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EXECUTIVE SUMMARY

Overhauls of naval ships are of inherent interest to the Navy.
Their purpose is to accomplish modernization, and to restore ships
to a higher level of material and equipment condition through
repairs not easily accomplished outside a shipyard. The present
report studies the effectiveness of overhauls in restoring materi-
al condition, for marginal changes in overhaul work, and quanti-
fies the effectiveness in terms of available material condition
indicators.

The study is limited to a consideration of FF-1052, DDG-2 and SSN-
637 class ships. Overhauls done in naval shipyards (and private
shipyards for SSNo) during the period FY 72 to FY 78 are studied.
The effectiveness of these overhauls is assessed by examining ship
material condition during the period following a specific overhaul
and prior to the subsequent overhaul.

Measuring material condition is difficult; in the end, it depends
on indicators of materialecondition coming from various Navy
inspections and reporting systems. The paucity of direct and
accurate data on material condition was a major limitation in the
study. It has precluded precise estimation of relationships and
tradeoffs.

in this study, indicators of material condition are developed from
Casualty Reports (CASREPs), 3-H system reports of intermediate and
ships force corrective maintenance work, Propulsion Examining
Board (PEB) inspections, Board of Inspection and Survey (INSURV)
examinations, and UNITREP readiness status reports. In addition,
a limited though significant measure has been developed based on
equipment out of commission entries listed in official ships'
engineering smooth logs. Of the measures developed, those based
on CASREPs are taken as most reliable and insightful.

The effect of more or less overhaul work on later material condi-
tion is studied for a number of ship systems as well as at the
whole ship level. The systems are: hull structure; main propul-
sion and its subsystems propulsion shafting, main steam piping,
feed and condensate, propulsion boilers, and combustion air; elec-
trical and its subsystem power generators; sonar; interior coma-
munications; climate control; refrigeration; distilling plant;
compressed air; and steering. 'The analysis for each of these
system and for the whole ship is approached in the same way, so
that comparison among the systems can be made.

The analysis is based on a statistical model which relates over-
haul repair and alteration work, measured in mandays, to each of

* the indicators of material condition, in turn. Because material
* condition Is affected by more than just overhaul work, the model
* has been constructed to capture the effects of other factors an



well. The effect of personnel has been included through variables
counting the number of personnel in paygrades ES through E9, and
the average length of Navy service in paygrades E4 through E9.
The effect of operating tempo has been included using information
on steaming hours underway and hours cold iron. Preoverhaul con-
dition is measured using CASREP maintenance downtime, and is
included in the model. As well, ship age, ship fleet, and over-
hauling shipyard are included in the model. The focus in the
model remains on overhaul repair mandays.

The analysis confirms previous, independent estimates of systema-
tic increases in overhaul repair mandays during the period
covered, for the FF-1052 and DDG-2 classes. It is noted, however,
that the SSN-637 class has exhibited no discernible growth along
these lines.

The principal finding in the analysis is that material condition
was improved as a result of more repair mandays, within the range
of mandays expended in the overhauls studied. This is consistent-
ly exhibited for the various indicators examined. While this
improvement held for all three ship classes, however, it differed
in degree among the ship classes.

This finding at the whole ship level is supported by the analysis
of the systems. Among the main propulsion systems particularly,
increased repair work was associated with better material condi-
tion. This result also persisted among the auxiliary systems,
with a small number of exceptions which the Navy may want to look
in to.

The primary policy implication resulting from the analysis is that
a decrease in repair mandays below current levels can be expected
to lead to a degradation in material condition. The implication
that further increases in repair work will further improve
material condition probably holds, but is not established, because
current levels of overhaul work are already at the highest levels
considered in the study.

-11-
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CHAPTER I

INTRO DUCT ION

Ship overhauls constitute a considerable portion -- roughly 4 per-
cent to 5 percent -- of the annual Navy budget. The effectiveness
of overhauls in restoring ship operating condition is therefore an
important concerni for the Navy. An analysis of this effectiveness
has implications for budget preparation, overhaul planning and
overhaul management. Moreover, it bears on general Congressional
interest in the relationship between resources and fleet readi-
ness. This study provides a quantitative analysis of overhaul
effectiveness.

The study specifically considers naval shipyard overhauls, during
the period 1972 to 1978, for FF-1052, DDG-2 and SSN-637 class
ships. Each of these classes is addressed separately, though some
comparison between them is made.

The study concentrates primarily on ships as a whole, but also
considers a number of ship systemns. These systems are primarily
engineering systems, falling within the main propulsion, electri-
cal or auxiliary areas. Analysis at the whole ship level is par-
ticularly important for budgetary use. For other purposes, there
should be interest in the insights and comparisons coming from the
system level analysis.

The focus in the study is on overhaul work and the effects of
changing levels of it on material condition. However, material
condition is a complicated interaction of many factors. Whether
applied at the system or whole ship level, the model in the study
postulates material condition to be a linear function of overhaul
work, ship's personnel, operating tempo and such other factors as
ship age. It is necessary to include as many of these other
factors as possible in order to elicit the actual effect of over-
haul work.

Measuring material condition is a significant difficulty in the
study. No direct measurement has been possible. Rather, we rely
on indicators of material condition coming from various sources.
These include reporting systems, such as CASREP, tJNITREP and 3-M,
and inspection results, such as INSURV and PEB. They also include
a limited use of ship engineering logs for the FF-1052 class; such
use is uncommon in this kind of work.

There has been considerable analysis in recent years of overhauls
generally. Most of this seems to have centered on analyzing and
documenting the increases, or growth, in overhaul work. one
effort, the Maintenance System Development Program (references 1,
2, and 3), has focused on the DDG-2 class and achieved consider-
able insight along these lines.



This analysis found that overhaul mandays increased at a compound
annual rate of about 17% during the period 1963-1978 (see refer-
ence 2). Moreover, it concluded that this increase in mandays is
attributable in large part to the addition of new work, including
some movement of overhaul work from the organizational level to
the depot level, and to the attempts at meeting generally higher
standards. The analysis further concluded that ship age is a far
less significant factor in explaining overhaul work growth. The
equipment areas of this work growth, along with their annual
growth rate and share of the overall cost, were also explored in
this analysis.

A supporting effort (reference 5), which also concentrated on the
DDG-2 class, has compared the period 1970 to 1974 with the period
1975 to 1979. It further documents the growth in overhaul work,
and generally confirms the previous analysis.

In a related vein, there has been work analyzing the effect of
timing in preoverhaul planning on the increases during the over-
haul itself of overhaul work (see reference 6). Unlike the pre-
viously mentioned analyses, this work includes cruisers, destroy-
ers and frigates generally, but only addresses ships at the whole
ship level; it does not consider systems or equipments.

This work is important to the Navy; yet it leaves another import-
ant perspective untouched. This other perspective has to do with
the relative effectiveness of more or less work in overhaul. If,
as suggested earlier, new work done in overhaul as well as a
higher grade or extent of repair work done, largely explain the
increases in overhaul mandays, there then remains the question of
whether this additional work leads to significantly better ship
equipment condition. In other words, there is still the question
of whether more overhaul work is of benefit to the Navy or not.
The present study starts from just this perspective.

only limited work along those lines has previously been done. One
study (reference 4) purported to assess the effectiveness of over-
hauls. This assessment was in terms of the change in material
condition from before to after overhiul. It did not look at the
extent of the overhaul, that is, the mandays expended, nor relate
the relative extent to relative postoverhaul material condition.

This study considered the material condition of ships from 18
months before to 18 months after overhaul. it studied selected
systems and equipments, as well as ships as wholes. For insight
into material condition, it relied primarily on maintenance data
from the maintenance and Material Management (3-M) system, and on
CASREP data.

The general conclusion of this study was that a definite benefi-
cial effect accrued from overhauls. That is, it concluded that

-2-



ships were in better material condition after overhaul than
before. A minor though significant finding was that, due to a
number of factors, the indicators of material condition and parti-
cularly CASREPs in the first few months after overhaul were liable
to be misleading.

A more recent though quite limited work (reference 3) provides
statistics on some ten indicators of material availability or
condition. These are given for successive postoverhaul periods,
for a number of DDG-2 class ships and only at the whole ship
level. No firm conclusions are given. However, it is provocative
that in all cases, overhaul mandays increased while in general,
indicators of ship condition or availability declined.

The Ship Overhaul Effectiveness Study attempts a deeper and more
penetrating analysis of the relationship between overhaul mandays
and postoverhaul material condition. It is therefore a step
toward filling an important void in the broad study of overhauls
generally.

As it happens, the amount of repair work has varied over the
period covered in the present study, even among ships in the same
class and undergoing overhauls in the same year. Figure 1 por-
trays this variation by showing the overhaul repair mandays, for
each overhaul included in the study, as a function of the fiscal
year in which the overhaul began. It is clear from this figure
that in any one year, the amount of repair work for FFs was less
than for DDGs, which in turn was less, usually much less, than for
SSNs. It is also clear that refueling overhauls for SSNs typical-
ly involve more repair mandays than regular overhauls.

Figure 1 also shows a distinct pattern of growth in repair mandays
for FFs and DDGs. The rate of this growth appears to be roughly
comparable for both ship types. Moreover, this pattern is fully
consistent with the 17 percent annual rate of growth for DDGs men-
tioned earlier. In fact, our estimates of annual repair manday
growth since the early 1970s are about 17 percent for the FF-1052
class and about 15 percent for the DDG-2 class. Since the DDG-2
class was commissioned in the early 1960s, and FF-1052 class in
the late 1960s and early 1970s, it would appear that overall ship
class age cannot solely explain an overhaul manday growth trend.

This growth trend is not apparent for SSNs. Rather, the apparent
pattern is of a stable distribution in repair mandays over succes-
sive years. Our estimates of annual repair manday growth for the
SSN-637 class, in fact, are less than 2 percent for regular over-
hauls and essentially 0 percent for refueling overhauls; in
neither case is the estimate significantly different from zero in
a statistical sense. It is clear, though, that there have been
fewer regular overhauls and more refueling overhauls in recent
years. As the SSN-637 class was commissioned in the late 1960s

- --3-
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and early 1970s, this simply reflects the beginning of an alter-
nating pattern in type of overhaul.

The variation in the amount of overhaul work which is shown in
figure 1 is the starting point for this study. The purpose of the
study is to examine the correspondence which different levels of
overhaul work have had with ship material condition in the period
following overhaul.

Chapter II begins by defining the scope of the study. It then
describes the data in the study by defining and discussing each of
the variables which are used.

Chapter III explains the statistical model designed to quantita-
tively estimate the relationships between overhaul work and mater-
ial condition. This chapter also discusses the results of using
the model, and forms the basic conclusions of the study based on
these results.

Finally, chapter IV summarizes the results of the study, and
frames them in terms of policy implications.
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CHAPTER II

VARIABLES

The scope of the Ship Overhaul Effectiveness Study is in some ways
quite broad, and in other ways necessarily limited. In order to
isolate and account for the effect of greater or fewer overhaul
mandays on later material condition, it is necessary to also
account for the many other factors which affect this material
condition. Tnc'uded among these are material condition prior to
overhaul, rrerating tempo, ship personnel levels, and overhauling
shipyard. Inclusion of these and other factors broadens the study
considera'ly.

The study addresses three classes of ships. These are the FF-1052
class, M) '.G-2 class, and the SSN-637 class. Each of these is
large dnd as nearly homogeneous as any in the Navy. Each class
has a history of overhauls through the 1970s. Also, these classes
offer a rich diversity. There are contrasts between the surface
shirs and submarines; notably, in overhaul expenditure, personnel
levels, and material condition. Between the FFs and DDGs, there
is similarity in operations, but there are important differences
in both size and equipment complexity.

Only overhauls which were completed in the period FY 72 to FY 78
are included in the study. This criterion allows enough overhauls
to be included to be able to get statistically reliable conclu-
sions. At the same time, it leaves out overhauls which may not be
current; that is, which may have been completed under different
policies or different reporting systems. Finally, this criterion
allows enough time after each overhaul for an assessment of post-
overhaul material condition.

For the FF-1052 and DDG-2 classes, only naval shipyard overhauls
are considered. This is an unavoidable limitation, because
private shipyard overhauls for surface ships were done on a fixed
price basis, so that overhaul manday information is not available.
In fact, all DDG-2 class overhauls took place in naval shipyards
anyway. For the SSN-637 class, private shipyard as well as naval
shipyard overhauls are considered. This is possible, since
private shipyard overhauls for submarines have historically been
done on a cost plus basis, so that manday information can be
reconstructed. Actually, very few SSN-637 class overhauls have
been done in private shipyards. Over all three classes, data was
available for 30 FF-1052 class overhauls, 27 DDG-2 class
overhauls, and 40 SSN-637 class overhauls.

Finally, the scope of the study encompasses a variety of ship
systems. That is, the relationship of overhaul mandays to
postoverhaul material condition, which is the focus of the study,
is sought at the system level as well as the whole ship level.
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The systems considered are shown in table 1. This list is a
representative selection, primarily from among the engineering
systems. It is not a comprehensive selection of all ship
systems.

TABLE 1

SH-IP SYSTEMS EXAMINED

Whole Ship

Hull Structure

Main Propulsion
Propulsion Shafting
Main Steam Piping
Feed and Condensate
Propulsion Boilers
Combustion Air

Electrical
Power Generators

Sonar
Interior Communciations
Climate Control
Refrigeration
Distilling Plant
Compressed Air
Steering

Other than the ship as a whole, the major systems are hull struc-
ture, main propulsion, and electrical. There are a number of sub-
systems of main propulsion, and one subsystem of electrical. Pro-
pulsion boilers and combustion air do not apply to submarines.
The remaining systems, other than sonar, are generally auxiliary
systems within the engineering plant.

A number of factors led to the selection of these systems. First,
the study was limited in the number of systems which could be
included. Also, each system had to be specifically defined using
each of two Navy classification schemes. The first is the ship
work breakdown structure (SWBS), which, for submarines, has a
modification, the ship system index (SSI). This scheme is used to
document all overhaul work. The second scheme is the equipment
identification code (EIC). It is used in all reporting within the
CASREP and 3-M systems. System selection was greatly limited
because The SWBS and EIC schemes do not closely overlap. The
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defining boundaries of the systems under these two schemes are
shown in appendix A.

Another criterion in system selection was that the systems o ach
tend to have more repair work than alteration work. This was con-
sistent with the focus on repair work in overhauls, and tends to
be satisfied more often among the engineering systems, as opposed
to weapon systems, for example. Also, our interest was largely on
systems which were at least similar in function across the ship
classes. It was too much to require that the systems correspond
exactly or that they have the same relative amount of repair work
between classes. However, some comparability between classes was
desirable. To the extent that this exists, insight into overhauls
from across class comparisons may be possible.

Finally, it was desirable that among the systems together, there
be some contrast in system function and reliability. So, for
example, there are main propulsion, electrical, and auxiliary sys-
tems, as well as one weapon system, sonar. Moreover, refrigera-
tion, for example, is a system with low failure and CASREP rates,
while combustion air, including forced draft blowers, has
considerably higher failure and CASREP rates.

Most of the systems selected do not meet all these criteria. They
do meet most of the criteria, and these criteria did guide the
selection.

The variables in this study fall naturally into two categories.
One category consists of the material condition indicators. These
variables are used to assess the equipment condition of ships in
the period when they are not in overhaul. The other category
consists of a wide variety of variables, each of which may
influence the indicators of a ship's equipment condition. This
chapter defines each variable in detail.

The actual data for these variables as used in this study is
available from two sources. Reference 7 presents the data at the
whole ship level in hard copy. Reference 8 describes the availa-
bility and format of the data on computer tape.

MATERIAL CONDITION INDICATORS

Table 2 summarizes the variables we use as indicators of ship
material condition. In this section, each of these variables is
discussed in detail. Appendix C contains a detailed graphical
presentation of the trend each of these indicators has undergone
over the period covered in this study.



TABLE 2

MATERIAL CONDITION INDICATORS

Applicable
Variable Source systems

CASREP total downtime CASREP reports all
CASREP maintenance downtime CASREP reports all
CASREP occurrences CASREP reports all
C3-C4 total downtime CASREP reports all
C3-C4 maintenance downtime CASREP reports all
C3-C4 occurrences CASREP reports all
Out of commission days Engineering smooth log selected
IMA hours 3-M data all
Ships force hours 3-M data all
UNITREP C3-C4 overall status UNITREP reports whole ship
UNITREP C3-C4 equipment status UNITREP reports whole ship
INSURV inspection score INSURV results selected
PEB examination scores PEB results main

propulsion

CASREP Variables

Casualty Reports (CASREPs) are filed when a material deficiency or
failure degrades one of a ship's mission areas. A report must be
filed if the deficiency requires outside assistance to correct or
if it is expected to persist for 96 hours (or less, under certain
conditions). The reports as finally submitted include, among
other information, the beginning and ending times of the casualty,
the amount of time in this interim waiting for needed parts, the
cause of the casualty, and the equipment identification code (EIC)
of the failed equipment. In addition, there is a word description
of the equipment casualty and an assessment of the level of degra-
dation, which is from a satisfactory condition level Cl to one of
the increasingly degraded levels C2, C3, or C4.

From the records of a ship's CASREPs, we calculated several vari-
ables as indicators of material condition. One is the number of
occurrences, i.e., the number of CASREPs filed. A second is the
total sum of all CASREP equipment downtimes. A third is the sum
of CASREP downtimes due to maintenance; that is, the total down-
time less the amount of time awaiting parts supply.

Each of these variables was computed by system and by month.
Moreover, each was computed by considering only C3 and C4 CASREPs
together, and by considering all C2, C3 and C4 CASREPs. This is
important, because different ship types exhibit very different

£ patterns of CASREPs. For example, a DDG, which has four boilers,
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may not be as seriously degraded by one boiler failure, and may
only file a C2 CASREP. An FF, by contrast, has only two boilers,
and a boiler failure may result in a C3 or even a C4 CASREP.

Over the period examined in this study, there has been a general
decline in all these CASREP variables for all three ship classes.
The decline in CASREP total downtime was on the order of six per-
cent per year for the FF-1052 and DDG-2 classes, and about three
percent per year for the SSN-637 class. The decline in the number
of CASREPs reported was also about six percent for the FF-1052
class, but was close to zero for both of the other classes.

In general, the number and duration of C3-C4 CASREPs may be more
accurate in indicating important differences in ship material con-
dition for FFs and DDGS. For SSNs, however, C3-C4 CASREPs account
for an extremely small fraction of all CASREPs and tend to repre-
sent unusual circumstances. The number and duration of all C2, C3
and C4 CASREPs is likely to be a better indicator for SSNs.

CASREP data as an indication of material condition is apt to be
more reliable than other sources for several reasons. CASREPs are
official reports which receive a high level of attention. Conse-
quently, great care is taken in filing them and they are likely to
be more accurate. The reports do contain the detailed information
mentioned before, and they apply to all essential equipments.

CASREP data, however, may be an inconsistent indicator of material
condition. This is largely due to the inherent subjectivity in
deciding on the level of degradation caused by an equipment
failure. These decisions would also be affected by the changing
policies between type commanders and over years regarding emphasis
on CASREP reporting. Also, a reluctance to attribute a casualty
to personnel error may result in improper reporting of the cause
of a CASREP, and CASREPs can be biased by their relationship with
the supply system and by at sea periods.

Prior to our use of the CASREP data, effort was expended in edit-
ing the reports. In particular, the match between EIC and equip-
ment word description was carefully checked to get the CASREP in
the proper system. This should have largely remedied potential
reporting mistakes.

Engineering Log Variable

A ship's engineering smooth log is a record required to be main-
tained daily and to be retained for at least three years. Among
the entries in the log each day is a midwatch entry stating the
ship's location and activity, and the major equipments in the
engineering system which are currently on line and those which are
out of commission (OOC).
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As an indicator of material condition, we have tallied from these
logs the number of times specific equipments were listed as OOC.
The tallies were made over three month periods and were organized
by system within the engineering area. We interpret the number of
entries in the OOC listing as the number of days of system down-
time. This is the engineering log variable for an engineering
system ia a three month period, or quarter.

Engineering logs are apt to be reliable, as they are official,
legal documents and as the entries are easy to make. Moreover,
the logs, and therefore our variables, represent a nearly continu-
ous record of equipment condition.

However, there is no entirely specific policy on what equipments
must be logged. This leads to some inconsistency between ships
and even between periods for the same ship. The listing of some
smaller equipments may reflect the interest or specialty of the
person filling in the log. Moreover, there is ordinarily no
description of the scope or criticality in an OOC entry, so that
it may not be possible to distinguish equipments down for preven-
tative maitenance. This suggests that our variable may be an
overestimate of problems in material condition.

Finally, the number of logs we were able to examine was quite
limited. The variable is applicable in this report only to the
FF-1052 class; the ships and months for which data was obtained
to compute this variable are shown in table 3.

Because it is also applicable only to selected systems, it is not
emphasized in this report. However, this variable is thought to
be quite accurate and penetrating as a measure of material condi-
tion. For this reason, a separate analysis (reference 9) was
undertaken to compare this variable with those based on CASREP
data.

The main conclusions of that analysis were twofold: first, there
is a high degree of correlation between engineering log downtime
and either CASREP C2-C3-C4 total downtime or CASREP C3-C4 total
downtime; and second, even in the presence of this strong correla-
tion, there is always a greater amount of engineering log downtime
recorded in terms of actual magnitude. An additional conclusion
was that the correlation was greater and more reliable for those
systems which experienced greater amounts of equipment downtime
generally.

The import of these conclusions for this report is that CASREP
downtime at the whole ship level stands to be a reasonably depen-
dable, relative measure of material condition.

-11-



TABLE 3

SHIP MONTHS FOR THE ENGINEERING LOG VARIABLE

Number of

Hull number Ship months

FF 1054 USS Gray 12
FF 1055 USS Hepburn 15
FF 1058 USS Meyerkord 31
FF 1059 USS W.S. Sims 12
FF 1060 USS Lang 15
FF 1061 USS Patterson 12
FF 1062 USS Whipple 14
FF 1063 USS Reasoner 33
FF 1066 USS Marvin Shields 24
FF 1068 USS Vreeland 14
FF 1070 USS Downes 24
FF 1072 USS Blakely 34
FF 1075 USS Trippe 12
FF 1076 USS Fanning 17
FF 1077 USS Ouellet 11
FF 1079 USS Bowen 16
FF 1080 USS Paul 12
FF 1084 USS McCandless 15
FF 1088 USS Barbey 15
FF 1092 USS Thomas S. Hart 14
FF 1095 USS Truett 12
FF 1096 USS Valdez 12
DDG 13 USS Hoel 29

405

SF and IMA Variables

The Navy Maintenance and Material Management (3-M) system is the
means for documenting maintenance work, whether done on the organ-
izational level by a ship's force (SF) or on the intermediate
level by an intermediate maintenance activity (IMA). With rare
exceptions, the documentation pertains just to corrective mainte-
nance.

We assume in general that more SF and IMA corrective work on a
ship's system is an indication of worse material condition; we
note, however, that good SF maintenance may improve ship condition
going into overhaul. (Moreover, more SF and IMA preventative
maintenance work would certainly not indicate worse material con-
dition, and even more corrective work may include some fixing of
small problems which prevents greater amounts of corrective work

-12-

j-



later.) Under this assumption, we compute from 3-M data two vari-
ables as material condition indicators. One is the number of SF
manhours expended on a system in a month. The other is the number
of IMA manhours expended on a system in a month. A third possi-
bility would be simply the number of maintenance actions by the SF
or IMA. This, however, was felt to be less penetrating as an
indicator of material condition problems.

During the period examined in this study, both SF and IMA correc-
tive work declined by about 30 percent for the SSN-637 class, but
increased by about 12 percent for SF and 30 percent for IMA for
the DDG-2 class. For the FF-1052 class, there was an increase of
about 6 percent in IMA and a decline of roughly 20 percent for SF.

Like CASREP reporting, 3-M reporting uses a standard and specific
format. Also, it provides detailed information including the
dates, EIC, and expended manhours, all of which we use.

As a data source, however, the 3-M system is likely to be less
reliable than the CASREP system. 3-M reporting is a greater
administrative burden and receives less attention, so that there
may be less accuracy and completeness. For example, incorrect
reporting of EIC can be expected more frequently.

A more serious reservation involves the reporting requirements.
For surface ships, not all corrective maintenance need be
reported. Although there are some specific guidelines, there is
inconsistency in SF reporting. Consequently, we do not rely on
the SF variable for surface ships. For submarines, however, all
corrective maintenance actions are required to be reported.
Therefore, the data should be very complete, and accordingly, we
place nore confidence on these variables for submarines.

Finally, there is some weakness in the IMA variable due to policy
variation in the work undertaken between years and IMA facilities.

UNITREP Variables

Each ship's readiness condition, given as Cl, C2, C3 or C4 exactly
as with CASREPs, is continually reported through the Unit Report-
ing (UNITREP) system. This system was formerly the Force Status
(FORSTAT) reporting system. It reports the ship condition in each
primary mission area, for each of the categories of personnel,
equipment, supply and training, as well as for the ship overall.
The variables we use from this system are the percentage of time
in which equipment and the ship overall are degraded to a C3-C4
condition. Over the period covered in this study, the average
overall status improved by about 5 percent for the FF-1052 and
DDG-2 classes, but became worse by about 15 percent per year for
the SSN-637 class.
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Like the CASREP system, the UNITREP system follows a standard
policy and filing format, receives a high level of attention, but
is ultimately subjective in assessing readiness condition. Our
use of the variables from this system is considerably limited by
two considerations. The reporting system, and therefore the vari-
able, addresses only the whole ship and not specific systems.
Also, the data is not available prior to 1975.

PEB Variable

The Propulsion Examining Board (PEB) conducts periodic propulsion
plant inspections for all conventionally powered ships. A light
off examination (LOE) is given shortly before a ship completes
overhaul. An operational propulsion plant examination (OPPE)
takes place several months following an overhaul and at roughly
one year intervals thereafter.

Each exam results in extensive comnents. In addition, a ship
receives a pass or fail score in the areas of material, knowledge,
and administration during an LOE, and in these as well as the
areas of casualty control and boiler flexibility during an OPPE.

We use as one indicator of propulsion plant material condition a
score of 1 or 0 depending on whether a ship did or did not pass,
on the material portion, both its LOE and postoverhaul OPPE. We
use as another indicator a score of 2, 1 or 0 depending on whether
a ship passed, on the material portion, both, one or neither of
the LOE and postoverhaul OPPE. We do not include later OPPEs
because they are not uniformly scheduled throughout different
ships' postoverhaul cycles, and because we wish to minimize any
effect of a ship's operations and crew on the propulsion plant
material condition. Similarly, other exam areas are not used
because they are all a direct function of crew performance, and
not as closely related to equipment condition.

These exams tend to be consistent and objective, and therefore
provide a good basis for our indicator variable. However, the
pass-fail scoring gives us only a crude distinction between ships
and greatly limits our assessment of material condition. More-
over, the exams, and hence our variables, address only the main
propulsion system generally. We get no insight into other systems
and subsystems. Finally, our variable does not give us material
condition information over an entire postoverhaul period.

The Nuclear Propulsion Examining Board (NPEB) conducts a postover-
haul reactor safeguard examination (PORSE) and an operational
reactor safeguard examination (ORSE) for submarines and other
nuclear powered ships. These are similar to the LOE and OPPE.
However, results of these exams were not available to us.
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INSURV Variables

A direct and thorough examination of material condition is made on
each ship by the Board of Inspection and Survey (INSURV Board).
Generally, one exam is given during each postoverhaul period.
Extensive comments are made, and for surface ships 25 factors
within ten functions or areas of a ship are rated 0, 1, or 2, with
a 0 as best. The sum of these represents a ship index.

Only four of the factors match up with a ship system. They are:
sustained power with our main propulsion, electrical power with
our electrical system, environment control with our climate con-
trol, and maneuver with our steering. We use the factor scores as
variables for these four systems. We also use the overall ship
index as a variable for the whole ship.

As with the PEB exams, these inspections are largely objective and
consistent. They vary considerably in the time during the post-
overhaul period at which they occur, though. Since material con-
dition is apt to vary significantly in the postoverhaul period,
this may greatly influence the scores.

Other difficulties with this source are that not all our systems
are covered, and those which are are only measured crudely by the
score of 0, 1 or 2. Finally, these variables are not available
for submarines; although submarines have INSURV inspections, they
are not given scores.

Other Material Condition Variables

Some insight into a ship's material condition comes from a consid-
eration of the work done on it in restricted availabilities,
selected restricted availabilities, and technical availabilities.
Repair work in these availabilities affects subsequent material
condition. However, more repair work in restricted and technical
availabilities also indicates greater material condition problems.
From this viewpoint, such repair work is a depot level counterpart
to SF and IMA corrective maintenance work at the organizational
and intermediate levels, respectively.

It has not been possible to develop an indicator of material con-
dition based on these availabilities. This is because no consis-
tent and detailed documentation of them is available for the
period covered in this study. Records of these availabilities
have not been uniformly maintained on file, and in any case, a
breakdown of the work by repair mandays is often not made for work
done in private and foreign shipyards. Therefore, this variable
could not be included in the study.

Several other potential sources for material condition insight
were considered and rejected. Among these, Ship Qualification
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Trials were felt to be inappropriate as they deal only with
weapons, which are not among our systems. operational Readiness
Inspections were not used since in addition to being subjective
and dependent on individual squadron commanders, they are intended
to measure primarily crew training.

Among the indicators which have been described, those from CASREPs
are expected to be most complete and descriptive. The other vari-
ables are nevertheless important in contributing to the descrip-
tion, and in providing indications of consistency.

EXPLANATORY VARIABLES

The explanatory variables are listed in table 4. The more compli-
cated of these are the ones dealing with overhaul work expense and
ship crew characteristics. They are treated in considerable
detail. The remaining variables are then treated through brief
discussions.

TABLE 4

EXPLANATORY VARIABLES

Variable Source

Overhaul Repair Cost Shipyard Departure Reports

overhaul Alteration Cost Shipyard Departure Reports

Personnel Levels Enlisted Master Records
Ship Manning Document

Hours Steaming Underway, Not Steaming and Fuel Master
Underway, Cold Iron Data File

Ship Age Jane's Fighting Ships
Ship Fleet Jane's Fighting Ships
Type of overhaul Shipyard Departure Reports
overhaul Shipyard Shipyard Departure Reports

Overhaul Expense Variables

Variables for the amount of work expended on a system during an
overhaul represent a primary focus of the study. The thrust of
the study is in the direction of understanding the effect of these
variables on later equipment condition.

-16-



The most fundamental of these variables measure, in shipyard man-
days, the amount of overhaul work actually expended on each sys-
tem. This work is broken down into repair work and alteration
work, depending on whether it was funded by the type commander or
by NavSea. This means that some minor alterations (e.g., title D
and title F alterations) were grouped with repair work. All the
manday expenses come from the official shipyard departure report
issued at the overhaul completion. As such, they represent the
actual documented work expended.

The departure report work items were matched to our systems pri-
marily on the basis of the system work list identification number
(SWLIN) under the SWBS or SSI system. Each of the systems in the
study is essentially identified by a list of such numbers; these
are given in appendix A. In order to avoid, as far as possible,
reporting discrepancies, the departure report work items were also
examined on the basis of their brief word description and, when it
appears, the equipment identification code (EIC). This allowed
for the best possible cross-checking.

Departure report work is documented in shipyard mandays, so that
mandays lead directly to a unit of measure for this study. Beyond
this, mandays are desirable, as opposed to dollar cost, because
they are a more fixed and consistent standard for use between dif-
ferent shipyards and years. Dollar costs were obtained for the
total overhaul expense on a ship, but were not used because of
these inconsistencies.

In addition to these figures on final, actual overhaul expense,
considerable effort was also made to obtain information on pre-
overhaul authorizations; these could provide greater insight on
estimates of necessary work. This effort met with only limited
success. The data has generally not been retained. Available
documentation of preoverhaul estimates and shipyard planning
letters was too limited for use in this study.

Personnel Variables

A ship's crew has a considerable influence on the ship's equipment
condition. This equipment cannot be divorced from the people who
operate and maintain it. As a result, it is essential to include
some account of crew capability in any relative assessment of
equipment condition.

Our account of shipboard personnel is based on intormation
obtained from the Navy enlisted master record (EMR) files. We
were able to obtain for each ship and for various points in time,
the number of crew members in each rating and paygrade, their
length of Navy service, time onboard that ship, and number of Navy
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enlisted classifications (NECs) accumulated. From this informa-
tion, we have computed a number of variables which quantify vari-
ous aspects of the ship's crew.

Before describing these variables in detail, it may be useful to
discuss the way these variables are matched to the systems in the
study, and the way they are derived for each month. Matching them
to a system is achieved by computing the variables only for those
ratings which most directly and significantly deal with the sys-
tem. Table 5 shows the correspondence between the ratings and the
systems in the study. As a result of this matchup, each personnel
variable will have different values for different systems. This
reflects a potentially different crew capability for different
systems of the same ship. While there is some question concern-
ing our assignment of ETs and ETNs to some of the SSN systems, the
impact either way is expected to be quite small here.

The problem of deriving the variables by month arises from the
fact that the EMRs are only available periodically, usually every
three or six months. For a month in which an EMR is available,
the calculation is straightforward, and simply uses that month.
For a month between the dates of two available EMRs, a linear
interpolation is used on the variables from those months. In this
way, a value for each variable and each month results.

Two personnel variables are used in this study. The first is the
number of enlisted crew members in paygrades E5 and above divided
by the ship manpower document (SMD) requirement for paygrades E5
and above. This variable is therefore a measure of crew manning
and to some extent crew quality.

For the SSN-637 class, there is only one SMD for the entire class.
For the FF-1052 and DDG-2 classes, however, there is a specific
SMD for each ship established at each overhaul. The SMD require-
ments for specific NECs may vary considerably. However, the SMD
requirement aggregated to the rating and paygrade level is quite
consistent over a class, and we use simply the average require-
ment. This is of minor consequence since the SMD requirement is
used only as a standard for comparison between classes.

The second variable is the average length of Navy service among
crew members in paygrades E4 and above. This variable is
therefore a further measure of crew quality.

Steaming Hour Variables

The steaming hour variables used in the study are quite straight-
forward in description and computation. As they are quite impor-
tant in the study, however, they are discussed separately here.
The variables themselves are measures for each ship in each month.
They measure the number of hours in the month that a ship was
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TABLE 5

SYSTEMS AND CORRESPONDING RATINGS*

Systems FF, DDG Ratings SSN Ratings

Whole ship All ratings All ratings

Hull structure HT

Main propulsion BT,MM ET, ETN, MM
Propulsion shafting MM MM
Main steam piping BT,MM ET, ETN, MM
Feed and condensate BT,MM ET, ETN, MM
Propulsion boilers BT,IC --

Combustion air BT

Electrical MM,EM,EN,IC MM, EM, IC
Power generators MM,EM,EN MM, EM

Sonar ST,STG ST, STS
interior communications IC IC
Climate control MM,EM,EN MM, EM
Refrigeration MM,EM,EN MM, EM
Distilling BT,MM,IC ET,ETN,MM,IC
Compressed air MM,EM MM, EM
Steering MM,EM MM, EM

*The rating abbreviations are as follows:

HT Hull Maintenance Technician
BT Boiler Technican
MM Machinist's Mate
ET Electronics Technician
ETN Electronics Technician (Communications)
EM Electrician's Mate
EN Engineman
IC Interior Communications Electrician
ST Sonar Technician
STG Sonar Technician (Surface)
STS Sonar Technician (Submarine)
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steaming and underway, steaming but not underway, and cold iron.
A ship is always in one of these states. Therefore the sum of
these variables should be the number of hours in the month.

These variables are used as a proxy for operating tempo. Steaming
underway is generally taken to indicate a high tempo of opera-
tions, while cold iron is taken to indicate minimal tempo. As a
proxy, this will naturally be more accurate for some systems than
for others. For main propulsion, and its subsystems generally,
steaming underway should be a good indicator of actual operating
tempo. For auxiliary systems, it is much less clear. Probably
for refrigeration and interior communications it will be quite
poor, while for sonar and steering it may be far better. In any
case, the steaming hours variables are our best available proxy
for operating tempo.

Other Variables

A number of other variables are included in the model. Each of
these may have an effect either on material condition itself or on
the indicators of material condition used in the study. By not
including them, the true effect of overhaul mandays may be masked
and misestimated. A short description of each of these variables
is given in this section.

The age of the ship at the end of overhaul is included to account
for possible material condition change, probably deterioration,
due simply to getting older. This is measured in months from the
commissioning date of the ship to the overhaul completion date.

Another variable distinguishes a ship by assigning a 0 or 1
according to whether it is assigned to CINCLANTFLT or CINCPACFLT.
This distinction of a ship according to fleet should account for
differences in maintenance policy, whether on the depot, interme-
diate or organizational level. It should also account for system-
atic reporting differences between coasts in the indicators of
material condition. Finally, it should account for different
modes of operation between the coasts which may affect material
condition.

For the SSN-637 class, a variable is included to distinguish the
two types of overhauls it may undergo. A I or 2 is assigned
according to whether the overhaul was a regular or a refueling
overhaul. In the refueling overhaul, the nuclear core is
replaced. This makes an overhaul more extensive, as well as long-
er by about three or four months. This variable therefore
controls for the extended (nonoperational) depot period.

Another factor which may influence later material condition, and
which, moreover, may particularly affect the relationship of over-
haul mandays to material condition, is the overhauling shipyard.
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One variable for each shipyard is used to account for shipyard
differences. It assigns a 1 or 0 according to whether the over-
haul was done in that shipyard. This will account for general
systematic differences resulting from having had overhauls in
different shipyards.
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CHAPTER III

ANALYSIS

MODEL

An analytic model is used in this study to quantitatively measure
the effect on a ship's material condition due to the many factors
which impact this condition. The model developed here investi-
gates this effect for each of the three ship classes and many ship
systems described in Chapter II.

The factor of primary interest is overhaul repair mandays. A numn-
ber of other factors are also of interest, however, and so is the
comparison of relative effects among all the factors together.
Moreover, inclusion of all the factors is necessary in order to
accurately bring out the effect of each factor individually.

The model used to bring out these effects starts with the premise
that the material condition of a ship system in a month may be
represented as a linear sum of the values of the relevant factors
for that month. Though the precise relationships may actually not
be linear, a linear model is nevertheless reasonable, for several
reasons. First, each ship class is examined separately, and the
ranges of the variables in a class are relatively small, so that a
linear approximation can be quite accurate. Moreover, the funda-
mental goal of the analysis is to determine the effect, positive
or negative, of more overhaul work on material condition; and the
estimated effect from a linear model will have the same sign as
the (nonconstant) effect from a curvilinear model (some testing of
various other forms has confirmed this assertion). Finally, the
data in this study is not considered precise enough to distinguish
the subtle differences among nonlinear forms.

In detail, the model presumes that material condition (MC) in a
month is given by a linear combination of the following factors:
the repair cost or work in the most recent overhaul (RC); the
alteration cost or work in this overhaul (AC); the level of man-
ning of the ship's crew in that month (PP); the quality of the
ship's crew in that month (PQ); the amount of steaming underway
during the three months prior to that month (ST); the amount of
time cold iron in the month just preceding that month (CI); the
preoverhaul material condition for the most recent overhaul (PC);
the age of the ship at the end of that overhaul (AGE); the fleet,
LANT or PAC, to which the ship is assigned (FL); and the overhaul-
ing shipyard of the preceding overhaul (SY). For submarines,
there is additionally a term for the type of overhaul (OH),
whether regular or refueling. This relationship is summarized in
the following equation:
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MC =a 0+a IRC +a 2AC +a3PP +a 4P+a5CI+a6ST +a 7PC

+ a 8AGE + a 9FL + a 10SY

Months were chosen as being a reasonable period for observing
mnaterial condition and other variables. An autocorrelation cor-
rection was made, since there is always some continuity in materi-
al condition from one month to the next. Each month following an
overhaul was used as an observation period in the model, with the
following exceptions. The first three months after overhaul were
not used. These months include a shipyard warranty period on
overhaul work, and indicators of material condition in this period
are riot reliable. Moreover, ships in this period are not yet at
the point of performing their operational missions, so that
material condition is not of the same significance. For SSNs, the
months following a selected restricted availability were not used,
since this additional depot level work could not be related to the
preceding overhaul work. Finally, months beginning in 1980 and
later were not included, since data in these months was not avail-
able.

Repair work and alteration work are given in mandays. The crew
manning level refers to the number in paygrades E5 through E9.
The crew quality uses the average length of service of the crew

* members. Preoverhaul material condition is measured by CASREP
maintenance downtime in the nine months before overhaul. The
other variables or factors are as discussed in Chapter II.

The coefficients a0 , a1 , a 2 ... are determined statistically using

regression analysis and the equation above. The units of observa-
tion are ship-months for ships within a class; there were 817 such

* observations for the FF-1052 class, 856 for the DDG-2 class, and
946 for the SSN-637 class. Each coefficient gives the relation-

* ship of its variable or factor to material condition. These coef-
ficients can be expected to differ between systems and ship
classes. Consideration and comparison of them is the basis for

* the study conclusions.

The coefficient of primary interest in this study is that of
repair cost (RC). The sign of this coefficient indicates the
effect of more repair work on material condition. With respect to
the CASREP variables, for example, a negative coefficient indi-
cates that more repair mandays were associated with fewer CASREP
problems, either in numbers or in downtime. This would, in fact,

* be the expected sign if repair work has its intended effect. The
- model described above accounts for the three major factors which

impact material condition: overhaul work, crew personnel, and
operating tempo. However, none of the variables used in this
sudy to quantify material condition is, by itself, entirely
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satisfactory. Conceivably, they may each give different insights.
Therefore, all the variables are used. That is, coefficients in
the above equation are generated for each of the indicators of
material condition. For each such indicator, the coefficients
show the effects which the explanatory variables have had on that
indicator.

The initial quantitative output from the model is a set of tables,
one for each ship system and class. Each table lists the coeffi-
cients for all the variables, for each material condition indi-
cator. For any variable, comparison of that variable's coeffi-
cients shows how consistent an effect it has had on the different
indicators. These tables are shown in appendix B.

In these tables, each coefficient has listed with it its t-statis-
tic. This is a statistical measure of the confidence with which
the variable may be taken to have the relationship indicated by
its coefficient. Also given in these tables is the R-squared and
F-statistic for each equation. These measure the extent to which
the equation explains its material condition indicator, and the
confidence with which this explanation may be taken, respectively.
As is common in this kind of situation, the R-squared values can
be expected to be fairly low due to the many individual ship dif-
ferences and the randomness which is always a part of material
condition.

Some care must be taken in interpreting and using the coeffi-
cients. A~s computed, they are the best estimate of a variable's
relationship to a material condition indicator, as evidenced by
the data documenting past Navy experience. If past policies and
conditions remain the same, the statistically significant ones can
be expected to predict well. However, they do not imply a causal
connection.

For example, if the coefficient of the fleet variable indicates
that ships from one of the fleets have registered better material
condition, it does not imply that assigning a ship to that fleet
will improve its material condition. It only means that ships in
that fleet have on average recorded better material condition.
Where a clear causal relationship is known or expected to exist,
then a coefficient should indicate the nature of that relation-
ship.

Finally, while the model described above does account for the
important factors and seems best under the data and computational
restrictions, it does have important limitations. The greatest
may be the limitation in accounting for personnel. The actual
ability and effect of a crew in dealing with ship equipment may
not be well captured by the level of manning and length of service
of crew members in the higher paygrades. Also, no account is made
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of the motivation and leadership of a ship's officers and particu-
* larly of the commanding officer.

Equipment condition of a ship upon entering overhaul is also dif-
ficult to quantify. It may not be captured well in the preover-
haul condition variable used here since CASREPs just before over-
haul can be misleading. Also, the effect of restricted availabil-

* ities and technical availabilities is not accounted for. Selected
restricted availabilities for submarines have not been included,
but neither have observations in the months following such an
availability. This means that the months which are included all
trace back directly to the last overhaul.

While these are the major limitations in the model, there are some
others. Equipment usage may not be fully reflected in the hours
steaming underway and cold iron used as variables for operating
tempo. Also, the full effect of the overhauling shipyard, the
proximity to homeport, and the effect of ships force overhaul
work, have not been accounted for. Finally, there is uncertainty
in the degree to which the indicators of material condition are

* accurate in reporting actual material condition.

To the extent that these limitations exist, the model may not
fully reflect Navy operations, and particularly the effect of
overhaul work. To the extent that they are divorced from the
direct impact of overhaul work, the model should reveal the
relationships of interest.

The estimates made from the model are statistically the best ones
possible from the data. Because of variations in the data itself
as well as in the amount of data available, however, the estimates
differ considerably in their reliability. Consequently, the
statistical significance of the estimates is also presented and
discussed.

In the analysis for this study, significance levels of 80 percent
and 90 percent are used. An estimate at one of these levels can
be taken, with just this probability, as being different from
zero, that is, of correctly showing the sign of the actual coeffi-
cient. When an estimate has a significance below one of these
levels, less confidence must be given to it. It remains as the
best possible estimate, but it is unreliable by comparison.

The estimated coefficients may be used to predict the effect of
changes in the variables themselves on the material condition
indicators. The product of a change in a variable times the coef-
ficient of that variable is the predicted change in the material
condition indicator. This kind of prediction is based on the
fleet experience data from which the estimates were derived. it
does not necessarily imply a causal relationship.
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From the coefficients and the average values of the variables and
material condition indicators, elasticities may be computed. The
elasticity of a variable is the percentage change in the material
condition indicator associated with a one percent change in the
variable. It is calculated as the coefficient times the average
value of the variable divided by the average value of the material
condition indicator. Elasticities may be useful in gaining
further insight into effects. Also, they help clarify comparisons
of systems and ship classes. For these reasons, they are used in
the analysis which follows.

All the average values and estimated coefficients are presented in
appendix B. Moreover, a careful description of the variables,
together with their units of measurement, is also given there.
The analysis in the following sections is based on these tables,
and frequent reference is made to them.

ANALYSIS AT THlE WHOLE SHIP LEVEL

This section interprets and discusses the results of applying, at
the whole ship level, the model described earlier. Table B-2
shows the average values of all the variables involved. Tables
B-3 through B-5 give the estimated coefficient values for FFs,
DDGs, and SSNs, respectively.

In these latter tables, while the extent to which the equations
explain the material condition indicator variables differs, it is
high enough to make the equations meaningful. Several other
general patterns are also apparent. CASREP maintenance downtimes
are explained by the model somewhat better than total CASREP down-
times, and both of these are explained considerably better than
the numbers of CASREPs reported. IMA hours and SF hours are the
most poorly explained.

Effects of Repair Mandays

our focus on repair costs begins with a calculation of their elas-
ticities. These are shown in table 6, and are calculated at aver-
age values of the variables. Given the trends in repair mandays
and in CASREPs over the period of the study, these average effects
might have occurred at about the middle of the decade. The elas-
ticities therefore estimate the effects of repair work at levels
occurring in about 1975 or 1976. They should not be used for cur-
rent levels.

Of greatest importance in the table is the consistent pattern of
effect which repair cost has on the various indicators. A nega-
tive sign means that an increase in repair cost is associated with
a decrease in the .ndicator value. The consistent pattern of
negative signs in the table demonstrates an unambiguously benefi-
cial effect on material condition. The fact that 10 of the 11
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FF-1052 class indicators, 8 of the 11 DDG-2 class indicators, and
9 of the 10 SSN-637 class indicators are negative is evidence that
more repair work was associated with fewer material condition
problems over the period in the study.

TABLE 6

MATERIAL CONDITION INDICATOR ELASTICITIES
FOR REPAIR MANDAYS

Elasticitya
Material condition indicator FFs DDGs SSNs

CASREP total downtime -0.33 -0.36* -0.31
CASREP maintenance downtime -0.98** -0.61** -0.28
CASREP occurrences -0.56** -0.37** -0.33**
CASREP C3-C4 total downtime -0.85* -0.10 -0.05
CASREP C3-C4 maintenance downtime -0.98 -0.99* -0.25
CASREP C3-C4 occurrences -1.16** -0.29 -0.27
IMA hours +0.03 -0.12 -0.03
SF hours -0.28 +0.02 -0.24
UNITREP C3-C4 overall status -0.42* +0.51** +0.32
UNITREP C3-C4 equipment status -0.52* -0.04 -0.25
INSURV score -0.93 +0.22

aThe elasticities are the percent changes in the material condi-
tion indicators associated with a one percent increase in repair
nandays, and are calculated at average values of the variables.
One star indicates a significance of 80 percent, two stars a
significance of 90 percent.

As indicated in the table, the estimates of this effect are sta-
tistically more significant for FFs and DDGs than for SSNs. More-
over, the actual magnitude of the effects is greatest for FFs and
least for SSNs. For the CASREP indicators, the elasticities (per-
cent of change due to a one percent increase in repair cost) range
from -.3 to -1.2 for FFs, from -.1 to -1.0 for DDGs, and from -.1
to -.3 for SSNs.

As an alternative to discussing the effect of repair cost in terms
of elasticities, the estimated effect can be assessed directly.
In particular, the effect of 500 additional repair mandays on
CASREP maintenance downtime, in hours per month, may be estimated
using the coefficients for repair cost in tables B-3 to B-5. Such
estimates are shown in table 7. The 500 repair mandays are to be
taken in the context of an average repair manday overhaul total of
40,000 for FFs, 60,000 for DDGs and 130,000 for SSNs, over the
period in this study. The same 500 repair mandays comprise a far
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smaller fraction of the total overhaul repair manday package for
SSNs, and this explains in part why the estimates are lower for
SSNs.

TABLE 7

ESTIMATED EFFECT OF 500 ADDITIONAL REPAIR MANDAYS
ON CASREP MAINTENANCE DOWNTIME PER MONTH (In Hours)a

FFs DDGs SSNs

CASREP maintenance downtime -39.8 -18.6 -1.1

CASREP C3-C4 maintenance downtime -6.2 - 4.4 -0.04

aThese estimates assume an average repair package of 40,000

mandays for FFs, 60,000 mandays for DDGs and 130,000 mandays for
SSNs.

Over the period in this study, the number of FF-1052 class and
DDG-2 class overhaul repair mandays was correlated with the over-
haul year. That is, later years generally meant more repair man-
days, as sown in figure 1. To test whether the beneficial rela-
tionship observed between repair mandays and material condition is
a reflection just of an unrelated improvement in material condi-
tion during later years, the model in the study was modified by
adding a variable representing the overhaul year.

With this change, the correlation between repair mandays and over-
haul year does lead to a reduction in the size of the repair man-
day coefficients, and ina couple of cases, to a reversal in sign
(that is in estimated effect). However, in most cases, and in all
cases of statistical significance, the estimated effect of repair
mandays does not reverse. This tends to confirm the preceding
analysis.

The elasticities for reapir mandays are shown in table 8. They
may be compared with those in table 6. The preponderance of nega-
tive signs for repair mandays, particularly for the statistically
significant cases, again suggests the beneficial relationship
between material condition and more repair mandays. The ad hoc
addition of the overhaul year variable does lead to a less certain
and less strong estimated effect.
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TABLE 8

MATERIAL CONDITION INDICATOR ELASTICITIES FOR
REPAIR MANDAYS WHEN THE OVERHAUL YEAR IS INCLUDED

Elasticitya
Material Condition Indicator FFs DDGs

CASREP total downtime +0.20 -0.32*
CASREP maintenance downtime -0.69* -0.53**

CASREP occurrences +0.04 -0.40**
CASREP C3-C4 total downtime -0.33 +0.10
CASREP C3-C4 maintenance downtime -0.32 -0.76
CASREP C3-C4 occurrences -0.81* -0.27
IMA hours -0.06 -0.22
SF hours +3.42 -0.12
UNITREP C3-C4 overall status -0.62* +0.66**
UNITREP C3-C4 equipment status -0.03 +0.01
INSURV score -1.15 +0.13

aThe elasticities are percent changes in the material condition

indicators for a one percent increase in repair mandays, calcu-
lated at average values of the varaibles. One star indicates a
significance of 80 percent, two stars a significance of 90 per-
cent.

Effects of Other Variables

The effect of alteration work on material condition provides a
contrast to the effect of the repair work just discussed. It
should be noted at the outset that alteration work does not have
the same purpose as repair work. Whereas repair work is solely
intended to restore or enhance material condition, alteration work
is intended to improve capability, safety, or system reliability
and maintainability. In particular, somewhat degraded material
condition may be an acceptable cost for better capability. More-
over, the analysis can only address the particular alterations
made during the period of the study, and may not anticipate the

experience of future, different alterations.

Table 9 is similar to table 6, and shows the elasticities of the
material condition indicators for alteration work. Here, in fact,
there is a noticeably different effect than for repair work. For
FFs, there is an absolutely consistent pattern of beneficial
effect on material condition due to increased alteration work. As
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with repair work, this tends to be most significant for C2
CASREPs. However, the magnitude of this effect due to alteration
work is much smaller than for repair work. In fact, it is
generally less than half as much.

TABLE 9

MATERIAL CONDITION INDICATOR ELASTICITIES
FOR ALTERATION MANDAYS

Elasticitya
Material Condition Indicator FFs DDGs SSNs

CASREP total downtime -0.18 +0.29** +0.05
CASREP maintenance downtime -0.26* +0.96** +0.09
CASREP occurrences -0.35** +0.38* +0.15*
CASREP C3-C4 total downtime -0.35 +1.11* -0.30
CASREP C3-C4 maintenance downtime -0.47 +2.10** +0.28
CASREP C3-C4 occurrences -0.21 +0.82** +0.33
IMA hours -0.16 -0.14 -0.16*
SF hours -0.52 -1.22** +0.50**
UNITREP C3-C4 overall status -0.17 -0.46* -0.20
UNITREP C3-C4 equipment status -0.30* -0.13 -0.12
INSURV score -0.53** -0.09

aThe elasticities are the percent changes in the material
condition indicators associated with a one percent increase in
alteration mandays, and are calculated at average values of the
variables. One star indicates a significance of 80 percent, two
stars a significance of 90 percent.

In contrast to this beneficial effect for FFs, there are mixed
indications of effect for DDGs and SSNS, with at least some indi-
cations of detrimental effect on material condition. This is
particularly so among the CASREP indicators, and with high statis-
tical significance for the DDGs. The detrimental effect for DDGs
is greater in magnitude than for SSNs; this is all the more note-
worthy as alterations comprise a far greater portion of the over-
haul work package for DDGs.

All three ship classes show a beneficial effect of alteration work
on the UNITREP indicators, and with higher statistical signifi-
cance for the FFs and DDGs. Moreover, for the the FFs and DDGs,
the INSURV score also seems to have improved with more alteration
work. Still, with the somewhat inconsistent patterns for DDGs and
SSNs, and the contrast of these with the FF pattern, no firm con-
clusion on the effect of alteration work is warranted. Our esti-
mates in any case apply only to the specific alterations
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accomplished in the period of this study, and do not take account
of the differences in alterations between classes or the improve-
ments in capability due to alterations. The most which may be
said is that alteration work appears not to have the same
beneficial effect on material condition as does repair work.

The effect of our personnel variables on the indicators of materi-
al condition is also very unclear. The average length of service
variable seems completely ambiguous, with no apparent pattern.
The effects of the number of personnel in paygrades E5 to E9 are
more systematic, but still mixed. For FFs, higher levels were
associated with a consistent pattern of worse reported material
condition. For DDGs and SSNs, there seemed to be better C3-C4
CASREP condition, and possibly better C2 CASREP condition for
SSNs, but worse reported material condition otherwise. This lower
level in reported condition may be due to the greater number of
qualified personnel available to properly document material condi-
tion problems. The one consistent pattern for all three classes
is a greater amount of intermediate and ships force corrective
maintenance with higher manning levels.

Of the operating tempo variables, the hours cold iron in the pre-
vious month is ambiguous for all three ship classes. However,
with high statistical significance for all three classes, it did
indicate greater amounts of both intermediate maintenance and
ships force maintenance, as might be expected.

In contrast to this, steaming hours underway has a consistent,
though different, effect in the three classes. Moreover, the
effect is more highly significant statistically. For FF6 and
DOGs, more steaming underway is associated with better material
condition, as shown through the indicators. For SSNs, it is asso-
ciated with worse material condition. While these associated
effects can be predicted by the amounts of steaming, the steaming
itself may not cause them. Rather, the steaming may be a proxy
for such conditions as deployment and time away from port. More-
over, SSNs are affected by a very different mode of operations and
preparation for operations; thus, the effects of increased operat-
ing tempo can not be compared betwen ship classes. Nevertheless,
the associations described above stand up.

The age variable does not show a strong pattern in its coeffi-
cients, but it does suggest that older ships had worse material
condition. The fleet variable is not easily interpretable, since
it may reflect differences in fleet reporting. It does, however,
account for differences in fleet practices.

This last comment also applies to the shipyard variables. A clear
pattern in these variables is not evident, and in fact, shipyard
performance is based on more than this study analyzed. Conse-
quently, no conclusions on these variables are drawn.
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In general, the variables other than repair cost have these char-
acteristics: a number of them enter each equation with signifi-
cant coefficients; many of them have the anticipated sign; and
they tend to be consistent in sign between equations. These
characteristics further suggests that the findings on overhaul
work are not spurious.

ANALYSIS AT THE SYSTEM LEVEL

The analysis of the systems closely parallels that of the whole
ship. In particular, the model used to explain material condition
is exactly the same, and the analysis again focuses on overhaul
repair work.

However, the analysis at the system level is less dependable than
at the whole ship level. In part, this is due to inequivalent
system definitions under different classification schemes, so
that, for example, repair work and material condition may not
cover exactly the same equipments. In part, it is also due to the
smaller magnitudes involved; reporting errors have a correspond-
ingly bigger effect at the system level.

Initial insight into overhaul work at the system level may be
gained by considering the amount of overhaul work, on average,
which each system received. Table 10 shows the average repair
(RC) and alteration (AC) mandays expended in overhaul for each
system and each ship class.

Not surprisingly, main propulsion receives a substantial fraction
of the repair work for all three classes, particularly for the FFs
and DDGs. It accounts for just over one quarter of all repair
mandays for FFs, and over one third for DDGs. Among the main pro-
pulsion subsystems for these two classes, boilers receive more
work than any other single equipment. In both cases, they account
for just over a third of all main propulsion mandays. In fact,
the distribution of main propulsion mandays among its subsystems
is nearly identical for FFs and DDGs.

Alteration mandays generally accounted for only a fraction of
repair mandays in the systems studied here. Climate control is an
exception to this for both FFs and DDGs. A more notable exception
in all three classes is sonar. However, there is no reason to
expect that future alteration work will be distributed over the
systems as it has been in the past.

With regard to later comparison of systems, further insight comes
from examining the relative material condition of the systems.
The average values of each of the material condition indicators
may be compared using the tables in appendix B. Following our
emphasis on CASREP maintenance downtime, these downtime averages
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are summarized in table 11. CASREP occurrences (i.e., the number
of CASREP reports) may also be of interest, and these are summar-
ized in table 12.

TABLE 10

AVERAGE REPAIR AND ALTERATION MANDAYS
BY SYSTEM (in thousands)

System FFs DDGs SSNs

RC AC RC AC RC AC

Hull structure 1.49 3.35 2.26 .23 9.89 2.05
Main propulsion 9.95 .86 20.79 2.08 9.83 .75
Propulsion shafting .66 .00 1.31 .00 3.06 .00
Main steam piping .75 .06 1.60 .09 1.34 .00
Feed and condensate 1.70 .26 3.09 .38 2.14 .28
Propulsion boilers 3.54 .16 7.94 .65
Combustion air 1.00 .03 2.00 .27
Electrical 1.57 .11 1.37 4.10 3.71 .00
Power generators .93 .01 .57 3.51 1.22 .00
Sonar 1.31 4.77 .36 4.39 1.05 6.79
Interior communications .12 .35 .20 .00 .40 .00
Climate control .77 1.32 1.64 3.74 4.34 .44
Refrigeration .19 .00 .23 .00 .29 .00
Distilling plant .54 .01 .61 .00 1.23 .23
Compressed air .88 .58 .59 1.42 4.26 .20
Steering .23 .00 .44 .00 1.54 .12
Whole ship 38.41 28.38 58.24 39.30 133.61 28.28

Main propulsion easily accounts for the most downtime in FFs and
DDGs, but not in SSNs. There, sonar accounts for the most, being
almost one quarter of the ship total. While propulsion boiler
repair mandays made up approximately one third of all those for
main propulsion, they account for nearly two thirds of the CASREP
C3-C4 maintenance downtime for FFs, and over half for DDGs. More-
over, for FF boilers, maintenance downtime from C3-C4 CASREPs is
nearly equal to that from C2 CASREPs.

The statistical output again appears in appendix B. It is organ-
ized by system, and encompasses tables B-6 through B-67. An
explanation of the notation in these tables also appears in this
appendix.

A broad look at these tables, i.e., the results of applying the
model in Chapter II, shows that most often, the model more poorly
explains material condition for the systems than it does for the
whole ship. This is evidenced by the lower extent to which the
variation in the material condition indicator values is explained,
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TABLE 11

AVERAGE CASREP MAINTENANCE DOWNTIME AND CASREP
C3-C4 MAINTENANCE DOWNTIME BY SYSTEM (hours per month)

System FFs DDGs SSNs

All C3-C4 All C3-C4 All C3-C4

Hull structure 30.0 5.6 26.3 6.5 1.7 0.0
Main propulsion 589.7 183.2 964.4 176.6 33.8 2.6
Propulsion shafting 7.5 1.5 10.6 4.1 4.1 0.2
Main steam piping 10.7 3.6 44.6 14.3 3.3 1.3
Feed and condensate 150.7 27.5 269.1 29.4 2.7 0.1
Propulsion boilers 229.1 113.5 306.1 93.1
Combustion air 94.5 28.5 97.8 2.3
Electrical 217.4 49.1 290.7 42.7 33.0 4.3
Power generators 131.6 44.1 145.6 36.1 27.5 3.7
Sonar 203.4 42.7 52.7 7.9 232.1 11.1
Interior communications 9.1 0.0 21.3 0.7 5.7 0.3
Climate control 145.2 10.4 156.9 3.2 116.1 2.6
Refrigeration 7.3 0.8 4.3 0.3 1.1 0.0
Distilling plant 38.3 11.4 19.3 5.0 40.4 0.6
Compressed air 190.8 9.6 150.0 42.7 6.6 0.4
Steering 26.9 5.8 10.5 0.6 1.4 0.9
Whole ship 3119.9 484.4 3521.8 517.6 1076.0 43.3

I

TABLE 12

AVERAGE CASREP OCCURRENCES AND CASREP C3-C4 OCCURRENCES
BY SYSTEM (occurrences per month)

System FFs DDGs SSNs

All C3-C4 All C3-C4 All C3-C4

Hull structure 0.04 0.01 0.05 0.01 0.00 0.00
Main propulsion 1.29 0.56 1.96 0.53 0.06 0.01
Propulsion shafting 0.02 0.01 0.03 0.02 0.01 0.00
Main steam piping 0.03 0.02 0.10 0.06 0.00 0.00
Feed and condensate 0.28 0.07 0.43 0.05 0.01 0.00
Propulsion boilers 0.51 0.33 0.77 0.26
Combustion air 0.15 0.04 0.14 0.01
Electrical 0.46 0.12 0.37 0.06 0.10 0.03
Power generators 0.28 0.09 0.16 0.03 0.06 0.02
Sonar 0.42 0.10 0.17 0.05 0.44 0.04
Interior communications 0.00 0.00 0.05 0.01 0.01 0.00
Climate control 0.28 0.04 0.25 0.02 0.19 0.01
Refrigeration 0.02 0.00 0.01 0.00 0.01 0.00
Distilling plant 0.09 0.03 0.06 0.01 0.06 0.01
Compressed air 0.28 0.02 0.23 0.02 0.03 0.00
Steering 0.03 0.01 0.03 0.01 0.01 0.00
Whole ship 7.47 1.62 7.93 1.74 2.27 0.20
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and the lower statistical significance which these explanations
have. As indicated previously, this may be explained in part by
inconsistent system definition under different classification
schemes, and in part by greater inaccuracy of material condition
indicators at the system level.

There is also less consistency in effect on the various material
condition indicators at the system level than at the whole ship
level. This, however, may be caused by genuinely different
effects on the different indicators, which may have a tendency to
average out when aggregated to the whole ship level. For example,
CASREP supply downtime in contrast to maintenance downtime may be
more significant or may be differently affected for a particular
system than for the whole ship on average. Moreover, systems
undoubtedly vary in the relative prominence of C3-C4 and C2
CASREPs; this is apparent from table 12. The focus on the analy-
sis here is on CASREP maintenance downtime, and to a lesser
extent, on CASREP occurrences. In addition to the advantages of
CASREPs mentioned earlier, maintenance downtime as opposed to
total downtime has the further advantage of differentiating equip-
ment failures based on the amount of time taken for repair, but
without including the random effects of supply. Finally, in addi-
tion to using all CASREPs, C3-C4 CASREPs alone are also used for
FFs and DDGs. They are not, however, broken out for SSNs, because
of the very small numbers involved at the system level.

Table 13 shows the effects of increased repair mandays on CASREP
maintenance downtime and on CASREP occurrences. These effects are
described by way of elasticities, and are especially useful for
comparisons among ship classes and sysems. Table 14 shows the
same effects but only for C3-C4 CASREPs, while table 15 shows the
effects of increased alteration mandays.

With only a few exceptions, the statistically significant effects
of increased repair work for systems are beneficial, just as for
the whole ship. For main propulsion and its subsystems particu-
larly, all the statistically significant effects indicate a bene-
ficial effect; this is true whether all CASREPs or only C3-C4
CASREPs are regarded, and it is true for all three ship classes.

This pattern is also strongly evident for both interior communica-
tions and refrigeration. The magnitude of the beneficial effect
appears to be greater for refrigeration.

Apparent exceptions to the pattern of beneficial effect occur in
sonar for FFs and DDGs, and in distilling for SSNs. These excep-
tions could reflect unreliable system level estimation. Alterna-
tively, they might indicate real concerns which the Navy may wish
to look into.
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TABLE 13

CASREP MAINTENANCE DOWNTIME AND CASREP OCCURRENCE
ELASTICITIES FOR REPAIR MANDAYS BY SYSTEMa

System FFs DDGs SSNs

MNT OCC MNT OCC MNT OCC

Hull structure -0.50 -0.12 0.18 0.13 -0.70 0.47
Main propulsion -1.20* -0.74* 0.57 -0.23 -3.32* -0.96*
Propulsion shafting 0.40 -0.27 0.77 -0.26 -8.63* -0.70
Main steam piping -0.09 -0.90* -2.27* -0.15 -1.72 -0.60
Feed and condensate -0.57* 0.11 0.13 0.07 -2.87* -1.04
Propulsion boilers -0.24 -0.07 -0.20 -0.64*
Combustion air 0.20 0.24 -3.14* -2.35*
Electrical -0.33 -0.15 -0.85* -0.09 -0.64 0.47
Power generators 0.37 -0.02 -0.33 0.50* -0.37 0.04
Sonar 0.23 0.31* -0.17 0.29* -0.11 -0.02
Interior communications-0.64* -0.77* -0.36 -0.58* -1.95* -1.31*
Climate control -0.25 -0.20 -0.92* -0.39 -0.54 -0.21
Refrigeration -3.59* -1.24* -1.89* -0.75 -0.45 -0.15
Distilling plant -0.48 -0.70* 0.03 -0.04 2.55* 1.44*
Compressed air -0.33 0.26 0.11 0.28 -0.25 0.60
Steering -0.45 -0.80 0.17 0.12 0.70 -0.14
Whole ship -0.98* -0.56* -0.61* -0.37* -0.28 -0.33*

aThe elasticities are percentage changes in downtime or occur-
rences for a one percent increase in repair mandays, and are cal-
culated at average values of the variables. A star indicates a
significance of at least 80%.
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TABLE 14

CASREP C3-C4 MAINTENANCE DOWNTIME AND CASREP C3-C4 OCCURRENCE
ELASTICITIES FOR REPAIR MANDAYS BY SYSTEMa

System FFs DDGs

MNT OCC MNT OCC

Hull structure -1.67* -1.25* 0.14 0.22
Main propulsion -2.87* -1.27* -1.56* -0.73
Propulsion shafting -0.76 -0.51 0.51 -0.66
Main steam piping -0.58 -1.21* -1.70 0.21
Feed and condensate 0.63 0.47 -2.12* -0.82
Propulsion boilers -0.41 -0.19 -0.03 -0.30
Combustion air 1.20 1.33 0.91 2.00
Electrical -0.79* -0.44* -8.22* -0.61
Power generators -0.35 -0.22 -3.56* -0.02
Sonar 1.22* 0.11 -0.14 0.15
Interior communications -- 0.76 -0.55
Climate control -0.35 -0.55 0.14 -0.84
Refrigeration -4.72* -0.00 -1.12 -0.00
Distilling plant -0.85* -1.07* 0.40 0.38
Compressed air 2.24 3.65* 0.33 0.11
Steering -1.78* -1.02* -0.10 0.38
Whole ship -0.98 -1.16* -0.99 -0.29

aThe elasticities are percentage changes in downtime or occur-
rences for a one percent increase in repair mandays, and are cal-
culated at average values of the variables. A star indicates a
significance of at least 80%. Two dashes indicate that the aver-
age repair work was too small for calculation of an elasticity.
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TABLE 15

CASREP MAINTENANCE DOWNTIME AND CASREP OCCURRENCE
ELASTICITIES FOR ALTERATION MANDAYS BY SYSTEMa

System FFs DDGs SSNs

MNT OCC MNT OCC MNT OCC

Hull structure 0.16 -0.05 0.06 0.06 0.62 0.59
Main propulsion 0.12 0.00 -0.60* -0.20* 0.00 0.04
Propulsion shafting ............
Main steam piping -0.06 0.07 -0.22 -0.19* .. ..
Feed and condensate 0.10 -0.07 0.05 0.06 0.80 0.34
Propulsion boilers -0.11 -0.02 -0.20* -0.09
Combustion air 0.04 -0.06 -0.10 0.01
Electrical 0.14 -0.07 -0.60* 0.03 .. ..
Power generators 0.07 -0.06 -0.93* 0.34 .. ..
Sonar -0.38 0.05 0.74* 0.53* -0.10 0.02
Interior communications 1.04* 0.99* .. .... ..
Climate control -0.23 0.02 1.06* 0.47 -0.10* -0.05*
Refrigeration ............
Distilling plant 0.01 -0.09* .- 0.22 -0.12
Compressed air -0.22* -0.07 -0.03 -0.18 -0.25 -0.23
Steering ..- 0.16 -0.39
Whole ship -0.26* -0.35* 0.96* 0.38* 0.09 0.15*

aThe elasticities are percentage changes in downtime or occur-
rences for a one percent increase in alteration mandays, and are
calculated at average values of the variables. A star indicates a
significance of at least 80%. Two dashes indicate that the aver-
age alteration work was too small for calculation of an elasiti-
city.
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When regarded at the system level, increased alteration work has
generally had a beneficial effect on material condition, but of
relatively small magnitudes; this is shown in table 15. The
exceptions to this are in auxiliary systems, and are very much
class specific. In any case, these results can only apply to the
specific alterations accomplished during the period observed in
this study.

A final point in the analysis at the system level concerns the
engineering log] indicators of material condition. It has not been
emphasized in this section because of the relative scarcity of
data on which this variable is based; the data exists for only
relatively few quarters, and only for FE's. It has been used, how-
ever, in the same way as the other material condition indicators,
and the results appear in appendix B. In general, the effects of
repair work on log downtime are similar to the effects on CASREP
total dow~ntime. This is especially so for main propulsion, which
is the only system in which repair cost is statistically signifi-
cant for, both variables.
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CHAPTER IV

SUMMARY AND IMPLICATIONS

The main concern of this study was the effect of overhaul repair
work on the postoverhaul material condition of ships. As a means
to exploring this concern, a number of variables were developed
from a variety of Navy data bases. A major limitation in the
study was the unavailability of further data.

In particular, consistent documentation of overhaul planning esti-
mates was unobtainable, while data on overhaul work itself, for
surface ships, was awkward to work with. The most serious limita-
tion was the dearth of direct and reliable information on material
condition. We could not fully trust 3-M and UNITREP data, because
of errors found therein. CASREP data is not designed to measure
material condition, and provides only a proxy for it. More
detailed readiness and material condition analysis will in general
require better maintained and more detailed data sources.

In examining the effect of overhaul repair work on postoverhaul
naterial condition, we used statistical methods and took into
account other factors that may affect material condition, particu-

larly crew manning levels and ship operating tempo. Though we
found significant relationships between overhaul repair work and
postoverhaul material condition, these limitations of the analysis
should be kept in mind:

• We examined only three classes of ships: the FP-1052,
DDG-2, and SSN-637 classes.

" We used a number of different indicators of ,naterial
condition, because no single indicator is completely
suitable.

* We could not account for the effects of morale and lead-
ership, or for all the aspects of crew experience that
may affect material condition.

" To some extent, the effectiveness of overhaul repair
work depends on the material condition of a ship going
into overhaul. Though we used a measure of preoverhaul
material condition, it is not as precise as we would
have liked.

" Some other factors which may affect postoverhaul
material condition could not be measured. Particularly,
these are the amount of ships force work and private
vendor repair work during overhaul, restricted and
technical availabilities after overhaul, and specific
differences between shipyards.
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* Alteration work was measured by the number of shipyard
mandays involved. The purpose of an alteration, the
complexity of new equipment, and the amount of work done
by private contractors were not included in the
analysis.

0 Operating tempo was measured only by the amount of
steaming. This measure is probably suitable for a ship
as a whole and for main propulsion systems, but should
be less accurate for auxiliary systems.

However, despite the crudeness of some of our variables, we were
* able to account for the critical determinants of material condi-

tion. We therefore place confidence in our fundamental results.

our principal finding is that increased repair work did, in fact,
lead to better material condition. This result holds for all
three ship classes, and for a wide range of material condition
measures. This outcome should answer doubts about the efficacy of
overhaul work during the period examined in the study.

The return from overhaul repair work did vary among the ship
classes we studied. For material condition measured by number of
CASREP occurrences, maintenance downtime due to CASREPs, and
UNITREP equipment status, the improvement in material condition
from a ten percent increase in repair work was roughly in a range
of three percent to eight percent.

It is likely that other ship classes experienced further differ-
ences in the extent of benefit. However, the strength of our
basic finding suggests that all ships benefitted from overhaul
repair work.

Moreover, analysis of the relationship between overhaul work and
the condition of ship systems indicates that the benefits of over-
haul work were general, and not confined to a few systems. How-
ever, increased alteration work and improved material condition
were not always in direct association. This finding may be influ-
enced by the specific alterations made to the ships in our analy-
sis. Nevertheless, had we not included alteration work as an
explanatory variable, the effects of repair work might have been
misestimated.

Due to the impreciseness in our data specifically and in measuring
material condition generally, policy implications of our analysis
cannot be stated quantitatively. The primary implication is that
if the amount of overhaul repair work is reduced, the material
condition of ships can be expected to decline. The implication
that further increases in repair work will further improve mater-
ial condition probably holds, but has not been established,

* because current levels of overhaul work are as high or higher than
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at any time covered in the study. Moreover, both of these impli-
cations must be tempered by the consideration that ship classes or
types are influenced to different degrees by changes in overhaul
work. Nevertheless, overhaul repair work generally has had a sub-
stantial and beneficial effect on ship material condition.

-42-



REFERENCES

1. American Management Systems, Inc., Analysis of the Relation-
ship of Ship Aging to Overhaul Repair Manday Work Growth, USS
Charles F. Adams (DDG-2) Class Ships, Report 2201, 17 March

2. American Management Systems, Inc., Overhaul Repair Manday
Work Growth Study, USS Charles F. Adams (DDG-2) Class Ships,
Preliminary Findings, Report 2152, 13 August 1979.

3. American Management Systems, Inc., Statistics Concerning
Overhauls of USS Charles F. Adams (DDG-2) Class Ships in the
1970s, Technical Memorandum, 26 June 1980.

4. ARINC Research Corp., Effect of Overhaul on Ship Equipment
Condition, Publication 1808-01-0-1546, October 1976.

5. ARINC Research Corp., Trends and Associated Causal Factors
for Costs of Work Performed during Naval Ship Overhauls for
Selected Equipments, Publication 1669-01-TR-2186, June 1980.

6. ROH, Inc., Ship Overhaul Planning Effectiveness Study, May
1979.

7. "Ship Level Data for the Ship Overhaul Effectiveness Study
by S. Craig Goodwyn, John A. Berning, Jr., Unpublished,
July 1981

8. CNA, Memorindum 81-1115, "Data Bases from the Ship Overhaul
Effectiveness Study (U)," by S. Craig Goodwyn, Unclassified,
16 Jul 1981

9. CNA, Research Contribution 447, "A Comparison of CASREPs and
Engineering Logs in Measuring Ship Material Condition (U),"
John A. Berning, Jr., Unclassified, Apr 1981

-43-



APPENDIX A

SHIP SYSTEM DEFINITIONS



APPENDIX A

SHIP SYSTEM DEFINITIONS

The systems studied in the Ship Overhaul Effectiveness Study are
specifically defined in this appendix. Their definitions are corn-
plicated by two factors. One factor is that surface ships and
submarines are very different types of ships. Equipments and
functions of one type do not always match those of the other.
Even highly comparable systems can be expected to differ somewhat
in the equipments included in them.

The second factor is that different classification schemes are
used to specify equipments and systems in different contexts.
Shipyard work is documented by the ship work breakdown structure
(SWBS) for surface ships, and more commonly by the ship system
index (SSI) for submarines. Each of these uses three numerical
digits of which the first specifies a broad ship area.

By contrast. maintenance and equipment casualty actions are docu-
mented using t,,e equipment identification code (EIC). This scheme
uses four dig;its, each alphabetic or numeric.

As a result of these two complications, the ship systems must be
defined separatel, for surface ships and submarines, and in each
case, by using both classification schemes. The definitions are
given in tables A-I through A-4. The various definitions do not
match exactly, but have been made to be as close as possible.

In the tables, an expression ending in zeros and followed by an s
represents the expression for any possible replacement of the
zeros. For example, "ABOOs" indicates any EIC in which the first
two digits are "AB." Also, in tables A-3 and A-4, the word "some"
is used to indicate that word descriptions were used where possi-
ble to further aid the classification.
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TABLE A-I

SURFACE SHIP SYSTEMS:

DEFINITION BY SHIP WORK BREAKDOWN STRUCTURE (SWBS)

System SWBS

Whole ship All
Hull structure 100s, exept 101-109, 165,

170-172, 179-199
Main propulsion 200s
Propulsion shafting 243, 244, 245
Main steam piping 253
Feed and condensate 255
Propulsion boilers 221
Combustion air 251
Electrical 300s
Power generators 311
Sonar 460-464, Il, 165
Interior communications 430-433
Climate control 510-515
Refrigeration 516, 638
Distilling plant 531
Compressed air 551 |i
Steering 561, 562
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TABLE A-2

SURFACE SHIP SYSTEMS:

DEFINITION BY EQUIPMENT IDENTIFICATION CODE (EIC)

System EIC

Whole ship all
Hull structure AAO0s, ABOOs, ADO0s, AOOO-A600s,

A800-A900s
*Main propulsion BOO0s, C000s, FOQ0s, KOO0s

Propulsion shafting B400-B406, C400-C406, FEOO-FEO5,

Main steam piping F700s0OK5
*Feed and condensate F300s, K300s, some K700s

Propulsion boilers F100, F101, F104, some F701,
some F703

Combustion air F400, F401, F403
Electrical ECO0s, KGOOs, some 3000s, some 4000s
Power generators 3000, 3100-3107, 310C-310E
Sonar ROO0s except R500-R800s, AFOO, AF01
Interior communications MOO0s, M300s, M400s, 410E, 410F,

410G
Climate control TlO0s, T300s, T400s
Refrigeration T500s
Distilling plant TKOOs
Compressed air TFOOs, N700s
Steering some TLOOs
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TABLE A-3

SUBMARINE SYSTEMS:

DEFINITION BY SHIP SYSTEM INDEX (SSI)

System SS1

Whole ship all
Hull structure 100s except 156, 178
main propulsion 200s except 201.4, 236, 237, 246,

248 *
Propulsion shafting 201 except 201.4, 203
Main steam piping 207, 231
Feed and condensate 208, 233
Propulsion boilers--
Combustion air--
Electrical 300s, 236
Power generators 300
Sonar 425, 426
Interior communications 438, 439
Climate control 501, 502
Refrigeration 503
Distilling plant 517, 546
Compressed air 513, 530, 540, 541
Steering 518
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TABLE A-4

SUBMARINE SYSTEMS:
DEFINITION BY EQUIPMENT IDENTIFICATION CODE (EIC)

System EIC

Whole ship all
Hull structure AA00s, ABOOs, AD00s, 1106, AOOO-

A600s, A800-A900s
Main propulsion AA00s, F000s, T30K, 1106
Propulsion shafting FE00s
Main steam piping F700s
Feed and condensate F300s, some K700s

Propulsion boilers ---

Combustion air
Electrical EC00s, KGOOs, some 3000s, some 4000s
Power generators 3000, 3100, some 3000s
Sonar R000s except R500-R800s, AFOO, AF01
Interior communications M000s, M300s, M400s, M700s
Climate control Tl00s, T300s, T400s, some T000s
Refrigeration T500s
Distilling plant TKOOs
Compressed air TFOOs
Steering TLOOs except TLO8, TLOC, TLOD
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APPENDIX B

STATISTICAL OUTPUT FOR SHIP CLASSES AND SYSTEMS

This appendix presents the numerical results of applying, for each
ship class and system, the model described in Chapter III and
summarized by the equation therein. Specifically, it presents
statistical estimates for the average value of each variable, and
for the coefficients in the equation.

The equation, in somewhat more detail, is as follows:

MC = a 0 + a RC + a 2AC + a 3PP + a 4 PQ + a5CI + a 6ST + a 7PC + a 8AGE

+ a9FL + a SYLI + a SYL2 + a SYL3 + a SYP + a OH
9 10 11 12 13 14

With this notation, a0 , al,..., a14 are the coefficients which are

estimated statistically and which are shown in the tables of this
dppendix.

The material condition variable MC actually represents any of the
indicators of material condition developed in the study. These
indicators, with the notation used for them in this appendix, are
as follows. The CASREP indicators are total downtime hours
(CASDWN), maintenance downtime hours (CASMNT), occurrences or
reports (CASREP), C3-C4 total downtime hours (C34DWN), C3-C4 main-
tonance downtime hours (C34MNT), and C3-C4 occurrences or reports
(C34REP). Then there are intermediate maintenance activity hours
(IMA) and ships force hours (SF). The UNITREP indicators are the
overall percentage of time in a C3-C4 readiness state (UREPR), and
the percentage of time for equipment in a C3-C4 readiness state
(UREPE). All of the above variables are computed by month. The
engineering log out of commission days (ENGLOG) are by quarter.
The first of the indicators from examination results is the INSURV
inspection score (INSURV). Then, finally, there are the PEB
examination results, both the sum (PEBS) of the fail (0) or pass
(I) for the LOE and postoverhaul OPPE, and the minimum (PEBM) of
these. These indicators do not generally all apply to each ship
class and system.

The independent variables appearing on the right hand side of the
equation are as follows. First there are repair cost (RC) and
alteration cost (AC), both in thousands of mandays. The personnel
variables are percentage of personnel in rates E5 through E9
actually onboard relative to the ship manning document require-
ment (PP), and the average length of service in months among those
in rates E4 through E9 (PQ). The operating tempo variables are
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the cold iron hours per month (CI) for the previous month, and the
average of steaming hours underway per month (ST) for the previous
quarter. Preoverhaul condition (PC) is a weighted sum of CASREP
maintenance downtime in hours per month over the nine months prior
to overhaul. The age of the ship at the end of overhaul (AGE) is
in months from the commissioning date. The fleet (FL) is zero if
CINCLANTFLT and one if CINCPACFLT. The type of overhaul (OH)
only applies to submarines, and is one for a regular overhaul, two
for a refueling overhaul. The time of the inspection in months
after overhaul (IM) applies only to the surface ship INSURV
inspections.

The final variables are those for shipyard, and they vary by ship
class. In a few cases, a shipyard was not assigned a variable,
because it did not have enough overhauls to sufficiently
distinguish it. Each shipyard variable is zero unless the over-
haul took place in that shipyard, in which case it is one. Table
B-1 shows the values that the fleet and each of the shipyard vari-
ables will have in order to designate any particular shipyard.

TABLE B-1

SHIPYARD VARIABLE VALUES

FFs DDGs SSNs
Shipyard FL SYL SYP FL SYLl SYL2 SYP FL SYLI SYL2 SYL3 SYP

Norfolk 0 1 0 0 0 1 0 0 0
Charleston 0 1 0 0 0 1 0 0 0 1 0 0
Philadelphia 0 0 0 0 0 0 0
Portsmouth 0 0 0 1 0
Long Beach 1 0 1 1 0 0 1
Puget Sound 1 0 0 0 1 0 0 0 1
Pearl Harbor 1 0 0 1 0 0 0 1 0 0 0 0
Mare Island 1 0 0 0 0
private yard 0 0 0 0 0

Tables B-2 tnrough B-67 in this appendix present the fundamental
statistical output from the study. Among this output, for each
ship class and system, are the average values and standard devia-
tions for each of the variables. The average values are particu-
larly valuable for two reasons. First, they make possible direct
comparison of magnitudes between systems and between ship classes.
This comparison may be particularly insightful for the variables
representing repair and alteration costs, personnel levels, and
the indicators of material condition. Second, the average values
are the values at which the elasticities in Chapter III are calcu-
lated. These elasticities will therefore represent effects on an
average or typical ship.
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The remaining statistical output includes the coefficients esti-
mated for the above equation. There is a table for each ship
class and system. Within each table, there is a row of coeffi-
cients for each indicator of material condition. These coeffi-
cients estimate the effects of the variables on the material con-
dition indicators, and are the basis for computing the elastici-
ties in Chapter III.

In parentheses below each coefficient, the absolute value for the
t-statistic of the coefficient is shown. This statistic indicates
the reliability of the estimated coefficient. A t-statistic of
1.3 or above indicates a statistical significance of at least 80
percent, while a value of 1.7 or above indicates a significance of
at least 90 percent.

Finally, for each row of coefficients, there is given an R-squared
and F-statistic. The R-squared value estimates the amount of var-
iation in the material condition indicator explained by the equa-
tion. The F-statistic indicates the reliability with which the
equation explains this amount of variation. An F-statistic of 1.9
or above indicates a statistical significance of at least 95 per-
cent, while a value of 2.4 or above indicates a significance of at
least 99 percent.

In the tables, there are a few cases of missing entr'es. These
are caused by a variable being always zero, or by a variable being
totally insignificant in its effect on a material condition
indicator.
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APPENDIX C

MATERIAL CONDITION INDICATOR TRENDS

This appendix presents figures which graph the average material
condition for each ship during its postoverhaul period against the
fiscal year of the overhaul. In computing the average material
condition values of the various indicators, material condition in
certain months was not included. These months are: the first
three months following an overhaul; for SSNs, the months following
a selected restricted availability; and any months from the begin-
ning of 1980 and beyond.

Each of the material condition indicators is shown separately.

Figures C-1 to C-3 show CASREP total downtime, CASREP maintenance
downtime, and CASREP occurrences. Figures C-4 and C-5 show inter-
mediate maintenance and ships force maintenance. Finally, figures
C-6 and C-7 show UNITREP overall C3-C4 status and UNITREP equip-
ment C3-C4 status. By agreement with Op-04C, individual values of
INSURV scores are not shown.

The overwhelming characteristic of each of the figures is the high
degree of variability within each year for the various material
condition indicators and ship classes. The import of this is that
while a trend may not be insignificant, it leaves a great deal
still to be accounted for.

Beyond this, there was a general improvement in all the CASREP
variables and in all three ship classes, over the period observed
in the study. This was generally on the order of five to six per-
cent improvement per year.

This consistency does not hold up with the other indicators. In
fact, no other consistent pattern seems apparent.

C-1



14.000 
-FF overhaul
*-DDG overhaul

13.00A,- 
SSN overhaul

13,000
12,000

.S 11000

S 10.0000

9,000

0.0 8.000 x

0
_C 7.000

~0 6,000

00 Average 0 trend

-FO 5,000
0 A x

'C A

A AA
U 3,00 A

A~~ -A vrgeAte~

2,000 A, A AAerg 
ten

1,000 A A

72 73 74 76 76) 7T 77 78 79 so

Fiscal year of overhaul

FIG. C-11: FISCAL YEAR vs. CASREP TOTAL DOWNTIME
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