified. Qualitative and quantitative
personnel requirements, planned training
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schedules are all modified and expanded.

J. The logistic support resource funds plan
is modified to reflect contractor cost inputs.

k. The logistic support management infor-
mation plan is expanded to include a description

.of the contractor data system to be used and

an integrated plan for Army and contractor
management of the development and acquisition
of support.

The updated logistic support planning in-
formation provides the data required to modify
several major plans within the development
plan. Maintenance plan data are reflected in
the system requirements and analysis and co-
ordinated test program plans. The facilities plan
contributes data to the facilities and resources
plan. The personnel and training plan impacts
the .plan for personnel and training require-
ments. Finally, the logistic support resource
funds plan provides additional information for
the financial plan. .

2-3.5 CONTRACTORRECOMMENDEDPLANS

The contractors selected to perform valida-
tion phase work on a major materiel program
are required to prepare a contractor recom-
mended support plan. This plan is similar to
the logistic support plan (Fig. 2-4) in both com-
position and content. The major differences are
that the contractor plan is more definitive and
some of its component plan designations differ
from logistic support plan designations. In spite
of these differences, the subject matter covered
by the two plans is virtually identical, as may
be inferred from the designations of the fol-
lowing component plans, which comprise the
contractor recommended support plan.

Management support plan
Support equipment plan
Repair parts and support plan
Personnel and training plan
Equipment publications plan
Facility plan

Contract maintenance plan

R o &0 o0

Technical assistance plan
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i Maintenance documentation and
analysis plan

J. Maintenance evaluation plan

k. Transportation, packaging, and storage
plan.

These plans, which are prepared during the
validation phase, are really definitive work
statements for contractor effort to be performed
during full-scale development and general work
statements for later phases. In each plan, the
contractor defines requirements and states how
he will further refine and satisfy them. In the
management support plan, the contractor
quotes a cost for the proposed services.

2-3.5.1 ManagementSupport Plan

The management support plan describes
the contractor's management structure and
proposed management techniques for developing
and acquiring support resources. The plan:

a. Describes the support management or-
ganization.

b. Provides for continual liaison with the
Government to identify and solve problems af-
fecting total support of the materiel under de-
velopment.

c. Provides for subcontractor and vendor
participation in the support program.

d. Provides for coordination of the support
planning effort with associate contractors.

e. Provides for, on a selected basis, coor-
dination with suppliers of Government-
furnished equipment for optimum scheduling.

f. Provides a phased schedule of program
milestones showing the time phasing of all
significant tasks for support development.

g. Provides a reporting system for mon-
itoring progress against all elements of the con-
tractor recommended support plan.

h. Provides procedures for revising and up-
dating the elements of the contractor recom-
mended support plan throughout the devel-
opment and production effort.

i Provides a maintenance engineering
analysis data system for tracing the impact of
engineering changes on support elements.

j. Provides for application of modeling
techniques to develop estimates of availability,
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maintenance frequency, maintenance burden,
operational readiness float, repair cycle float,
ete.

k. Lists the logistic data and information
inputs required from the Government for items
and equipment not under the control of the con-
tractor.

I. Provides for effective execution and con-
trol of the trade-off process between design and
logistic support aspects of the design.

m. Presents cost estimates to include:

(1) Cost of all support planning broken
down by each component plan

(2) Cost of contractor implementation
of the contractor recommended support plan

(3) Cost of operator and support per-
sonnel from initial issue to phaseout based upon
criteria furnished by the Army

(4) Cost of repair parts and support
from initial issue of materiel until phascout

(5) Cost of all support equipment from
initial issue of the materiel until phaseout

(6) Contractor funding requirements
for support from development contract award
until contract closeout

(7) All assumptions, criteria, and tech-
niques used as a basis for estimates

(8) Total life cycle support cost broken
down by fiscal year.

n. Presents recommendations for addition-
al documentation, planning, or implementing
'actions deemed necessary for development and
production not otherwise specified by the Army.

2-3.5.2 Support Equipment Plan

The support equipment plan describes the
total program to develop and satisfy total sup-
port equipment requirements. The plan:

a. Describes how maintenance engineering
analysis data will be used to develop support
equipment requirements.

b. Identifies and describes overall require-
ments for support equipment covering the fol-
lowing categories:

(1) Equipment defined by Government
specifications

(2) Commercial support equipment
currently in the Federal Supply System




(3) Other commercially available or
modified commercial support equipment.

(4) Specialized support equipment
(modified or new) that is recommended for de-
velopment.

¢. Recommends provisioning procedures
for support equipment.

d. ldentifies requirements for long lead
time items, and in the time-phased schedule,
designates those tasks required for timely de-
velopment and/or delivery of those items.

¢. Identifies any items of Government-
furnished materiel that are to be incorporated
into the proposed support equipment.

[ Furnishes allocated configuration iden-
tifications for support equipment.

g. Substantiates and documents the results
of cost-effectiveness studies and trade-off
analyses conducted relative to support equip-
ment.

2-3.5.3 RepairPartsand Support Plan

The repair parts and support plan provides
procedures and schedules for identifying, pro-
visioning, and delivering repair parts and main-
tenance floats. The plan:

@. Recommends provisioning procedures to
cover repair part requirements for operating
and support materiel for all categories of main-
tenance during subsequent life cycle phases.

b. Identifies the need for provisioning spe-
cial supplies for support of the materiel under
development.

c. Describes an approach for utilizing a
data system to document repair parts and sup-
port requirements.

d. Substantiates and documents the results
of cost-effectiveness studies and trade-off
analyses conducted relative to repair parts and
support requirements.

2-3.5.4 Personnel and Training Plan

The personnel and training plan identifies
operator and support personnel requirements
and training requirements, and presents a plan
and schedule for satisfying the requirements.
The plan:
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a. Identifies all items of equipment that
will require new or additional training of Army
operator or support personnel.

b. Provides for human engineering studies
to develop requirement and constraint input
data for design engineering.

c. Provides for definition and resolution of
interface problems between hardware and per-
sonnel.

d. Provides for development of quantitative
operator and support personnel requirements.

€. Provides for development of operator
and support personnel skill (qualitative) require-
ments.

[ Provides for identification of quanti-
tative and qualitative personnel deficiencies
based upon known or planned force structure
and manning data and information.

g Provides for determination of new-and
additional training requirements and identifies
the sources of training (established Government
courses, contractor training programs, etc.).

h. Provides for development of contractor
conducted training courses.

i. Provides for development of training
equipment requirements.

j. Provides for preparation of training
equipment specifications for Government ap-
proval.

k. Develops input data for the technical as-
sistance plan.

I. Substantiates and documents the results
of cost-cffectiveness studies and trade-off
analyses conducted relative to personnel and
training requirements.

2-3.6.6 Equipment PublicationPlan

The equipment publication plan provides
procedures and schedules for identification,
preparation, and delivery of all publications re-
quired for materiel operation and support. The
plan:

a. Describes and lists all Department of
the Army equipment publications (including
maintenance allocation charts) needed to sup-
port the materiel for all categories of main-
tenance during development, production, and.
operational use.
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b. Describes and lists all commercial lit-
erature in lieu of Department of the Army
publications needed to support the materiel for
all categories of maintenance during devel-
opment, production, and operational use.

c. Describes and lists all instruction books
needed to support the materiel for all categories
of maintenance during development, production,
and operational use.

d. Describes the verification program to be
used for certifying the achievement of overall
equipment publication program requirements.

e. Describes the means and methods of
utilizing a data system in the development of
the equipment publication requirements.

J. Substantiates and documents the results
of cost-effectiveness studies and tradeoff
analyses conducted relative to equipment
publication requirements.

g Provides for the preparation and use of
printouts of change order reports to insure that
appropriate changes are made in specific
publications.

h. Provides for analysis to determine an-
ticipated publication problems and any fore-
sceable departures from established publication
practices.

i. Provides 'for Government quality control
reviews to insure that the technical content,
format, and composition of equipment publica-
tions meet an acceptable level of quality based
upon established standards.

2-3.6.6 Facility Plan

The facility plan presents requirements
and schedules pertaining to materiel operational
and support facilities. The plan:

a. Provides for the determination of Gov-
ernment facility requirements for operation,
maintenance, supply, and training.

b. Establishes facility design criteria. Ac-
tual facility surveys will be sponsored by the
Army unless otherwise specified.

c. Describes the application of a data sys-
tem for determining facility requirements.

d. Presents lead time requirements and
schedules for the activation of facilities.

e. Substantiates and documents the results
of cost-effectiveness studies and trade-off
analyses conducted relative to facility require-
ments.

2-3.6.7 Contract Maintenance Plan

The contract maintenance plan defines the
requirement for and schedules the accom-
plishment of contract maintenance. The plan:

a. Defines the requirements for contract
maintenance support of materiel being devel-
oped.

b. Develops procedures for initiation and
termination of contract maintenance.

c. Provides for determination of resources
(facilities, tooling, support equipment, repair
parts, Government-furnished equipment, per-
sonnel, etc.) required for contract maintenance.

d. Provides for documentation of contract
maintenance procedures, requirements, and
data.

e. Substantiates and documents the results
of cost-effectiveness studies and trade-off
analyses conducted relative to contract main-
tenance requirements.

2-3.5.8 Technical Assistance Plan

The technical assistance plan defines the
requirements for and schedules the accom-
plishment of contract engineering and technical
services. The plan:

a. Makes recommendations and identifies
materiel that will require field service repre-
sentatives for support.

b. Indicates the number of field service
representative personnel, by skill, that will be
needed for assignment on a unit or area basis.

c. Provides a delineation of field service
representative duties, including but not limited
to on-the-job training and technical guidance
to military and civilian personnel in assembly,
installation, testing, adjusting, operation, and
maintenance of materiel to be supported.

d. Provides information on establishment
of skill levels for field service representatives,
including education levels, experience on the
materiel to be supported, experience on similar




or related materiel, and any other qualifications
required to perform efficiently the necessary
field services.

e. Provides a schedule of the training pro-
gram for field service representative personnel.

f. If applicable, provides a schedule of field
service representative assignments for Military
Assistance Program contractor support services.

g. Specifies the facilities, services, and
materiel needed to implement properly the plan
for technical assistance.

h. Provides procedures for phaseout of
field service representatives.

i Substantiates and documents the results
of cost-cffectiveness studies and trade-off
analyses conducted relative to technical assist-
ance requirements.

2-3.5.9 Maintenance Documentationand Analysis
Plan

The maintenance documentation and
analysis plan describes a technical data man-
agement and control system for the derivation
and application of technical data, including
maintenance engineering analysis data, to the
development and acquisition of support
resources. The contractor may propose appli-
cation of an existing data system, modification
of an existing data system, or development of
a new system. In any event, the plan:

a. Describes a data system capable of
recording and transmitting source data to sat-
isfy the following basic support planning re-
quirements:

(1) Annual and life cycle support costs

(2) Maintenance support costs by cat-
egories of maintenance

(3) Comparison data (anticipated as
historical information; e.g., The Army Mainte-
nance Management System)

(4) Alternative maintenance doctrine

(5) Task, skill, and manpower analysis
at operating levels and maintenance categories

(6) Maintenance man-hour/task data
(including maintenance calibration and calibra-
tion requirements)

(7) Analysis and evaluation data rele-
vant to support concepts and requirements
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(8) Engineering drawings and specifi-
cation data, generation breakdown of end items,
parts lists, engineering data, and cross-
reference lists

(9) Weight, transportability, and pack-
aging data

(10) Recommended provisioning list and
provisioning documentation as required by the
statement of provisioning requirements

(11) Recommended allocation of main-
tenance tasks and operations

(12) Equipment publications documen-
tation (including technical procedures and
standards, repair parts, tools, and test equip-
ment identification, and allowance data)

(13) Maintenance float requirements

(14) Depot maintenance technical man-
uals

(15) Draft equipment publications
(16) Initial prescribed load list

(17) Initial authorized stockage (basic
load) list.

b. Establishes procedures for correlation
and distribution of the data acquired in other
support elements that are prerequisite to the
development of any given support element. For
example, the preparation of equipment publica-
tions involves data pertaining to description,
theory, operation, packaging and packing,
transportation and handling, storage, mainte-
nance tasks and requirements, maintenance
allocation chart, tools and test equipment, re-
pair parts, lubrication, maintenance calibration,
and calibration.

¢. Presents a maintenance engineering
analysis of data and design information from
development and product assurance sources.
The analysis identifies measurable support re-
quirements, including reliability and main-
tainability requirements. The analysis is docu-
mented in the data system and becomes the
basis upon which the various component sup-
port element plans are formulated.

d. Provides for accomplishment of cost-
effectiveness studies and trade-off analyses
srelative to each support element.

e. Provides for the reporting of failure and
trade-off data.

2-19



AMCP 706-132

2-3.56.10 MaintenanceEvaluationPlan

The maintenance evaluation plan describes
contractor support for maintenance evaluation
by the Army of developed materiel. The plan:

a Provides recommendations for
contractor-furnished support items and data re-
quired by Government personnel to accomplish
maintenance evaluation during reviews, phys-
ical teardown, test, and demonstration.

b. Includes schedules for informal and
formal design reviews, to be held periodically,
during which all maintenance features of the
materiel are considered as an integral part of
the contractor’s engineering design review pro-
cedures.

¢. Includes schedules and plans for a dem-
onstration and test program. The tests are de-
signed to provide estimates of maintainability
achievement and to define problem areas for
corrective action.

d. Describes the extent to which subcon-
tractors or vendors will support demonstration
and testing of materiel.

e. Presents procedures for a formalized
system for collecting, recording, and analyzing
all failures, and performing trade-offs during
contractor installation, checkout, testing, and
evaluation, starting at the engineering test
stage.

2-3.5.11 Transportation, Packaging,and Storage
Plan

The transportation, packaging, and storage
plan describes the contractor’s proposed effort
to develop procedures and requirements for pro-
tection and transportation,of equipment to the
point of initial delivery and during subsequent
movement. The plan:

a. Establishes requirements and proce-
dures that will provide protection for all parts,
components, subassemblies, and final assem-
blies during transportation from suppliers, stor-
age, transit, manufacturing processes, final
shipment to the customer, and subsequently.
When the requirements cannot be satisfied in
the design of the items, packaging and packing
methods shall be used to reduce transportation
and handling hazards to a minimum. The
primary objective will be to insure, at a min-
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imum cost, adequate protection against
degradation in the reliability or functional capa-
bility of Government materiel.

b. Provides for transportation management
that will develop transportation plans, coordi-
nate and arrange the reliable, expeditious, and
economical movement of materiel, and select
methods and types of transportation consistent
with geographical considerations, respon-
sibilities, and environmental and schedule re-
quirements.

c¢. Determines the requirements for
Government-furnished information, materiel,
and equipment, and schedules the requirements
during the development and production phases.

d. Substantiates and documents the results
of cost-effectiveness studies and trade-off
analyses conducted relative to transportation,
packaging, and storage requirements.

2-4 FULL-SCALE DEVELOPMENT

Two objectives of the full-scale devel-
opment phase involve demonstration and docu-
mentation. Analyses and tests are conducted to
demonstrate that materiel and the planned sup-
port subsystem will be cost-effective in the op-
erational environment in which the materiel is
to be deployed. Documentation is prepared for
use in acquiring the total materiel system. For
operating and support materiel, this documen-
tation consists of specifications, drawings, and
other production related material. For non-
materiel support resources such as personnel,
the documentation consists of detailed require-
ments and final acquisition plans.

During the full-scale development phase,
maintenance engineering reaches its maximum
activity in influencing design and defining sup-
port. These functions are accomplished con-
currently, and they are interdependent. The
depth of design information available at the
start of the development phase is not great,
yet the phase ends with production-type hard-
ware and its support subsystem. The need for
expeditious and diligent application of all main-
tenance engineering tools and techniques to-
ward insuring an optimum design and support
subsystem is apparent.

Numerous design versus support trade-offs
are conducted by maintenance engineering as




design evolves. Optimum benefits are realized
when design deficiencies are identified and de-
sign changes can be incorporated before devel-
opment materiel is fabricated. In general, the
trade-offs involve maintenance parameters
versus support parameters; and maintenance
parameters, coupled with support parameters,
versus operational parameters. Design changes
resulting from maintenance engineering re-
quirements, or from other causes, are analyzed
for support requirement impact; and these re-
quirements are updated. Off-the-shelf ground
support equipment is evaluated for
maintainability and suitability in the early de-
velopment stage. This will include an assess-
ment of training requirements for Government-
furnished equipment and contractor-furnished
cquipment.

Drawings become available early in the de-
velopment phase. At this point, a formal main-
tenance engineering analysis documentation
system is initiated. This is a powerful tool for
use in identification and control of further de-
sign and support changes. Each change triggers
a new evaluation cycle to define impacts and
trade-off choices between design and support.
Results are fed back to the separate functional
support elements for evaluation and impact. De-
sign and support changes require updating of
technical data on a continuing basis. Prelim-
inary data should be prepared in a format that
can be expanded later and formalized for use
in the production and operational phases of the
life cycle.

A major source of design information and
a means of impacting design are afforded by
informal and formal design reviews. The infor-
mal reviews are conducted on an opportunity
basis, and involve inspection of mock-ups,
breadboard models, etc. Such models are avail-
able relatively early during development, and
are particularly valuable because the three-
dimensional presentations permit a more ac-
curate evaluation of human factors, safety, and
some maintenance parameters than are permit-
ted by drawings. Such reviews, conducted in
concert with design engineering, can result in
desirable on-the-spot design 'changes.

Formal design reviews provide another ex-
cellent opportunity for effecting design changes.
The reviews are scheduled periodically for the
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purpose of reviewing the status and progress
of the total development effort for both materiel
and support. Attendees submit formal com-
ments to program management. Maintenance
engineering evaluates and comments on support
related subjects such as:

a. Conformance to specified maintainabili-
ty criteria

b. Adequacy of descriptions of mainte-
nance procedures

c. Conformance of maintenance procedures
to human factor standards

d. Conformance to safety standards

e. Compatibility of the maintenance con-
cept with planned support resources and the
current design configuration

f. Adequacy of the maintenance plan

g. Acceptability of parts and material
selection and application

h. Realistic maintenance float and repair
part provisioning requirements

i. Adequacy of planned maintenance facil-
ities

J. Adequacy of maintainability veri-
fication/demonstration/evaluation plan.

A final means of evaluating the adequacy
of materiel design versus planned support is
offered by demonstrations and tests conducted
during the development phase. A physical tear-
down evaluation is conducted to verify materiel
maintainability, adequacy of planned support
resources, and assignment of maintenance tasks
to appropriate maintenance levels. Also, full-
scale development demonstrations and oper-
ational tests are conducted in a simulated op-
erational environment. The demonstrations and ~
tests afford an ideal vehicle by which to assess
the worth of the support subsystem, and an
opportunity to take a last look at design before
production is initiated. Although the in-
corporation of design changes at this time is
expensive, production changes cost even more
and pose a greater management problem.

During the latter part of the development
phase—typically, at least 120 days prior to the
initiation of the production contract—the Army
convenes a provisioning conference. The range
and quantity of support equipment and repair
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parts to support the initial buy of prime equip-
ment for a specified period of time are deter-
mined, and the contractor is directed to take
those actions necessary to produce and deliver
the support items with the prime equipment.

Alternatively, phased provisioning might be'

used. This is a management refinement to the
provisioning process whereby quantity procure-
ment of selected items is phased by time inter-
val into the later stages of production, thereby
enhancing the ability of the provisioning ac-
tivity to make more cost-effective decisions.

2-4.1 SUPPORT PLANS—WORK STATEMENTS

The support plans developed in the valida-
tion phase are revised in accordance with work
statements negotiated for the full-scale devel-
opment contract. The Army and contractor
implement and revise these plans throughout
the development and subsequent phases. At this
time, the plans are qualitatively complete, but
most quantitative values and details relative to
ways and means of accomplishment are subject
to refinement as a result of development phase
activities.

2-4.1.1 Management Support Plan

The Armyhontractor will implement the
revised plan and:

a. Designate a specific support manager
and an alternate who will be responsible for
all phases of the support program.

b. Refine the schedule of the management
support plan.

c. Periodically update the support devel-
opment cost analysis information in accordance
with the contract schedule but not less often
than semiannually.

2-4.1.2 Support EquipmentPlan

The Army/contractor will implement the
revised plan and:

a. ldentify, evaluate, and record all sup-
port equipment required for receipt 1nspect10n
calibration, maintenance, storage, processing,
and sh1pment of materlel for all categories of
maintenance.

b. Update and provide additional allocated
configuration identifications.

i

2-22

c. Accomplish changes to support equip-
ment requirements data due to revision of
materiel design.

d. Use a data system to define and provide
calibration support requirements. Develop cal-
ibration requirements in the following three
phases, to be performed in the order shown,
and only after Government approval of the
results of each phase:

(1) Phase 1. Engineering research to
determine parameters, methods, frequency, and
level (primary, reference, transfer, or mainte-
nance calibration) of requirement as reflected
in an engineering report.

(2) Phase 11. Preparation of detailed
procedural, inspection, maintenance, and test
data required to support each calibration tech-
nique.

(3) Phase 111. Preparation of appro-
priate procedural technical bulletin manuscripts
in accordance with the equipment publication
plan.

e. Upon completion of Phase 11, conduct
a dynamic evaluation of the validity of cali-
bration procedures and standards. The results
shall be verified and approved by the Govern-
ment.

f. Provide list(s) as specified by the Gov-
ernment, showing the adapters, special equip-
ment and devices, commercial equipment, meas-
urement standards, gages, and accessories re-
quired to accomplish calibration.

g. Promote standardization of support
equipment by researching published equipment
data, or by providing to mission responsible
managers the data required to research their
records for the availability of a suitable item.
The Government will provide the contractor
with lists of inventory control points responsible
for support equipment items (tools, test, meas-
uring, and diagnostic), including support equip-
ment that is type classified as standard. The
contractor will consider the following order of
priority in preparing recommendations and jus-
tification:

(1) Support equipment currently avail-
able at the activity responsible for maintaining
the equipment in question




(2) Support equipment that is type
classified as standard by the U.S. Army, but
is not currently authorized to the particular
maintenance organizations concerned. Selection
of these items shall be made from documents
available from the U.S. Army.

(3) Support equipment that is type
classified as standard by the U.S. Air Force
or the U.S. Navy

(4) Off-the-shelf commercial support
equipmen.

(5) Support equipment that must be
developed by the contractor or some other man-
ufacturer.

f Determine requirements for technical
data for the development of specialized support
equipment or procurement of commercial off-
the-shelf items to permit their acquisition
through competitive bidding when such equip-
ment is not available as a result of activity
otherwise accomplished in this plan. Upon ap-
proval by the Government, the contractor shall
develop such data on selected items.

7. Identify and schedule development and
delivery of the prototype support equipment to
be supplied concurrently with materiel under
development for maintenance evaluation during
physical teardown, engineering test, service
test, and initial production test.

2-4.1.3 RepairPart and Support Plan

The Army/contractor will implement the
revised plan and:

a. If the contract scope of work calls for
the contractor to supply all repair parts for a
specified period of time, provide a plan for tran-
sition from contractor to Government support.
Otherwise, consider all support available
through the military supply system.

b. Use maintenance engineering analysis
data, and provide current lists of all repair
parts by category of maintenance.

¢. Use maintenance engineering analysis
data and provide current lists of special supplies
(lubricants, cleaners, solvents, fucls, etc.) re-
quired for support of materiecl at each category
of maintenance.

d. Plan for repair part acquisition, avail-
ability, and storage during test and evaluation.
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Minimum quantities of repair parts will be
furnished. High cost parts will be selected only
after consideration of downtime cost, repair
cost, and program impact. Arrange with ven-
dors and subcontractors for the supply of repair
parts, and with the Government when
Government-furnished equipment support is in-
volved.

e. Provide repair part usage data ac-
cumulated during test and evaluation and other
periods.

J. Make, as a part of all purchase in-
quiries, the requirement that each supplier dis-
close in his bid any proprictary or limited rights
involved. Promptly notify the Government upon
receipt of the knowledge that a limited rights
item will be used.

2-4.1.4 Personneland Training Plan

The Armyhontractor will implement the
revised plan and:

a. Develop data necessary for the prepa-
ration and submission of a task and skill
analysis and a new-cquipment training require-
ment report, and prepare a complete report.

b. Provide for preparation and submission
of a new-equipment training plan that covers
training requirements for all categories of
maintenance.

c. Provide for preparation, submission for
approval, reproduction, and distribution of pro-
grams of instructions for each course specified
in the approved new-equipment training plan.

d. Provide for preparation, submission for
approval, reproduction, and distribution of les-
son plans, practical exercise guides, lesson man-
uscripts, and film guide sheets.

e. Provide for training devices as specified
in the approved training plan. Training devices
will be designed, developed, and procured in ac-
cordance with separate documentation.

J- Provide for training aids (other than
training devices) specified in' the approved
training plan.

g. Provide a list of hardware and a list
of special equipment required for contractor
conducted training.
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h. For new equipment training, provide:

(1) Training personnel for planning,
preparing, and presenting the required instruc-
tion

(2) Facilities and equipment for train-
ing, administration, and maintenance support

(3) Administrative services required in
the maintenance of class records and related
forms and records.

1. Complete and submit certificate of serv-
ice and accomplishment report.

2-4.1.5 Equipment PublicationPlan

The Armyhontractor will implement the
revised plan and:

a. Provide for preparation of equipment
publications in accordance with appropriate reg-
ulations and equipment publication military
specifications.

b. Use all accumulated data and files per-
tinent to the development of equipment publica-
tions.

¢. Provide for preparation and availability
of preliminary draft equipment publications for
engineering design test and prototype system
review.

d. Provide for preparation and availability
of draft equipment publications, or approved
substitutes, for evaluation during engineering
tests, service tests, and initial production tests.
The draft equipment publications will include
calibration procedures, as applicable, and a
draft maintenance allocation chart.

e. Provide for verification of draft equip-
ment publications. Verification of data shall not
duplicate that required for other support ecle-
ments.

f Provide for Government quality control
reviews to insure that the technical content,
format, and composition of draft publications
meet an acceptable level of quality based upon
established standards.

g. Provide for preparation of change order
reports (publications) to provide details per-
taining to specific publications affected by en-
gineering change orders and field reports.

h. Provide for monthly preparation of a
technical publication progress/cost report to re-
flect the current status of the publication effort.
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i Provide for preparation and availability
of a preliminary maintenance allocation chart
prior to physical teardown and evaluation.

2-4.1.6 Facility Plan

The Army/contractor will implement the
revised plan and:

a. Monitor program changes and recom-
mend changes in facility requirements at all
support levels.

b. Provide for evaluation of specific Gov-
ernment facilities and submit recommendations
for their use and/or modification when specif-
ically requested by the Government. The con-
tractor will not be responsible for conducting
site surveys and examining existing
Government-owned facilities. The Government
will appraise existing Government facilities
with respect to the contractor furnished design
criteria in order to effect efficient use of such
facilities. In the event that existing facilities
arce not adequate, the Government will take ac-
tion to construct new facilities or to modify
existing facilities.

2-4.1.7 ContractMaintenancePlan

The Army/contractor will implement the
revised plan and:

a. Schedule performance of the specified
maintenance.

b. Identify and list. the resources required
for contract maintenance.

2-4.1.8 Technical Assistance Plan

The Armyhontractor will implement the
revised plan and:

a. ldentify and list the materiel that will
require field service representatives for support.

b. Refine field service representative qual-
itative and quantitative personnel requirements.

2-4.1.9 Maintenance Documentationand Analysis
Plan

The Army/contractor will implement the
revised plan and:

a. Initially include in the data system the
preliminary forecast information generated for
formulating the validation phase plans and pro-
posals. As the materiel develops, replace this
information with more precise experience data




in order to provide a comprehensive basis for
maintenance support planning decisions. Main-
tain the data system in a current status in
order to insure availability of reliable informa-
tion in developing effective and economical sup-
port procedures.

b. Develop, in detail, the selected support
alternatives derived from validation phase pro-
posals. Quantitative values for maintainability,
reliability, and support efficiency, as well as
the maintenance parameters that follow, will
be determined for each of the alternative
methods of support. The parameters will in-
clude but not be limited to the following:

(1) Scheduled preventive maintenance
downtime

(2) Supply downtime
(3)¢ Corrective maintenance downtime
(4) Downtime for all other causes

(5) Direct maintenance man-hour re-
quirements

(6) Cost of support equipment

(7) Repair cost

(8) MOS’s and skill levels of mainte-
nance personnel

(9) Identification of support materiel
required.

c. Initiate cost-effectivencss studies, based
on definitive cost data, for each of the support
alternatives. The results of these studies will
reflect weighted consideration of each of the
support parameters.

d Submit results of the support
alternatives and cost-effectivencss studies, to-
gether with recommendations and justifications
for final development of a specific support ap-
proach.

e. Upon approval of a specific support ap-
proach, initiate any action that may be required
to clearly define the qualitative and quanti-
tative requirements associated with the ele-
ments of support.

/ In making maintenance engineering
analyses, use the information made available
through the data system to arrive at decisions
affecting materiel design and materiel support.
Perform reliability analysis, maintainability
analysis, studies of logistic and design
alternatives, and a thorough and complete
analysis of the support element requirements.
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Maintenance characteristics of the equipment
and components will be determined in terms
of their contribution to the overall maintenance
characteristics of the system operational re-
quircments at cach category of maintenance.
The factors to be considered shall include but
not be limited to mean time between failures,
mean time to repair, mean time for scheduled
maintenance, operational requirements, skills,
special equipment, maintenance facilities, and
mean downtime. Functional arca analysis will
be accomplished through the individual project
offices; i.e., the offices responsible for materiel
design, support planning for personnel and
training, and equipment publications.

g Conduct an analysis of reliability and
maintainability data and documentation. The
analysis will be conducted as part of the main-
tenance engincering analysis. This analysis will
be conducted as part of the overall reliability
and maintainability program planning in order
to review and assess the application of those
reliability and maintainability principles that
affect support. The analysis shall contain a
review and evaluation of design parameters,
maintenance characteristics, equipment com-
patibility factors, and design trade-offs to iden-
tify changes to the support profile which affect
the maintenance burden. As a result of the
reliability and maintainability analysis, as well
as actual experience data, maintenance allow-
ance factors will be derived. These factors will
be used to convert “pure time” estimates ap-
pearing in maintenance engineering analysis
data sheets to total maintenance time.

2-4.1.10 Maintenance Evaluation Plan

The Armyhontractor will implement the
revised plan and:

a. Provide maintenance documentation and
data support for maintenance evaluation.

b. Provide resources to support the main-
tenance evaluation such as personnel, facilities,
prototype models, support equipment, technical
documentation, preliminary draft equipment
publications, and repair parts.

c¢. Provide a maintenance task and skill
analysis and human and safety engineering
data for evaluation and verification.

d. Recommend appropriate contract
changes if any changes to materiel resulting
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from the maintenance evaluation are not cov-
ered by the scope of the existing contract.

e. Recommend disposition of test speci-
mens and materiel associated with the main-
tenance evaluation.

2-4.1.11 Transportation,Packaging, and Storage
Plan

The Army/contractor will implement the
revised plan and:

a. Determine and furnish for coordination
with the procuring activity the characteristics
of each special design package item. Examples
of characteristics to be listed are:

(1) Size, weight, and shape

(2) Material of construction and sur-
face finishes

(3) Susceptibility to damage, or dete-
rioration from shock, vibration, corrosion, or
contamination

(4) Practicable disassembly

(5) Value of equipment in terms of its
costs and importance to the program

(6) First destination and anticipated
subsequent movement or relocation

(7) Transportation models and associ-.

ated environments

(8) Duration of storage and associated
environments

(9) Economics and practicality of reus-
ing container

(10) Provisions for storage and easy ac-
cessibility of necessary forms and/or records.

b. Provide for the preparation of detailed
design drawings or specifications to be used as
production procurement data for each special
design container.

2-4.2 TRADE-OFFS AFFECTING MAINTENANCE

During development, maintenance engi-
neering analysis data are used to maintain com-
patibility between design and the total support
package, as well as between the support ele-
ments. The data also initiate trade-offs and
serve as trade-off inputs.

The data generated by the maintenance en-
gineering analysis process define the mainte-
nance actions that must be performed and the
support resources required to support the ac-
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tions. To insure that these data are not merely
accumulated and then ignored, a standardized
data system for recording, processing, storing,
and reporting analysis results is used. Proper
utilization of this system insures that support
requirements pertaining to resources such as
support equipment, repair parts, and personnel
are compatible with current materiel design and
with planned activities such as provisioning and
training. Compatibility is virtually assured, be-
cause all information flows from a common in-
tegrated data base.

A second and equally important contribu-
tion of the data system is that it sometimes
identifies support trade-off requirements and
always provides support trade-off inputs. The
identification of trade-off requirements occurs
when maintenance engineering analysis data
highlight a potential problem such as a pro-
hibitive requirement for some resource, or the
fact that required maintenance activities at
some level violate established maintenance pol-
icies. With regard to trade-off inputs, it is not
possible to conduct a support trade-off without
identifying in some quantitative manner (usu-
ally dollars) the support resources dictated by
cach alternative.

Prior to and during the initial part of the
development phase, trade-offs and resulting de-
sign and support decisions are based first on
conceptual and then on predicted data. As de-
sign progresses and hardware is fabricated and
tested, maintenance engineering analysis data
make ‘a transition from a predicted to an ob-
served status. This is a critical period for main-
tenance engineering. I any of the predicted
data are significantly wrong, the requirements
and plans for some or all of the support ecle-
ments will be in error. Immediate trade-offs are
required to determine whether it is more cost-
effective to stay with the design and modify
the support plans, modify the design to satisfy
the previously predicted data, or to modify both
the design and the support plans. The data that
have been systematically compiled to this point
are of great assistance in identifying trade-off
alternatives, and provide many of the required
trade-off inputs.

Thus a primary purpose of the trade-off
technique is identifying, reducing, and con-
trolling the need for extensive logistic support
resources.




2-5 PRODUCTION

The production phase overlaps both the
full-scale development and the deployment
phases (Fig. 2-1). It is initiated with an up-
dating of all support plans, and ends when all
materiel and support resources are deployed.
Actually, a limited production capability to
modify materiel normally is maintained
throughout the life cycle, but this capability
is not a production function in the sense of
this discussion.

At the start of the production phase, sup-
port plans are updated to reflect any changes
brought about by development phase activities.
Subsequently, the plans are implemented and
revised as necessary. One of the first activities
required by the updated plans is the conduct
of development and production tests with early
production materiel. The objectives of the de-
velopment tests are to verify that the materiel
meets specifications and that previously dis-
covered deficiencies have been corrected. The
objectives of the operational tests are to refine
or validate earlier estimates of operational ef-
fectiveness, determine the operational suit-
ability of production materiel, optimize orga-
nization and doctrine, validate training and sup-
port requirements, and identify any additional
actions to be taken before materiel deployment.
Test difficulties result in revised materiel and
support plans and in delayed production. Other-
wise, implementation of the previously updated
plans continues. This essentially involves the
delivery of hardware and software.

The support equipment and repair parts
provisioned during full-scale development (par.
2-4) are produced and delivered. If phased pro-
visioning was used, one or more provisioning
conferences will be convened after usage ex-
perience is available, and additional support
items will be manufactured and delivered.
Training equipment, aids, and devices are de-
livered, and new-equipment training courses are
conducted. Army training schools are activated,
and materiel operator and maintenance courses
are conducted. Organizational, field, depot, and
supply equipment publications are prepared and
printed. Operating and support materiel is de-
livered, along with appropriate logs and records,
and technical assistance is provided when spec-
ified in the approved plans.
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The production phase is characterized by
considerable maintenance documentation and
analysis activity. Existing prediction data are
updated and refined with actual usage data as
they become available. Generally, the data pro-
cedures do not change during this phase; how-
ever, reporting requirements may be revised to
provide new or additional feedback information
pertaining to equipment corrective actions and
operation and maintenance information. This
information is routed through the established
data documentation and analysis system.
Proposed plans are prepared for the eventual
transfer of the data bank to the Government
for use in comparing anticipated results with
actual results. During this phase, the contractor
coordinates between the functional arecas of
materiel design, support planning, and manu-
facturing through the documentation and
analysis system. Maintenance engineering
analysis data form the basis for final prepa-
ration of the contractor recommended support
plan. Planning efforts are directed by the con-
tractor's support manager in order to plan and
schedule an orderly transition of all functions
of materiel support management from the con-
tractor to the Government. The Government
will achieve this capability through gradual in-
tegration and implementation of the contractor
recommended support plan.

In addition to the foregoing, maintenance
engineering performs its normal function of
maintaining compatibility between design and
support. Proposed design changes are evaluated
for their support impact before approval. If ap-
proved, support plans and support resources are
appropriately modified, and modified resources
are delivered concurrently with installation of
the modification.

2-6 DEPLOYMENT

The deployment phase of the life cycle
starts when the first military unit is equipped
and ends when the materiel has been declared
obsolete and is removed from the Army in-
ventory. The deployment period is characterized
by supply, training, maintenance, overhaul, and
materiel readiness operations conducted by op-
crational and support units and depots. This
period is significant because it is here that the
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quality and completeness of previously accom-
plished maintenance engineering are demon-
strated. Performance is measured in terms of
both effectiveness and economy of operations
and support.

Maintenance engineering monitors the per-
formance of the support subsystem during this
period by acquiring and analyzing field data
and equipment improvement recommendations.
Modification requirements may result from
these activities. The impact of design changes
is reflected in revised support plans and support
resource quantities.

Changes in the basis of issue, new unit
activations, or any submissions of demand data
indicating reprovisioning or replenishment re-
quirements necessitate supply support studies
for revisions of requirements and subsequent
procurement activities. Rebuild or modification
programs that become active also necessitate
supply support activities.

Changes or revisions to equipment publica-
tions are developed to reflect new or different
component parts in materiel and to cover
changes in the selection of repair parts or in
the allocation of maintenance functions. Many
of the changes and revisions are the result of
materiel modifications. Such changes are re-
quired concurrently with the publication of
modification work orders.

Based on the depot maintenance support
plan, requirements are developed, programmed,
and scheduled to mission depots, to contractors,
or to both. Repair part support requirements
for the program are refined, and balanced work-
loads are established for depots. Production
schedules and costs are reviewed, and deter-
minations are made to insure that costs are
reasonable, production is adequate, and sched-
ules are attained.

2-6.1 DATA ANALYSIS

Maintenance engineering conducts system-
atic data analyses throughout the deployment
phase to evaluate support effectiveness. One
analysis method is the use of a sample data
collection program that is based on statistical
sampling techniques. Sample data are obtained
from specific units in designated geographical
arcas for a limited period of time. These data
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are representative of the total deployed force,
and may be used in support effectiveness
analyses and in forecasting future support re-
quirements (Ref. 3).

A typical use of data analysis is to refine
forecast depot overhaul requirements. The time
between overhauls for materiel is established
initially by using development and operational
test data. As usage data from operating units
become available, failure trends are identified.
These trends may result in a revision of
reliability predictions, which in turn necessi-
tates revisions to the time between overhauls
and float item requirements. As the time be-
tween overhauls is changed, depot maintenance
support must be increased or decreased accord-
ingly in order that sufficient end items and
component assemblies can be maintained at the
depot and in the supply pipelines. This action
continues throughout the operational life of the
equipment.

Maintenance engineering obtains data for
the sampling program, as well as for other
purposes, from The Army Maintenance Man-
agement System. This system establishes re-
quirecments for organizations to maintain the
following records for the reasons indicated
(Ref. 3).

a. Operational Records. These records pro-
vide the means of control of operators and
equipment, operational planning, and optimum
use of equipment.

b. Maintenance Records. These records are
established to control maintenance scheduling,
inspection procedures, and repair workloads.
They provide a uniform method for recording
corrective action taken by responsible mainte-
nance clements. These records are used in
determining the current status of equipment
readiness, reliability of equipment, utilization,
and logistical requirements. Certain records are
designed to permit analysis of causes of equip-
ment failures and mortality rates of compo-
nents.

¢. Equipment Historical Records. Equip-
ment logs are the historical records for indi-
vidual items of Army equipment. They are the
permanent record of information pertaining to
the receipt, operation, maintenance, modi-
fication, transfer, and disposal of equipment.




d. Ammunition Records. Ammunition
records and procedures are prescribed to im-
prove control and status reporting of munitions.

e. Calibration Records. Calibration records
and procedures are prescribed for the control
of this function for Army equipment.

2-6.2 MATERIEL MODIFICATIONS

The equipment improvement recommenda-
tion is the document by which users of Army
equipment report equipment faults in design
and manufacture or propose improvements in
materiel. It is used to initiate the action re-
quired to correct equipment failures, deficien-
cies, and shortcomings; to improve the perform-
ance of equipment; and to insure that use-
experience is incorporated into research, design,
development, and production efforts relative to
new equipment of a similar type. All recom-
mendations are investigated and evaluated by
maintenance engineering. Determinations are
made regarding requirements for changes to
produced materiel, materiel in the production
process, and to future procurements, as well
as to the adequacy of publications and training.
The support impact of possible modifications is
determined. Coordination with design elements
is mandatory so that reliability and main-
tainability parameters can be reevaluated
(Ref. 4).

Modification of equipment is authorized to
assure the safety of personnel, prevent serious
damage to equipment, increase to a significant
degree the combat effectiveness of equipment,
simplify or reduce required maintenance, make
equipment in use compatible with new equip-
ment, and climinate compromises relative to
communication security. Deciding whether or
not equipment should be modified entails a con-
sideration of the following conditions and func-
tional aspects (Ref. 5):

a. The age of the item

b. The remaining life expectancy of the
item, including a consideration of procurement
lead time as it applies to the modification Kkit.
The term “life expectancy”” as used in this dis-
cussion refers to the time remaining before an
item is scheduled to be phased out of the sys-
tem, is scheduled to be replaced by a new item,
or is anticipated to become unserviceable be-
cause of fair wear and tear.
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c. The type classification of the item

d. Cost-cffectiveness as it applies to the
seriousness of the deficiency and to a com-
parison of benefits derived from the modi-
fication as compared with the cost of the mod-
ification

e. Both the density and the mission essen-
tiality of the materiel.

If investigation reveals that no action is
required with regard to the equipment improve-
ment recommendation, its originator is so ad-
vised. If it is determined that a modification
is required, an engineering change proposal is
prepared that describes the full impact of the
proposed change. After approval of this docu-
ment, a modification work order is prepared.

The modification work order is an official
publication that provides authentic and uniform
instructions for altering and modifying Army
materiel. It is a directive, and its application
is mandatory. Work orders normally are
classified either URGENT or NORMAL. The
first classification is assigned when safety of
personnel or equipment is involved. All other
work orders receive the second classification.
The modification work orders are sent to the
proper field level with modification kits, and
the work is accomplished. Materiel in the pro-
duction process is modified online. Technical
publications are revised, as required, and ap-
plicable repair parts are modified if possible,
or are replenished by procurement. All activ-
ities are accomplished on a coordinated schedule
that insures that proper support resources are
available when using organizations become re-
sponsible for maintaining and operating the
modified materiel.

Summaries of actions taken to resolve
problems reported on equipment improvement
recommendations are published in the equip-
ment improvement report and maintenance
digest technical bulletin. This bulletin is
published quarterly to disseminate technical in-
formation concerning maintenance activities to
field units and higher commands. It contains
information on active and closed improvement
reports,  equipment publication changes, and
current and delinquent modification work
orders. The maintenance digest provides infor-
mation reflecting the trend of support main-
tenance problems experienced by using units,
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and lists actions taken to resolve them. It has
a one-time distribution and is not stocked as
an item of supply in publication or supply
points.

The PS Magazine, published by the Army
Materiel Command, is not directly associated
with modifications, but its contents sometimes
forecast modification requirements and deal
with support problems and solutions on an in-
formal basis. The magazine information is
drawn from the best available technical sources,
and is furnished for operator and organizational
maintenance use. The information comprises
recommendations only, until such time as it is
published as a formal directive or is authorized
by appropriate authority. Information per-
taining to any type of materiel in the Army
inventory may be contained in the magazine.

2-6.3 DEPOT OPERATIONS

Depot maintenance is the responsibility of
and 1s performed by designated maintenance ac-
tivities (including contractor facilities) to aug-
ment stocks of serviceable materiel by over-
hauling and rebuilding unserviceable assets that
require maintenance beyond the capabilities of
general support activities. This responsibility is
satisfied through a combination of more exten-
sive shop facilities, more specialized equipment,
and more highly skilled personnel than those
found at lower levels of maintenance. Depot
maintenance usually is accomplished in fixed
shops and facilities that are Government-owned
and -operated, Government-owned and
contractor-operated, or contractor-owned and
-operated (Ref. 6).

Depot maintenance support demands that
four essential elements be available within the
same time frame. These elements are as follows:

a. Unserviceable but repairable items
b. Parts required to accomplish the repair
c. Obligational authority

d. Repair capability, including documen-
tation, tools, test equipment, plant facilities,
and manpower allocations.

The process of bringing these essentials to-
gether requires considerable coordination
among individual commodity commands, agen-
cies, and overseca commands. This process af-
fects or is affected by other functions and pro-
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grams such as planning, programming, budg-
eting, funding, supply control, production con-
trol, and maintenance engineering. Maintenance
engineering decisions, for example, determine
the materiel to be repaired at the depot and
the depot repair capability.

Depot maintenance is accomplished with
the assistance of technical documentation des-
ignated as depot maintenance work require-
ments. These are prepared for each materiel
item designated for depot maintenance, and
provide specific instructions for accomplishing
the work, as well as additional information as
follows:

a. Production line flow

b. Test, measurement, and diagnostic
equipment

c. Jigs, tools, and fixtures

d. Tolerances and specifications

e. Repair parts

f. Maintenance of forms and records.

Depot pilot overhaul programs are con-
ducted for selected materiel. Item selection is
based on anticipated needs for future overhauls
of materiel for which there are no validated
procedures. After overhaul, statistically signifi-
cant numbers of items are subjected to tom-
prehensive tests by an agency exterior to the
depot. If the results of the test are satisfactory,
subsequent overhauls of the same materiel are
routinely accomplished by the depot, and only
normal depot test and checkout of the over-
hauled items are required. In addition to ac-
complishing the actual maintenance, the ob-
jectives of a pilot overhaul program are to
(Ref. 7):

a. Develop and validate depot maintenance
procedures and standards, including quality as-
surance aspects.

b. Develop typical depot shop layouts,
which will include inspection check points dur-
ing the overhaul process.

c. Determine and validate requirements
for capital equipment, jigs, fixtures, special
tools, inspection gages, and calibration equip-
ment necessary to support the reconditioning
program.




d. Insure that appropriate drawings and
specifications for tools and/or equipment re-
quiring depot fabrication or procurement are
developed on a timely basis.

e. Develop repair part consumption data
for follow-on overhaul programs.

J. Develop overhaul costs based on repair
parts, components, and assemblies required and
man-hours expended.

g. Provide depot maintenance personnel
with practical experience in performing equip-
ment overhaul.

h. Confirm the requirements for on-the-job
and formal school training of maintenance per-
sonnel.

i Provide sufficient maintenance ex-
perience and assemble a data package to permit
depot-type overhaul under commercial contract.

J. Evaluate the overhauled product on the
basis of preproduction or initial production test-
ing criteria.

Basically, depot maintenance requirements
are determined by considering serviceable
assets in the worldwide inventory, projecting
losses, and deciding how the deficiency will be
overcome; i.e., by overhaul or by new procure-
ment. Overhaul is used only to restore econom-
ically repairable unserviceables to a serviceable
condition. All other deficiencies are covered by
new procurcment.

To standardize all aspects of materiel man-
agement, including depot management, the
Army Materiel Command has instituted a com-
puter oriented data system that is designated
the national automatic data program for AMC
logistic management. The portion of this pro-
gram applicable to depot management is called
SPEEDEX, which is the acronym for System-
wide Project for Electronic Equipment at
Depots, Extended. The primary objectives of
the program are to use the data to improve
mission capabilities, attain improved efficiency,
and reduce costs (Ref. 5).

2-7 DISPOSAL

The disposal phase begins when end items
or systems have been declared obsolete and are
no longer suitable for use by U.S. Army units.
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The phase ends when the item is removed from
the inventory. Normally, the planning for
phasecout of materiel is initiated following the
approval of a development plan for materiel
that will supplant the materiel in use. The
phasein schedule for new materiel largely de-
termines the timing and composition of
phaseout planning documents, although factors
such as obsolescence, reliability, maintainabili-
ty, and cost to repair may result in an accel-
erated phaseout schedule.

Because of the distinct support implica-
tions of materiel phaseout, the preparation of
technical criteria for the phascout and disposal
plan is a maintenance engincering respon-
sibility, and the plan normally is administered
by a commodity command. The latter has re-
sponsibility for planning support for the
phasein of new materiel and for the orderly
phaseout of materiel being replaced. The
phaseout of equipment requires extensive co-
ordination. The activity responsible for prepa-
ration of the matericl phascout and disposal
plan must coordinate the phaseout schedule
with all interested activities to minimize ac-
cumulation of excess materiel requiring subse-
quent disposal action.

Materiel phascout affects all categories of
materiel support resources, and the scheduling
of phasecout requires examination of each cat-
egory as a separate entity. The following are
representative phascout actions applicable to
the support resources of materiel programs:

a. Adjust or curtail programming, budg-
cting, funding, and procurement for acquisition
of support resources.

b. lIdentify repair part stock numbers and
personnel skills to be affected by end item
phaseout.

c¢. Revise the maintenance concept and
standards within applicable categories of main-
tenance to conform to the phascout schedule
for the end item.

d. Reflect the phaseout schedule in appli-
cable supply control studies to permit proper
allocation of existing assets to other materiel
programs. Revise requisitioning objectives as
appropriate.

e. Establish special criteria for controlled
cannibalization and economic repairability as
may be necessary.
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S Adjust field and depot modification pro-
grams to satisfy known operational require-
ments.

g- Adjust training programs, qualitatively
and quantitatively, to meet only project needs.
This consideration includes maintenance and
supply skills for civilian and military personnel
at all levels of activity; it also includes technical
assistance activities.

h. Control additional printing and revision
of equipment publications.

1. Establish demilitarization procedures
and establish schedules for demilitarization, as
appropriate.

J. Advise all interested agencies of
phaseout schedule.

Materiel still in operational use during the
phaseout period is supported in accordance with
existing directives and publications. However,
some support plans may require modification
in order to permit an orderly and economic
phaseout without deterioration of the required
readiness condition; for example, can-
nibalization may be used in accordance with
type reclassification actions in the later part
of the phaseout program.

When materiel (support equipment and re-
pair parts) is scheduled for phaseout, revised
equipment distribution plans are sent to losing
commands for their determination of excess
assets. A survey is then conducted to determine
which other commands or agencies can use the
assets. Assets for which there is no further use
are type classified obsolete, and disposition in-
structions are sent to the losing commands. The
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instructions include shipping instructions for
assets having further application, and disposal
instructions for those declared obsolete.

Disposal of an item for which there is no
Army use may be by donation, sale, destruction,
or abandonment. Competitive, negotiated, or
retail sales are used, depending upon the quan-
tity and value of the obsolete assets. Special
support equipment that is lethal or has security
or Government recognized proprietary restric-
tions must be demilitarized prior to disposal.

A special case of disposal involves the
transfer of obsolete matericl to military assist-
ance programs countries. In such cases, it may
be necessary for the Army to maintain a sup-
port capability even though none of the prime
materiel remains in the Army inventory. For
example, the receiving country is likely to re-
quire training assistance for a limited time and
could require replenishment repair parts and
depot overhaul assistance for an extended pe-
riod of time.

The disposal of personnel and technical
publications is straightforward. As units are in-
activated, their operational and support person-
nel are trained, as required, and given new as-
signments. Frequently, many of these personnel
arc assigned to materiel units that are replacing
those being phased out. Publications are de-
stroyed if they have no further use. If they
can be used elsewhere, such as by an allied
power, they are redistributed. In either event,
historical copies are retained. All other support
resources except facilities can be phased out
with little difficulty. Facilities are treated much
like materiel, and are either diverted to new
uses or are sold.
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CHAPTER 3
MAINTENANCE ENGINEERING INFLUENCE ON DESIGN

This chapter discusses why, when, and how
maintenance engineering influences materiel de-
sign. Virtually all of the design considerations
that impact maintenance are addressed. Among
these are reliability, safety, durability,
redundancy, maintainability, and human fac-
tors. The advantages and disadvantages of vari-
ous design approaches are described, and advice
is given on sources of data with which to eval-
uate design.

3-1 INTRODUCTION

During the initial stage of a materiel ac-
quisition program, planners are faced with one
constant and two variables. The constant is op-
erational requirements. The variables are
materiel design concepts and support subsystem
concepts. Usually, there are several combina-
tions of design and support that will satisfy
operational requirements. A major maintenance
engineering function at this time is to influence
design so that the optimum design-support com-
bination results. This is the combination that
satisfies operational requirements at lowest life
cycle cost.

The problem is complex, but not impossi-
ble. Operational requirements, historical data,
and judgment normally permit the elimination
of all except a very few design-support
combinations, and these are then subjected to
quantitative comparisons. Historical data and
judgment are augmented-with assumed quan-
titative ranges for reliability and maintainabili-
ty, and gross cost trade-offs are performed to
determine the most economical design-support
combination. Where appropriate, human factor
and safety design requirements also are eval-
uated and established by the trade-offs.

The products of the trade-offs, which, of
course, are conducted in concert with the other
engineering disciplines, are baseline design and
support requirements at the end item level, and
a com panion support concept. Multiple reliabili-
ty values ranging between those desired and
those required may be stated. Maintainability
requirervents arc fundamental, specifying basic
requiremerits such as built-in test equipment,
modular packaging, and average times for cor-

rective and preventive maintenance. The sup-
port concept is also fundamental, and support
resource requirements are defined only grossly.

As the materiel program evolves, refined
design information enables refinement of sup-
port requirements and identification of more
specific design requirements. For example, an
initial requirement for modular packaging with
modules to be repaired at the depot might
evolve as a requirement for modules to be dis-
carded at failure. Also, maintenance enginecer-
ing assures that materiel design and the sup-
port concept are continuously in harmo-
ny— complementary rather than contradictory.

. Maintenance engineering can never relax
its vigilance with regard to design. It can never
be assumed that design is firm and optimum
because, with or without maintenance engineer-
ing requirements, design details will change
during all materiel program phases, including
production. Every change must be analyzed to
determine its impact on support, and to deter-
mine whether or not the change generates a
maintenance engineering requirement for addi-
tional design changes.

Fig. 3-1 is a simple model that graphically
portrays the foregoing discussion. The model is
independent of materiel program phases. It
shows that design and support alternatives first
are evaluated qualitatively, and that selected
combinations are quantitatively compared. The
model shows that, in general, operational re-
quirements, deployment quantities, and all de-
sign features contribute to the quantity of cor-
rective and preventive maintenance actions that
must be performed. The support concept and
materiel maintainability features determine the
resources required to accomplish the total main-
tenance workload. These, of course, are the
summation of the resources required at all
maintenance levels envisioned by the support
concept.

3-2 MAINTENANCE ENGINEERING
DESIGN PHILOSOPHIES

The first and most critical task of support
development is the establishment of materiel
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reliability and maintainability parameters as
design objectives. Maintenance engineering
participates with reliability and maintainability
engineers in the establishment of these objec-
tives. The responsibility of maintenance engi-
neering is to insure that the established
reliability and maintainability parameters will
result in the attainment of operational require-
ments at lowest life cycle cost. Depending upon
the nature of the materiel, maintenance engi-
neering also establishes requirements for design
features pertaining to safety, human factors,
and transportability.

The other engineering disciplines, except
maintainability, are primarily oriented toward
satisfying operational requirements, and look to
maintenance engineering and maintainability
for design guidance on characteristics that
enhance materiel support. Since maintenance
engineering is the only discipline functionally
aware of the full impact of design features on
support, it follows that it is in the best position
to identify design features that enhance sup-
port. Aggressive accomplishment of this role is
the keystone to an effective maintenance en-
gineering program.

Many design features that enhance
materiel support increase acquisition costs. This
is not a deterrent to establishing and justifying
the features as requirements, providing life cy-
cle cost savings can be demonstrated. In most
cases, savings can be demonstrated since it is
estimated that materiel life cycle maintenance
support costs are on the order of 3 to 20 times
the original procurement costs (Ref. 1).In other
words, the expenditure of an additional dollar
on design can net from $2.00 to $19.00 in life
cycle cost savings. In some cases, design
changes can result in an avoidance of require-
ments for nonexistent resources such as skilled
personnel, and a double payoff is realized.

An evaluation of the impact of a design
feature on support is somewhat complicated by
the interdependence of the support clement
resource requirements. Seldom will a feature
impact resources of a single element. Some-
times, several clements will incur reduced re-
quirements, sometimes there will be a mixture
of reduced and increased requirements, and
sometimes there will be several increased re-
quirements. This points up the need for thor-
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ough, systematic analyses before acceptance or
establishment of design requirements.

Before establishing design requirements,
maintenance engineering must evaluate design
alternatives and make selections. A few top-
level design requirements can be established
relatively quickly based on operational require-
ments, historical data, and judgment. For ex-
ample, if system requirements include a min-
imum acceptable availability, it is not difficult
to establish a range of minimum acceptable Val-
ues for mean time between failures and mean
time to repair. Eventually though, trade-offs
must be conducted between the two parameters,
and specific design features must be estab-
lished. It is difficult to move immediately to
this level of detail. The problem derives from
the identification of the features it is desired
to evaluate, as well as from the conduct of the
evaluation. The features to be considered are
so numerous that, even with memory aids, some
features offering significant potential payoffs
might be overlooked.

Many memory aids have been devised.
Some take the form of rather lengthy reliability
and maintainability checklists (Ref. 1), and
these are quite useful. Other aids emphasize
brevity by simply listing fundamental design
features such as reliability, diagnostics, me-
chanical and electrical packaging, and
accessibility. Such aids leave too much unsaid,
and should be used only by very experienced
personnel. Another approach, which will be de-
scribed in subsequent paragraphs, is to list de-
sirable materiel maintenance objectives, and
couple these with parameters that contribute
to the attainment of the objectives.

Materiel maintenance parameters derive
from materiel design. They may be expressed
qualitatively- or quantitatively. A qualitative ex-
pression, for example, is minimum maintenance
downtime. The actual maintenance parameter
is, of course, simply maintenance downtime, but
a modifier is normally required to express the
maintenance engineering requirement. The com-
panion, first-level, quantitative expression can
be one or more of the several that are normally
used. One of the most common of these is mean
time to repair. It is stated in terms of time,
25.5 min for example. Another is the ratio be-
tween maintenance hours and operating hours,
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which 1is stated as a fraction. Second-level,

quantitative requirements state specific design

features that will permit attainment of the
first-level requirements.

Maintainability engineering, with inputs
from maintenance engineering, is responsible
for establishing second-level, quantitative re-
quirements. The following sequence of events
comprises a systematic method for accom-
plishing this function:

a. ldentify desirable maintenance objec-
tives and the qualitative maintenance param-
cters that contribute to attainment of the ob-
jectives.

b. Use operational requirements, historical
data, and judgment to select parameters for
further study.

c¢. Quantify the selected parameters to the
lowest possible level and determine the impact
on support resource requircments.

d. Establish quantitative design require-
ments.

Perhaps the one advantage that this
method has over straight checklists is that it
starts with a relatively limited number of
quickly identified maintenance objectives, and
cases into the problem rather than concurrently
considering a host of maintenance parameters.

Table 3-1 lists the most important main-
tenance objectives and the most important qual-
itative parameters that contribute to attainment
of the objectives. The table is universally ap-
plicable to all materiel, but it must be used
with imagination, and a background of design
and maintenance knowledge applicable to the
materiel under consideration. For example, the
design details of maintenance-free tank assem-
blies are not likely to duplicate the details of
maintenance-free radar assemblies, and main-
tenance engineering must deal in details. In the
interest of brevity, the table does not repeat
characteristics. A maintenance-free design will
contribute to attainment of all of the main-
tenance objectives, but this design character-
istic is only listed once. All parameters that
make multiple contributions are similarly
treated.

It is apparent that o, of the {,p1. to

select quantitative parameters will lead to
many trade-offs. Consider, for example, the first
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maintenance parameter contributing to the sec-
ond maintenance objective, “rapid and positive
prediction or detection of malfunction or
degradation”. This can be accomplished with
built-in test equipment, automatic test equip-
ment, or manual test equipment to the end
item, intermediate assembly or piece part hard-
ware level. Nine trade-offs would result if each
of the three types of test equipment was eval-
uated for detecting failures at each of the three
hardware levels. Fortunately, early in a
materiel program, available data will not war-
rant more than evaluation of built-in test equip-
ment and manual test equipment used to an
end item or lower level. These four potential
trade-offs might be further reduced by the ap-
plication of operational requirements and his-
torical data. Thus, the problem is not insur-
mountable. Later in the program, when final
design details must be formulated, the
alternatives are more limited.

3-3 MAINTENANCE ENGINEERING
INFLUENCE ON RELIABLITY
CONCEPTS DURING DESIGN (Ref. 2)1

Reliability is the probability that materiel
will operate successfully for a specified period
of time and under specified conditions when
used in the manner and for the purpose in-
tended. Materiel less than 100 percent reliable
will experience failures that generate a require-
ment for corrective maintenance. Failures occur
because of inherent limitations of components,
the manner in which components are used in
materiel, and the manner in which they are
manufactured, operated, and maintained.

The paragraphs that follow analyze the
basic reliability definition, discuss types of
materiel failures, define inherent and oper-
ational reliability, and discuss the statistical ap-
proach to reliability.

a. Analysis of Reliability Definition. Since
reliability is a probability, it is a variable and
not an absolute value. If materiel is 90 percent
reliable, there is a 10 percent chance that it
will fail. Since failure is a chance, it may or

1 From Reliability for the Engineer by Richard B. Dillard,
1965by Martin Marietta Corporation and reproduced
with their permission.
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TABLE 3-1. MATERIELMAINTENANCE OBJECTIVES VS MAINTENANCE PARAMETERS

1. Minimize maintenance frequency by using:
Maintenance-free design
Standard and proven design and components
Simple, reliable, and durable design and components
Fail-safe features to reduce failure consequences

“Worst case” design techniques and tolerances that allow for use and wear

throughout item life.

2. Minimize maintenance downtime by designing for rapid and positive:
Prediction or detection of malfunction or degradation
Localization to the affected assembly, rack, or unit
Isolation to a replaceable or repairable module or part
Correction by replacement, adjustment, or repair
Verification of correction and serviceability
Identification of parts, test points, and connections
Calibration, adjustment, servicing, and testing.

3. Minimize maintenance costs by designing for minimum:
Hazards to personnel and equipment
Depot or factory maintenance
Consumption rates and costs of repair parts and materials
Erroneous indications of failure
Personnel skills and quantities.

4, Minimize maintenance complexity by designing for:
Compatibility between materiel and support equipment
Standardization of design, parts, and nomenclature
Interchangeability of like components, material, and repair parts
Minimum maintenance tools, accessories, and equipment
Adequate accessibility, work space, and work clearances.

5. Minimize maintenance personnel requirements by designing for:
Logical and sequential function and task allocations
Easy handling, mobility, transportability, and storability
Minimum numbers of personnel and maintenance specialities
Simple and valid maintenance procedures and instructions.

6. Minimize maintenance errors by designing to reduce:
Likelihood of undetected failure or degradation
Maintenance waste, oversight, misuse, or abuse
Dangerous, dirty, awkward, or tedious job clements
Ambiguity in labeling or coding.
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may not occur. To perform without failure
means that failures will not occur that will keep
the materiel from performing its intended mis-
sion. From this comes a more general definition
of reliability: that it is the probability of suc-
cess.

From the foregoing comes the fact that
a definition of what constitutes the success of
deployed materiel is necessary before a state-
ment of reliability is possible. One definition
of success for a missile flight might be that
the missile leaves the launching pad. Another
definition might be that the missile hits the
target. Either way, a probability of success or
reliability can be determined, but it will not
be the same for each success definition. The
importance of defining success cannot be over-
emphasized. Without it, determination of
whether or not a device has met its reliability
requirements is impossible.

The latter part of the definition indicates
that a definition of success must specify the
operating time, operating conditions, and in-
tended use, i.e.:

(1) Operating time is defined as the
time period in which the device is expected to
meet its reliability requirements. The time pe-
riod may be expressed in seconds, minutes,
hours, years, or any other unit of time.

(2) Operating conditions are defined as
the environment in which the device is expected
to operate, and specifies the electrical, mechan-
ical, and environmental levels of operation and
their durations. Preventive maintenance can
comprise a part of operating conditions.

(3) Intended use is defined as the
purpose of the device and the manner in which
it will be used. For example, a missile designed
to hit targets 1000 miles away should not be
considered unreliable if it fails to hit targets
1100 miles away. Similarly, a set of ground
checkout equipment designed to be 90 percent
reliable for a 1-hr tactical countdown should
not be considered unreliable if it fails during
10 consecutive countdowns of training exercises.

b. Product Failure Modes. In general, crit-
ical equipment failures may be classified as:

(1) Catastrophic part failures — Fail-
ures that occur randomly in time and result
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in the sudden inability of an item to perform
its function; e.g., a resistor opens or shorts.

(2) Tolerance failures — Failures that
result when item parameters deviate from spec-
ified values; e.g., the resistance of a resistor
drifts outside of specification limits.

(3) Wearout failures — Failures that
increase with operating time and result in the
gradual loss of the ability of an item to perform
its function; e.g., a piston ring wears to the
extent that required compression cannot be at-
tained.

Assuming that these failure modes are in-
dependent, the expression for reliability then
becomes

R = PcPt Pw
where
R = reliability

P, = probability that catastrophic part fail-
ures will not occur

(3-1)

P, = probability that tolerance failures will
not occur

P, = probability that wearout failures will
not occur

c. Inherent Product Reliability. To consid-
er the inherent reliability of materiel, think of
the expression P.P,P, as representing the
potential reliability of the item as described by
documentation. Or to put it another way, let
it represent the reliability that is inherent in
the paper design instead of the reliability of
the manufactured hardware. If the inherent
reliability of the design is denoted by R, , then

Ri = P(’Pwa (3'2)

An expression for B, is of interest, because
R, represents a potential reliability that can
never be increased except by a design change.
Actually, it cannot even be achieved, because
this would require perfect execution of all func-
tions required to translate a drawing-board de-
sign into operating hardware and of subsequent
operational and maintenance functions.

d. K-factors. K-factors have values be-
tween 0 and 1, and represent probabilities that




designated functions will be performed proper-
ly. The factors are used to calculate the
reliability of deployed materiel as follows:

RU = Ri (KquKrK/KH) (3'3)
where _

R, = operational reliability

E; = inherent reliability

K, = probability that quality test methods
and acceptance criteria will not
degrade inherent reliability. An exam-
ple of X, is the situation in which a
defective part is accepted and later ap-
pears as a field failure and is counted
against product reliability.

probability that manufacturing pro-
cesses, fabrication, and assembly tech-
niques will not degrade inherent
reliability. Examples of X,, would be
cold solder joints, poor lamination of
multilayer printed circuit boards, loose
fittings in plumbing installations, and
many others, which can appear as field
failures.

K. = probability that reliability activities
will not degrade inherent reliability.
An example of K. would be an in-
accurate test analysis that forces a de-
sign change that degrades rather than
improves the hardware performance.

K, = probability that logistic activities will
.ot degrade inherent reliability. An ex-
ample of K; would be an inaccurate
procedure in a repair manual, which,
if followed, would create more failures
than it fixes.

K, — probability that the user will not
degrade inherent reliability. An exam-
ple of K, would be an operator error
that causes a field failure because cor-
rect operating procedures are not fol-
lowed.

There are manﬁ other K-factors that could
be considered, but these are the main ones. Op-

crational reliability is degraded by each of these
factors that is less than 1, and becomes 0 if
any factor becomes 0.

AMCP 706-132

3-3.1 STATISTICAL APPROACH TO RELIABILITY

Reliability is defined as a probability.
Therefore. to effectively influence design
reliability, 'maintenance engineering must have
an understanding of the fundamentals of prob-
ability theory.

3-3.1.1 Probability Defined

Probability is often referred to as the prob-
ability of success. This can be defined as fol-
lows:

If an event can occur in A different ways,
all of which are considered equally likely, and
if a certain number B of these events is con-
sidered successful or favorable, then the ratio
B/A is called the probability of success.

Probability by this definition is also called
an a priori (beforechand) probability, because its
value is determined without experimentation. It
follows that reliability predictions of what the
probability of success of missile flights will be
before they occur are a prim' reliabilities. In
other words, a priort reliabilities are estimates
of what may happen, not observed facts.

After an experiment has been conducted,
an a posteriort probability or an observed
reliability can be defined as follows:

If fin) is the number of favorable or suc-
cessful events observed in a total number of
n trials or attempts, then the relative frequency
fin)/n is called the statistical probability, the
a posteriort probability, the empirical probabil-
ity, or the observed reliability.

Note that the number of favorable events
f(n) is a function of the total number 7 of trials
or attempts. Therefore, as the number of trials
or attempts changes, fin) may also change, and,
consequently, the statistical probability or ob-
served reliability may change.

3-3.1.2 Probability Theorems

Three probability theorems are presented.
In these theorems and examples, the probability
of success (reliability) is represented by R, and

the probability of failure (unreliability) by Q.

a. Theorem 1. If the probability of success
is R, then the probability of failure Q is equal
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to 1 — R. In other words, the probability that
all possible events will occur is

Q+R=1 (3-4)
Example: If the probability of a missile
flight success is 0.81, the probability of flight
failure is 1 — 0.81 = 0.19. Therefore, the prob-

ability that the flight will succeed or fail is
0.81 T 0.19 = 1.0.

b. Theorem 2. If R, is the probability that
a first event will occur, and R, is the prob-
ability that a second independent event will oc-
cur, then the probability that both events will
occur is

R = Rl R2 (3_5)

A similar statement can be made for more
than two independent cvents.

Example: If the probability of completing
one countdown without a failure R, is 0.9, the
probability of completing two countdowns
without failure is BjR, = 09 X 09 = 0381.
The probability that at lcast one of the two
countdowns will fail is 1 — BB, = 1 — 0.81
= 0.19 (from Theorem 1). At least one will fail
because the unreliability term @ includes all
possible failure modes, which in this case is
two: one or both countdowns fail.

c. Theorem 3. If the probability that one
cvent will occur is R, and the probability that
a second event will occur is Ry, and if not more
than one of the events can occur (i.e., the events
are mutually exclusive), the probability that
either the first or second event, not both, will
occur is

R=R, TR, (3-6)

A similar theorem can be stated for more
than two events.

Example: Consider the probability of com-
pleting two countdowns without a failure. Let
the probability of success for the first and sec-
ond countdowns be R, and R,, and the prob
abilities of failurc be @; and ;. To solve the
problem using Theorem 3, it is best to diagram
the possible events as shown in Fig. 3-2.

The mutually exclusive events are:
Q,, first countdown fails; R, @,, first

countdown succeeds and the second fails; and
R, R,, both countdowns succeed.

From Theorem 3, the probability that one
of the three events will occur is
Q, +R,Q, + R,R,.

But since these three cvents represent all
possible events that can occur, their sum equals
1 (from Theorem 1).Therefore,

Ql +R1Q2 +R1R2 = 1.

R, R;, the probability of completing both
countdowns without one failure, is the solution
to the proposed problem; therefore,

R R, =1-(RQ +Q)
IfR, = 09,Q =01R, =09, and
Q; = 0.1, then,
RR, = 1- [(0.9)0.1) T on
= 1-10.09 o011
= 1-0.19
= 0.81

which agrees with the answer in the example
in Theorem 2.

3-3.1.3 ExponentialDistribution

The term e~ is called the exponential dis-
tribution and is the simplest form of P,, the

FIRST SUCCEEDS R, SECOND SUCCEEDS R, R g,
COUNTDOWN COUNTDOWN
FAILS @, R a,
FAILS Q, o

Figure 3-2. Possible Events Diagram—Probability of Completing Two Countdowns Without a Failure
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probability that a catastrophic part failure will
not occur.

P, =M (3-7)

In this expression, A is a failure rate for
random catastrophic part failures that occur in
such a short period of time that they cannot
be prevented by preventive maintenance. Op-
erating time is designated by f. Random
catastrophic failures are failures that occur ran-

domly in time and from part to part.

For example, suppose a contractor uses one
million integrated circuits in a computer. Over
a period of time, he may observe an average
of one circuit failure every 100 operating hours.
Even though he knows this failure rate, he can-
not say which one of the million circuits will
fail. All he knows is that, on the average, one
will fail every 100 hr. In fact, if a failed circuit
is replaced with a new one, the new one,
theoretically, has the same probability of failure
as any other circuit in the computer. In ad-
dition, if he performs a failure analysis on each
of the failed circuits, he may find that every
failure is caused by the same mechanism, such
as poorly welded joints. Unless he takes some
appropriate corrective action, he will continue
to observe the same random failures even
though he knows the failure cause.

A catastrophic failure will be defined as
an electrical open or short, a mechanical or
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structural defect, or an extreme deviation from
an initial setting or tolerance. (A 5 percent tol-
erance resistor that deviated beyond its end-
of-life tolerance, to 20 percent for example,
would be considered to have failed
catastrophically .)

The latter portion of the failure rate def-
inition refers to the circumstance under which
a failure is revealed. If a potential operating
failure is corrected by a maintenance function,
such as scheduled preventive maintenance,
where an out-of-tolerance part could be re-
placed, then that replacement cannot be rep-
resented by A, since it did not cause an op-
erating or unscheduled failure. Here we see one
of the many variables that affects the operating
failure rate of a product: the maintenance phi-
losophy.

3-3.1.4 The "Bathtub’ Curve

In the exponential distribution, A was re-
ferred to as an average failure rate, indicating
that A may be a function of time, Aft). Fig.
3-3 shows three general curves representing A(?/
possibilities.

Curve A of Fig. 3-3 shows that as oper-
ating time increases, failure rate also increases.
This type of failure rate is found where wearout
or age is a dominant stress (for example, slip
clutches or automobile tires).

FAILURE RATE A (t) =i

TIME ——

Figure 3-3. Failure Rate Curves
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Curve B shows that as operating time in-
creases, the failure rate decreases. This type
of failure rate has been observed in some eclec-
tronic parts, especially semiconductors.

Curve C shows that as operating time in-
creases, the failure rate remains constant. This
type of failure rate has been observed on many
complex systems and subsystems. In a complex
system (i.e., a system with a large number of
parts), parts having decreasing failure rates re-
duce the effect of those having increasing fail-
ure rates. The net result is an observed constant
failure rate for the system. Because of this,
part failure rates are usually given as a con-
stant, although in reality they may not be.

In this discussion, only constant part fail-
ure rates will be considered because these rates
will be related to system operation.

If, for a typical system or complex sub-
system, the failure rate was plotted against op-
erating life, a curve as shown in Fig. 3-4 would
result. The curve is commonly referred to as
the “bathtub” curve. This curve is explained in
the following paragraphs.

a. Infant Mortality. The time ¢, represents
the time that the system is first put together..

The interval from ¢, to time ¢, rcpresents a
period during which assembly errors, defective
parts, and compatibility problems arec found and
corrected. As shown, the system failure rate
decreases during this debugging or burn-in
interval as these gross errors are eliminated.

b. Useful Operating Life. The interval
from time ¢, to f, represents the useful op-
erating life of the equipment and is charac-
terized by a constant failure rate. It is during
this period of time that the expression for
P, = e Mis valid. Therefore, when e~ is used,
it is assumed that the system has been properly
debugged. In practice, this assumption may not
be true, but an adequate picture of the expected
operating reliability can still be obtained by ac-
cepting the assumption.

¢. Wearout Period. The interval from ¢, to
t; represents the wearout period during which
age and deterioration cause the failure rate to
increase and render the system inoperative or
extremely inefficient and costly to maintain,

3-3.1.5 System ReliabilityModel

To find the reliability for a complete sys-
tem, begin by developing a model for the sys-
tem, writing the equation for the probability
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Figure 3-4. Failure Rate vs Operating Time life
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of success from the model, and then using the
failure rates and operating times of the system
clements to calculate the reliability of the sys-
tem.

Example: Consider the system model, with
series and redundant clements, shown in Fig.
3-5.

The equation can be written directly 3s

R, = R\R,R,[1 - Q,Q;Q,] (38)
where
R, = system reliability
R,R,R; = probability of success of the
series parts
1 -Q,Q;Q;]1 = probability of success of the
three parts in simple
redundancy.
If it is known that
R, = 099 = 00

R, = 0.999 = ¢~0001
Ry = 0.95 = ¢005!
= R;= Ry = 0.89
where
R, may represent e, inherent reliability

R, or observed product reliability, depending
upon the stage of product development, then
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= ¢-0.0k-0.0015-0051
X [1-(1-0.8901 -~ 0.89)(1-0.89)]
— 7006211 —(0.11)(0.11)(0.11)]
e~0.082 (1 — 0.0013311
¢~0.082((.99867)

= 0.94

which is the reliability of the system. However,
this does not mean that there will be no equip-
ment failures. The system will still succeed
even though one or two of the redundant paths
have failed.

3-3.1.6 What Maintenance EngineeringCan Do

The maintenance burden of fielded
materiel varies inversely to its operational
reliability. Maintenance engineering can favor-
ably influence this reliability—which is a func-
tion of inherent reliability and K-factors—by
several actions, some of the most important of
which are:

a. Maintain a working knowledge of the
theory of reliability and the manner in which
a reliability program is conducted for a materiel
program; i.e., specification requirements, initial
allocation, predictions, and iterative prediction
updates.

IF PART 1 PART2 AND PART3
DOESNOT DOESNOT DOESNOT

FAIL FAIL FAIL

AND

 —
I PART 4
I DOES NOT
-
FAIL -
| = |
ANDIF I PART § l THEN
DOES NOT SUCCESS
I FAIL 1

Figure 3-5. Model of System With Series and Redundant Elements
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b. Based on historical data, recommend
components and assemblies that have proved
to be reliable, and oppose those that have been
unreliable.

c. Know the facts and assumptions upon
which failure rate data arc based, and cvaluate
these rates and any K-factors that have been
applied by using historical data. Gain manage-
ment acceptance of realistic K-factors.

d. Using realistic failure rates, conduct
trade-offs between improved materiel reliability
and decreased maintenance costs.

e. Carefully control maintenance engineer-
ing analysis and other activities that impact
the K-factors pertaining to logistic and user
activities.

3-4 MAINTENANCE ENGINEERING
INFLUENCE ON LIFE CYCLE
LOGISTICS

In its broadest sense, logistics comprises
“those aspects of military operations which deal
with: (a) design and development, acquisition,
storage, movement, distribution, maintenance,
evacuation and disposal of materiel; (b) move-
ment, evacuation, and hospitalization of person-
nel; (¢) acquisition or construction, mainte-
nance, operation, and disposition of facilities;
and (d) acquisition or furnishing of services™
(Ref. 3). Maintenance engineering significantly
influences the manner in which the majority
of these functions is performed by participating
in some and by establishing requirements that
define the scope of others.

Table 3-2 shows how maintenance engi-
neering activities interface with the logistic
functions. It may be seen that as maintenance
engineering ‘establishes design and support
resource requirements for materiel, it is con-
currently establishing requirements that must
be satisfied by a military logistic system, either
the one in being, or a modified version. New
materiel with logistic requirements compatible
with the current logistic system can be phased
economically and efficiently into the inventory.
The converse is true for new materiel with in-
compatible logistic requirements. Such require-
ments should be avoided unless overwhelming
operational or economical advantages can be
demonstrated.
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3-4.1 COST TRADE-OFFS

A trade-off is a comparison of competing
system characteristics and factors to determine
the optimum overall combination. Simply
stated, it is a comparison of two or more ways
for arriving at a goal for the purpose of making
a decision. Trade-offs of varying complexity are
conducted throughout the life cycle of materiel.
The primary purpose of a maintenance engi-
neering cost trade-off is to select the materiel
design and support concepts that satisfy oper-
ational requirements at lowest life cycle cost.

The life cycle costs associated with
alternative concepts are composed of three ma-
jor cost categories: research and development,
acquisition, and operation and support. The first
two cost categories occur only once in a
materiel life cycle, but the third recurs annually
for as many years as the materiel is in the
operational inventory. Operating and mainte-
nance costs normally have a dramatic effect
on design decisions due to their recurring
nature, and maintenance engineering uses its
knowledge of. these costs to guide design

properly.

A simplified example will be used to dem-
onstrate the foregoing. Assume that a
helicopter-launched antitank missile is being de-
veloped to be deployed in five separate loca-
tions. Operational requirements dictate that
missile maintenance be performed by a direct
support unit at each location, and at a depot,
cach of which has general-purpose test equip-
ment that can be adapted for missile mainte-
nance. Studies have demonstrated that the only
other test equipment which feasibly can satisfy
operational as well as depot requirements is an
automatic, special-purpose test set. Missile costs
are not affected by test set selection. The prob-
lem is to determine which test set is most cost-
effective.

The alternatives having been established,
the next step is to accrue costs. To make the
point of this example, the adapters required for
the general-purpose test set are assumed to be
unusually expensive, and are estimated to cost
$300,000 to develop and $30,000 cach to procure.
Special-purpose test equipment only costs half
as much in each case. Suppose also that initial
repair parts cost $20,000 for the adapters and
$10,000 for the special-purpose test sets.
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TABLE 3-2. MAINTENANCE ENGINEERING/LIFE CYCLE LOGISTIC INTERFACES

Logistic Function

Maintenance Engineering Interface

Materiel:

Design and development
Acquisition
Storage

Movement
Distribution

Maintenance

Evacuation
Disposal

Personnel:

Movement

Evacuation
Hospitalization

Facilities:

Acquisition or construction
Maintenance
Operation

Disposition

Services:

Acquisition or furnishing

Influence design.
Provide basic provisioning data.

Establish packaging, handling, and facility re-
quirements.

Establish transportation requirements.

Establish use locations for support equipment and
repair parts.

Establish all requirements that impact the per-
formance of maintenance.

Establish requirements relevant to maintenance.
Establish technical criteria.

Establish training and maintenance locations to
which personnel are moved.

None.
None.

Establish maintenance and storage facility re-
quirements.

Establish maintenance requirements for real prop-
erty installed equipment.

Establish policies for operating maintenance and
storage facilities.

Identify underused maintenance and storage fa-
cilities.

Establish requirements for supply and mainte-
nance technical assistance and for contract main-
tenance.

Assume that there are no other significant dif-
ferences between development and acquisition
costs for the two items.

Turning now to operating and support
costs, and assuming 10 years of operation, re-
pair part replenishment costs for the adapters
total $10,000, and for the special-purpose test
set, $5,000. The only other significant operating
cost difference derives from personnel require-
ments. Personnel assigned to the direct support
units can use the general-purpose test sets and
adapters, and accomplish the missile work load
with no personnel augmentation. Assignment of

the special-purpose test sets to the units will
necessitate the addition of one E-5 to each loca-
tion. No additional personnel will be required
at the depot, regardless of the test set used.
Annual personnel costs are $14,300 per individ-
val, a figure that includes basic pay and per-
sonnel support costs (Ref. 4).

Trade-off results are shown in Table 3-3.
Clearly, the general-purpose test equipment is
the best choice, and the choice is forced by
the seemingly insignificant addition of one in-
dividual to five maintenance locations. Person-
nel will generally be found to be the most costly
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TABLE 3-3. COST TRADE-OFF OF GENERAL-PURPOSE TEST EQUIPMENT VS
SPECIAL-PURPOSETEST EQUIPMENT FOR HYPOTHETICAL MISSILE

General-purpose Test
Equipment (Adapters)

Cost Source

Special-purpose
Test Equipment

Development

Procurement
Basic items
Repair parts
Operation and support
(10 years)
Repair parts
Personnel

$300,000 $150,000
180,000 90,000
20,000 10,000
10,000 5,000
715,000
$510,000 $970,000

of all of the support resources. Since skilled
personnel also are limited in quantity, it is of
particular importance to influence design to
minimize qualitative and quantitative personnel
requirements.

3-4.2 TOOLINGREQUIREMENTS

The typical materiel program generates re-
quirements for numerous varieties and sizes of
standard tools, and for a lesser number of spe-
cial tools. The latter comprises tools that are
designed and produced to satisfy materiel main-
tenance requirements that cannot be satisfied
by tools that are in the military or commercial
inventory. In its broadest sense, the word
“tools” implies both hand tools and shop tools.
This discussion will be limited to hand tools,
but some of the principles stated apply to all
tooling.

The varieties and sizes of hand tools re-
quired depend upon materiel design. For exam-
ple, each type of fastener, other than manually
operated fasteners, generates a requirement for
a tool type. The number of required tool sizes
within this type depends in turn upon the
number of size variations within the fastener
type. Torquing requirements for various size
fasteners generate another range of tool re-
quirements, as do torquing values that do not
lie within the range of a single tool. Limited
accessibility usually generates requirements for
an additional range of tool varicties and sizes.
The cumulative effects of these and other
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materiel design features are organizational
maintenance personnel with bulging tool kits
and field maintenance personnel with bulging
shop vans.

A reduction in tool requirements for a
materiel program will result in cost savings and
increased maintenance efficiency. The cost sav-
ings are self-evident since each tool costs some-
thing; reduce the number and thereby reduce
the cost. The costs involved in a special tool
are more than are generally realized. Here, one
encounters design, development, and documen-
tation costs, test costs, procurement costs, and
a recurring supply management cost. The latter
cost accrues when a new line item is introduced
into and maintained in the supply system.
Assuming a 10-year life cycle, this cost alone
will approximate $9,000. Add this to the pre-
viously mentioned costs and a seemingly in-
expensive special tool takes on significant life
cycle costs.

The impact of tool quantities on mainte-
nance efficiency also is not generally realized.
A simple example will demonstrate this. A
maintenance technician will normally select the
proper tools to initiate a maintenance task,
which frequently is access to a suspected arca
of trouble. If subsequent troubleshooting leads
to a requirement for additional access, and the
tools in hand are not the proper ones, he should
go back to the tool kit. However, he is more
likely to make do with what he has immediately




available. This can result in maintenance dam-
age. On the other hand, even if he does return
to a tool kit containing a variety of sizes of
the same type tool, he may still select the
wrong one, and damage can still result.

Maintenance engineering can control tool
requirements by influencing design. At the
start of a materiel program, establish gener-
alized requirements for a minimum number of
standard fasteners, adequate accessibility, and
a minimum number of special tools. As design
progresses, monitor attainment of these goals
through maintenance analyses. Challenge, in
particular, special tool requirements. Determine
how similar maintenance was performed on oth-
er materiel, and the designs that permitted the
use of standard tools. Survey standard and com-
mercial tools. Accept special tools only as a
last resort.

A true incident will demonstrate the im-
portance of verifying that a special tool is
actually required. On a particular system, there
was an organizational maintenance requirement
to replace large gaskets. The nature of the task
required that the adhesive be spread with a
gun similar to a caulking gun. Design engi-
neering initiated the design of a special tool,
and tested a preliminary concept, which per-
formed marginally. Meanwhile, maintenance en-
gineering made a survey of existing standard
and commercial equipment, and found a com-
mercial gun costing about $5.00, which, when
procured, performed perfectly. Design effort
was stopped, with a resulting life cycle savings
of at least $10,000. Compared to materiel life
cycle costs, this savings is insignificant. How-
ever, multipled by 25 incidents, it amounts to
a quarter of a million dollars, and there are
certainly more than this number of op-
portunities in the average materiel program to
realize similar savings.

3-4.3 ENVIRONMENTALCOMPATIBILITY (Ref. 1)

The global mission of the Army dictates
that its materiel be capable of surviving, op-
crating, and being maintained in a variety of
natural and induced environments. A natural
environment is comprised of the climate, at-
mosphere, and terrain in a geographical loca-
tion. An induced environment is a combination
of the effects of personnel and materiel func-
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tions, such as the shock and vibration resulting
from transportation and handling, or tem-
peratures resulting from equipment operation.
Regardless of materiel design, maintenance re-
quirements will be greater in extreme environ-
ments than in normal environments. However,
this differential can be reduced by proper de-
sign, and a maintenance engineering function
is to insure that this design is achieved. The
following discussion will identify the most
significant environmental parameters and brief-
ly describe the failures they cause, and proper
maintenance engineering actions with regard to
design. See Refs. 14-18 for a detailed discussion
of environmental factors.

3-4.3.1 Natural Environments

Operation and maintenance problems in
extremely cold climates are caused mainly by
drifting snow and low temperatures. Tracked
vehicles must be used for travel off the road.
Drifting snow can enter a piece of equipment
and either impede its operation, or melt and
then refrecze inside as solid ice. Then, when
the unit generates heat, the melted snow will
cause short circuits, form rust, or rot organic
materials.

The subzero temperatures may produce the
following effects: volatility of fuels is reduced;
waxes and protective compounds stiffen and
crack; rubber, rubber compounds, plastics, and
even metals in general lose their flexibility, be-
come hard and brittle, and are less resistant
to shock. At a temperature of —30°F, batteries
are reduced in current capacity by 90 percent
and will not take an adequate charge until
warmed to 35°F. The variations in the
capacitance, inductance, and resistance of elec-
trical components and parts can become so
great as to require readjustment of critical cir-
cuits.

The high day temperatures of the desert,
solar radiation, and dust and sand, combined
with sudden violent winds and large daily tem-
perature fluctuations, may create many of the
following maintenance problems: heat can lead
to difficulties with electronic and electrical
cquipment, especially if these have been de-
signed for moderate climates; materials such
as waxes soften, lose strength, and melt; ma-
terial may lose mechanical or electrical prop-
erties because of prolonged exposure; fluids may

3-15



AMCP 706-132

lose viscosity; and joints that would be adequate
under most other conditions may leak. Heat
also can cause the progressive deterioration of
many types of seals in transformers and ca-
pacitors. Capacitors of some types develop large
and permanent changes in capacity when ex-
posed to temperatures above 120°F. Finally,
tires wear out rapidly; paint, varnish, and lac-
quer crack and blister; objects exposed to solar
radiation become so hot that they cannot be
handled without protection for the hands; and
equipment is apt to be damaged by sand and
dust.

The tropical environment comprised of
high temperature and excessive humidity leads
all other environments in its destructive effect
on materiel. This environment encourages and
accelerates the growth of fungi and bacteria,
and the corrosion process. The physical strength
and electrical properties of materials are af-
fected adversely, and the actual functional per-
formance of materiel is impaired.

Salt air and salt water comprise another
natural environment to which materiel may be
exposed. This environment generates problems
similar to the tropical environment, less the
fungous problem. The principal effect is severe
corrosion. Typical failures are loss of mechan-
ical strength, alteration of eclectrical properties,
and interference with functional performance.

3-4.3.2 Induced Environments

Extreme induced environments that may

affect materiel derive from transportation, han--

dling, storage, and the operational environment,
which may include combat. Transportation and
handling cause materiel to be subjected to shock
and vibration. Normally, the effects of excessive
shock are obvious visually in all assemblies ex-
cept those that consist of or incorporate ord-
nance devices, or when materials have been
stressed beyond yield points, but are not broken.
Typical effects are broken wires and solder
joints, dislocated components, bent or broken
brackets and supports, cracked materials, and
physically deformed components. Typical effects
on ordnance items are deformation, separation,
and cracking of the propellant grain or charge.
Excessive vibration can result in similar dam-
age, and in addition can cause material fatigue.
Items in storage, particularly in unprotected
storage, are subject to failure modes identical
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to those described for natural environments,
and also may fail due to aging.

The use of materiel in combat can result
in its exposure to all of the foregoing environ-
ments, and to hostile action. Previously de-
scribed effects will be aggravated, because
maintenance, particularly preventive mainte-
nance, is apt to be neglected. Combat also can
generate some unique problems since chemical
agents and nuclear radiation may be encoun-
tered. Chemical acrosols in sufficient concen-
trations could cause corrosion, and extreme nu-
clear radiation could render electronic materiel
inoperative and make mechanical materiel ra-
dioactive. In general, materiel will survive in
any chemical or radioactive environment in
which personnel can survive. In such circum-
stances, materiel decontamination and person-
nel protection must be considered in addition
to normal maintenance.

Electronic components, because of their
physical structure and the manner in which
they are assembled, will fail structurally more
quickly than mechanical components when ex-
posed to equally severe transportation and han-
dling environments. Electronic components also
are sensitive to natural environments. Failures
in typical components that may result when
they are exposed to several environmental pa-
rameters are shown in Table 3-4.

3-4.3.3 Maintenance'Engineering Actions

Design engineering, which has the final re-
sponsibility for materiel design, is knowl-
edgeable of extreme environments more from
an academic and test laboratory point of view
than from field experience. On the other hand,
maintenance engineering should have first-hand
experience with field environments, the main-
tenance problems that are generated, and with
concepts and designs that have worked and
those that have not. The most important steps
that maintenance engineering can take to in-
fluence design properly are first to insure that
proper concepts are selected (full tracks, half
tracks, or wheels, for example), and then to
impart.all relevant field experience and recom-
mendations to design engineering before design
is initiated.
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TABLE 3-4. EFFECTS (P ENVIRONMENTAL PARAMETERS ONELECTRONIC COMPONENTS

Components \ ibration Shock Temperature Humidity Sail dpras Starage
Capacitors
Ceramic Increased lead breakage; Lead breakage; piezoelectric Changes in dielectric con- ——— Corosion; shorts Decreased capacitance;
piezoelectric effect; body and effect; body and seal break- stant and capacitance; silver-ion migration
seal breakage age lowered insulation resistance
with high temperature
Tantalum Opens; shorts; current Opens: lead breakage Electrolyte leakage: change Decreased insulation resist-  Corrosion Electrolyte leakage. de-
surges; lead breakage in capacitance; insulation re- ance; increased dielectric creased insulation resistance;
sistance; series resistance breakdown; increase in increase in shorts
shorts
Crystals Opens Opens Drift; microphonics Drift _—" Drift
Resistors Lead breakage; cracking Cracking; opens Change in resistance; opens; Change in resistance; shorts; Change in resistance; lead Change in resistance
shorts opens corrosion
Semiconductors:
Diodes Opens opens Change in voltage break- Increased current leakage Corrosion of lead and case Increased current leakage
down; increased current
leakage; increase in opens
and shorts
Integrated circuits and Shorts; intermittents Shorts; opens Opens Opens; performance degrada- Corrosion; opens Shorts; opens. performance

hybrid devices
Transistors

Opens; functional dis-
integration

Opens; seal breakage

Increased leakage current;
changes in gain; increases in
opens and shorts

tion

Increased leakage current;
decreased current gain. If
sealed, no effect

Increased leakage current;
decreased current gain. If
sealed, no effect

degradation

Seal leakage; changes in pa-
rameters

Thermistors

Lead breakage; case crack-
ing; open circuit

Lead breakage; case crack-
ing; open circuit

Increased shorts and opens

Change in resistance

Lead corrosion; change in re-
sistance

Change in resistance

Tubes. electron

Opens; shorts; microphonics;
loosening of elements;
changes in Characteristics

Opens; shorts; changes in
characteristics

Shorts; temporary change in
characteristics; formation of
leakage paths; increased con-
tact potential; shortening of
heater life; gassiness; bulb
puncture

Change in characteristics;
leakage path; arcing

Shorts; corrosion; leakage
path; arcing

Change in characteristics;
leaks; gassiness

TE L9QC dOWYV
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As design progresses, maintenance engi-
neering reviews specifications, drawings, hard-
ware, and test data to insure that environmen-
tal factors are receiving proper consideration.
If the materiel is to be deployed worldwide, the
ability of the materiel to withstand the full
gamut of natural and induced environments is
evaluated. Proper materials, finishes, shock
mounting, and containers can climinate or re-
duce potential corrosion, shock, vibration,
fungous, temperature, and humidity problems.
Proper mechanical design will assist with ice,
snow, and sand problems. Equally important,
the ability of personnel to use the proposed sup-
port equipment and to perform effective main-
tenance is evaluated. Shelters are a prime re-
quirement in extreme environments, and sup-
port materiel also must be environmentally rug-
ged.

3-4.4 LIFE CYCLE MAINTENANCE

Design is a source of maintenance require-
ments, and maintenance requirements are the
source of support requirements and costs. De-
sign is also a source of materiel acquisition
costs. The maintenance engineering respon-
sibility to establish design requirements that
will result in lowest materiel life cycle costs
(acquisition plus life cycle support) is accom-
plished by trading off design alternatives that
climinate or reduce maintenance requirements
and establishing the indicated design require-
ments. The trade-offs are conducted throughout
the materiel life cycle, but are most prevalent
during the conceptual, validation, and early
full-scale development phases.

There are various design approaches that
will result in elimination or reduction of main-
tenance requirements. These cover a broad
spectrum, ranging from the extreme of no
maintenance through designs that require vary-
ing degrees of maintenance. No maintenance is
a quantitative term, which means that no main-
tenance will ever be performed at any main-
tenance level throughout the materiel life cycle.
Reduced maintenance is a qualitative term that
is meaningful only when a comparison is made
between two design approaches. If one acknowl-
edges the fact that even the simple act of
replacing a flashlight battery is maintenance,
it is unreasonable to anticipate the complete
climination of any appreciable portion of the
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maintenance requirements for complex
materiel. On the other hand, there are many
ways to reduce these requirements.

A design feature that incorporates no
maintenance always has a favorable impact on
support requirements and, if it does not in-
crease acquisition costs when compared to any
other design approach, is an instant winner. If
the feature does increase acquisition costs, a
decision must be preceded by calculations of
support costs for alternate approaches that do
require maintenance. If both acquisition and
support costs, or the differences between them,
are relatively insignificant, the no-maintenance
approach should be selected even if it appears
to cost more. Life cycle costing is not an exact
science, whereas the positive effects of no main-
tenance are self-evident. If there is any rea-
sonable chance that a no-maintenance design
will evolve into one that requires maintenance,
it should be avoided. The support impact of hav-
ing to perform unplanned maintenance on
deployed materiel is self-evident.

Three basic ways to reduce maintenance
are to extend the time between maintenance
actions, reduce the time to perform mainte-
nance actions, and discard rather than repair
failed subassemblies or assemblies. The time be-
tween maintenance periods can be extended by
increasing reliability in the case of materiel
subject to random failures, or by selecting im-
proved components in the case of items subject
to wearout. An example of the former is an
electronic component, and of the latter, a sealed
bearing that will require servicing or replace-
ment one or more times during the life of the
materiel. Normally, an increase in reliability
will adversely and sometimes significantly im-
pact acquisition costs, and will favorably impact
all support resource requirements, except in
some cases, a reduced number of highly reliable
repair parts may cost more than a greater
number of less reliable parts, The extension of
time between servicing or replacement of items
is of particular importance when large quan-
tities of materiel are deployed.

Once operational availability requirements
have been satisfied, there is little opportunity
to reduce support costs at the organizational
level by reducing the time required to perform




corrective maintenance. In this case, all nec-
essary support resources are in place to correct
random failures, and large differences between
average maintenance times such as 1 hour
versus 2 hours normally will not permit a re-
duction in organizational support assets. The
opposite is true for scheduled organizational
maintenance and all maintenance performed by
higher maintenance levels. All of this mainte-
nance is scheduled, and an appreciable reduc-
tion in maintenance times normally will permit
a reduction in all support resources except re-
pair parts.

Possibly the most common way to reduce
maintenance requirements for electronic
materiel is to replace and discard failed mod-
ules. The support advantages of such an ap-
proach are numerous. The only requirements
at the organizational level are personnel, min-
imum publications, simple tools, a fault isola-
tion system, and repair parts. At higher levels,
nothing is required except repair parts, supply
management, transportation, and support for
the organizational support equipment. Normal-
ly, materiel acquisition costs and repair parts
costs for this approach will increase, and the
costs for all other support resources will de-
crease.

Sometimes it is feasible to delay discard-
at-failure versus maintenance decisions until
some ficld failure data are available. Such an
approach is recommended as a last resort, since
a discard-at-failure decision early in the devel-
opment phase is necessary to permit acceptance
of favorable materiel design features that nor-
mally cannot be incorporated otherwise. How-
ever, if a discard-at-failure decision cannot be
made during ecarly development, the deferred
decision approach should be cousidered when:

a. Materiel mission effectiveness will not
be adversely affected.

b. There is a high probability that usage
data will support a discard-at-failure concept.

¢. The cost avoidance potential is signifi-
cant.

As an example of when a deferred decision
is feasible, consider a high-density, helicopter-
launched missile that either must be discarded
at failure or repaired at a depot. Regardless
of the maintenance concept, the missile will be
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subjected to a go/no-go test before being loaded
on a helicopter. The predicted reliability for the
missile is quite high, and studies show that,
during the planned life cycle of the missile, it
is significantly more economical to discard the
few failed missiles anticipated than to establish
a depot repair capability through the procure-
ment of tools, test equipment, repair parts,
technical documentation, etc. On the other
hand, if the predicted reliability is not attained,
cost-effectiveness considerations dictate depot
maintenance. In such a situation, a decision can
be deferred by deploying the missile for a period
of time (a year or more depending upon the
length of the production program) and storing
all units that fail. At the end of this time,
if the predicted reliability is achieved, a firm
discard-at-failure policy is established and the
stored, failed missiles are salvaged. If the high
reliability is not achieved, a depot maintenance
capability is planned and implemented. Interim
factory maintenance is provided, if necessary.

It is possible safely to defer a maintenance
decision in the assumed example because the
program involves a large number of missiles
with an expected high degree of reliability.
Even if the predicted reliability is not attained,
it is reasonable to believe that the reliability
realized will not fall so far short of the pre-
dicted reliability that operational requirements
cannot be met with the large stockpile of mis-
siles that exists. This approach cannot be used
safely with a low-density system. In such a
case, there is no stockpile of items from which
to draw while usage data are being acquired.
A significant number of unrepaired failures will
place the system in a nonoperationally ready
status, and it will remain in this status until
a maintenance and supply capability is estab-
lished.

3-4.5 PERSONNEL TRAINING REQUIREMENTS

Deployed materiel normally generates re-
quirements for personnel to operate and main-
tain it. Operators, by definition, exist only at
the organizational level. Depending upon the
maintenance concept, maintenance personnel
may exist at any of the maintenance levels.
The required skill levels for operators and main-
tenance personnel depend upon the complexity
of the functions they must perform. Functional
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complexity depends upon materiel design. Main-
tenance engineering evaluates design for its im-
pact on skill level requirements, and requests
appropriate changes.

Many benefits accrue when qualitative per-
sonnel requirements are reduced. Personnel are
in short supply, and the number capable of be-
ing trained for high skill tasks comprises only
a small percentage of the total. This means that
it is not feasible to deploy materiel that re-
quires undue quantities of highly skilled per-
sonnel. Training requires the diversion of poten-
tial operators and maintenance personnel to the
instructor role, takes time, consumes resources,
and the higher the required skill level, the more
comprehensive the training must be. Finally,
during the materiel life cycle, personnel costs
comprise the largest single element of operating
and maintenance costs, and the higher the skill
level, the greater the costs will be.

Required skill levels are directly propor-
tional to the complexity of personnel functions
that must be performed, and are frequently in-
versely proportional to materiel complexity.
Consider operators for an antiballistic missile
weapon system and a tactical missile weapon
system. Once a decision is made to initiate an
antiballistic missile mission, subsequent re-
quired operator functions are beyond human
capabilities. Consequently, most operator tasks
are eliminated by the use of a computer and
automatic circuit switching. If some malfunc-
tion does occur, about the only thing an op-
erator can do is to observe an indicator light
and initiate a new automatic sequence of
events.

Contrast the foregoing with the role of the
tactical missile system operator. Here, the op-
crator participates in calculating firing data,
observing countdown progress, and, in the event
of difficulties, applying judgment and ex-
perience to the solution of problems. This op-
crator can affect the success of a mission to
the degree that he can cause an unsuccessful
mission when all materiel is operating perfectly.
This example cannot be concluded with the
statement that the antiballistic missile system
operator is of a lower skill level or requires
less training than the other operator, because
responsibility enters the picture. However, it
does demonstrate the fact that complex materiel
need not result in complex operator tasks.
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Opecrator tasks are climinated when dic-
tated by mission requirements, or when a life
cycle cost savings can be demonstrated by re-
quiring materiel automatically to accomplish
functions that can be performed by personnel.
The complexity of the remaining tasks is re-
duced by applying good human factors prin-
ciples. Maintenance engineering should work
closely with training and human factors per-
sonnel to insure that an optimum balance exists
between materiel and personnel functional re-
quirements, and that those functions assigned
to personnel are not unduly complex.

Maintenance tasks are eliminated at some
maintenance levels for the same reasons and
in the same way as operator tasks. However,
unlike operator tasks, maintenance tasks
climinated at the organizational level frequently
remain to be accomplished elsewhere. Electron-
ic end items such as communication sets,
radars, computers, missiles, and gun laying
cquipment are a part of many types of Army
materiel. These items are becoming so complex
that manual troubleshooting is not feasible.
Consequently, some type of automatic fault
isolation to an assembly or subassembly is ac-
complished, and the defective item is removed
and replaced. Note, however, that unless the
removed item is discarded, the fault isolation
functions eliminated at the organizational level
must be performed at some other maintenance
level. Note also that even with a highly reliable
and completely automatic fault isolation capa-
bility and a policy to discard all failed items,
highly skilled maintenance personnel must be
retained somewhere in the support subsystem
to repair materiel when the fault isolation
equipment fails. In short, the eclimination of
clectronic maintenance functions at the orga-
nizational level normally will result in increased
maintenance skill requirements at some other
maintenance level, but quantitative require-
ments will be reduced.

The complexity of maintenance tasks can
be reduced by the application of good main-
tainability principles. The complexity of elec-
tronic maintenance usually results from fault
isolation requirements, accessibility, and pack-
aging. On the other hand, mechanical and hy-
draulic maintenance complexity derives in large
part only from accessibility and packaging. The
use of automatic fault isolation was discussed




as a means of climinating electronic mainte-
nance functions. This same technique, coupled
with good accessibility and packaging, sim-
plifies electronic maintenance at all mainte-
nance levels. Good accessibility and packaging
alone will do the same for mechanical and hy-
draulic maintenance.

This discussion has concerned itself with
materiel systems. Maintenance requirements for
some components, subassemblies, etc., can be
climinated by substituting items which will not
fail and which require no servicing. Generally,
this will not result in a reduction of mainte-
nance skill and training requirements because
skilled personnel are required to maintain the
remainder of the system. It does impact main-
tenance time requirements and perhaps quan-
titative personnel requirements.

3-4.6 SAFETY

Materiel is safe when it is free from those
hazards that can cause injury or death to per-
sonnel and damage or loss of equipment and
property. Equipment incorporating the ultimate
in safety would pose no hazard to personnel
and would not be subject to any hazard as a
result of operation and maintenance. Even the
best design principles and test procedures can-
not eliminate all hazards. Inasmuch as hazards
cannot be completely designed out of systems,
it is imperative that those that remain be rec-
ognized and measures taken to minimize their
danger.

The broad concept of safety begins with
basic materiel research in the laboratory, and
is emphasized particularly during the research
and development phase. The safety of materiel
is proven by specialized development and func-
tional and engineering testing. During manu-
facture of the end products and in packaging
and delivery to the user, safety consciousness
is never forgotten. Consideration in the early
stages of design reduces the number of mod-
ifications required to correct deficiencies, facil-
itates production, improves operational effec-
tiveness, and assures materiel safety to the
user. The safety of materiel, therefore, must
first be initiated in a well-conceived design and
must be followed throughout the detailed design
stages to assure that the safety of the system
is “designed in”.
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Safety precautions designed into equip-
ment are necessary usually as safeguards to
lapses of attention. If a mechanic must divert
attention from his task to be intent on observ-
ing safety precautions, the remainder of his
attention may be inadequate for doing his job
well; it will certainly take him longer to do
the job. Safety measures, therefore, should take
into account behavior liabilities such as those
mentioned.

The design of any equipment must embody
features for the protection of personnel and
materiel from electrical and mechanical hazards
and, also, from those dangers that might arise
from fire, elevated operating temperatures, tox-
ic fumes, etc. There are various methods for
incorporating adequate safeguards, many of
which are implicit in routine design procedures.
Certain procedures, design practices, and re-
lated information are of such importance as to
warrant special attention. Mission effectiveness
suffers when personnel are injured or materiel
is damaged.

Maintenance work, so vital to the suec-
cessful operation of any item of equipment, is
of greater import when military materiel is in-
volved. During routine scheduled and special
maintenance, the “designed in” safety of the
system must not be jeopardized. Each operation
must be questioned for the possibility that the
work, the change, the redesign, and/or the work
order, when accomplished, will in any way re-
flect adversely on the capability, reliability, and
safety of the system. In addition, continued haz-
ard evaluation, based on engineering data and
scientific observation, together with actions de-
signed to minimize control or protect against
these hazards, is necessary. Maintenance work,
therefore, must be considered in the light of
maintaining the integrity of weapon and end
product safety.

Some potential safety hazards that main-
tenance engineering should eliminate or control
to insure adequate protection to personnel and
materiel are toxic gas sources, electrical shock,
fire and radiation sources, high noise levels,
moving mechanical assemblies, and protruding
structural members. For example, fuels, engine
exhausts, and hydraulic fluids generate fumes
that are toxic in varying concentrations, and
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can be encountered during operation and main-
tenance of several types of Army materiel.
Maintenance engineering insures that materiel
design, transportation, handling and storage
plans, maintenance facilities, support equip-
ment, and technical publications preclude any
exposure of personnel to dangerous concentra-
tions of these and other toxic fumes.

3-4.6.1 Safety Considerations of the Electrical
System

Electrical and electronic materiel must be
designed to ecliminate or minimize the possi-
bility that operators and maintenance personnel
will be injured or will damage materiel acciden-
tally while performing their functions. The
materiel also must be designed to protect itself
from.further damage when a component
malfunctions. Several potential sources of
serious personnel injuries are electrical shock
and burns, radiation, implosions, explosions, ro-
tating or oscillating components, and pro-
truding structural members. The major sources
of materiel damage are failed components, such
as insulating materials, that result in excessive
heating, including fires, and component over-
loads that stress the components beyond the
point of failure.

3-4.6.1.1 Electricul Shock (Ref. I)

The principal contingency to guard against
is shock. Even a small shock is dangerous.
Burns or nervous system injuries are not the
only possible effects; equipment damage and ad-
ditional physical harm to personnel can result
from the involuntary reactions that accompany
electrical shock.

Potentials exceeding 50 V rms are possible
electrical shock. hazards. Research reveals that

most deaths result from contact with the
relatively low potentials, ranging from 70 to 500
V, although, under extraordinary circum-
stances, even lower potentials can cause injury.
Many severe injuries are not directly caused
by electrical shock, however, but by reflex ac-
tion and the consequent impact of the body
with nearby objects.

The effect of electrical shock depends upon
the resistance of the body, the current path
through the body, the duration of the shock,
the amount of current and voltage, the frequen-
cy of the current, and the physical condition
of the individual. The duration times of short
electrical shocks that possibly could cause heart
attack are listed in Table 3-5.

The danger to personnel from electrical
shock should be avoided by suitable interlocks,
grounding means, enclosures, or other protec-
tive devices. Some contact with electrical poten-
tials can be expected wherever maintenance
personnel, by the very nature of their duties,
are exposed to live terminals. Both shocks and
burns, however, can be minimized by greater
care in design, and by a better understanding
of electrical characteristics.

3-4.6.1.2 Prevention of Electricul Shock (Ref. 1)

There are several methods of attaining
adequate personnel protection, such as enclos-
ing the components and providing access-door
safety switches operated either by door pressure
or by a locking mechanism, automatic operation
of the main equipment switch when the door
is opened, and automatic grounding of compo-
nents when the unit is opened for access to
the components. The primary methods of elec-
trical shock prevention are described in the fol-
lowing paragraphs.

TABLE 3-5. POSSIBLE HEART ATTACK FROM SHORT ELECTRICALSHOCKS

Alternating Current, mA

Duration, Direct Current,
sec mA 60 Hz 10,000 Hz
0.03 1300 1000 1100
3.00 500 100 500
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a. Safety Markings. Markings should be
provided to warn personnel of hazardous con-
ditions and to highlight the precautions that
must be observed to insure safety of personnel
and equipment.

Warning signs marked CAUTION—HIGH
VOLTAGE or CAUTION VOLTS should be
placed in prominent positions on safety covers
and access doors, and inside equipment wher-
ever danger might be encountered. These signs
should be durable, casily read, and placed so
that dust or other foreign matter will not, in
time, obscure the warnings. Because signs are
not physical barriers, they should be relied on
only if no other method of protection is feasible.
Electrical equipment should be marked, as re-
quired, in accordance with the National Electric
Code.

b. Safety Color. The predominant color of
equipment designed for safety, protective, or
emergency purposes should be in accordance
with Federal standards.

c. Safety Warming Devices. Suitable bells,
horns, vibration devices, lights, or other signals
should be provided and located where they may
be casily and obviously sensed by personnel re-
quired to take corrective action. Multiple safety
installations should be installed when required.

d. Safety Switches. Three types of safety
switches that can be used to prevent electrical
shock are interlocks, battleshort switches, and
main power switches. Each type is described
separately in the following paragraphs:

(D Interlocks. A switch that automat-
ically opens the power circuit when an access
door, cover, or lid of a piece of equipment is
opened is a simple safeguard. When the equip-
ment must be worked on with the power on,
interlocks must be provided with some means
for closing the circuit when the door is opened.
In this case, visible means must be provided
to show that danger exists.

Interlock switches are used to remove pow-
er during maintenance operations. Each cover
and door providing access to potentials greater
than 40 V should be equipped with interlocks.
Interlock systems should also be provided to
ground capacitors having a discharge time
greater than 5 sec when the enclosure is opened.
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An interlock switch ordinarily is wired in
serics with one of the primary service leads
to the power supply unit. It is usually actuated
by a removable access cover, thus breaking the
circuit when the enclosure is entered. When
more than' one interlock switch is used, the
switches are wired in series. Thus, one switch
might be installed on the access door of an
operating subassembly and another on the dust
cover of the power supply.

Because electronic equipment often must
be serviced with the power on, a switch en-
abling maintenance personnel to bypass the
interlock system should be mounted inside the
equipment. The switch should be located so that
reclosing of the access door or cover automat-
ically restores interlock protection. Also, a
panel-mounted visual indicator such as a neon
lamp should be provided, as well as a suitable
nameplate to warn personnel when interlock
protection is removed.

(2) Battle-short Switch. A battle-short
switch, or terminals for connection of an ex-
ternal switch, should be provided to render all
interlocks inoperative. The panel-mounted or
remotely controlled battle-short switch is des-
ignated for emergency use only. The circuit con-
sists of a single switch, wired in parallel with
the interlock system. Closing the battle-short
switch places a short circuit across all interlock
switches, thus assuring incoming power regard-
less of accidental opening of the interlock
switches.

(3) Main Power Switch. Each equip-
ment should be furnished with a clearly labeled
main power switch that will remove all power
from the equipment by opening all leads from
the main power service connections. Main power
switches equipped with adequate safeguards
protect against possible heavy arcing.
Safeguards such as barriers, which shield fuses
and conducting metal parts, and protective
devices, which prevent opening the switch box
with the switch closed, should be provided as
protection for personnel. Switches incorporating
such safeguards are standardized, commercially
obtainable equipment.

e. Discharging Devices. Discharging
devices to discharge high-voltage circuits (in-
cluding contactable surfaces of cathode-ray
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tubes) and capacitors should be provided unless
the devices discharge to 30 V within 2 sec or
less. These protective devices should be positive
acting and highly reliable, and should actuate
automatically when the case or rack is opened.
The use of shorting mechanisms or bleeder re-
sistances actuated either by mechanical release
or by an electrical solenoid when the door or
cover is open should be considered.

J. Grounding. Various grounding tech-
niques are used to protect personnel from dan-
gerous voltages in equipment. All enclosures,
exposed parts, and chassis should be maintained
at ground potential, using the same common
ground.

Specifications for the reduction of elec-
trical noise interference should be consulted to
determine the maximum permissible resistance
of a grounding system. Reliable grounding sys-
tems should be incorporated in all electronic
equipment. Enclosures and chassis should not
be used as electric conductors to complete a
circuit because of possible intercircuit interfer-
ence.

g. Powerlines. Safety considerations
should not be confined to high-voltage ap-
paratus. It is important that attention be given
to the hazards of powerlines. Severe shocks and
serious burns are known to result from per-
sonnel contacting, short-circuiting, or grounding
the incoming lines. Both sides of the powerlines
and all branches should be fused to prevent
a main powerline malfunction caused by a
transformer or motor failure that would result
in grounding of the primary supply line.

3-4.6.1.3 Radiation Hazards

Electrical and electronic materiel may pro-
duce clectromagnetic radiation that is hazard-
ous to personnel and to other materiel. This
energy may be radiated as the output of an
end item, such as radiation from a radar, or
may be associated with components or assem-
blies within the materiel.

Personnel exposure to more than 10 mW
per em? of microwave radiation energy should
be prevented. Attenuation devices should be
used to control radiation from components and
assemblies to this level. Hazardous exposure to
radiation from radars is prevented by strict
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adherence to proper operating and maintenance
procedures.

Certain devices, such as traveling-wave
tubes, use intense magnetic fields that may be
hazardous to personnel. Such devices whose
fields exceed 1000 gauss should be equipped
with interlock switches to protect maintenance
personnel. When fields exceed 1000 gauss and
a personnel exposure potential exists, all remov-
able protective devices should be placarded with
warnings that identify a magnetic field hazard
and specify an allowable exposure period. Ex-
posure in fields up to 5000 gauss is limited to
3 days per man-year, and between 5000 and
15,000 gauss, to 15 min per man-year.

The exposure of materiel to radiofrequency
energy can result in damage to or destruction
of components and subsystems, or merely result
in degraded operation. Missiles shipped with in-
stalled electroexplosive devices pose a particular
problem since the devices are susceptible to
radiation initiation. In some design applications,
initiation of the device may result in propellant
ignition or detonation of explosives, and in oth-
ers, in activation of a battery or similar device..
The end result is at worst an explosion, and
at best a maintenance task. A basic way to
protect materiel from radiofrequency energy is
by shielding.

3-4.6.1.4 Implosion and Explosion (Ref. I)

Equipment that may be operated, main-
tained, or stored in an explosive atmosphere
should be designed so as to e¢liminate the pos-
sibility of an explosion. All electrical equipment
that will be used in the vicinity of flammable
gases or vapors should be explosion-proof, Dan-
ger to personnel from an explosion should be
avoided by separation of hazardous substances
from heat sources and by incorporation of spark
arrestors, suitable vents and drains, and other
fire prevention measures.

The cathode-ray tube is a special hazard,
in that physical damage can result from
implosion. If the tube is accidentally nicked or
scratched, resultant implosion might not occur
until days later. The tube face, therefore, should
be shiclded by a shatterproof glass attached to
the panel. Signs warning personnel that the
neck of the tube is casily broken and must be
handled with caution should be posted inside
the equipment.




The terminal end of cathode-ray tubes
should be located within the equipment housing
whenever possible. If the terminal end does ex-
tend outside the equipment housing, a strong
cover for the tube should be provided. The cover
should be anchored firmly to the main structure
of the housing to withstand shipping damage
and rough handling and to prevent external
pressures from being exerted on the wires and
terminal end of the tube.

3-4.6.1.5 Mechanical Hazards (Ref. 1)

Shields and guards should be made part
of the materiel to prevent personnel from ac-
cidentally contacting rotating or oscillating
parts such as gears, couplings, levers, cams,
latches, or heavy solenoid equipment. Moving
parts should be enclosed or shiclded by guards.
When such protection is not possible, adequate
warning signs should be provided. High-
temperature parts should be guarded or located
so that contact will not occur during normal
operation. Guards should not prevent the in-
spection of mechanisms, the failure of which
will cause a hazardous condition. Guards also
should be designed to permit inspection without
removal whenever possible.

When access to rotating or oscillating
parts is required for maintenance, it might be
desirable to equip the protective covers or hous-
ings with safety switches or interlocks. The cov-
er or housing should bear a warning sign word-
ed:

CAUTION
KEEP CLEAR OF ROTATING PARTS

Ventilation should be provided so that no
part or material attains a temperature that will
tend to damage or appreciably reduce its nor-
mal useful life. No exposed parts of the equip-
ment should, under any condition of operation,
attain temperatures hazardous to personnel.
Forced air may be used for cooling if replace-
able, renewable, or cleanable dust filters are
installed. Air exhaust openings should not be
located on front panels or other locations that
expose personnel to direct drafts.

Some housings, cabinets, and covers re-
quire the use of perforations to provide air
circulation. The size of the perforations should
be limited to 0.5 in. High-voltage, rotating, or
oscillating components within should be set
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back from the perforated surface far enough
to prevent accidental contact by personnel. If
this cannot be done, the size of the perforations
should be reduced.

Electronic chassis in their normal installed
positions should be securely enclosed. Stops
should be provided on chassis slides to prevent
the chassis from being pulled out too far and
dropped. Suitable handles or similar provisions
should be furnished for removing chassis from
enclosures. Bails or other suitable means should
be provided to protect parts when the chassis
is removed and inverted for maintenance, and
to protect the hands as the chassis is placed
on the bench.

Projecting edges, protrusions, rails, or cor-
ners on which personnel might injure
themselves should be avoided. When such pro-
trusions are unavoidable, bumper guards and
covers should be provided. These should be of
materials that are not susceptible to climatic
damage, and should be firmly attached to last
the lifetime of the equipment.

3-4.6.1.6 Overload Protection (Ref. 1)

Protective devices should be provided
within equipment for primary circuits and other
circuits, as required, for protection from dam-
age due to overload and excessive heating. Any
part likely to carry an overload due to malfunc-
tion of circuits, poor adjustments, antenna or
tube casualty, or other deleterious effects
should be designed to care for such an overload.
When this is impractical, circuit breakers,
relays, fuses, or other devices should be includ-
ed to protect the affected parts.

Additional design considerations are as fol-
lows:

a. Fuses (or circuit breakers) should be
provided so that each unit of a system is sepa-
rately fused and adequately protected from
harmful powerline variations or transient volt-
ages.

b. Fuses should be located on the front
panel of the unit where they can be seen and
replaced without removing other parts. Fuses
should not be located inside the equipment.

¢. Fuses should be grouped in a minimum
number of central, readily accessible locations

3-25



AMCP 706-132

and should be replaceable by the equipment op-
erator whenever possible without the use of
tools.

d. Spare fuses should be provided and lo-
cated near the fuscholder, and labels adjacent
to the fuseholder should provide both fuse value
and function. (If space is limited, the fuse value
rather than the function should be indicated.)

e. Fuscholder cups or caps should be of
quick-disconnect rather than screw-in type, and
should be knurled and large enough to be easily
removed by hand.

. Fuse installations should be designed so
that only the “cold” terminal of the fuse can
be touched by personnel.

¢g. When cireuit breakers are used, the de-
sign should be such that the restoring or
switching device is readily accessible to the op-
crator. A circuit breaker that gives a visual
indication when the breaker is tripped and will
trip even if the switch lever is held in position
should be selected. Overload or other protective
devices that do not alter the normal perform-
ance characteristics of the source or load should
be provided. The use of protective devices in
secondary circuits should be held to a min-
imum.

Overloads normally result from failed com-
ponents or insulation failures, both of which
can cause additional failures in the same equip-
ment. Other types of damaging overloads can
result from improper maintenance actions such
as application of excessive or reversed polarity
test loads, or improper handling of components.
Solid-state parts and circuits particularly are
susceptible to high voltages and high operating
temperatures. Materiel is protected against
maintenance damage by design features, but de-
sign protection must be supplemented with dis-
ciplined adherence to proper procedures. For ex-
ample, materiel can be provided with buffered
test points that keep components from being
shorted during tests; keyed test point connec-
tors to insure proper test polarities; and thermal
switches to preclude overheating during bench
testing. The test equipment can be designed
with fail-safe features so that it cannot in-
troduce abnormal stresses. However, selection
of test equipment settings is controlled by pro-
cedures. Component handling is governed total-
ly by procedures. For example, metal oxide
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semiconductor devices are highly susceptible to
static electriciiv. Comprehensive procedures ex-
ist to govern their packaging, shipment, receiv-
ing, inspection, storage, and handling. If these
procedures are not observed, the devices prob-
ably will be damaged.

3-4.6.1.7 Insulation Materials

Electrical insulation materials used in elec-
trical and electronic materiel affect both its
safety and service life. Serious damage, in-
cluding fires, can result from electrical shorts.
Lesser degrees of current leakage can result in
intermittent materiel operation and a prohihi-
tive length of time spent in fault isolation.
Maintenance engineering should insure that
selected insulation materials will provide max-
imum service life commensurate with cost and
safety considerations.

Selection of the proper type of insulation
depends upon the natural and induced environ-
ments to which the materiel will be exposed
during its life cycle. There are some universally
desirable insulation features and some unique
to the proposed application. Desirable features
independent of application include resistance to
aging, flame, fungus, and moisture. Desirable
features dependent upon application include re-
sistance to oil, gasoline, weathering, ozone,
sunlight, temperature, abrasion, and radiation.

Numerous organic and inorganic types of
insulation material are available, but no single
type can be rated excellent with regard to its
ability to resist all environmental parameters.
Consequently, insulation selection is a complex
discipline, and maintenance engineering mon-
itors the selection process. The monitoring is
best accomplished by listing the natural and
induced environments for the application in
question, determining proposed types of in-
sulation, and evaluating the proposed types by
using insulation specifications or an author-
itative design handbook (see Ref. 19).

3-4.6.1.8 Fire (Ref. 1)

All reasonable precautions should be taken
to minimize fire hazards. In particular, any ca-
pacitors, inductors, or motors that are possible
fire hazards should be enclosed by a noncom-
bustible material having minimum openings.
Because many equipments are installed in con-
fined spaces, materials that can produce toxic




fumes should not be used. Finished materiel
should be checked carefully for verification of
protective features in the design. Materials that,
under adverse operating conditions, will liberate
gases or liquids that are or may combine with
the atmosphere to become combustible mixtures
must be avoided. Equipment must be designed
so that flammable vapors will not be emitted
during storage or operation. Suitable warnings
or automatic cutoffs should be provided in case
such vapors are emitted during operation.
Equipment should not produce undesirable or
dangerous smoke and fumes.

When known fire hazards exist, or may
be created by the equipment itself, hand-
operated, portable fire extinguishers must be
provided. The extinguishers must be located so
that they are casily and immediately accessible,
and they must be the type suitable for the type
of fire most likely to occur in the arca. The
three general classes of fires are as follows:

Class A. Fires occurring in ordinary com-
bustible materials—such as wood, paper, and
rags—which can be quenched with water or
solutions containing water.

Class B. Fires occurring in flammable lig-
uids—such as gasoline and other fuels, solvents,
greases, and similar substances—which can be
smothered by diluting, eliminating air, or
blanketing.

Class C. Fires occurring in electrical equip-
ment— such as motors, transformers, and
switches— which must be extinguished by a non-
conductor of electricity.

The classes of fires on which an ex-
tinguisher may be safely and efficiently used
are clearly noted on the extinguisher. Some ex-
tinguishers are approved for multiple classes of
fires such as A-B-C and B-C. Others may have
a single classification such as A. An ex-
tinguisher must not be used on a type of fire
for which it is not approved, and water must
not be used on Class B and C fires.

3-4.7 CONSTRUCTION TECHNIQUES

The construction techniques that are ap-
plied to materiel have a significant influence
on its life cycle maintenance requirements and
maintainability characteristics. Poor techniques
will always result in either more frequent main-
tenance or more time-consuming maintenance,
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and may result in both. Some construction fea-
tures of particular interest to maintenance en-
gineering include material selection, component
protection, test points, provisions for indirect
testing, bearing seclection, lubrication require-
ments, fixed joints, and self-adjusting compo-
nents.

3-4.7.1 Material Selection

The materials from which materiel is
fabricated are selected on the basis of many
considerations. Some of the most important of
these are weight, strength, cost, adaptability to
required manufacturing processes, compatibility
with the operational environment, fire resist-
ance, and case of repair. These considerations
arc applicable in varying degrees to all types
of materiel. The first four fall completely within
the purview of design and production engineer-
ing. Maintenance engineering has a monitoring
responsibility with regard to the others.

The selected materials should be compati-
ble with the operational environment. Materials
should be selected on the basis of their ability
to resist fungus, corrosion, and any compounds
such as gasoline and oil likely to be encountered
because of their application. The ability to re-
tain the physical properties of flexibility,
strength, and resilience in extreme tem-
peratures is important. The materials selected
for external surfaces must be capable of being
casily cleaned. In this respect, it should be
noted that helicopters, tanks, trucks, guns, shop
vans, ctc., are cleaned with steam, water, and
chemical compounds.

The requirement for fire-resistant materi-
als in Army materiel is universal and self-
evident. Every item of materiel should be as
impervious to fire as the state of the art and
economy will permit. There is a constant fire
potential during operation of virtually any type
of materiel, and there is always a fire potential
when materiel is exposed to enemy action. Ma-
terials that produce toxic fumes when burning
or overheated should be avoided, and those ex-
posed to rocket plumes, engine heat, etc., should
be fireproof.

The ease with which materials can be re-
paired is a very important consideration that
is casily overlooked. Among other consid-
crations, ease of repair is a function of required
equipment and skills. When feasible, materials
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should be selected that can be repaired with
cquipment and skills available at the organi-
zational level. For example, structural members
that can be fusion welded with an oxygen
acetylene torch probably can be repaired by or-
ganizational maintenance. If electron-beam
welding is required, the maintenance probably
would be accomplished at a depot. Material re-
pairs that require curing or baking in controlled
temperatures comprise another category of
maintenance that is beyond the capability of
the organizational level.

3-4.7.2 Physical Protection for Components

Several construction techniques can be
used to provide physical protection for electrical
and electronic components. Among the most
widely used are conformal coating, potting, and
structural design that controls vibration.

3-4.7.2.] Conformal Coating (Ref. §)

A discussion of the use, composition, ap-
plication, maintenance aspects, and safety con-
siderations of conformal coatings follows:

a. Usage. Conformal coatings, which are
liquid organic film-forming materials, are ap-
plied to electronic components and assemblies
to provide environmental protection. The ma-
terial is applied in a continuous layer to con-
form to the shape of the component or assem-
bly. The coating protects components from
fungus, dirt, moisture, salt air, fingerprints,
etc., and from vibration and shock. The normal
type of electronic assemblies protected by con-
formal coatings are printed wiring boards.

b. Material Types and Application. Many
different liquid organic film-forming materials
are used as conformal coatings. The coatings
vary from simple solutions of organic resins
that “set” by evaporation of the solvent carrier,
to chemical curing of two-component materials
that must be carefully mixed and cured at room
or elevated temperature. Epoxy, polyurethane,
and silicone coating materials are widely used
for military applications. The epoxy resin
coating materials are only available as two-
component, chemically curing systems. The
polyurethane resin coating materials are avail-
able as two-component, chemically curing sys-
tems and as one-component systems that cure
by reacting with either oxygen or moisture in
the surrounding air. The silicone rubber coating
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materials are available as two-component,
chemically curing systems, and as one-
component, chemically blocked systems that
cure by exposure to moisture in the air.

The surface of a printed wiring board must
be cleaned of contaminants such as dust, dirt,
fingerprints, body oils, and solder flux before
the conformal coating is applied. Contaminants
must be removed so that the conformal coating
will adhere to the board surface and to prevent
trapping of contamination underneath the con-
formal coating. Improperly cleaned boards will
present coating problems and have markedly re-
duced insulating qualities, especially at elevated
temperatures or when exposed to humidity. All
organic conformal coating materials have re-
duced insulation resistance properties at
clevated temperatures and in high-humidity en-
vironments. A combined eclevated temperature
and high-humidity environment will cause the
greatest insulation resistance decrease. Silicone
rubber conformal coating materials have the
best high-temperature insulation resistance
properties.

Primers are required generally to provide
adhesion of silicone coatings and are required
occasionally for polyurethane coatings. Epoxy
coatings do not require primers. A thin, 0.001
to 0.003 in. thick conformal coating applied to
a properly cleaned assembly will provide ade-
quate protection from environmental contam-
ination (dirt, dust, humidity, salt spray, etc.)
and will provide flashover protection at high
altitudes (low pressures). Heavier coatings may
be required to provide mechanical support for
components not mounted flush to the board sur-
face. The conformal coating must bridge the
gap between the component body and the board
surface, and must attach the component to the
board so that relative movement cannot occur
between the component and the board. Com-
ponents not attached to the board surface can
experience sufficient movement to cause lead
fatigue and component failure during exposure
to vibration and shock environments. Conformal
coatings should not be depended upon to sup-
port the heavier or larger components. Such
components, especially large capacitors that
have relatively large bodies and small-diameter
leads, should be filleted or bonded to the board
surface for adequate support.




¢. Muintenance Considerations. From a
maintenance point of view, conformal coatings
arc ideal for components and assemblies that
are to be discarded at failure. The repair of
coated items necessitates removal of the coating
by chemical or mechanical means, and replace-
ment of the coating after repair.

d. Safety Considerutions. A cancer-suspect

chemical with the chemical name 4,4°

-methylene(bis)-2-chloroaniline (common name
MOCA) is used widely in the preparation of
conformal coatings. Products containing such
cancer-suspect chemicals, or carcinogens, must
be handled in accordance with Public Law 91-
596, the Occupational Safety and Health Act
of 1970. It virtually would be impossible for
field troops to comply with the public law. In
most cases, alternate materials are available
which may be substituted for MOCA. Mainte-
nance engineering should insure that conformal
coating specifications preclude the use of
MOCA.

3-4.7.2.2 Potting (Ref. 5)

A discussion of the use, composition, ap-
plication, maintenance aspects, and safety con-
siderations of potting compounds follows:

a. Usage. Potting is the embedment of a
component or an assembly of components in
a permanent container (pot), using a liquid
resin that is subsequently cured into a solid.
Potting provides component and assembly
protection similar to that described for con-
formal coating, and is particularly qualified to
provide mechanical support and electrical ip-
sulation. Additionally, some foam materials are
used sometimes to insulate components from ex-
ternal heat sources.

Potting can generate thermal problems,
since embedded components can cool only by
conduction until the heat reaches the potting
surface, at which time, convection cooling can
occur. The number of components in a single
pot, their heat dissipation characteristics, their
heat tolerance, and the heat transfer charac-
teristics of the pot in the proposed design must
be evaluated carefully.

b. Material Types and Application. There
are three major types of potting compounds:
epoxy resin formulations, polyurethane formula-
tions, and room temperature vulcanizing
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silicone rubber compounds. Some less frequent-
ly used types are polystyrene and unsaturated
polyester formulations. Literally hundreds, and
perhaps thousands, of possible formulations of
potting compounds are commercially available,
with a resulting wide range of physical, ther-
mal, and electrical properties.

Epoxy resins, because of their overall ex-
cellent electrical, mechanical, and physical
properties, are the most widely used materials
for potting of electronic modules and other as-
semblies of clectronic components. The basic
epoxy resin can be almost endlessly modified
through the use of selected fillers, flexibilizers,
modifiers, copolymers, and curing agents to
make literally hundreds of different epoxy
formulations. The epoxy formulations can vary
from semiflexible compounds with low physical
properties to hard, rigid materials with ex-
ceptionally high-strength propertiecs. Almost all
of the epoxy potting compounds are two-
component materials that must be accurately
mixed and properly cured. Some of the newer
formulations are one-component materials that
must be cured at high temperatures.

Polyurethane resins in the form of light-
weight foams and as solid elastomers (rubbers)
are used for potting of electronic modules and
other assemblies of electronic components. In
addition, a major usage for the solid
clastometers is in the potting (molding) of cable
connector terminations. Compared to the epox-
ies, very few polyurethane potting compounds
ar¢ used. Basically, the most widely used
polyurethane foams are in a density range of
2 to 10 1b per ft3, and the solid clastomer ma-
terials are almost all compounds without fillers.
Almost all of the polyurethane potting com-
pounds (including the foams) are two-
component materials that must be mixed ac-
curately and cured properly (however, most of
the two-component polyurcthane clastomers can
be purchased in frozen, premixed cartridges).
One-component, high-temperature curing
polyurethanes now are available commercially.

Silicone rubbers, seldom used for potting
of modules and assemblies, are most widely
used for potting of connectors, high-voltage
equipment, and high-temperature devices. The
silicone rubbers vary in hardness, and most but
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not all of the potting formulations contain fill-
ers. Almost all of the silicone rubber potting
compounds are two-component materials that
must be accurately mixed and properly cured.
One-component, high-temperature curing
silicone rubber potting compounds are now com-
mercially available. One-component, chemically
blocked materials that cure at room tem-
perature when exposed to atmospheric moisture
occasionally are used as potting compounds,
with depths restricted to a quarter inch or less.

Potting poses manufacturing problems
that can be controlled with proper manufac-
turing processes. One type of problem results
when, during curing, potting compounds shrink
and set up stresses that cause embedded com-
ponents to break. A second problem involves
improper adhesive bonds between potting com-
pounds and components. Items to be potted
must be cleaned in the same manner as items
that are to be conformal coated (see par. 3-
4.72.1b).

¢. Maintenance Considerations. Potting is
used in the great majority of cases to fabricate
modules that will be discarded at failure. It
is extremely difficult and expensive to remove
potting compounds.

d. Safety Considerations. The carcinogen
MOCA is used widely in the preparation of
polyurethane potting compounds. These potting
compounds should be avoided (see par. 3-
4.7.2.1d).

3-4.7.2.3 Vibration Control

Vibration is one of the most critical en-
vironments to which electronic equipment can
be subjected. Vibration is transmitted through
the materiel structure into the mounting system
of the component packages. Such induced vi-
bration normally will not harm properly de-
signed equipment if amplification through the
mounting system is held within reasonable lim-
its. Because amplification takes place when
components, housings, and mountings fall into
resonance, a primary design requirement is to
determine the critical resonant frequencies of
the housing and component assembly. The hous-
ing and internal mounting arrangement must
be designed so that resonant frequencies of
housings and of critical internal components
will not coincide. To minimize the effects of
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vibration, materiel design should be governed
by the following principles:

a. Design the housings so that the center
of gravity is as close as possible to the mount-
ing surface.

b. Avoid any large, flat housing wall that
acts as a diaphragm and amplifies vibration.
Reinforce housing walls by using internal or
external fins or ribs, or by adding mounting
points, to minimize vibration amplification.

c. Use vibration mounts only when man-
datory, because of additional problems incurred
by heat transfer, electromagnetic interference
bonding requirements, and cable interconnect
considerations. If vibration mounts are re-
quired, select a mounting system with a natural
frequency less than one-third of the critical fre-
quency of the components to be housed. The
mounts operate most effectively when installed
in the plane of the center of gravity of the
supported object.

d. When practical, use conformal coating
or potting to support components and devices
that would otherwise be subjected to vibration
stresses.

e. Design subassembly structures (sub-
chassis) as mechanically integrated assembly
load-bearing members, and stiff enough to
assure that component fragility levels are not
exceeded. Insure that subassemblies are de-
signed so that components, modules, and inter-
connecting devices are not damaged by deflec-
tions due to shock and vibration.

3-4.7.3 Test Points (Ref. 1)

All materiel must be maintained. This
even applies to discard-at-failure modules,
which cannot be discarded until their failures
are ascertained, and this act in itself is main-
tenance, Therefore, testing provisions that per-
mit the detection of actual or imminent failures
must be provided for all materiel other than
mechanical assemblies, which signal a
catastrophic failure by an casily interpreted
change in operating characteristics; e.g., the
failure of a firing pin in a rifle, or a piston
rod in an engine. Even in the case of mechan-
ical equipment, it is highly desirable to have
some testing method whereby an imminent fail-
ure can be detected and the item replaced be-
fore it fails catastrophically.




Selection of the test methods to be used
is decided early in the materiel program for
both mechanical and electronic equipment. The
decision is based on trade-offs that involve op-
erational requirements, the items to be tested,
the types of test equipment that can be used,
life cycle costs, etc. The physical phenomena
to be tested will vary widely hetween clectronic
and mechanical materiel. General types of test
equipment applicable to either materiel type
are:

a. Special-purpose Test Equipment. Test
equipment designed for a unique use pertaining
to a particular system.

b. General-purpose Test Equipment. Test
cquipment usable in different systems; gener-
ally available as an “off-the-shelf” item in Gov-
ernment or commercial inventories.

c. Built-in Test Equipment. Equipment
that is an integral part of the primary equip-
ment or system; cannot be readily detached or
separated from basic equipment. Normally typ-
ified by “press-to-test” procedures.

d. Automatic Test Equipment. Equipment
considered to be separate from the system to
be tested. Capable of automatically testing and
evaluating many test parameters by providing
required input stimuli.

A final step in implementing test equip-
ment decisions is to construct materiel with
adequate test points. The test points must be
compatible with the test equipment to be used,
must provide for a connection between the test
equipment and the phenomena to be measured,
and must optimize the interfaces among® man,
test equipment, and test points.

3-4.7.3.1 Electronic Materiel Test Points

A test point provides a convenient and safe
access for examining a significant parameter
of a circuit in order to facilitate maintenance,
repair, calibration, and alignment. Strategically
placed test points provide a technician with a
practical means of examining the operational
status of the equipment.

a. Classification. Test points consist, in
general, of the following types:

(D Major. Test points provided for
" checking the overall performance of and local-
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izing trouble in groups of major electronic or
clectromechanical units.

(2) Intermediate. Test points provided
for checking the performance of and localizing
trouble in equipment groups, major units, and
subassemblies.

(3) Minor. Test points provided for
checking performance of and localizing trouble
in specific circuits of a major unit or subas-
semblies.

(4) Exposed Point. Test point that is
readily accessible when the equipment is in nor-
mal operating condition and position.

(5) Accessible Point. Test point that is
accessible without the use of tools, but which
is not exposed.

(6) Special Point. Test point that is ac-
cessible only by the use of tools or other special
means.

b. Functional Location. The specific test
points to be used in an electronic system should
depend upon the operational and tactical de-
mand placed on the system design, and the spe-
cial needs of a particular service. The numbers
and types of test points should be compatible
with the test instrumentation (built-in or other-
wise) available at the place of system use, or
at the maintenance or repair activity.

The functional locations of test points
should be fixed by determining from the main-
tenance procedures the signals that must be
available to the technician and the points at
which they must be available. Test points
should make available those signals that the
procedures indicate the technician must have
in order to maintain the system. Their locations
must be planned into the system for maximum
effectiveness.

It should not be necessary to remove any
assembly from a major component to trouble-
shoot that assembly. This may require special
test points on the major components or assem-
blies. Also, test equipment and bench mockup
access to the outputs and inputs of each line
replaceable unit should be provided through
normal interconnecting plugs whenever possi-
ble.

c. Physical Location. The physical loca-
tions of test points have a marked effect on
the quality of maintenance. Generally, all test
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points should be grouped in one arca. In some
cases, previously developed equipment may
have to be used, or the nature of a signal may
be such that it does not travel well without
being altered in the process of transmission.
The designer should keep in mind that the tech-
nician needs only an indication that reflects an
out-of-tolerance condition of the true signal. If
the indications are checked and recorded during
engineering tests, they should be adequate for
field use. This consideration is particularly per-
tinent in those cases where the wave shape of
the signal is critical and will tend to change
in transmission to a test point.

Test points should be accessiblz in the par-
ticular installation. Internal test points should
be clustered around the portion of the unit that
will be most accessible when installed. Only one
adjustment control should be associated with
cach test point, and it should be easily and
reliably operated.

d. Arrangement. Selector switches on
materiel with built-in test equipment, and-test
points on all other materiel, should provide for
logical, sequential testing. In the case of test
points, this is accomplished by their being ar-
ranged in proper sequence on a panel.

(1) Built-in Test Unit. An arrange-
ment built in as part of the installation is most
desirable for efficient maintenance and trouble-
shooting. For example, if voltages and wave
shapes must be checked, the test unit might
consist of a meter, an oscilloscope, and a rotary
switch for selecting circuits. If more test points
are needed than can be handled by a single
switch, multiple switches can be used.

Q) Partially Built-in Test
Unit. Because some oscilloscopes are large,
heavy, and expensive, it might not be practical
to design a built-in test unit for each major
component of a system. An acceptable compro-
mise is to mount a center-reading meter on
cach major component that can be checked by
meter, and then provide a set of test jacks as
an outlet for signals requiring an oscilloscope.
The rotary selector switch and circuits for this
arrangement should be designed the same as
those for the built-in test unit.

(3) Portable Test Unit. If neither of
the two previously described arrangements is
practicable because of space or weight limita-
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tions, an integrated portable test unit resem-
bling the built-in unit can be designed. A single
multiprong contact on the end of a cable can
be used to attach the test unit.

(4) Built-in Test Panel 1f, for some
reason, none of the previously described
alternatives is practicable, a test panel can be
provided on the equipment. With this arrange-
ment, the outputs of each test point should be
designed for checking with standard test equip-
ment, and the points should be planned to pro-
vide a miniature block diagram of the system,
with each block representing a line replaceable
unit. Overlays for the test panel should direct
the technician to test points he should check,
and the order in which he should check them.
In-tolerance signals should be shown on the
overlays, and test points should be coded on
the panel, with full instructions provided in the
maintenance manual in the event the overlay
is lost.

(5) Test Points on Replaceable
Units. If none of the four previously described
arrangements is practicable, test points for the
inputs and outputs can be provided on cach
replaceable unit. These should provide for com-
plete testing in order to avoid the undesirable
alternative of troubleshooting by part substitu-
tion.

e. Labeling. The following design recom-
mendations should be observed for test point
labeling:

(1) Label each test point with a
number, letter, or other symbol that identifies
it in the maintenance instructions.

(2) Label each test point with the in-
tolerance signal and, if possible, the tolerance
limits of the signal that should be measured
at that point.

(3) Include the name of the unit in the
label, if possible.

(4) Consider color-coding test points so
that they can be located casily.

(5) Use phosphorescent or chemo-
luminescent markings on test points, selector
switches, and meters that might have to be read
at very low levels of illumination.

All test point labeling information should

be completely reflected in technical publica-
tions.




f. Test Point Checklist. Table 3-6 sum-
marizes some of the important features per-
taining to the design of test points. The check-
list contains several items that have not been
discussed separately in the text. These items
are included in Table 3-6 because their necessity
in the design is so obvious that they might
otherwise be inadvertently overlooked. In using
the checklist, if the answer to any question is
no, the design should be restudied to ascertain
the need for correction.

3-4.7.3.2 Mechanical Materiel Test Points

Built-in test equipment has not been used
as extensively in mechanical, electromechanical,
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hydraulic, etc., equipment as in electronic
cquipment. Built-in test equipment simply was
not cost-effective with the technology that ex-
isted. With current technology, the use of built-
in test equipment in mechanical equip-
ment— automobiles, for example—is increasing.

Regardless of whether mechanical test
equipment is built-in or separate, mechanical
equipment test points must provide for meas-
urement of the same parameters. The variety
of physical phenomena that must be measured
is extensive. This is demonstrated by Table 3-7,
which lists typical measurements required for
the diagnosis of spark ignition and compression
ignition internal combustion engines.

TABLE 3-6. TESTPOINT CHECKLIST

1. Are test points located on front panel
when possible?

2. Is accessibility of external test points
assured under use conditions?

3. Are test points grouped for accessibility
and convenient sequential arrangement of
testing?

4. Is cach test point labeled with name or
symbol appropriate to that point?

5. Is cach test point labeled with in-
tolerance signal or limits that should be
measured?

6. Arc test points labeled with designation
of the output available?

7. Are all test points color coded with dis-
tinctive colors?

8. Arc test points provided in accordance
with the system test plan?

9. Are test lead connectors used that require
no more than a fraction of a turn to con-
nect?

10. Are test points located close to controls
and displays with which they are asso-
ciated?

11. Is test point used in adjustment proce-
dure associated with only one adjustment
control?

12. Arc means provided for an unambiguous
signal indication at test point when as-
sociated control has been moved?

13. Are test points located so that technician
operating associated control can read
signal on display?

14. Are test points provided for direct check
of all replaceable parts?

15. Are fan-out cables in junction boxes used
for checking if standard test points are
not provided?

16. Are test points planned for compatibility
with the maintenance skill levels involved
and not randomly located?

17. Are test points coded or cross-referenced
with associated units to indicate locations
of faulty circuits?

18. Are test points provided to reduce
number of steps required (i.e., split-half
isolation of trouble, automatic self-check
sequencing, minimizing of step retracing
or multiple concurrent tests)?

19. Are test points located so as to reduce
hunting time (near main access openings,
in groups, properly labeled, near primary
surface to be observed from working posi-
tion)?

20. Arc test points that require test probe
retention provided so that technician will
not have to hold the probe?

21. Are built-in test features provided wher-
ever standard portable test equipment
cannot be used?

22. Are test points adequately protected,
illuminated, and accessible?

23. Are routine test points located so that
the technician does not have to remove
the chassis from the cabinet?
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TABLE 3-7. DIAGNOSTIC MEASUREMENTS FOR INTERNAL COMBUSTION ENGINES

Measurement

Type of Engine

Spark Ignition Compression Ignition

. Intake manifold pressure
Engine speed/camshaft angle
Fuel rate

Ignition waveform

Engine torque

Airflow

Exhaust analysis

Injector pump pressure
Exhaust blowby

Oil consumption

. Cylinder power drop

. Oil pressure (engine)

. Oil temperature

. Battery voltage and charging current
. Starter drain

. Lower crankcase vibration

. Coolant temperature, inlet/outlet
. Transfer vibration

. Differential vibration

. Electrical subsystem

. Compression pressure

. Cylinder head temperature

. Fuel pump pressure

. Cooling system pressure

. Lubricant level

. Exhaust gas temperature

. Pressure ratio (turbo charger)
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For separate test equipment, test point ac-
cess to physical phenomena such as fluid pres-
sures, flows, and temperatures may be gained
in one of two general ways. One method is to
design the fluid conduit so that a section can
be removed and an instrumentation section in-
serted. The other method is to provide an access
port in the fluid conduit to which instrumen-
tation may be attached. The first method is
applicable to light, accessible, and easily re-
moved sections such as sections of fuel lines.
The other method is applicable to conduits, such
as engine coolant conduits, that would be trou-
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blesome to remove and replace. Rotation and
vibration data normally are obtained by at-
taching instrumentation at predetermined
points to the surface of assemblies. The prin-
ciples described for electronic materiel test
points apply to electrical systems of mechanical
materiel.

Test points for built-in test equipment re-
quire the “permanent” installation of sensors
and transducers in appropriate locations. Such
test points also can be installed and used with
separate test equipment, thus reducing test
setup and cleanup times.




As with all materiel design features, test
points and test equipment should have no more
complexity than is required to satisfy oper-
ational requirements. For example, an access
port and a dipstick or a fill and inspection port
is perfectly adequate for determining many
fluid levels. Providing test equipment and its
associated test points to accomplish these func-
tions would not be cost-effective under normal
circumstances. Virtually any physical
phenomenon can be measured. The objective is
to measure the smallest possible number of
phenomena in a manner that will result in a
savings in life cycle costs.

3-4.7.4 IndirectTesting

Many mechanical components subjected to
continuous operating friction are not easily ac-
cessible because state-of-the-art mechanical
packaging techniques do not permit such ac-
cessibility. Examples of this are vehicle com-
ponents such as differential gears and
crankshaft bearings. Such components are sub-
ject to wearout rather than random failure.
Wearout failures generally occur in time ac-
cording to a normal or Gaussian distribution
(the bell curve). This fact and other data can
be used to calculate an average expected life
for the components and, prior to this time, com-
ponent replacement can be scheduled.

Unfortunately, the average expected life is
just that, and is comprised of the lives of com-
ponents which, if not replaced, will become
functionally impaired before and after the av-
crage life span. If it is assumed that a replace-
ment practice is based on average expected life,
some components will fail before the scheduled
replacement, and many will be replaced that
would have continued to perform satisfactorily
for varying periods of time. Such ineffective
and wasteful scheduled maintenance can be
avoided by indirectly measuring the wearout
that components are experiencing without dis-
assembling the assemblies in which they are
located and replacing only those that are ap-
proaching an unsatisfactory condition.

Indirect measurement of the wear of in-
accessible components in aircraft is being ac-
complished by the Army through spectrometric
oil analysis. This technique has proven to be
quite cost effective, and it will probably be ap-
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plied to other materiel in the future. Similar
results could be obtained with radioactive tracer
techniques. In this case, the components of in-
terest would be irradiated and the quantity of
metal molecules deposited by friction into sur-
rounding lubricant would be measured with
radiation instrumentation.

Maintenance engineering should maintain
current knowledge of all state-of-the-art in-
direct measurement techniques and consider
their application, when appropriate, to new and
existing materiel. For materiel deployed in large
quantities, a very large initial investment is
warranted to establish a capability to detect
imminent failures, thereby increasing materiel
availability and safety, and at the same time
avoiding the accomplishment of unnecessary
maintenance,

3-4.7.5 Bearings (Ref. 1)

Because bearing maintenance and bearing
failures account for the largest percentage of
maintenance costs for mechanical products,
selection of the proper sizes and types of bear-
ings can be considered one of the most impor-
tant of all design considérations. The total life
span of mechanical items more often is limited
by the life of its bearings than by failure of
any other parts.

The proper bearing for a specific appli-
cation is the one that:

«. Requires the minimum life cycle cost.

b. Requires little or no maintenance (lu-
bricating, adjusting, etc.).

¢. Requires little or no periodic inspection

d. Permits the most rapid inspection.

¢. Satisfactorily overcomes manufacturing,
operating, or aging misalignment problems.

f. Performs satisfactorily for the life of
the product.

3-4.7.5.1 Nonlubricated Bearings

Bearings requiring no lubrication or main-
tenance should be used whenever possible. Such
bearings are made of synthetic rubber, nylon,
Teflon, and fiber. This type of bearing should
be given first consideration in such applications
as instrument bearings, leaf spring ends,
pushrod ends, drive shaft universal joints, and
fuel valve bearings.
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3-4.7.5.2 Semilubricated Bearings

In bearing applications where the mate-
rials used for nonlubricated bearings are un-
suitable, the use of oil-impregnated, sintered
bronze (or similar) bearings may be considered.
Such bearing assemblies should include
contaminant-excluding seals when they are used
in locations where destructive contaminants
may be present. For ease of servicing, an easily
accessible oil service point, sealed with a plug
or oil cup and properly marked, should be
provided.

3-4.7.5.3 Sealed Bearings

In applications requiring a high load-
carrying capacity with minimum space require-
ments, bearings containing their own supply of
lubricants are highly desirable. The lubricant
is retained by scals on one or both sides of
the bearings. However, even though these types
of bearings are “sealed for life” they should
be provided with some means of .external
relubrication. Such relubrication, when neces-
sary, may be difficult; for example, the “oil
hole” may have to be made through a synthetic
seal pierced with a hypodermic needle, or an
entrance may have to be drilled in the bearing,
leading out through the housing to an easily
accessible position. Regardless of the method
selected, the loss of lubricant back through the
“oil hole” or the entrance of contaminants into
the lubricant must be avoided.

3-4.7.5.4 Sleeve Bearings

Probably no one factor of past design has
contributed more to premature equipment aging
or costly maintenance than the widespread use
of solid metal sleeve bearings. These bearings,
in general, never provide for wear, but progres-
sively grow worse with use and seldom provide
any means of compensating for this wear.
Therefore, the use of solid metal, nonporous
sleeve bearings in any application should be
questioned in every case. In applications where
sleeve bearings are used, however, high-
pressure lubrication should be supplied to the
bearing surface whenever possible.

3-4.7.5.5 Straight Roller Bearings and Ball
Bearings

The use of straight roller and ball bearings
which are not adjustable and do not provide
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wear-compensation should be confined to appli-
cations where:

a. The bearing size, load-carrying capacity,
and operating speed are such as to guarantee
that the bearing will outlive the service life
of the product.

b. Needle bearings operate against shafts
of at least 40 Rockwell C scale hardness.

¢. They operate in an enclosure having a
constant supply of lubricant.

d. They conform to applicable Federal and
Military Specifications.

e. No other type of bearing will perform
the task more suitably.

Roller bearing life is determined by the
fatigue life of raceways and rollers if proper
attention has been given to the details of lu-
brication and mounting, and to the exclusion
of foreign material.

3-4.7.5.6 Tapered Roller Bearings

Tapered roller bearings, when suitable for
design, represent the optimum in bearing main-
tainability and, therefore, should be given high
priority in the selection of bearings. The fact
that they are occasionally higher in initial cost
should be weighed against the cost of replace-
ment of another type of bearing throughout the
life cycle of the product.

Tapered roller bearings may be adjusted
by using threaded, lockable components, or by
shims. Whenever possible, the threaded adjust-
ing method should be used to eliminate the ne-
cessity for stocking shims. Regardless of the
method of adjusting, however, bearing housing
design should allow the easiest and simplest ac-
cess to the adjustment.

3-4.7.5.7 Bearing Seals

Seals used to retain lubricants in bearing
housings having protruding, rotating, and
sliding shafts and axles should be given specific
and special considerations in the design of
equipment. Some of these considerations are:

a. Seals should reflect the highest quality
in design and material concurrent with the
state of the art for its intended service.

b. Secal housing design should provide the
optimum of simplicity for replacement of the




seals by inexperienced personnel operating in
the field. If possible, no special tools, including
wheel pullers, should be required for replace-
ment of bearing seals.

¢. The use of blind fittings and fasteners
should be avoided.

d. Consideration should be given to the use
of multiple-lipped scals and double and triple
scals, each element of which is capable of
fulfilling the sealing requirements alone.

e. When design will permit their use,
prime consideration should be given to the use
of spring-loaded, positive-contact end seals.

f. Each design should be examined to in-
sure that the seal will not be damaged by ex-
cessive internal pressure. When the possibility
of excessive pressure exists, due to heat ex-
pansion of the lubricant or other causes, a relief
valve should be installed (as appropriate) on the
housing, and a return line to a sump should
be installed, when appropriate.

3-4.7.5.8 Derating

All bearings should be derated to insure
that their capabilities have dynamic factors of
safety. This factor of safety is necessary to pre-
vent overload conditions not readily apparent
in new applications or due to unexpected service
conditions. Derating also provides longer bear-
ing life, with less required maintenance and in-
creased maintainability. As a general rule, bear-
ings should be derated to the maximum extent
permitted by cost, performance, weight, or
space provisions.

3-4.7.6 Lubrication (Ref. 1)

Lubrication of materiel is of vital im-
portance. The best designed ,equipment, viewed
from combat efficiency, performance, main-
tainability, and reliability standpoints, can and
does fail completely due to inadequate and im-
proper lubrication. In many items, lubrication
is the only maintenance required for long
maintenance-free service. Equipment designs
sometimes are produced with little thought giv-
en to the vast number of maintenance hours
required in the field for periodic lubrication and
checking of oil levels. Rapid lubrication capa-
bility should be built into the equipment and
the design of this capability should be consid-
ered to be as important as the proper functional
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design of the equipment. Particular attention
to lubrication requirements should be given to
clectronic and electrical equipment. Poorly lu-
bricated synchros, switch shafts, generators,
motors, and relay arms have been a serious
source of malfunction that has resulted in de-
struction of the equipment.

Working surfaces subject to wear or de-
terioration should be provided with appropriate
means of lubrication. Commercial grade lubri-
cants should be used whenever possible. Equip-
ment should be designed to use only one type
of oil and one type of grease. When this is
not practical, the types and grades should be
kept to a minimum. When a special lubricant
is required to satisfy unusual operational re-
quirements, such as high- or low-temperature
operational environments, each lubrication fit-
ting having this requirement should be clearly
labeled with letters 0.25 in. high, giving the
grease or oil specification and placed as close
to the fitting as is suitable.

Lubrication, besides reducing friction and
wear between moving parts, also can serve as
a seal to exclude undesirable substances from
the area being lubricated, and act as a carrier
for rust preventives, antifriction agents, ex-
treme pressure additives, etc. Additionally, lu-
bricants provide a means of removing waste
products or contaminants. For example, in en-
gines, the products of combustion, sludge, and
acids collect in the crankcase oil and are re-
moved when the oil is changed periodically. Cor-
rect lubrication is an important factor in ob-
taining good performance from many parts.

When scaled bearings or semilubricated
bearings are used, the lubricants selected
should have the optimum state-of-the-art char-
acteristics for protection against deterioration
from age. This requirement is particularly im-
portant to items liable to long, inactive storage
where deterioration could cause destruction of
lubricating properties. Whenever possible, lubri-
cants also should be capable of satisfactory
service at ambient temperatures ranging be-
tween —67° and 250°F.

3-4.7.7 Fixed Joints

Frequently, there is a requirement for two
mechanical assemblies to be mechanically at-
tached to each other and to move with respect
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to each other. An example of this is a vehicle
propeller shaft, which provides a power drive
between sprung and unsprung vehicle assem-
blies. A capability for relative movement is pro-
vided by one or more joints in the shaft, which
require some type of lubrication. Since even
lifetime lubricants and scals may not -last
throughout the life cycle of the vehicle, one
is faced at best with a potential maintenance
problem.

In many cases, it is possible to provide
mechanical connection and a capability for
relative movement with fixed joints that will
never require lubrication. Two vehicle compo-
nents that connect sprung and unsprung as-
semblies are torsion bars and coil springs. Other
examples are flexible power drive shafts, flex-
ible couplings, and power drive belts as opposed
to chain belts.

Even though lubrication requirements may
be eliminated by substituting a fixed joint for
a moving one, it does not follow that the fixed
joint is always the correct choice. Each appli-
cation must be subjected to a life cycle cost
analysis. For example, the higher cost of a
chain belt as compared to a conventional belt,
and the cost of lubricating the chain belt, might
be more than offset by the cost of the con-
ventional belt plus the cost of replacing it
several times during the materiel life cycle.

3-4.7.8 Self-adjusting Components

The requirement for maintenance adjust-
ments can be reduced significantly by designing
matericl with self-adjusting features. A prime
example of such an assembly is self-adjusting
brakes. Other examples are self-adjusting valves
for internal combustion engines, electrical
brushes, and belt and chain power transmission
assemblies that incorporate a spring-loaded
idler pulley or sprocket.

3-4.8 CORROSION ASPECTS
Corrosion is a potential source of materiel

failure and .of r%(ﬁllir.ements to expend sil%nifi-
cant quantities of maintenance resources 1ir cor-
rosion control efforts. These potential problems
can be avoided or alleviated by the proper selec-
tion of materials and material- protective
coatings.
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3-4.8.1 Material Selection

Corrosion can result from galvanic action,
chemical reactions, stress, and other causes. In
general, galvanic corrosion and chemical cor-
rosion are the greatest threats to Army
materiel. Galvanic corrosion occurs when two
dissimilar metals are in electrical contact and
are exposed to a common eclectrolyte. In such
a case, a galvanic cell is formed, and the ma-
terial functioning as the anode will corrode
rapidly. Chemical corrosion is the direct action
of one material upon another to produce a new
compound. Oxidation is a common and trou-
blesome form of chemical corrosion that results
in oxides that are called rust on iron alloys
and sometimes are called rust on other metals.
Oxidation (rust formation) is accelerated by the
presence of water and is a significant problem
for materiel such as combat vehicles and
automotive equipment that must function in an
unprotected environment.

Metals are categorized into groups by elec-
trochemical potentials that reflect the
magnitude of the galvanic corrosion that can
occur if dissimilar metals are joined. Such a
galvanic series is shown in Table 3-8. Dissimilar
metals far apart in the series should not be
joined directly together. If they must be used
together, insulating material or protective
coatings must be used. In the absence of dis-
similar metals, limited galvanic action can
sometimes occur because of irregularities on a
single metal surface, but this is not a signifi-
cant problem.

For applications where dissimilar metals
are not involved, the galvanic series provides
incomplete guidance in material selection; i.e.,
a few of the more anodic metals are acceptable.
For example, the metals most commonly used
in vehicle design for their corrosion resistant
properties are:

Titanium Chromium
Molybdenum alloys Zinc
Stainless steel Nickel

Pure aluminum Tin
Cadmium Copper alloys

3-4.8.2 Protective Finishes

Careful consideration of the many factors
involved in the proper selection of protective




TABLE 3-8. GALVANIC SERIES OF METALS AND
ALLOYS (Ref. 1)

Anodic End (mosteasily corroded)

Group Metal

I Magnesium

Magnesium alloys

11 Zinc
Galvanized iron or steel
Aluminum (5058, 5052, 3004, 3003,
6063, 6053)

111 Cadmium
Cadmium plated iron or steel
Mild steel
Wrought iron
Cast iron
Ni resist
Lead-tin solders
Lead
Tin

v Chromium
Admiralty brass
Aluminum bronze
Red brass
Copper
Silicon bronze
Phosphor bronze
Beryllium copper
Nickel
Inconel
Monel
Type 400 corrosion resisting steel
Type 300 corrosion resisting steel
Titanium

\Y Silver
Gold
Platinum

Cathodic End (least susceptible to corrosion)
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finishes for metals at the outset of design will
result in optimum production costs and reduced
operational maintenance requirements. No one
metallic coating and application technique is
best for every application.

3-4.8.2.1 finish Selection Considerations

Finishes cannot be selected until oper-
ational, functional, and manufacturing prob-
lems are defined.

a. Service Enuironmeni. The anticipated
service environment should be defined to in-
clude factors such as:

(1) Temperature range
(2) Humidity

(3) Rain

(4) Salt and spray

(5) Dust and sand

(6) Industrial smog
(7) Direct sunlight

b. Functional Considerations. The finish
selected should be best suited for the base ma-

terial and its function and environment. Factors
that must be considered include:

(1) Corrosion resistance (including gal-
vanic effects)
(2) Solderability
(3) Conductivity
(4) Hardness
(5) Wear resistance
(6) Antifriction properties
(7) Heat reflectivity and emission
(8) Nonsupport of fungi (nonnutrient)
(9) Moisture repellant
(10) Color (appearance)
¢. Manufacturing Considerations. Manu-

facturing processes are interdependent with fin-
ish selection. Factors to be considered include:

(1) Critical dimensions may dictate the
type of finish selected.

(2) Corners, recesses, and holes must
be designed in consideration of the throwing
power of plating, as well as the application and
drainage of rinses and liquid finishes.
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(3) If a coating thickness greater than
0.0002 in. is specified for threaded and close-
tolerance items, allowance must be made in the
part dimension for buildup when the part is
plated.

(4) If dissimilar metal contacts cannot
be avoided, plated finishes should be selected
to provide a cathodic small surface in contact
with an anodic larger surface.

(5) Because of uneven current distri-
bution, electrodeposited coatings on corners,
edges, and protruding areas will be many times
thicker than on flat surfaces, but deposits in
recessed arcas will be thinner. To assure ade-
quate coating thickness over the low-current
density arcas while at the same time avoiding
excessive thickness on the high-current density
arcas, consideration should be given during the
design stage to minimizing sharp corners,
recesses, blind holes, etc.

(6) Many clectroplated coatings are by
nature porous or cracked. For maximum protec-
tion, a multilayer coating system should be
specified to. provide a more impervious barrier.

Three thin layers give better protection than
one layer of the same total thickness. Minimum
thickness always should be specified.

3-4.8.2.2 Types of Finishes

Finishes are categorized as organic or in-
organic.

a. Organic. Organic finishes generally give
better corrosion protection than inorganic fin-
ishes and, in addition, offer a wide range of
decorative appearance such as color and luster.
When the design permits, organic finishes
should be specified. Organic finishes are
classified as paints, lacquers, enamels,
varnishes, and drying oils. In addition, there
are resin base organic finishes that cure by a
chemical reaction in the presence of a catalyst
or heat, or both.

b. Inorganic. Inorganic finishes are protec-
tive metal coatings applied by electroplating,
flame spraying, hot dipping, etc., and chemical
or clectrochemical conversion coatings such as
anodize, iridite, and passivation. Some examples
of finishes commonly used on several metals
are listed in Table 3-9.

TABLE 3-9. PROTECTIVE FINISHES FOR VARIOUS METALS (Ref. 1)

Material Finish

Remarks

Aluminum alloy  Anodize

An electrochemical-oxidation surface treatment

for improving corrosion resistance; not an elec-
troplating process. For riveted or welded assem-
blies, specify chromic acid anodizing. Do not
anodize parts with nonaluminum inserts.

Anodize (Martin
hardcoating)

Much harder than normal anodize with superior
wear properties. Has been used for missile

launcher rails in conjuction with solid-film lu-
bricants for its wear-resistant qualities. Suitable
for building up undersized parts.

“Alrok”

Chemical-dip oxide treatment. Cheap. Inferior in

abrasion and corrosion resistance to the anodiz-
ing process, but applicable to assemblies of
aluminum and nonaluminum materials.

Copper and zinc
alloys

Bright acid dip

Immersion of parts in acid solution. Clear lac-
quer applied to prevent tarnish.
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TABLE 3-9. PROTECTIVE FINISHES FOR VARIOUS METALS (Ref. 1) (Cont’d)

Material

Finish

Remarks

Brass, bronze, zinc
diecasting alloys

Brass, chrome,
nickel, tin

As discussed under steel.

Magnesium alloy

Dichromate treat-
ment

Anodize

Corrosion-preventive dichromate dip.
Yellow color.

Dow Chemical Company developed process used
extensively for aircraft parts.

Stainless steel

Passivating treat-
ment

Nitric acid immunizing dip.

Steel

Cadmium

Chromium

Blueing

Silver plate

Zinc plate

Nickel plate

Electroplate; dull white color, good corrosion re-
sistance, easily scratched, good thread antiseize.
Poor wear and galling resistance.

Electroplate; excellent corrosion resistance and
lustrous appearance. Relatively expensive. Spec-
ify hard chrome plate for exceptionally hard
abrasion-resistant surface. Has low coefficient of
friction. Used to some extent on nonferrous met-
als, particularly when diecast. Chrome-plated ob-
jects usually receive a base electroplate of cop-
per, then nickel, followed by chromium. Used for
buildup of parts that are undersized. Do not use
on parts with deep recesses.

Immersion of cleaned and polished steel into
heated saltpeter or carbonaceous material. Part
then rubbed with linseed oil. Cheap. Poor cor-
rosion resistance.

Electroplate; frosted appearance, buff to bright-
en. Tarnishes readily. Good bearing lining. For
electrical contacts, reflectors.

Dip in molten zinc (galvanizing) or ¢lectroplate
of low-carbon or low-alloy steels. Low cost. Gen-
erally inferior to cadmium plate. Poor appear-
ance and wear resistance. Electroplate has better
adherence to base metal than hot-dip coating.
For improving corrosion resistance, zinc plated
parts are given special inhibiting treatments.

Electroplate; dull white. Does not protect steel
from galvanic corrosion. If plating is broken, cor-
rosion of base metal will be hastened. Finishes
in dull white, polished, or black. Do not use on
parts with deep recesses.
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TABLE 3-9. PROTECTIVE FINISHES FOR VARIOUS METALS (Ref. 1) (Cont’d)

Material Finish

Remarks

Steel (Cont’d)
Black oxide dip

Nonmetallic chemical black oxidizing treatment

for steel, cast iron, and wrought iron. Inferior
to electroplate. No buildup. Suitable for parts
with close dimensional requirements, such as
gears, worms, and guides. Poor abrasion resist-

ance.

Phosphate treat-
ment

Nonmetallic chemical treatment for steel and
iron products. Suitable for protection of internal

surfaces of hollow parts. Small amount of sur-
face buildup. Inferior to metallic electroplate.
Poor abrasion resistance. Good point base.

Tin plate

Hot dip or electroplate. Excellent corrosion re-

sistance, but if broken will not protect steel from
galvanic corrosion. Also used for copper, brass,
and bronze parts that must be soldered after
plating. Tin-plated parts can be severely worked
and deformed without rupture of plating.

Brass plate

Electroplate of copper and zinc. Applied to brass

and steel parts when uniform appearance is de-
sired. Applied to steel parts when bonding to
rubber is desired.

Copper plate

Electroplate applied preliminary to nickel or

chrome plates. Also for parts to be brazed or
protected against carburization. Tarnishes read-

ily.
Gold plate

Electroplate, gold color, resists corrosion and col-

or change. For electrical and electronic appli-
cations.

3-4.9 DURABILITY CONSIDERATIONS

Durability may be defined as the capabil-
ity of a system, assembly, subassembly, or com-
ponent to meet ,or exceed its life expectancy
by virtue of its design and construction with
a minimum of upkeep or repair requirements.
Life expectancy is defined as the projected serv-
ice life, or time to a planned overhaul or rebuild
point. Durability also may be defined as the
probability that an item successfully will
survive its projected service life, overhaul point,
or rebuild point without a catastrophic failure.

3-42

In this application, catastrophic failure is de-
fined as a failure that requires the item to be
replaced or rebuilt.

Life expectancy or projected service life is
expressed in measurable units such as miles,
number of specified events, and time. Some ex-
amples of life expectancy are: automobile tire,
25,000 mi; toggle switch, 20,000 cycles; push-
button switch (nonsnap action), 2,000,000cycles;
automotive vehicle 14 yr and/or 70,000 mi; and
missile system, 10 yr. Life expectancy values
arc based on the assumptions that items will




not be subjected to natural and induced envi-
ronments more severe than those for which
they were designed and that preventive and cor-
rective maintenance will be performed in ac-
cordance with established procedures.

Durability is the end result or culmination
of the activities of a multitude of disciplines
that determine the probability of a system to
survive to its projected service life or rebuild
point. These disciplines include but are not lim-
ited to design, manufacturing, quality control,
reliability, and maintainability. Durability re-
quirements relate primarily to design, produc-
tion, logistic burdens, and life cycle costs, and
should be based on cost trade-off studies. Trade-
offs between reliability and maintainability can
be utilized to optimize life cycle costs while im-
proving durability. The ideal system should be
designed to meet its functional requirements,
and should be durable and reasonable in cost.

While reliability is primarily concerned
with avoiding failure and maintainability is
concerned with corrective and preventive main-
tenance, durability is primarily concerned with
wearout. A durable system can survive to its
projected service or rebuild point with normal
maintenance support. Normal maintenance sup-
port is the preventive and corrective mainte-
nance activities described in the maintenance
plan.

Durability provides a means for evaluating
the total system and all the disciplines involved
in assuring that the system will function within
the designed specifications and limitations for
the intended service life. It also can be a pow-
erful discipline in predicting the useful service
life of a system. Reassessing durability can op-
timize the repuild/overhaul cycle, extend the
service life, and result in minimized cost.

Theoretically, a system with perfect
durability would survive to the last day of its
planned service life or to its planned rebuild
or overhaul point, and have little or no remain-
ing capability. Actually, durability cannot be
designed into materiel with such precision. Fre-
quently, materiel will be more durable than was
predicted. Therefore, periodic assessments of
durability should be conducted to determine
whether or not service life or the rebuild point
can be extended. For example, the Army con-
ducted a life extension and assessment program
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on a missile system and determined that missile
service life could be greatly extended with some
minor modifications and some changes in main-
tenance procedures. Considering the fact that
the alternative could have been to manufacture
new missiles, significant costs were avoided.

Durability provides a means for optimizing
the design and manufacturing process. A sys-
tem may be overdesigned for the intended serv-
ice life, resulting in excessive costs. Design may
specify tolerances that significantly increase
manufacturing costs and decrease durability.
Test tolerances that are too stringent for a par-
ticular application may result in rejections prior
to the expiration of the designed service life
or rebuild point, thereby reducing durability.
Increased durability reflects optimization of the
design, production, and maintenance disciplines.

3-4.9.1 Improving Durability

Durability can be improved by optimizing
design and production to insure that excessive
wear or deterioration does not affect the pro-
jected service life or rebuild point. The type
of materials used should be examined closely,
with consideration given to size and weight de-
pendent upon the particular application. Toler-
ances should be examined closely to determine
the effect that tightening or relaxing tolerances
would have on the longevity of the equipment
under use. In some applications, relaxed toler-
ances may not only be more cost-effective be-
cause of simplified and more expedient man-
ufacturing processes, but may also improve
durability. Quality control procedures also
should be examined for impact on improving
durability.

3-4.9.1.1 Selection of Materials

The durab’ility of material is essentially a
measure of its strength over an extended period
of time. It is determined by the physical re-
sistance of the material to deformation under
stress during prolonged usage and, where ap-
plicable, material resistance to deterioration in
a sustained corrosive atmosphere. In order to
optimize durability, careful consideration should
be given to the material selected for each par-
ticular application.

The properties of the material selected
should be analyzed carefully. Some materials
are used in a fairly pure form. While they may
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be altered by heat treatment or work hardening,
no additional substances a're added. Failures
may occur due to the addition of an extrancous
substance, as in oxidation, or by applying
energy in excess of the maximum storage level,
such as friction heating. Other applications of
materials require carefully controlled trace
amounts of an impurity that greatly influence
performance behavior. Failure of these mate-
rials under prolonged load will be hastened if
there are changes in the concentration or dis-
tribution of the impurity. Higher purity of raw
.materials, special additives during the refining
step, better design, or improved fabrication
techniques all can be the basis for achieving
greater product longevity.

Strength and durability are not always
gained by heavy construction. In some cases,
the elimination of massive sections improves
ultimate strength and durability. Computer
techniques for optimizing the size and shape
of construction members have provided light-
weight, simplified, and more cost-effective de-
signs that also increase durability (see Ref. 20).
Reliability and longevity of machinery and
structures are a function of a variety and multi-
tude of parameters.

3-4.9.1.2 Tolerances and Fits

Another important factor to be considered
for improved durability is the selection of man-
ufacturing tolerances. Tolerances are assigned
to the dimensions of parts and equipment and
to the values of test specifications in order to
define permissible limits. The tolerances and
fits selected must be a trade-off involving the
function of the component within the system,
the accessibility of the component for mainte-
nance or replacement, and the cost of manu-
facture.

Closer tolerances may increase system
durability and reliability, but may be unaccept-
able due to unrcasonably high manufacturing
costs and higher rejection rates at inspection.
Relaxed tolerances lower manufacturing costs,
but may increase maintenance costs due to in-
creased wear and resultant early replacement.
Tolerances and fits should be determined by
a detailed analysis and evaluation of the par-
ticular application. Operating conditions and
the length of service should be examined. Closer
tolerances to increase the reliability of in-
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accessible components such as seals, bearings,
and sealed units should be paramount in im-
portance, especially when the failure of that
component would have a dramatic effect on the
service life or planned overhaul point for the
system involved.

The adverse effect of tightening tolerances
also should be considered carefully. Close tol-
erances, and especially wear limits, may falsely
indicate the end of the useful service life of
a component or system, when, in fact, that sys-
tem may be capable of performing its designed
function throughout an extended service life,
provided the functional tolerances or wear lim-
its were relaxed. This is ample justification for
periodic reassessment of the durability of a sys-
tem during the service life to optimize over-
haul/rebuild policies and minimize cost.

3-4.9.1.3 Quality Control

Quality control procedures should be
reviewed continually and reevaluated to im-
prove durability. Refinements in the quality
control organization and procedures are fre-
quently needed to assure maximum effec-
tiveness. The use of intensified quality inspec-
tions during the manufacturing process and in-
tensified quality acceptance tests can have a
profound effect on system durability.

3-4.9.2 Testing Durability

All component design, to a large degree,
must depend on the results of experimental
testing. A number of well-known testing modes
are in common use. Applying a steadily increas-
ing stress to a sample of material will provide
valuable yield data relative to sizing and es-
tablishing safety factors. Subjecting the fin-
ished component to continued operation at nor-
mal stress levels provides information on wear-
out (fatigue). Several considerations can com-
plicate the assessment of the true durability
of a component. Stress level, for example, con-
stitutes an important clement in interpreting
the significance of yield and wearout test data.
If test and application stress levels differ
significantly, laboratory data may have little
validity for use in design.

In 'wearout, age, and deterioration testing,,
it is often found that the mean time to failure
is too great in real time for practical evaluation.
In this case, it is necessary to use accelerated




testing conditions that greatly reduce the time
necessary for testing. The design of an accel-
crated test and the interpretation of the data
obtained require an understanding of the rela-
tion between stress level and the rate of the
particular destructive process under consid-
cration. For component wearout testing, the
problem is relatively simple. The converse is
true in designing tests or using analytical pro-
cedures to determine the service life or overhaul
point for a weapon system. It is particularly
difficult to design or evaluate the service life
of a standby system, such as a missile system,
whose application is more or less a static mode
of readiness.

One approach to assessing the durability
or predicting the service life of a component
or system is to investigate the wearout time
by analyzing the predicted or observed materiel
“bathtub” curve (Fig. 3-4). The constant failure
rate region marks a period of useful life. The
termination of useful (service) life or time to
wearout (overhaul point) may be selected at any
point along the curve in the wearout region.
Selection of the optimum time for termination
of service life or conduct of overhaul mainte-
nance must be based upon the particular ap-
plication involved, the shape of the life char-
acteristic curve, and the maximum failure rate
that can be tolerated for the system under con-
sideration.

Durability can be predicted by determining
the maximum failure rate that is acceptable
in the wearout region, applying it to the
“bathtub™ curve, and observing the indicated
time. The wearout region can be identified by
the sharp rise in the failure rate after the
useful life period has terminated. This is due
to the fact that two forces are then at work:
chance (random)failures, and wearout failures.

Durability should be reassessed throughout
the service life of the component or system.
This reassessment is important, since the
“bathtub” curve will shift or the shape will
change when subunits or parts are replaced and
normal maintenance activities occur.

3-4.9.3 Designingfor Durability

One arca of consideration of the design en-
gineer in providing optimum durability is to
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insure the incorporation of maintainability in
the design of the system. Analyses and trade-
offs must be made to determine the types and
degree of maintainability and support required.
All combinations of maintainability design fea-
tures, together with the cost and associated re-
pair times, must be considered in order to find
the combinations that best meet materiel main-
tainability requirements. Restricted accessibili-
ty of modules, assemblies, and other items will
contribute to the extension of repair time and,
in worst case, require depot overhaul or rebuild
to extend the useful service life. In this con-
nection, it is a responsibility of both the design
engineer and the maintainability engineer to
pay close attention to the physical limitations
of technicians, as well as the predicted failure
rates of the several components that are subject
to malfunction. It is important that every con-
sideration be given, whenever economically and
physically possible, to provide for easy access
to parts with higher failure rates. System
durability may be reduced if nonfailed parts
must be removed and replaced during the main-
tenance of high failure rate items.

Another factor that should be considered
when designing for durability is planned ob-
solescence. In this case, the durability of a com-
ponent has to be designed to fit into the design
durability of the system. Some types of planned
obsolescence are widely accepted. Disposable
dishes, containers, and clothing are common ex-
amples of planned obsolescence. The use of one-
time devices in military and industrial oper-
ations can be the basis for achieving a high
degree of performance reliability. Properly
used, planned obsolescence favorably impacts
manufacturing, material and maintenance
costs, and materiel durability.

The weapon systems of today often require
high performance components in order to in-
crease the service life or durability of the sys-
tem. In almost all cases, the term “high per-
formance™ implies that there is a high output
per unit mass, a high payload per unit weight,
a high attained speed, or high efficiency. Also
implied is that the component is relatively heav-
ily stressed. Since there is a direct relation be-
tween the degree of stress on the component
and the relative lifetime, it generally will be
true that high performance components tend to

3-45



AMCP 706-132

be short lived. This dictates that high-
performance component applications be ana-
lyzed carefully and evaluated by the design and
maintainability engineers to assess component
reliability and maintainability, and insure sys-
tem durability.

Many examples of design considerations
have improved the reliability, maintainability,
and durability of components and systems. The
development of the surface-gap spark plug is
a classic example. The service life of the plug
itself was extended greatly once the erosion
characteristics of the air-gap plug were
climinated. The excess carbon buildup of the
air-gap plug caused reduced firing current and
failures to fire that were detrimental to system
(engine) performance and often resulted in
catastrophic failure. This adversely affected
durability, since overhaul or replacement was
required prior to the projected service life or
overhaul point of the system. The improved
characteristics of the surface-gap plug have im-
proved system reliability, maintainability, and
.durability.

Improvements in the design and produc-
tion® of genecrator brushes have improved the
maintainability and durability of electrical
devices. The development of hardened material
compounds for electrical brush applications has
not only increased the life of the brushes but
reduced the possibility of system failures caused
by the excessive carbon dust inherent to the
soft brushes. The use of “bayonet-type” brush
holders wherever possible has permitted the re-
placement of brushes from outside the housing
without the need for removing or replacing cov-
ers. This has improved maintainability by al-
lowing for rapid replacement and easy access
for periodic cleaning and lubrication. All of
these actions contribute to extending the service
life, prevent premature or catastrophic failure,
and thus increased durability.

Catastrophic and random failures have a
dramatic effect on system durability. In order
to assess properly system durability, the poten-
tial effects of catastrophic and random failures
should be investigated carefully. If the failure
is such that resultant corrective action requires
system replacement or overhaul, durability will
be decreased. These failures cannot be pre-
vented, although the rates at which they occur
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are related to the environmental stresses to
which the components are subjected. Although
a finite probability of catastrophic failure
always will remain, a decrease in the uncer-
tainties in the manufacturing process by control
of both materials and manufacturing techniques
will reduce the failure rate and increase
durability.

To provide optimum reliability and min-
imum maintenance, it is essential that compo-
nents be balanced as to their fatigue life, with
performance levels designed to achieve a
logistically cost-effective life expectancy. The
designer must consider preproduction testing
and engineering data before he can select the
components that will provide a system design
with optimum durability.

The adequacy of system design should be
determined by extensive age and deterioration
testing, with sufficient test hours on as large
a sample of prototype systems as economically
feasible, in order to establish maintainability
and service life factors. Establishing a quan-
titative relationship between maintainability
and service life will contribute to the deter-
mination of more efficient maintenance prac-
tices and also provide the designer with fatigue
and wear factors that influence life of com-
ponents and, ultimately, the durability of the
system.

3-4.10 REDUNDANCY ARRANGEMENTS

Redundancy exists when more of anything
is provided than is necessary. It can exist in
materiel in the form of extra strength, extra
circuits, extra end items, etc. Normally, redun-
dancy is considered to improve materiel
reliability, but it can result in reduced reliabili-
ty and frequently increases maintenance re-
quirements. Maintenance engineering must
understand what redundancy is, thoroughly
understand its impact on system operation, and
be well aware of the maintenance price that

_may be paid for any operational advantages.

Redundancy has different connotations for
cach engineering specialist—for example, to the

. structural engineer, a factor of safety; to the

clectrical engineer, a generator with the capaci-
ty to handle an overload without damage; to
the lubricating engineer, a lubricating supply
of more than normal requirements to take care




of unforescen eventualities; and to the reliabili-
ty engineer, the capacity of a system to ex-
perience failure of hardware items without
causing system failure. This discussion will lim-
it itself to the reliability and maintenance
aspects of redundant assemblies, components,
ete.

A state of redundancy exists between two
or more devices in parallel if one or more of
the devices can fail without causing system fail-
ure, but at least one of the devices must succeed
for the system to succeed. Either simple or com-
pound redundancy may exist, depending upon
the requirements for the successful operation
of the parallel devices. Additionally, active or
standby redundancy can exist within the simple
and compound categories.

3-4.10.1 Simple Redundancy (Ref. 2)2

If » devices are in parallel so that only
one of the devices must succeed for the system
to succeed, then the devices are said to be in
simple redundancy. To illustrate this concept,
the diagram or model of a two-part redundancy
system is shown in Fig. 3-6.

In other words, if part 1 fails, the system
can still succeed if part 2 does not fail, and
vice versa. However, if both parts fail, the sys-
tem fails.

From probability Theorem 3 (par. 3-3.1.2),
it is known that the possible combinations of

success R and failure Q of two devices are given
by Eg. 3-9.

possible events = RyR, T R, Q,
+ Qle + Ql Q2
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where
R,R, = both parts succeed
R,Q, = part 1 succeeds and part 2 fails
@R, = part 1 fails and part 2 succeeds
@, Q; = both parts fail.
It is also known that the sum of these

events equals unity, since they are mutually
exclusive; i.e., if one event occurs the others
cannot occur.

So

R1R2 + Rl Q2 + Q1R2 + Ql QZ = 1. (3‘10)

Since at least one of the parts or devices
is expected to succeed in simple redundancy,
the probability of this happening is given by

R R, +RQ +Q R, =1-QQ,. (3-11)

In simple terms: if the only way the redun-
dant system can fail is by all redundant parts
failing, then the probability of success must be
equal to 1 minus the probability that all redun-
dant parts will fail; i.e., R =1 — Q from prob-
ability Theorem 1 (par. 3-3.1.2).

This reasoning can be extended to n redun-
dant parts if at least one of the n parts must
succeed for the system to succeed.

Example: Suppose there are three ways
that a space capsule can be guided: automat-
ically, with B, = 009; semiautomatically, with
R, = 0.8; manually, with B3 = 0.7. The 'model
or diagram of successful guiding, assuming that
the three ways are independent of cach other,
is shown in Fig. 3-7.

From probability Theorem 3 (par. 3-3.1.2),

(3-9) the possible events are given by Eq. 3-12.
R\ R,R, + R R,Q, + R,Q,R,
+ QRyR; + R QQ; + @ Q:R,
2 Ibid, + QR Q; + @0, (3-12)
PART |
DOES NOT FAIL
IF THEN
S —— OR SUCCESS
PART 2
DOES NOT FAIL

Figure 3-6. Simple Redundancy Model
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AUTOMATIC CONTROL
DOES NOT FAIL
R,=0.9

SEMIAUTOMATIC

R= 0.7

IF CONTROL DOES NOT THEN SUCCESSFUL
FAIL GUIDING
R,=0.8
R
MANUAL CONTROL

DOES NOT FAIL

figure 3-7. Space Capsule Guidance Model

Since the sum of these probabilities is
equal to unity, and since at lcast onc of the
control systems must operate successfully, then

the probability Rg,;q that guidance will be suc-
cessful, is

Rgua = BiRyR3 + RiRy Qs + R, Q,Q;
+ QE;R; + R, Q, 0,

+ QR+ QR
- T 2GGg (3-13)
=1 = [1=Ry)1 —Ry)X1 —Ry)]
= 1-[1-09Q1-081-07)]
= 1 — [(0.1)0.2)(0.3)]
= 1 — (0.006)
= 0.994.

In general, then, it can be stated that for
simple redundancy

=1 - g,
i=1

1 - [Q,Q:Q; -

RRedunda,nt
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where

[1Q; = total probability of failure

Qi = probability of failure of the ith re-
dundant part

n = total number of redundant parts
3-4.10.2 Compound Redundancy (Ref. 2)

Compound redundancy exists when more
than one of % redundant parts must succeed
for the system to succeed. This can be shown
in a model of a three-clement redundant system

in which at least two of the elements must
succeed, as shown in Fig. 3-8.

From probability Theorem 3 (par. 3-3.1.2),
the possible events are

R RyR3 + R R,Q3 + R, Q; Ry

+ @ R:Ry + R,Q:Q; + Q QR

+ QR Qs + @Q:Q;
as indicated by Eq. 3-12.




S

IF barts THEN

PART 2 SUCCESS

NOT

FAIL

PART 3

Figure 3-8. Compound Redundancy Model

To simplify the notation, let R, = R, = R,
and @, = @, = ¢3. This reduces the preceding
expression to

R t R2Q t R2Q t R%Q

+ Rq + RQ? + R t @

R3 + 3R2Q + 3RQ® t+ @

Since the sum of these probabilities equals
unity, and at least two of the three parts must
succeed, then the probability for success is giv-
en by

R

L]

or

R t+ 3R%Q

1 - BRE T @
since 3RQ® represents one part succeeding and
two parts failing, and @ represents all three
parts failing. .

(3-15)

Example: Assume that there are four iden-
tical power supplies in a fire control center and
at least two of them must continue operating
for the system to be successful. Let each supply
have the same reliability, R = 0.9 (which could
represent €M or R; or R). Find the probability
of system success R,.

The number of possible events is given by
Rt Q=R T 4ar3Q T 6R2Q2 (3-16)
t 4rRQ® T Q@2
The sum of the probabilities of these

events equals unity, so the expression for two
out of four succeeding is

R, = R* t 4R3Q + 6R2Q?
1 - MRQ® T Q4

(3-17)

L]

(3-14)’
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Substituting R = 09 and Q = 1 - 09
vields

R. =

$

1 - MRQ® + @
1 — [4(0.9)0.1 t (0.1)4]
1 - [(3.6)0.001) t 0.0001]
= 1 - [0.0036 t 0.00011
= 1 - 0.0037

0

3-4.10.3 Active and Standby Redundancy

The devices in parallel comprising either
a state of simple or compound redundancy may
all be active at all times, or the active devices
at any time may be limited to those mandatory
for system success. The first arrangement is
called active redundancy and the second, stand-
by redundancy.

As an example of active redundancy in a
system with simple redundancy, suppose that
the model shown in Fig. 3-6 represents a system
power source composed of two identical gen-
erator sets, either of which is capable of sup-
plying total system power requirements. If ac-
tive redundancy is practiced, both generator
sets will be operating, onc on line and the other
off line. Sensing circuits will monitor the output
of the on-line set and switch the load to the
off-line unit if the system primary power levels
drop below a predetermined level. The off-line
generator is often referred to as the standby
generator, but represents active redundancy
since it is operating and experiencing stresses
associated with rotating machinery. The power
supply example in the discussion of compound
redundancy is an application of total active re-
dundancy. Here, all four power supplies are
implied to be on line at all times. As supplies
fail, the remaining supplies share the added
load.

For cither of the foregoing active
redundancy examples, maintenance engineering
should consider a true standby arrangement,
provided such an arrangement will satisfy op-
crational requirements. In the case of the gen-
erator example, the off-line generator set could
be completely shut down, and started manually
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when the on-line set fails. Maintenance require-
ments will be reduced because of lower gen-
erator run times and, consequently, because of
fewer failures and servicing requirements.
Economies also can be realized from reduced
fuel consumption. Except for fuel economies,
an analogous discussion applies to the power
supply example.

34.10.4 Redundancy,Reliability,and Trade-offs

The compound redundancy model (Fig. 3-8)
points out that more than one of » redundant
parts must succeed for the system to succeed.
Such a requirement actually can reduce system
reliability. When more than one redundant
device must succeed, the use of more than one
device is often a result of incorporating off-
the-shelf hardware to reduce initial acquisition
costs. In new design, it also can result from
standardization goals, whereby units such as
standard power supplies are used “building
block™ fashion, and a pair of these supplies is
used in parallel when the load demands exceed
that of a single unit. Maintenance engineering
must trade off the resultant reliabili-
ty/availability impact of compound redundant
units against the advantages of a single higher
reliability unit with adequate capacity for the
task. Increased initial acquisition costs for a
new-design single unit may be offset by lower
life cycle support costs, along with overall sys-
tem availability.

A twin-engine aircraft illustrates the para-
doxical manner in which a fixed hardware ar-
rangement can be considered either redundant
or nonredundant, by virtue of the operational
mode under consideration. During a flight
(assuming adequate single-engine performance
for mission completion), the reliability of two
engines exceeds that of a single engine since
cach enging is statistically an independent unit
and simple redundancy exists. The single-engine
aircraft, given an engine type the same as that
of the other aircraft, has a higher probability
of complete power loss (and termination of the
mission) over the same number of flight hours.

A different situation exists at the start of
a mission. No twin-engine aircraft, military or
civil, will start a flight without both power
plants operating normally. A zero redundancy
condition then exists because both of the
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formerly redundant units must be operating
properly. As for the probability of operation,
if the probability of one engine operating is
R, the probability of two engines operating is
R?. The twin engines not only reduce aircraft
availability, but engine maintenance is doubled,
which adversely impacts requirements for per-
sonnel, repair parts, etc. If it is assumed that
the power of two of the engines being discussed
is an operational requirement, maintenance en-
gineering should trade off the costs of a single,
more powerful engine and its support versus
similar costs for two of the smaller engines per
aircraft.

A requirement exists for trade-offs be-
tween mission requirements and potential added
maintenance costs whenever redundancy is con-
sidered. The lower maintenance and initial ac-
quisition cost of a single-engine aircraft must
be traded off against mission requirements,
probability of failure, and the system impact
if failure occurs. Similar trade-offs are required
when considering dual generators, power sup-
plies, transmitters, backup guidance systems,
backup relays, and other redundant hardware.
Mission essentiality always must be considered
in evaluating alternatives. If a police radar unit
is down because its single power supply fails,
it is a source of aggravation to the police, but
no real harm is done. On the other hand, the
failure of a ground control radar, due to a lack
of backup power, can have disastrous results
for an aircraft under control during certain
weather and terrain conditions.

Once trade-offs have been conducted and
an approach selected, maintenance engineering
continually must monitor the design to insure
that the advantages of the selected approach
are not compromised. For example, a simple-
redundancy, standby arrangement was chosen
for the genecrators in some ground support
equipment. When one generator was running,
the other was off, and the arrangement met
system availability requirements. The mainte-
nance concept was such that maintenance could
be performed on the passive unit while the oth-
er was operating. This quite logical approach
was scuttled when a design decision was made
to mount the units in such a way that work
on the passive unit was impossible because of
the safety hazard presented by the proximity




of the operating unit. Additional maintenance
engineering influence corrected the situtation,
but this type of incident emphasizes the need
for continual monitoring of design activity by
the maintenance engineer. The monitoring task
is all inclusive and continuous, beginning with
quantitative design and redundancy require-
ments at the system level and encompassing
all levels of design, down to paralleling of picece
part hardware.

3-4.10.5 Examplesof Redundancyin Materiel
(Ref. 1)

Some examples of redundancy in various
types of materiel are:

a. Dual electrical power supply, each ca-
pable of fulfilling the product mission

b. Electrical plugs on outside of product,
to supply product with power normally gener-
ated on board

¢. Dual or multiple prime movers, each,
or in combination, capable of sustaining sat-
isfactory motion

d. Front and rear drives on land vehicles
separately driven from prime mover, each ca-
pable of continuing their function in the event
the other fails

e. Multiple braking systems, each capable
of operation should the other fail

f Hand crank on engines with self-

starters, to crank engine in the event self-
starter fails

g. Auxiliary power plants, to substitute for
main power source

h. Multiple sealed compartments in floats,
boat hulls, etc., each, or in combination, capable
of sustaining flotation

t. Dual control systems, either of which
will serve the intended mission or function.
Typical are:

(1) Two identical controls
(2) Power plus mechanical activation
(3) Dual cable, wire, or push rod

J. Dual electrical or electronic circuits,

each able to substitute for the other

k. Dual vehicle tires on one axle, ecach ca-
pable of carrying the load in case the other
fails
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. Multiple fuel tanks, cach capable of be-
ing valved to serve all engines or a combination
thereof

m. Dual fuel systems, ecach capable of sup-
plying an engine in the event the other fails

n. Tire tube inside an outer tire tube, to
carry the load and fulfill the mission in the
event the outer tube fails

0. Two or more fasteners, cach, or in com-
bination, capable of carrying the load in the
event the other fails

p. Multiple fuzes on ordnance items, to
further assure satisfactory action in the event
the others malfunction or fail

g. Local manual fire control, to substitute
for automatic fire control on military items
(guns, missiles, etc.)

r. Telescopic rangefinders, to substitute
for radar rangefinders

s. Multiple bilge pumps, cach having its
own sources of energy, and capable of per-
forming the function of the other

. Visual or audible warning system, to op-
erate simultancously with, for example, an
automatic fire extinguishing system

u. Multiple fire extinguishing systems,
cach capable of being directed into the other’s
normal areca

v. Multiple escape means, to afford quick
exit from a single compartment in an emer-

gency
w. Two or more methods for shutting down
a device, in the event the normal method fails

x. Military fire control systems for a single
weapon or battery, capable of alternate use with
gun or missile without delay

y. Alternate air intake source to
carburetors, to prevent or correct icing or con-
tamination

z. Oil tanks of sufficient size to permit
continued satisfactory lubrication even though
a small leak or seepage exists

aa. Resettable circuit breakers, capable of
immediate reuse, and without having to replace
a less complicated item such as a fuse
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ab. Test or calibration equipment with uni-
versal capability; for example:

(1) Multifunction meters capable of
reading volts, ohms, amperes, and watts

(2) Universal missile checkout device
capable also of serving more than one type of
missile

ac. Dual means of communication, such as
a telephone intercommunication system, horn,
bell, light, etc.

ad. Frequency change equipment in a radio
transmitter or receiver, to permit two or more
radios normally used on two or more channels
to be substituted for each other

ae. Stiffened fuselage bellies, capable of
reasonably resisting forced belly landings in the
event of landing gear failures

af Manual overrides on power-actuated
components, such as on retractable aircraft
landing gears, power-driven hatches, flight con-
trols, ship steerage, etc.

3-5 MAINTENANCE ENGINEERING
INFLUENCE ON MAINTAINABILITY
ASPECTS DURING DESIGN

Maintainability is a characteristic of de-
sign and installation which is expressed as the
probability that an item will be retained in or
restored to a specified condition within a given
period of time, when the maintenance is per-
formed in accordance with prescribed proce-
dures and resources.

During materiel design, maintenance en-
gineering continually conducts analyses and
trade-offs to insure that optimum maintainabili-
ty is incorporated into design. The identification
of trade-off candidates is based on historical
data, experience, and judgment. All candidates
must satisfy operational requirements, and this
fact is implicit in the remainder of this dis-
cussion. The purpose of the trade-offs is to
select design features that will reduce life cycle
support costs more than they increase acquisi-
tion costs.

Maintenance engineering maintains cur-
rent knowledge of the status of materiel design
through program documentation, personal con-
tact with engineers, review of mock- -ups, mod-
els, and prototype hardware, and design
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reviews. Maintainability design reviews provide
an excellent source of information since they
are devoted exclusively to the review of design
features in which maintenance engineering has
great interest. In evaluating design at such
reviews, maintenance englneerlng draws heavily
on hlstorlcal data and experience.

In evaluating a design either from a draw-
ing or at a design review, maintenance engi-
neering is interested in establishing or improv-
ing design features that reduce support costs
and simplify and reduce maintenance. There 1s
a multitude of such design features. A few of
the most important are discussed in the para-
graphs that follow.

Support costs can be reduced by stand-
ardization. The single most important stand-
ardization requirement, and it is normally not
considered standardization, is to design materiel
so that it can be supported within the existing
logistic system. Any other design will generate
a host of expenses and problems. One of the
actions required to attain the overall stand-
ardization goal is to design materiel so that
standard test equipment, repair parts, and
fasteners can be used. An additional design re-
quirement is to keep the number of different
types of these items to a minimum. Support
costs also can be reduced by reducing the re-
quired quantity of repair parts, whether stand-
ard or nonstandard, and by simplifying and re-
ducing maintenance.

The ultimate way to simplify and reduce
maintenance is to eliminate it. Maintenance en-
gineering should insure that maintenance-free
components and assemblies are incorporated
into design whenever this is cost-effective.
Maintenance simplification without reducing
maintenance frequency can be attained by de-
signing materiel for maximum accessibility and
for eases,0f maintenance. The need for
accessibility applies to both corrective and pre-
ventive maintenance.

Simplification of maintenance also can be
attained with a design that is oriented toward
optimum organizational maintenance require-
ments. Such a design almost always incorpo-
rates modular features. When discard-at-failure
modules are used, maintenance is not only sim-
plified, but reduced.




Maintenance reduction without sim-
plification can be achieved through design. An
example of this is the design of a circuit with
self-protective features. Such features can pre-
clude both operating damage, as from voltage
surges, and maintenance damage. A second ex-
ample is to select and install wires and cables
properly that will not fail as a result of natural
and induced environments.

3-5.1 TRADE-OFF PARAMETERS

Trade-off analysis is the process of analyz-
ing and evaluating possible alternative solutions
to a problem and then choosing the solution
that best satisfies the explicit and implicit con-
straints. Explicit constraints are operational pa-
rameters such as speed, weight, accuracy, and
availability. Implicit constraints may be tan-
gible, such as state of the art limitations, or
intangible, such as user acceptance of a new
concept.

The reason for trade-off studies is to reach
optimum design versus support decisions. Op-
timization can be attained only by considering
all facets of a problem. Alternatives that are
patently unacceptable should be identified but
not treated in depth during the trade-off
analysis study period. It is emphasized, how-
ever, that the validity of trade-off decisions de-
pends on the completeness and thoroughness of
the study. Tentative relationships, if properly
developed, are frequently useful for making
gross comparisons of alternatives. Care must
be exercised not to use relationships that are
overly sensitive to the parameters being varied.

Trade-offs during early materiel program
phases involve operational, maintenance, and
support parameters. All parameters are loosely
bounded in such trade-offs. Consider a guided
missile system. Large payloads in economical,
relatively inaccurate missiles might prove to be
more cost-effective than small payloads in high-
ly sophisticated missiles. Similarly, large
numbers of missiles of relatively low reliability
might be more cost effective than the required
numbers of highly reliable missiles. Mainte-
nance concepts might range from discarding a
missile at failure to complete repair. All logical
design and support combinations that show
promise of satisfying operational requirements
arc traded off, and a basic design and a support
approach are selected.
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Operational parameters become relatively
firm after the foregoing trade-offs, as does the
basic hardware design. Subsequent trade-offs
arc largely between maintenance and support
parameters to determine how established oper-
ational requirements can be satisfied most eco-
nomically. The operational parameter of avail-
ability comprises a prine trade-off arca. Nu-
merous combinations of reliability and main-
tainability will provide a specified availability,
and cach combination impacts virtually all sup-
port parameters and acquisition and life cycle
costs. During these trade-offs, materiel repair
levels, maintenance locations, and test and
packaging concepts are established.

A final series of trade-offs involves the
verification, refinement, and definition of pre-
viously established maintenance and support
parameter concepts. For example, automatic
test equipment could be a maintenance param-
eter concept. It is now determined whether or
not this should be built-in test equipment.

To make final determinations regarding
maintenance and support parameters, it is nec-
essary to consider test levels and packaging
concurrently and examine the impact on sup-
port parameters at all maintenance levels. All
logical maintenance parameters are traded off.
Any design feature that will eliminate, reduce,
or simplify maintenance is examined in detail
for its impact on the support parameters and
life cycle costs. Finally, support concepts are
traded off. Such trade-offs might not affect
maintenance parameters, but can heavily im-
pact support parameters. For example, a trade-
off between field maintenance and aepot main-
tenance will affect, at a minimum, require-
ments for personnel, training, support equip-
ment, facilities, and transportation.

All maintenance and support parameter
trade-offs are important, but possibly the most
important decisions applicable to all types of
materiel that must be established by trade-offs
concern:

a. Modularization

Repair level

Fault isolation
Maintenance concept
Maintenance complexity
Reliability

8 Qo =
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g. Adjustments

h. Calibration

i. Accessibility

J. Standardization

k. Interchangeability

l. Logistic requirements.

3-5.2 MAINTAINABILITY DESIGN REVIEWS

Design reviews of a materiel development
program are conducted at critical points during
the development cycle. The purpose of the
reviews is to evaluate the status of the pro-
gram, accomplish effective coordination, and fa-
cilitate timely management decisions. These
reviews provide an efficient method for main-
tainability and maintenance engineering person-
nel to see what has been accomplished and what
remains to be accomplished in the area of main-
tainability. Concurrently, maintenance engi-
neering makes similar determinations per-
taining to closely allied disciplines such as
reliability, human factors, and safety.

Initially, design reviews deal with con-
cepts. As the materiel program evolves, con-
cepts become specifications and specifications
lead to hardware. In general, design reviews
are conducted at each transition point. The ma-
jor purpose of the conceptual review is to assure
that the selected design concept will satisfy
maintainability requirements and will be cost-
effective. Quantitative data on which to base
decisions are limited.

At the time that specifications become
available, initial materiel design is nearly com-
plete and some components and assemblies will
have undergone some development testing. The
capability of materiel design to satisfy main-
tainability requirements is evaluated by making
a formal maintainability prediction. In the
event of deficiencies, design recommendations
are made. This is the last chance to influence
design with relative economy. Subsequent
changes will impact hardware rather than
drawings.

After hardware becomes available and
some test data are generated, maintainability
deficiencies may be identified with relative
case, both before and during design reviews.
Once again, design recommendations to correct
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deficiencies are submitted. The recommenda-
tions pertaining to deficiencies that keep
materiel from satisfying operational require-
ments (design specifications) normally receive
approval. Other recommendations normally will
be disapproved unless they can be effected with
minimum cost impact, or demonstrate an over-
whelming savings in support resources.

It is quite difficult to insure, through con-
ceptual and specification reviews, that full and
adequate provisions have been made for main-
tainability. This is mainly because there is such
a variety of requirements to be considered, and
it is difficult to visualize the hardware config-
uration that will eventually emerge. It is
relatively casy to determine deficiencies in
hardware but, as has been pointed out, it is
difficult to get design changes accepted at this
time. To make complete, timely maintainability
recommendations, maintainability checklists are
prepared and used.

A properly prepared maintainability check-
list should encompass basic maintainability
principles, as well as specific parameters ap-
plicable to the class of materiel being reviewed.
It can be prepared most efficiently by starting
with checklists that have been used during
maintainability design reviews of similar
materiel (including hardware reviews), and
resulting maintainability reports. This should
be augmented with ficld data, when available.
Such documentation will highlight potential
problem arcas, and may permit discovery of
deficiencies in the design stage that otherwise
would have been undiscovered until hardware
was fabricated.

Besides operational hardware, maintenance
engineering has a design review interest in the
planning and progress associated with the def-
inition and acquisition of support resources. It
is necessary to insure that adequate support
equipment, trained personnel, documentation,
repair parts, etc., will be available when re-
quired. This effort also requires a checklist and,
as before, preparation of the checklist best can
be accomplished by using previous design
review documentation and field usage data as
source information.




3-5.3 DESIGN ORIENTED TO ORGANIZATIONAL
MAINTENANCE LEVELS

Materiel design and its optimum mainte-
nance concept are interdependent. Repair level,
repair location, modularization, fault isolation,
and similar decisions must be made con-
currently as a result of comprehensive cost-
effectiveness trade-offs. Normally, such trade-
offs will demonstrate the desirability of keeping
maintenance functions at the organizational lev-
el simple and capable of rapid performance.
This situation results from a combination of
operational requirements and life cycle costs.

The operational requirement that estab-
lishes the maximum and average times avail-
able for corrective and preventive maintenance
is availability. Usually, these times are of
relatively short duration, and a rapid repair
capability becomes necessary to satisfy the re-
quirement.

Once operational requirements are satis-
fied, additional simplification or time decreases
in organizational maintenance must be justified
on the basis of cost effectiveness. The Army-
wide cost benefits accruing from such design
changes are reduced requirements for personnel
skills and numbers, support equipment, and fa-
cilities. Equally important, simple and quick or-
ganizational repairs are more likely to be
reliable than complex and lengthy ones.

The simplification of organizational main-
tenance can be accomplished in a variety of
ways, and each will have a unique impact on
total support resource requirements. Three
greatly simplified examples will demonstrate
this statement. If organizational maintenance
is simplified through improved mechanical and
electrical packaging and accessibility, organiza-
tional personnel can perform more work in less
time, and the maintenance load and resource
requirements normally will decrease at the oth-
er levels. This is true because the organization
is performing some maintenance that previously
was performed by higher maintenance levels.
Acquisition costs of the prime materiel normal-
ly will increase insignificantly.

If organizational maintenance is simplified
through improved mechanical and electrical
packaging and accessibility and built-in test
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equipment, organizational maintenance person-
nel can perform more work in less time, but
added maintenance resources (personnel, sup-
port equipment, and repair parts) will be re-
quired somewhere in the support subsystem to
support the added test equipment. Additionally,
acquisition costs of the prime materiel normally
will increase.

The foregoing examples assume repairable
modules. If a concept of discarding modules at
failure is added to the second example, the or-
ganizational maintenance workload will not
change, the maintenance workload at higher
maintenance levels will decrease, and repair
part costs normally will increase, since repair
is effected by replacing and discarding a module
comprising multiple parts rather than by
replacing and discarding a single part. The re-

, pair part costs normally will be offset to some

degree by improved reliability and reduced
manufacturing costs that may be realized by
using discard-at-failure rather than repairable
modules. Compared to the second example, ac-
quisition costs of the prime materiel will not
be affected significantly.

In addition to the cost factors identified
for the three design and maintenance approach-
¢s, cach approach will generate unique technical
data, training, transportation, support equip-
ment, and, perhaps, facility costs. The only way
to select the most cost-effective materiel design
and support subsystem combination is to con-
duct cost trade-offs.

3-5.4 SYSTEM COMPATIBILITY

The Army logistic system consists, in part,
of the concepts, management and control sys-
tems, and resources required to acquire and
maintain materiel and facilities (see par. 3-4).
Any facet of a new materiel program that re-
quires a modification of the logistic system is
a potential source of unnecessary trouble and
costs. This does not mean that it is always un-
desirable to effect a change. No changes result
in no improvements. However, when feasible,
new materiel should be designed to be acquired
and supported within the existing logistic sys-
tem. Exceptions to this principle are acceptable
only when dictated by state-of-the-art consid-
erations, or where cost savings and improved
effectiveness can be demonstrated.
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Materiel not compatible with the logistic
system is most apt to impact the logistic ele-
ments of movement, maintenance, and facil-
ities. For movement, the logistic system envis-
ions the use of existing and planned military
and commercial vehicles to move materiel by
highway, rail, airplane, and ship. Materiel that
cannot be moved by standard vehicles in all
transportation modes inhibits the flexibility of
the Army to move equipment rapidly and eco-
nomically from point to point. Materiel size and
fragility are two factors to consider. Size can
limit transportation to a small percentage of
existing vehicles, or can result in a requirement
for new vehicles. Shock and vibration limita-
tions can preclude the use of rail and sea trans-
portation, and require expensive packaging to
protect items when moved by other trans-
portation modes. Materiel sensitive to non-
nuclear radiation generates a requirement for
route surveys and restricts permissible routing.
Temperature limitations can generate a host of
transportation problems.

The maintenance element of the logistic
system is particularly sensitive to new require-
ments for personnel skills, support equipment,
lines of repair parts, and equipment publica-
tions. New skill requirements can trigger new
recruiting requirements, and always result in
new training courses and all of the attendant
student and school expenses.

New support equipment requirements gen-
erate new personnel and training requirements,
and provisioning and supply management ex-
penses. New lines of repair parts also generate
provisioning and supply management expenses.
Both support equipment and repair parts even-
tually impact the previously discussed logistic
clement of movement. All maintenance-
associated requirements discussed so far impact
equipment publication requirements.

Maintenance and storage facilities are as-
sociated closely with maintenance. New mobile
and temporary facilities perturb the logistic
system to a limited degree, but permanent fa-
cilities such as depots and fixed general support
unit shops have deep implications. This is partly
because of the structures, but mainly because
of the personnel and support equipment asso-
ciated with a fixed facility operation.
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The impact of new logistic requirements
on the logistic system is somewhat proportional
to the degree by which the new requirement
exceeds the existing capability, as long as the
existing capability can be appropriately mod-
ified. If an absolutely new capability is re-
quired, the impact can become extremely
significant. An example of this is a requirement
for a new skill. If the new skill can be attained
by retraining an existing skill, and if there is
a sufficient number of the existing skills, the
problem can be solved with the expenditure of
training resources. On the other hand, if skill
requirements exceed the skill inventory and
retraining is not feasible, there is a problem
that will require extraordinary effort in effect-
ing a solution.

3-5.5 REPAIR PARTS STANDARDIZATION (Ref. 1)

Repair parts standardization is an effort
to effect optimum interchangeability of repair
parts and components, and thereby reduce sup-
ply management and procurement costs. It is
an intra-Army as well as an interservice ac-
tivity. When standardization is carried out to
a maximum degree, it results in substantial cost
savings, has favorable reliability implications,
and usually assists in making materiel more
maintainable. It should be noted that the stand-
ardization of materiel end items is the most
effective way of standardizing repair parts and
components.

The primary goals of a standardization
program arc to:

a. Reduce the number of different models
and types of equipment in use.

b. Maximize the use of common parts in
different equipment.

¢. Minimize the number of different types
of parts, assemblies, etc., and attendant supply
problems and make maximum use of standard,
interchangeable items.

d. Use only a few basic types and varieties
of parts, assemblies, etc., and ensure that those
parts are readily distinguishable, compatible
with existing practices, and used consistently
for given applications.

Maintenance engineering assists in the at-
tainment of these goals by reviewing design




and, later, materiel to insure that stand-
ardization principles are being followed. Some
typical requirements are:

a. Make all items subject to removal and
replacement standard and uniform.

b. Use standard available parts rather than
those of special manufacture.

¢. Avoid parts made by only one manu-
facturer, when feasible.

d. Insure that all parts having the same
manufacturer’s part number are directly and
completely interchangeable with regard to form,
fit, and function.

e. Insure that like assemblies, components,
etc., are directly and completely interchange-
able when they are procured from multiple
sources.

Standardization results in a wide range of
advantages, whose aggregate results in im-
proved cost-effectiveness. Specifically, stand-
ardization will:

a. Avoid requirements for special tools,
etc.

b. Save design time, manufacturing cost,
and maintenance time and cost.

c. Result in more uniform and predictable
reliability.

d. Minimize the danger of misapplication
of parts, assemblies, etc.

e. Prevent accidents that arise from im-
proper or confused procedures.

f. Facilitate “cannibalizing” maintenance
procedures.

g. Reduce errors in wiring, installation, re-
placement, etc., due to variations in character-
istics of similar equipments.

h. Reduce supply management costs.
i. Reduce materiel modification costs.

J. Reduce the number of line items that
must be stocked at all maintenance levels.

In spite of the many benefits that accrue
from standardization, efforts in this direction
must be guided by prudent judgment. Frequent-
ly, improved performance requirements for
materiel preclude the application of standard
parts. In such cases, it should be established
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unequivocally early in a materiel program that
the advantages of improved performance out-
weigh the advantages of standardization. Once
this is an established fact, maintenance engi-
neering should not fight the problem, and
should devote standardization attention only to
the viable candidates in the program, such as
multiple usage of the nonstandard parts.

3-5.6 REDUCE LEVEL OF TECHNICAL SKILLS
REQUIRED (Ref. 1)

The level of organizational technical skills
required to perform materiel maintenance
always can be reduced by the use of modular
construction. The level of skills required at all
maintenance levels can be reduced if the mod-
ules are discarded at failure; otherwise, a high-
er maintenance skill is required at some level
to effect the repairs not accomplished by the
organizational level. There is a tendency to
think of modular construction as being almost
exclusively associated with electronic equip-
ment, but this is an incorrect concept. Normal-
ly, electronic equipment can be modularized to
a greater degree than mechanical equipment,
but the fundamental benefits of modularization
apply equally to all materiel types.

Advances in microelectronic engineering
make it possible to package many circuits (func-
tions) into extremely small volumes. These in-
tegrated circuits have low power requirements
and exceptionally high reliabilities. Their initial
cost is competitive with the cast of similar cir-
cuits that have discrete, solid-state components.
Considering the reduced maintenance costs that
result from improved reliability, integrated cir-
cuits cost less than discrete circuits on a life
cycle basis. Assuming that they are not mis-
applied, most integrated circuits that do fail,
do so as a result of manufacturing problems
rather than wear-out. Manufacturing processes
and production acceptance testing are improv-
ing continually. Packaged microelectronic cir-
cuits frequently are designed as discard-at-
failure modules. Due to their high reliability,
redundant modules normally are not required
to achieve required system availability. Con-
versely, the circuits make it economically and
technically feasible to incorporate a self-repair
capability into materiel by providing redundant
circuits.
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3-5.6.1 Modules

A module is a functional materiel entity
that may be comprised of a complete materiel
end item, or any portion thereof. In the event
that it is a part of an end item, it must be
capable of being economically removed, re-
placed, maintained if necessary, tested, trans-
ported, and handled. For example, a module
may consist of a missile, a missile section, an
clectronic chassis, a printed wiring board, a
tank engine, or -a hydraulic pump. The degree
to which the concept is applied depends on the
particular application of the equipment, its
practicality, and cost-effectiveness.

Modules can be designed to be fully re-
pairable, partially repairable, or non-
maintainable. In a fully repairable design, all
parts should have maximum life expectancy, be
casily accessible, and capable of being removed
without special tools. In a partially repairable
design, the replaceable parts should be chosen
so that their life expectancies are approximately
equal, are removable and replaceable without
special tools, and are readily accessible. A non-
maintainable design should have all parts de-
signed for approximately equal life ex-
pectancies.

3-5.6.2 Advantages

The concept of modularization creates a
divisible configuration to maintain. Trouble-
shooting and repair of modules, therefore, can
be performed more rapidly. Utilization of this
technique to the fullest extent improves ac-
cessibility, makes possible a high degree of
standardization, provides a workable base for
simplification, and provides the best approach
to maintainability at all maintenance levels.

Modular construction offers particular ad-
vantages at the organizational level of main-
tenance. Because of the grouping of similar
functions in a module, fault isolation is facil-
itated. Modules then can be removed and re-
placed with relatively low skill levels and min-
imum tools. This accomplishes a prime objective
of maintainability—the reduction of downtime
to a minimum. Defective modules can be dis-
carded (if nonmaintainable), salvaged, or sent
to a higher maintenance level for repair.

Other advantages of modules are that
miateriel modifications can be efficiently incor-
porated, and better utilization can he made of
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high skill levels and support equipment. Mod-
ifications can be incorporated by modifying
modules at an optimum maintenance level, and
shipping the modules to organizational activ-
ities for installation. High skill levels can be
grouped with appropriate support equipment in
a field level maintenance organization, or at the
depot, and accomplish maintenance for a
number of using organizations.

3-5.6.3 Design Considerations

In designing for modular construction, the
following principles should be considered:

a. The materiel should be divided function-
ally into as many modular units as are
clectrically and mechanically practicable in
keeping with efficient use of space and overall
reliability.

b. An integrated approach should be used,
considering simultancously the problems of ma-
terials, component design, and application of
the modular concept.

¢. When feasible, modules and component
parts should be approximately uniform in basic
size and shape for the best packaging.

d. A modular unit should contain compo-
nents that are optimized for a given function
rather than providing multiple, divergent func-
tions.

e. Modular units or subunits should be de-
signed to permit testing when removed from
the equipment and little or no calibration after
replacement.

f. The physical separation of equipment
into replaceable units should be matched with
the functional design of the equipment. This
will maximize functional independence of units
and minimize interaction between units.

9. When an assembly can be made up of
two or more subassemblies, the major assembly
should be designed so that it consists of sub-
assemblies that can be removed independently,
without removal of the other subassemblies.
This is especially valuable when the various
subassemblies have widely varying life ex-
pectancies.

h. Design all materiel so that rapid and
casy removal and replacement of malfunction-
ing components can be accomplished by one




technician, unless it is structurally or function-
ally not feasible.

i. When possible, modules should be made
small and light enough for one man to handle
and carry. Handles should be provided on units
that can be manhandled and weigh more than
10 1b, and easily accessible lifting points should
be provided on modules that must be lifted me-
chanically.

j. When possible, each module should be
capable of being checked independently. If ad-
justment is required, the module should be de-
signed so that it can be adjusted separately
from other units.

k. Control levers and linkages should be
designed so that they can be disconnected easily
from components to permit easy removal and
replacement.

. Modularization should be emphasized for
forward levels of maintenance to enhance op-
crational capability. Modularization versus
parts replacement for shop and depot mainte-
nance can be determined to a considerable ex-
tent by cost factors.

m. If all components of a module except
one or two are rcliable, the module should be
designed so as to particularly facilitate the re-
moval of the unreliable components from the
module.

n. When possible, consistency should be ob-
served in pin arrangements on electronic mod-
ules; i.e,, input power pin, output signal pin,
etc., in identical locations.

3-5.6.4 Disposable Module Considerations

A disposable module is a module designed
to be discarded rather than repaired after it
has experienced a validated failure. Since dis-
posable modules are the only ones that result
in elimination rather than transfer of mainte-
nance to other levels, they are of extreme
significance to maintenance engineering. In the
past, it was quite difficult to convince man-
agement that it made economic sense to discard
rather than repair a module costing several
hundred dollars. Fortunately, this attitude is
changing, but a maintenance engineering trade-
off that convinces all management levels that
a relatively expensive module should be dis-
carded rather than repaired at failure remains
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a challenging assignment. This is as it should
be, because, once made, a decision to use dis-
posable modules is extremely expensive and
time consuming to reverse.

3-5.6.4.1 Advantages and Disadvantages

The most significant advantage of a dis-
posable module is that it reduces maintenance
personnel, support equipment, and resource re-
quirements, and hence support costs. This ad-
vantage could be negated by the fact that, nor-
mally, the module can be designed for main-
tenance, and upon failure can be repaired by
the replacement of a relatively inexpensive com-
ponent. This requires the application of
resources that were noted as savings under the
disposable concept. The basic question is wheth-
er the life cycle costs for disposable modules
arc less than those for the maintainable mod-
ules. If the answer is positive, disposable mod-
ules should be selected.

Disposable modules have other advantages
and disadvantages, but they would rarely in-
fluence a selection decision unless the two sets
of costs previously discussed are almost iden-
tical. Table 3-10 lists both the primary and sec-
ondary advantages and disadvantages.

3-5.6.4.2 Design Requirements

Once a decision is made to discard modules
at failure, they should be designed, manufac-
tured, and installed to meet the following
criteria to the greatest feasible extent:

u. Expensive parts are not discarded for
failure of cheap parts.

b. Long-life parts are not thrown away for
failure of short-life parts.

c. Low-cost and noncritical items are, in
general, made disposable.

d. Disposable modules are encapsulated
whenever practical.

e. All encapsulated modules are designed
for disposal at failure.

f. The maintenance level of discard at fail-
ure is clearly specified.

9. Test procedures to be applied before dis-
posal are clearly specified and provide clear and
unequivocal results.

h. The identification plate or placarding is
marked: DISPOSE AT FAILURE.
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TABLE 3-10. ADVANTAGES AND DISADVANTAGESOF DISPOSABLE MODULES

Advantages

Disadvantages

1. Savings in repair time, tools, facilities,
and manpower.

2. Smaller, lighter, denser, simpler, and
more durable, and more reliable design.

3. Fewer types of repair parts and a one-
way supply system, at least for the
item.

4. More concise and less difficult trouble-
shooting procedures.

5. Use of sealing and potting techniques
that further improve reliability.

6. Improved standardization and inter-

changeability of 'modules and assem-
blies.

1. Module discarded for each validated
failure results in increased repair
part costs.

2. Excessive usage rates through er-
roneous replacement.

3. Increased supply burdens because
modules must always be on hand.

4. Reduction in failure and maintenance
data to aid design improvement.

5. Redesign problems and costs because
such modules cannot be modified.

6. Degraded performance and/or
reliability as a result of production
efforts to keep modules economical
enough to justify disposal.

3-6.7 STANDARDIZE FASTENER TYPES (Ref. 1)

Fasteners are available in a wide variety
of types and sizes, and new types are constantly
appearing. The inventory of required tools and
fasteners, as well as the publication effort, is
adversely affected by numerous, dissimilar
fasteners. Maintenance engineering, therefore,
establishes requirements to standardize fastener
types and sizes, and monitors design to insure
that the requirements are satisfied. Before es-
tablishing the requirements, fastener types and
their application must be considered.

3-5.7.1 Types of Fasteners

Fasteners are used to join together two
or more parts, components, or units. They in-
clude devices such as quick-release fasteners,
latches and catches, captive fasteners,
combination-head bolts and screws, regular
screws, internal wrenching screws and bolts,
and rivets. Each type has certain advantages
for various applications. The following para-
graphs contain some general recommendations
and applications for each type of fastener in
order of preference:

a. Quick-release Fasteners. Quick-release
fasteners, also called cowl fasteners or panel
fasteners, are fast and ecasy to use, do not
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always require tools, may be operated with one
hand, and are very good for securing plug-in
components, small components, and covers.
However, their holding power is low and they
cannot be used where a smooth surface is re-
quired. They should be evaluated carefully on
the basis of type and application, and used,
whenever possible, for components that' must
be frequently dismantled or removed.

b. Latches, Catches, and Clamps. Latches
and catches are very fast and casy to use, re-
quire no tools, have good holding power, and
are especially good for large units, panels, cov-
ers, and cases. They cannot be used where a
smooth surface is required. Latches and catches
should be located and positioned so that ac-
cidental opening is minimized. Clamps of the
quick-release type should be provided for hold-
ing wires, tubing, or hoses that must be re-
moved frequently. Hinged clamps are preferable
for mounting tubing or wiring on the face of
a panel. Such clamps facilitate maintenance by
supporting the weight of the line, thus frecing
both hands for the required task.

c¢. Captive Fasteners. Captive fasteners,
stay in place, save the time spent handling and
looking for bolts and screws, and require only




one-handed operation. They are somewhat slow-
er and more difficult to use than the previously
described fasteners. Captive fasteners should be
used whenever lost screws, bolts, or nuts might
cause excessive maintenance time, or could
cause damage as a forecign object. Their use
should be limited only to the type that can be
operated by hand oF common tools and can be
replaced easily in case of damage. Self-locking,
spring-loaded action should be provided on the
quarter-turn type.

d. Screws. Because machine screws can be
removed and replaced ecasily, they are used
more than any other type of mechanical
fasteners in some types of equipment. There
are, however, more than 30 screw-head styles
available. Eight head styles have been stand-
ardized by the American Standards Association,
but military usage genecrally should be re-
stricted to two styles, either the panhead or
the flathead, according to whether or not a
flush assembly is desired. Captive screws, which
are becoming more and more common in field
equipment, are particularly desirable for use on
panels that require frequent removal. Captive
screws cannot be detached easily from the pan-
el, although they generally turn easily for re-
moval of the panel. Also, they can be turned
by hand and do not require a tool.

e. Nuts. Nuts can be divided into two gen-
eral classifications: plain (or nonlocking) and
locking, with a possible subclassification of
fixed or nonfixed in each classification.

Self-locking nuts are intended to replace
cotter pins, wiring, lockwashers, etc., as a
means of keeping a nut tight on its bolt. They
contain some means of gripping the threaded
member so that relative rotation is impeded or
prevented. This feature poses some problems if
the nut is to be removed frequently during
maintenance. Many specifications state that
self-locking nuts should be capable of being re-
moved from and replaced on the same threaded
member at least 15 times, but most are removed
and replaced far more often.

Fixed nuts are prefixed rigidly to the
chassis by welding, riveting, clinching, or stak-
ing and are used where the metal is too thin
or too soft to tap or where space is limited
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so that the nut would be inaccessible. They of-
fer advantages in assembly and repair because
bolts can be installed without handling the
nuts, but they are subject to failure and should
be designed to facilitate replacement. Trends to-
ward modularization or unitization might in-
crease the use of fixed nuts and reduce the
variety of wrenches needed.

f Bolts. Bolts are usually slow and dif-
ficult to use; they require two-handed operation,
access to both ends of the bolt, and often the
use of two tools. They also require precise
movements in starting nuts and have many
loose parts to handle and lose (nuts, washers,
etc.).

g. Internal Wrenching Screws, Nuts, and
Bolts. Internal wrenching fasteners allow high-
er torque, better tool grip, and less wrenching
space. However, they are easily damaged, dif-
ficult to remove, and require special tools. The
number of different sizes should be minimized
to require as few special tools as possible. Slots
should be deep to minimize damage to the
fasteners. Otherwise, the requirements are sim-
ilar to those for bolts and screws.

h. Rivets. Rivets should be used as
fasteners only when they will not require re-
moval or replacement. Although rivets are the
most permanent type of fastener, they are not
reusable and require greater time and effort
for replacement than do screws or bolts. The
use of wire stapling or metal stitching is gen-
erally preferable to rivets for maintenance
purposes.

3-5.7.2 Standardization

Fastener standardization in materiel is
made difficult by the fact that the optimum
application of the same type fastener to several
materiel locations can result in a different size
for each location. This is the result of varying
types and thicknesses of materials being fas-
tened, varying mechanical stresses, etc. In some
circumstances, it is cost-effective to overdesign,
i.e., use a larger fastener than required, in order
to limit sizes within a type. A reduction in the
number of torque requirement values can be
accomplished in a similar manner. Such
decisions cannot be made without the benefit
of trade-offs.
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Standardization efforts should be governed
by the following considerations:

a. Minimize the number of types and sizes
of fasteners within the system:

(1) Use only a few basic types and siz-
es which can readily be distinguished from each
other.

(2) Use the same type and size of
fastener for a given application (for instance,
all mounting bolts for a given type of item).

(3) Insure that screws, bolts, and units
having different thread sizes are unmistakably
different in physical sizes; otherwise, they may
be interchanged.

(4) Avoid requirements for special or
close-tolerance fasteners.
b. Minimize the number of differing torque
requirements within the system:

(1) Use only a few basic values.

(2) Key these values to'clearly differ-
ing types, sizes, or coded fasteners.

(3) Plan for and provide clearance for
wrenches or socket tools with variable torque
settings when precise torquing is required.

¢. Minimize the number of tool types and
sizes required for fastener operation:

(1) Avoid requirements for special
tools.

(2) Sclect fasteners for hand operation
by common hand tools.

3-5.8 LIFECYCLE REPAIRPART REQUIREMENT
TRADE-OFF

, The three greatest contributors to materiel
life cycle support costs are personnel, support
equipment, and repair parts. Depending upon
the type of materiel, repair part costs some-
times will rank in magnitude just behind those
for personnel and sometimes behind those for
support equipment. In ecither event, repair part
costs on a major materiel program are always
significant. These costs consist of initial stock-
age costs, which are nonrecurring, and supply
management (par. 3-4.2) and repair part re-
plenishment costs, which are recurring.

Life cycle repair part costs are dependent
upon materiel design and the maintenance con-
cept. More specifically, the costs are dependent
upon the reliability of parts, the degree of mod-
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ularization, and the determination of the repair
and maintenance levels. All of these consid-
erations, taken together, permit a determination
of the range and depth of repair parts required
in the initial buy and a prediction of replenish-
ment requirements.

The interdependence of repair part require-
ments with design and the maintenance concept
makes it virtually impossible to conduct a
meaningful trade-off restricted to repair parts
alone. For example, it is a foregone conclusion
that disposable repair parts represent the most
expensive repair part approach, yet the reduc-
tion in other support resource requirements
that this approach permits frequently makes it
desirable.

Another situation in which increased re-
pair part costs sometimes result in reduced life
cycle support costs occurs when relatively ex-
pensive, high-reliability parts are used rather
than parts of lesser reliability which, for con-
venience, will be called standard parts in the
discussion that follows. However, in some cases
a double payoff can be realized from this ap-
preach, with both repair parts and the remain-
ing life cycle costs decreasing. When consid-
ering high reliability versus standard parts, one
fact is constant—a high-reliability part costs
more than a standard part. All other factors
bearing on the consideration are variable and
dependent upon previously discussed param-
cters.

An example of the considerations involved
in a high-reliability versus standard repair part
trade-off will demonstrate the important costs
that must be considered. A constant mainte-
nance concept is assumed. The first and most
significant repair part cost involves initial
stockage. The range of repair parts required by
the two candidates probably will be about the
same at each involved maintenance level. The
range of high-reliability parts will not be ap-
preciably less because of a requirement for in-
surance items. On the other hand, the depth
of high-reliability parts will be appreciably de-
creased. The total number of required high-
reliability parts-will definitely be less. The ini-
tial stockage costs of these parts may be greater
or less, depending upon unit costs of the two
candidates and the differential between re-
quired quantities. Resulting costs are nonrecur-
ring.




Considering recurring costs, a smaller
number of high-reliability parts will be
replenished during the materiel life cycle.
Whether these will cost less than standard parts
will depend on the previously mentioned fac-
tors. A more important recurring cost concerns
reduced maintenance requirements. High-
reliability parts will have a favorable impact
on all other support resources except support
equipment, publications, and facilities, which
will remain unchanged. A final recurring cost
to consider is supply management. Parts in
either candidate category which are not in the
supply inventory will generate these additional
costs. The annual recurring cost totals for all
candidates are multiplied by the number of
years the materiel will be in the inventory, and
these are added to the previously determined
nonrecurring costs. At this point, a repair part
decision can be made.

The foregoing example was based on a con-
stant maintenance concept to simplify the dis-
cussion. In some cases, the use of high-
reliability parts will permit the elimination of
some maintenance levels, with resultant reduc-
tions in personnel, support equipment, and fa-
cility requirements.

Similar trade-offs are required to evaluate
repair part cost implications of disposable
versus maintainable modules, modules of vary-
ing complexity, etc.

3-5.9 ACCESSIBILITY OF PARTS AND ASSEMBLIES

Accessibility can be defined as the relative
case with which an assembly or component can
be approached for repair, replacement, or serv-
icing. Poor accessibility makes maintenance
more difficult and time consuming, and tends
to degrade maintenance reliability. The ideal
situation, from an accessibility point of view,
would be to have all assemblies, components,
etc., in a materiel item completely exposed and
arranged in a manner that permits repair, re-
placement, or servicing with no interference
from any other assembly or component. Since
this situation cannot be realized in military
materiel, maintenance engineering assists main-
tainability in establishing optimum accessibility
requirements.

Optimum accessibility can be defined as
that accessibility which permits materiel to sat-
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isfy its operational requirements with the least
expenditure of time spent in gaining access for
maintenance. In other words, since it is not
possible to provide equal across-the-board ac-
cessibility, the highest feasible degree of ac-
cessibility should be provided for frequently re-
quired maintenance actions, and a lesser degree
for the others. The net result is less total time
spent in gaining access for maintenance.

Optimum accessibility requirements must
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