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A COMPARISON OF THE MAINTENANCE COSTS AND RAM CHARACTERISTICS
OF NEW AND OVERHAULED 2-1/2 TON TRUCKS

1. EXECUTIVE SUMMARY
1.1 Problem.

To compare the maintenance costs and RAM characteristics of
new and overhauled 2-1/2 ton trucks,

1.2 Approach.

The comparison of the maintenance costs and RAM characteristics
of new and overhauled 2-1/2 ton trucks was determined by assessing the
performance of a group of new M35A2 2-1/2 ton trucks with a similar
size group of overhauled 2-1/2 ton M35A2 trucks. These two groups of
trucks were operated under the same general conditions by field units.
The comparison focused on comparing the maintenance costs and RAM
characteristics as the vehicle's mileage increased,

1.3 Discussion.

The study was based on the performance of 259 new and 252 over-
hauled M35A2 2-1/2 ton cargo trucks operated at the 9th Infantry Division,
Ft. Lewis, Washington, from October 1973 through June 1977, The new
vehicles contained in the study had accumulated 1.4 million miles over
this four year period with individual vehicles accumulating mileage
histories up to 18,000 miles. The overhauled vehicles assessed in the
study accumulated 1.3 million miles over this same time frame with in-
dividual vehicles accumulating mileage histories up to 11,000 miles.

1.4 Conclusions,

No significant difference was found in either the maintenance
costs or the RAM characteristics between the new and overhauled 2-1/2
ton trucks over the mileage intervals compared. For example, the average
new 2-1/2 ton truck will sustain a total maintenance cost (for both
scheduled and unscheduled maintenance) of $5,135 (1977 dollars) during
the indicated initial 20,000 miles of usage, for an average maintenance
cost of 26 cents per mile. Over the same mileage, the overhauled 2-1/2
ton truck will cost $4,920 to maintain, for an average maintenance cost
of 25 cents per mile. From a RAM standpoint, it has been determined
that an average new truck will have a .96 probability that it will not
be undergoing repair due to an unscheduled maintenance action at any
random point in time with a .97 similar probability for an average
overhauled truck. In addition, the overall probability of completing
a 75 mile mission without having to have an unscheduled repair is .89
for the new vehicle and .92 for the overhauled vehicle, As a further
indication of the similarity of the new and overhauled vehicle from a
RAM standpoint, the average new vehicle was shown to require 15.7 man-
hours per truck per 1,000 miles as compared to 14,6 man-hours for the
overhauled truck,

9

Fore




1.5 Recommendations.

It is recommended that the Army consider overhauling as a pos~-
sible means of fulfilling its 2-1/2 ton truck needs. The feasibility
of overhauling not only must take into consideration maintenance costs
and RAM characteristics but also must evaluate procurement versus over-
haul costs and other pertinent management considerations.

2. INTRODUCTION

In a move by the Department of Army (DA) to reassess the useful
life of the tactical wheeled fleet, the Army Materiel Systems Analysis
Activity (AMSAA) was tasked by the Army Materiel Development and Readi-
ness Command (DARCOM) Plans and Analysis Directorate to conduct a Vehicle
Useful Life Study which would have the following primary objectives:

a. Determine the age (mileage) at which it becomes economical
to replace each of the four major payload tactical wheeled vehicles (1/4,
1-1/4, 2-1/2 and 5 ton vehicles).

b. Determine the economics of overhauling wheeled vehicles and
the remaining life after overhaul.

This report, which is the fourth report pertaining to these
objectives (see AMSAA TM No. 164, TR No, 128 and TR No. 219 for the
useful life determination of the 2-1/2 ton, 5 ton and 1/4 ton trucks,
respectively), provides input to a possible decision on the economics
of overhauling the 2-1/2 ton truck by comparing the maintenance costs
and RAM characteristics of new and overhauled vehicles.

3. DATA SOURCES

The data sources being utilized in this study consist of two
separate Army data collection systems: (a) The Army Integrated Equip-
ment Record Maintenance Management System (TAERS) and (b) Sample Data
Collection (SDC). The Army Maintenance Management System (TAMMS) which
succeeded TAERS, did not record maintenance actions for tactical wheeled
vehicles and was, therefore, of no value for the study. The TAERS data
collection system for vehicles was instituted by the Army in 1963 and
was designed to collect detailed maintenance information on all vehicles
in the U.S. Army fleet. This data collection system, however, was
terminated in December 1969. The SDC program for vehicles was initiated
in 1972 and was also designed to collect detailed maintenance data, but
only for a sample portion of the wheeled vehicle fleet., The SDC program
also differs from TAERS in that the U.S. Army Tank-Automotive Readiness
Command (TARCOM) technical representatives who are in the field will
monitor the data collection effort in order to insure that there is more
complete reporting of data than occurred under TAERS.

The TAERS data were the primary data source for the first ob-
jective of the Vehicle Useful Life Study, namely, reassessing the use-
ful life of the four major payload vehicles, Since no appreciable
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quantity of data for overhauled vehicles exists in TAERS, the SDC pro-
gram thus became the main source of data for determining the comparison
of maintenance costs and RAM characteristice of new and overhauled 2-1/2
ton trucks.

4. VEHICLE SAMPLE

The principal data used in the study were obtained from SDC
reporting on 259 new (non-overhauled) and 252 overhauled M35A2 2-1/2
ton cargo trucks operated from 1973 to 1977 by the 9th Infantry Division
at Ft. Lewis, Washington, It should be noted that the 252 overhauled
vehicles included in this study were subjected to a '"limited depot over-
haul" during the overhaul process, i.e., all vehicle components were
either replaced or repaired on an as required basis only. This is de-
termined from an individual inspection of each vehicle, This should not
be confused with a rebuilding process where the vehicle is automaticaliy
stripped to the frame and all new/rebuilt parts are reassembled to
the vehicle (AR 750-1). No rebuilt vehicles were included in this study.
A summary of the number of vehicles and the total accumulated mileage
appears below,

TABLE 4.1 - NUMBER OF VEHICLES INCLUDED IN STUDY
M35A2 2-1/2 TON CARGO TRUCK

Total Mileage

No. Vehicles - (Millions)
New 259 1.4
Overhauled 252 1.3
TOTAL 511 2t

The M35A2 2-1/2 ton cargo truck was deemed suitable as the
subject vehicle for this analysis since this body type represents the
major portion of the 2-1/2 ton fleet. Ft. Lewis was selected as the
data collection site for two principal reasons (1) the 9th Infantry
Division was being relocated at Ft. Lewis at the initiation of this study
and it was thus opertune to place the sample vehicles, particularly
the overhauled in cross section of the division; and (2) the Ft. Lewis
site (including the Yakima training area) encompasses a broad variety
of terrain (flat surfaces, mountains, desert areas) and weather conditions
(hot, dry desert conditions to cold, rainy conditions). The vehicle
sample comprised of overhauled vehicles that were randomly selected from
an existing Army overhaul operation, i.e., they were not specially over-
hauled for this study while the new vehicles in the study were randomly
assigned new 2-1/2 ton trucks from the Army stockpile.
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5. VEHICLE DESCRIPTION

The M35A2 truck is a 2-1/2 ton, 6x6, Cargo Truck with a 12 foot
stake bed, steel body. The body is equipped with auxiliary sills to raise
the floor above the tires to eliminate the raised wheel housing on similar
vehicles. The maximum inside width of the flat bed on the M35A2 body
is 88 inches. Removable wooden cargo racks may be mounted at the front
and sides of the body. The lower portion of the side racks can be lowered
for use as seats when the vehicle is used as a troop carrier, Sockets
are provided for the installation of top bows and tarpaulin. 'The rear of
the body is closed by a hinged end gate.

The cab is a metal open-top structure, which surrounds the
driver's compartment. A two piece windshield, which may be folded for-
ward is mounted at rear of cowl. The cab is furnished with an adjustable
driver's seat and a companion seat. Doors are provided in the lower
portion of the front panels. The open type trucks are provided with
either a canvas or a hardtop.

The power plant consists of the model LD 465-1 six cylinder,
in line, overhead valve, liquid cooled, multifuel, compression ignition
engine. Accessories such as air compressor, fuel pumps, generator oil
filters, starter and clutch are mounted on the engine. The clutch is a
single dry plate type attached to the engine flywheel. The transmission,
mounted at the rear of the clutch, has five speeds forward and one reverse.
The transfer is a two speed unit, driven by the transmission, which
distributes power through propeller shafts to the front and rear axles.

The chassis is equipped with one driving front axle and two
driving rear axles. All axles are bevel drive, top mounted, double
reduction, single speed type. Constant velocity universal joints for
driving the front wheels are incorporated into the steering knuckles.

6. METHODOLOGY

The methodology used in this study consisted of two principal
phases. First, the maintenance costs for overhauled M35A2 2-1/2 ton
Cargo Trucks were compared to the maintenance costs for new M35A2's
as a function of mileage (Stonier, et al., 1953)., Secondly, the re-
liability, availability and maintainability (RAM) characteristics of the
new and the overhauled vehicles, and the parts replaced for each, were
examined and compared. This second phase was necessary to isolate such
possible difficulties as frequent breakdowns due to failure of relatively
inexpensive parts. The effects of such breakdowns might not be ap»arent
in the cost analysis, but might cause substantial degradation in RAM
performance.

7. DATA ANALYSIS

As noted earlier, SDC data were the data source used in this
study for both the maintenance costs and RAM comparisons, This data
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base provided information on maintenance actions (both scheduled and un-
scheduled) required for the trucks as they increased in mileage. Spe-
cifically, for each maintenance action, the following data were recorded:
date action occurred, mileage at which action occurred, maintenance

level (organization or support), man-hours used, remedial action taken
(repaired, replaced, adjusted, services), part name, National Stock
Number, and quantity of parts replaced. The SDC histories were subjected
to the same automated error screening and correction system previously
used to purify the TAERS histories, as documented in Belbot, 1975.

The SDC histories did not contain the serious data discrepancies which
were detected in the TAERS histories and reported in Bell, et al., 1973;
Bell, et al., 1975; and Bell, et al., 1977. Prior to use of the data,
the few histories containing errors were deleted, The corrected histories
remain in AMSAA's tape archives.

The maintenance cost comparison was carried out in 1977 dollars
and was based on parts costs contained in the Army Master Data File and
a mean labor rate of $6.61 per hour. In the costing of the maintenance
actions by the mileage, it was necessary to be aware of each vehicle's
mileage interval because the costing procedure involved determining the
total cost (parts and labor) experienced by the vehicles for each 100
mile interval. This was particularly critical because the vehicles involved
in the study had histories beginning and ending at various different
mileages and further the number of vehicles in each 100 mile interval dif-
fered. This costing procedure conservatively estimates the costs sustained
since each vehicle contributes information only to those mileage intervals
covered by its maintenance history, rather than contributing to mileage
intervals beyond the last maintenance action recorded, on the assumption
that the vehicle traveled some additional miles without maintenance.
For example, a vehicle for which the maintenance history ended at 5,169
miles, would contribute data up through the interval 5,101 to 5,200 miles,
In fact, this vehicle would probably travel more than the 31 miles
allowed by the procedure before requiring maintenance, since the mean
miles between stops for maintenance (scheduled or unscheduled) was ob-
served to be 249 miles for the overhauled M35A2's and 288 miles for the
new M35A2's.

The RAM analysis presented an additional problem in the analysis
of the SDC data. Normally in the analysis of data for the determination
of reliability and availability estimates, failure data are required.
However, from the SDC histories it was not possible to determine for all
unscheduled maintenance actions which actions were reliability failures.
As a result of this fact, an analysis of all unscheduled maintenance
actions was undertaken rather than the usual analysis of failures.
Specifically, the analysis consisted of three phases, all with the ob-
jective of determining how the performance of the new and the overhauled
vehicles compared as the vehicles increased in mileage: (1) unscheduled
maintenance action analysis - the goal of this analysis was to determine
the probability of completing 75 miles without an unscheduled maintenance
action (UMA) for continaully increasing mileages, (2) inherent readiness
analysis - the object of this analysis was to determine as a function of
mileage, the probability that the vehicle is not undergoing active repair
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due to an unscheduled maintenance action when required for use at a
random point in time, and (3) maintainability analysis - this analysis
consisted of determining, as a function of mileage, the maintenance
support index (MSI), the average man-hours required per maintenance
action.

8. COST ANALYSIS

The analysis of the cost data (see Tables 8.1 and 8.2) involved
the determination of continuous instantaneous maintenance cost curves
(the instantaneous maintenance cost refers to the maintenance cost per
mile at a particular mileage), by means of weighted regression analysis
techniques (see Appendix A). Weighted regression was required since
the number of vehicles in each mileage interval was not a constant.
Vehicles with higher usage rates covered more miles during the 3 year
reporting period than low usage vehicles. The following instantaneous
meintenance cost models were obtained from the regression analysis as
yielding the smallest standard deviations of residuals from among the
polynomial, logarithmic and exponential models possibly appropriate for
the data:

fN(X) = .226 + .613 EXP (-X/1000)
and
fO(X) = ,214 + .646 EXP (-X/1000)
where
fi(X) = instantaneous maintenance cost (dollars per mile)
X = mileage
i = N for new, O for overhauled
and

EXP(Z) = exponential function evaluated at Z. All co-
efficients were significant at the .001 level.

These curves are presented in Figure 8.1 in a comparison plot. Both
curves indicate high maintenance costs during the first 2,000 miles,
however, the costs level off after 3,000 miles, and brcome approximately
constant thereafter. The high initial costs have been attributed to
initial quality control problems in the new and the overhauled vehicles.

From the continuous instantaneous me ‘ntenance cost curves,
the cumulative maintenance cost curves were ottained by analytic inte-
gration, rather than by numeric integration. The functions determined
were :

14




FN(X) = ,226X - 612.77 EXP (-X/1000) + 612,77
and
FO(X) = .214X - 646.32 EXP (-X/1000) + 646,32
where
Fi(X) = cumulative maintenance cost (FY 77 dollars)
X = mileage
i = N for new, O for overhauled
and

EXP(Z) = exponential function evaluated at Z.

In Figure 8.2, the cumulative maintenance cost curves of the new and
the overhauled vehicles are compared. Through an extrapolated 20,000
miles of usage, the new truck is indicated to have a cumulative mainte-
nance cost of $5,135 while the overhauled truck has a cost of $4,920.
As may be seen in the graph, the cumulative maintenance costs for the
new and the overhauled vehicles are almost identical.

In summary, from a maintenance cost standpoint, there is no
detectable difference between the new and the overhauled M35A2 2-1/2
Ton Cargo Truck, based upon the data available, the curves developed,
and the statistical tests applied. In addition, although separate
instantaneous maintenance cost curves are presented for the new and the
overhauled vehicles, statistical tests for comparing two regression
lines (see Appendix B) indicated no significant difference between the
cost curves at the .05 level of significance.

9. PERFORMANCE ANALYSIS

9.1 Unscheduled Maintenance Action Analysis,

As indicated earlier, in place of a reliability failure analysis,
an analysis of all unscheduled maintenance actions was carried out. This
process was necessary because the SDC histories indicate replacements
and repairs, but do not indicate if the parts in question had failed or
had merely showed signs of possible future failure, or if failure of the
subject parts would result in a mission abort.

In analyzing the unscheduled maintenance actions, a system

Weibull failure rate function was applied. The rate of unscheduled
maintenance actions at inileage x is r(x) where

r(x)=kaB'1 x>0,A>0,8>0

x = mileage on vehicle
A = scale parameter
and 8 = shape parameter
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The maximum likelihood estimates determined (see Crow, 1975 and Belbot,
1975) for these vehicles were:

BN = ,82428 50

Ay = .00906 10 = ,08146

= ,58099

where the subscript N indicates new and O indicates overhauled.

This function assumes that the probability that a vehicle will
have an unscheduled maintenance action at mileage t is proportional to
r(t) and independent of the unscheduled maintenance action history of
the system prior to t. This definition differs from the usual defini-
tion which states that the probability of an unscheduled maintenance
action at mileage t is also proportional to r(t) but conditioned on no
unscheduled maintenance actions prior to t. The former definition
applies to repairable systems whereas the latter definition does not,

From this function, the probability that a vehicle with mileage
t will complete an additional s miles without undergoing an unscheduled
maintenance action (as determined by a non-homogeneous Poisson process)
is

8 B
P(s/t) = e-A(t + S) + At

where A(t + s)B - AtB is the expected number of unscheduled maintenance
actions for a vehicle during the mileage interval (t, t + s).

The results of this analysis are shown in Figure 9.1. Indi-
cated are the expected number of unscheduled maintenance actions (UMA's)
for the next 1,000 miles and the probability of completing 75 miles
without an unscheduled maintenance action from 0 to 20,000 miles, for
both the new and the overhauled M35A2 2-1/2 ton Cargo Truck, As shown
in the graph, the performance of both the new and the overhauled vehicles
was not significantly different with respect to these parameters in this
mileage interval. The expected number of UMA's for the next 1,000 miles
averages 1.59 for the new and 1.28 for the overhauled vehicle, The
probability of completing 75 miles without an UMA averages .89 for the
new vehicle and .92 for the overhauled. Moreover, the performance of
the overhauled vehicle does not degrade over this mileage interval as the
mileage increases.

9.2 Inherent Readiness Analysis.

As with a reliability analysis, the determination of availability
is normally based on failure data. For example, Inherent Availability
(Ai) is normally defined as:

MTBF

Ai = MTBF + MTTR
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where MTBF is the mean time between failures and MTTR is the mean time
to repair.

As noted in previous sections of this report, unscheduled
maintenance actions rather than failure data were available. Further,
the SDC data provided information on the mean man-hours to repair
rather than the mean time to repair. The mean time to repair for a
particular maintenance action could be less than the man-hours involved
if two or more mechanics worked on the action, To utilize these data,
however, to obtain an estimate of an availability statistic, one can
determine the probability of a truck not undergoing active repair due
to any unscheduled maintenance action when called upon to operate at a
random point in time (Inherent Readiness) and this is given by the
following expression:

MTBUMA

R = WTBUMA + MMITR

where MTBUMA is the mean time between unscheduled maintenance actions
(assuming an average speed of 20 mph) and MMHTR is the mean man-hours

to repair. It should be noted that the Inherent Readiness parameter is

a lower bound on an Inherent Availability value, i.e., if all unscheduled
maintenance actions were reliability failures and if no more than one
mechanic ever worked on a maintenance action then the mean man-hours

to repair would be equivalent to the mean time to repair and Ri = Ai'

The results of this analysis are shown in Figure 9.2. Indi-
cated on this figure are the mean miles between unscheduled maintenance
actions (MMBUMA) and Inherent Readiness (Ri) values for the new and

the overhauled M35A2 2-1/2 ton cargo trucks through 20,000 miles of
usage. The Ri values do not degrade and are approximately the same for

the new and overhauled trucks; moreover, a test for differences of means
revealed no significant difference between new and overhauled MMBUMA
values at the .05 level of significance. One interesting sidelight
noted in Figure 9.2 is that the lowest MMBUMA and Ri values occur during

early life of the new and the overhauled vehicles. This is probably
due to the initial quality control problems that generally occur in
both new and overhauled vehicles. In summary, the overall MMBUMA values
are 648 and 941, and the overall Ri values are .96 and .97 respectively,

for the new and the overhauled vehicles.

9.3 Maintainability Analysis,

The object of this analysis was to determine if the man-hours
required for maintenance were changing as the trucks increased in mileage.
In addition, a parts replacement analysis was conducted., This latter
analysis consisted of the following: (1) high cost (in excess of $200)
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TABLE 9.1
MAINTAINABILITY DATA FOR NEW M35A2 2 1/2 TON CARGO TRUCK

NO. OF AVERAGE AVERAGE
MAINT. MAN-HR S MAN-HRS
MILEAGE AVERAGE ACTIONS PER TRUCK PER MAINT.*
INTERVAL NO. OF (SCH. + NO. OF PER 1000 MAINT. SUPPORT
(1000°'S) TRUCKS UNSCH.) MAN~-HRS MILES ACTION INDEX
= 1 51 14329 24052 40.2 1.5 0.80
1= 2 107 29221 2,804 26,2 1.3 0.52
2= 3 125 29250 2,80¢ 22.5 1.2 0.45
3- 4 138 1,986 29426 17.6 1.2 0.35
4- S 130 1,729 1,938 14.9 1.1 0.30
5= 6 124 1,805 29173 17.5 1.2 0.35
6- 7 116 14435 1,587 13.7 1.1 0.27
7- 8 98 1y 164 1,564 16.0 1.3 0.32
8= 9 83 923 1,205 14.5 1.3 0.29
9-10 74 689 893 12.1 1.3 0.24
10=31 60 698 736 : - 12.3 l.1 0.25
11-1< 48 600 690 14.4 l.1 0.29
12=13 43 373 395 9.2 l.1 0.18
13=168 40 404 368 9.2 0.9 0.18
+4-15 34 349 374 11.0 1.1 0.22
15-16 29 320 309 10.7 1.0 0.21
16-17 24 205 265 11.1 1.3 0.22
17-18 19 138 126 6.6 0.9 0.13 1
18-19 11 272 211 19.2 0.8 0.38

* INCICATES NUMBER OF MAINTENANCE MAN-HOURS REQUIRED PER HOUR OF
TRUCK OPERATION (ASSUMING AN AVERAGE SPEED OF 20 MPH).

SUMMARY
1. AVERAGE MAN-HOURS PER TRUCK PER 1000 MILES 15.7
2. AVERAGE MAN-HOURS PER MAINTENANCE ACTION l.1 1

3. AVERAGE MAINTENANCE SUPPORT INDEX 0.31
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TABLE 9.2

MAINTAINABILITY DATA FOR OVERHAULED M35A2 2 1/2 TON CARGO TRUCK

NO. OF AVERAGE AVERAGE
MAINT. MAN-HR S MAN-HRS
MILEAGE AVERAGE ACTIONS PER TRUCK PER MAINT. *
INTERVAL NO. OF (SCHe ¢+ NO. OF PER 1000 MAINT. SUPPORT
(1000°*S) TRUCKS UNSCH.) MAN-HRS MILES ACTION INDEX
O= -1 221 59525 14231 32.7 1.3 0.65
1= 2 238 4,081 59109 21.5 1.3 0.43
2= 3 208 3,486 49134 19.9 1.2 0.40
4- 5 131 1,819 1,859 14.2 1.0 0.28
S= & 99 1,500 1,285 13.0 0.9 0.26
6= 7 79 960 801 10.1 0.8 0.20
= 8 60 635 668 11.1 1.1 0.22
g= 9 42 306 328 7.8 1.1 0.16
9-10 26 161 159 6.1 1.0 0.12
10-11 16 66 99 6.2 1.5 0.12

* INDICATES NUMBER OF MAINTENANCE MAN-HOURS REQUIRED PER HOUR OF
TRUCK OPERATION (ASSUMING AN AVERAGE SPEED OF 20 MPH).

SUMMARY

1., AVERAGE MAN-HOURS PER TRUCK PER 1000 MILES 1l4.6
2. AVERAGE MAN-HOURS PER MAINTENANCE ACTION 1.1
3. AVERAGE MAINTENANCE SUPPORT INDEX 0.29
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parts' replacements, (2) ten most frequently replaced parts, and (3)
determination of the number of replacements for all vehicle parts.

10. PROFILES OF AVERAGE NEW AND OVERHAULED M35A2 2-1/2 TON CARGO TRUCKS

The average new M35A2 2-1/2 Ton Cargo Truck will sustain a
total maintenance cost (for both scheduled and unscheduled maintenance)
of $5,135 during the initial 20,000 miles of usage, for an average
maintenance cost of 26¢ per mile. Over the same mileage, the overhauled
M35A2 truck will cost $4,920 to maintain, for an average maintenance
cost of 25¢ per mile.

During the initial 20,000 miles of usage, the average new
truck will experience 32 UMA's with the mean miles between UMA's equal
to 648 miles; whereas, the overhauled truck will undergo 26 UMA's with
an average of 941 miles between UMA's. When the trucks are in the mainte-
nance shop for UMA's, an average of 2.2 different parts will be repaired,
replaced or adjusted on the new truck, and an average of 2.3 parts on
the overhauled truck, during each UMA. In an average UMA, 1.1 man-hours
of maintenance are expended on each part for the new vehicle, and 1.3
man-hours per part for the overhauled vehicle, The total man-hours per
UMA average 2.3 for the new vehicle and 2.8 for the overhauled vehicle.

For each 1,000 miles of usage, an average of 12.0 man-hours of
scheduled maintenance are required for the new truck, and 11.5 man-hours
for the overhauled truck. On the same basis as above, the new vehicle
incurs 3.7 man-hours of unscheduled maintenance, while the overhauled
vehicle needs 3.1 man-hours of unscheduled maintenance. For every hour
of truck operation (assuming an average speed of 20 miles per hour), the
new vehicle requires an average of .31 man-hours of maintenance, and
the overhauled vehicle requires .29 man-hours of maintenance.

Finally, there is a .96 probability that the average new truck
will not be undergoing active repair due to an UMA at any point in time,
and a .97 similar probability for the overhauled truck. The overall
probability of completing 75 miles without having to go in for unsche-
duled repairs is .89 for the new vehicle and .92 for the overhauled
vehicle.

11. PERPFORMANCE OF OVERHAULED 2-1/2 TON TRUCKS OPERATED BY 25th
INFANTRY DIVISION

During the early portion of this study, it was learned that the
only other unit operating overhauled 2-1/2 ton trucks was the 25th Infantry
Division in Hawaii. This division was not included in the SDC program
because of the anticipated relatively low mileage accumulation of vehicles
located in Hawaii. However, to supplement the data generated at Ft. Lewis,
information on overhauled vehicles operated in Hawaii was sought.

In surveying the 25th Division for overhauled 2-1/2 ton trucks,
62 overhauled vehicles were located. An overhauled vehicle can be identi-
fied by means of a data plate that is secured to the dashboard. Although
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detailed maintenance data were not available for these trucks, certain
noteworthy information was available, e.g., vehicle age, mileage ac-
cumulated and major component replacements.

Presented on Table 11.1 is a summary of the data gathered on
these vehicles. As noted, the trucks varied in age upto 8 years, had
accumulated nearly 300,000 miles and the only major component found to
be replaced was the engine. As shown, eight engines were replaced on
these vehicles with three of these engines replaced on a single truck
within a one-month interval. In discussing this occurrence with mainte-
nance personnel, it was revealed that at least two of the engines were
replaced because of human error. For example, one of the engines was
burned up because sufficient oil was not placed in the engine.

In general, as indicated by the data and based on discussions
with personnel from the 25th Division, no unusual problems were found
with these overhauled trucks. It is, in fact, pointed out that the
25th Division was unaware that the above 62 trucks were any different
from the remainder of their vehicles.
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A.

APPENDIX
GENERAL WEIGHTED MULTIPLE LINEAR REGRESSION

Under this analysis the data are considered to consist of k
Ordered (HZ) - tup]eS (y-l ‘n] ,Xn .X-lz ,X-'3, ofee Dx]r) 9 ()’2 !nz SXZ] 9x22

x23,...,x2r),..., (yk’"k’xkl’xk2’xk3""’xkr) where ¥; is the i-th

observation of the dependent variable (the variable to be predicted),
n, is the sample size for the i-th observation, and xij is the i-th

observation for the j-th independent variable (variables to be used for
future predictions) i=1,2,3,...,k and j=1,2,3,...,r. It is assumed that
the dependent variable y; can be expressed as a linear function of the

Xi3 plus a random variable €;- Thus, the model is

Yi = BotXyy Bt x o fote iy Botey.

However, since the precision of the i-th observation is dependent upon its
sample size ;s a transformation of the data is necessary to remove this

dependency and obtain equality of variances. The model than becomes

* k, * B - * + * * B

Yi = Xi0PotXi1 Byt 8ot - X B rtey
*

where y, = /niyi

*

Ry T
* /__

or in matrix notation

y=Xg+te : (1)
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where [ ] r oY
‘y] Bo e]
*
Yo & *2
y = ¢ B = é =
.*
Yy B e
k w>y o
* * * *
*10 1 %12 ’ X1y
* * * *
X20 x5 X2 Xor
X = 4
* * * *
Xko XK1 Xk2 Xkr
L -

The e, are assumed to be uncorrelated (E(eiej) =0 for i 4 j) and

normally distributed random variables with mean zero and variance 02.
The independent variables are assumed to be controlled or measured
accurately and are therefore relatively free of error. The unknown
parameters in the mode]_Bo, 8], 82, e Br are estimated by the method

of least squares. Let b = (bo’ b], b2, e br_)T be the column vector

of the required estimates, then these estimates have the property that
they minimize the expression
gu' g

« L @ 2
; ()',--Z xijbj)

1 j=0
or in matrix notation

S = || y-xb || (2)

where ||v|| denotes the norm of the vector v.
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In order to find the required estimates of 8, (v = 0,1,2,...,r), we set
the partial derivates of S with respect to by equal to zero.

k r
3 * %
2= -2 ) (vy- IxGb)xg, = 0

b, =1 j=o 13TV
or R E**
L IX; X:.b.s= ooV
o1 guo 1V IS T LV

These r+1 simultaneous equations corresponding to v = 0,1,2,....r are
called the normal equations in regression analysis. In matrix notation
the normal equations may be written.

Kb = X'y £
where iT is the transpose of i.
rcoo 01 g I Co;_
“10 “1 SR “Ir
Let (TR) =
ro “r1 b R Crr
L =

be the inverse of the matrix i i. Then the required estimate of B is
given by

& casY=lass

b = (%T%) X'y (4)

Since the bj (j = 0,1,2,...,r) are only estimates of the unknown constants
'Bj, computed from the observed data, they are subject to variation if a
new set of data became available and the same procedure was applied to
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these data. Then the b, are random variables and it can be shown that the
mean or expected value of bj is equal to Bj. T8, E(bj) = Bj. Estimates
of the standard deviation of bj are obtained as follows:

s, =s,/C (5)
bo 00
o e 1
§ - oG e
br rr
where
(6)
=y . S
* T B-ERy

Under the assumptions made for the regression model, (bj'Bj)/sb. has the

Student's t-distribution with k-r-1 degrees of freedom. This fact can
be used to construct a confidence interval estimate of the unknown
parameter By Then

b+t 3 (7)

Sl ™ ;, k-r-1 2j

is a (1-a) 100% confidence interval for B., where t & is the
J 1- 2, ker-]

1- % percentile of the Student's t-distribution with k-r-1 degrees of

freedom1.. The interpretation of this interval is that 1f intervals of

this type are repeatedly constructed following this procedure, (1-a)

100% of these intervals will contain the population parameter Bj being

estimated. This confidence interval can also be used to test the
hypothesis that Bj = 80 where BO is a given constant. If the interval
obtained from Equation (7) contains 80. then we would accept the
hypothesis HO: Bj = so. If the interval does not contain eo, then we
would reject this hypothesis. This test criterion has the property that
if Bj actually equals BO then the probability that the hypothesis

Hp: B; = BO will be rejected is equal to o (assuming a (1-a) 100%

J
confidence interval) and the probability that H: Bj = g0 will be
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rejected if Bj equals any other given number can be computed using the

non-central t—distributionz. An important special case is that of the

null hypothesis, i.e., H0 = Bj = 0. If based on a test of significance

Hp: Bj = 0 is accepted, ﬁj might be considered to be dropped from the
model since it does not appear to be m§king a significant contribution
to the estimation of the dependent variable.

Under the original model, the mean or expected value of y for
a given value of (x],xz,...,xr) is

E(y) = BO+B]X]+82x2+...+Brxr

where BO B], 82""’Br are the unknown parameters to be estimated.

Thus,
9 = bytbyx +byXot.. .+ b X (8)
gives an estimate of the mean value of y for a given value of (x],xz,..., |
X ).
r

B. COMPARISON OF TWO REGRESSION LINES

For this analysis, the data are considered to consist of two sets
of 2-tuples

(xll’yll), (x21)yz1)"") (xilbyil))"') (xn l,yn 1)

and ik 1 |
|
|
(xlz’)’lz)’ (x22)y22)""! (ij’yJ'z)!"'l (xnzz’ynzz)
where the Yi1 and yJ.2 (dependent variables) can be expressed as linear ‘

functions of the X4 and sz (independent variables) plus random variables

€1 and ejz respectively.
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Thus,

Y11 * fa1 * *11f11 * *na

and

Y52 ® Boz * %5282 * o3

or in matrix notation

= X, B, + e

Y " Lfy * o ke 1.2
where
-
Y1k —
¥ e
X 2k 8 Bok % elk
y, = & B= e, = 2k
k k Blk k
ynkk e.
- - n, k
k
g
1 X1k
1 ka
Xk =
1 xnkk
Utilizing the method of least squares (see Appendix A), ék
is estimated by
> = g Eo &,
b= O X)Xy k=1,2
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where

coo cok
(i:ik)‘l e ¢
ko kk

Estimates of the standard deviations of bk are

b, = %k %0
ok
s # ‘a5 e
blk k “kk
where
o ) ) ey ) E
T ‘/nk—Z [yk B yk] S
is an estimate of the standard deviation % of the random variables e -
To test whether a single linear function with common variance
02 can represent both sets of data, the null hypothesis that si and
sg are estimates of 02 is first tested. Under the null hypothesis,

sf/sg has the Snedecor's F-distribution with n1-2 and n2-2 degrees of

freedom. If the null hypothesis is rejected, then the linear functions

differ in this regard. However, if the null hypothesis of a common vari-

ance 02 is accepted, then

2

2 2
X (n1-2)s1 + (n2-2)s2

n, +n, -4

1 2
provides a pooled estimate of 02.

The next test is that the slopes, B8,, and B, are equal. Under

11
the null hypothesis Bil - B;, = 0, by, - b, has the normal distribution

with mean 0 and variance

2
o (e *+ ©5))
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where 02 is €stimated by 52. Therefore, under the nul] hypothes1s
11~ By > g
Ry - b1z
i e
ah VL

has the Student

s t-distribution w
If this nuljl

ith ny
hypothesis is Tejected, then the
the nujj hypothesis i

i
and

» these functions are
; Xé + e
where
"1
Y21
= Bol
. G=le,
2 5
Y22
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N
*31

>
n
[y

2
232

e —

From the method of least squares, B is estimated by

b= X7 x%y

where

~T ~ -1 doo d01 doZ
& x) dip 497 992
dyo 43 9y

Estimates of the standard deviations of b are

(3 = sv/d

b 00
ol

Sp = stll
02

sb1 B s/d22

where

1 v v o
S=r‘éa.* . o [; g 4 y]
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is an estimate of the standard deviation ¢ for these two linear functions
with common slope By

The final test in determining whether a single linear function

with common variance cz can represent both sets of data is that the
intercepts, Bol and 8,, are equal. Under the null hypothesis

Bol e B02 = 0, bo

variance

g = boZ has the normal distribution with mean 0 and

2
8" g * 4y)

where 02 is estimated by 52. Thus,

bol i boZ

svd +d

00 12

has the Student's t-distribution with n, o+, - 3 degrees of freedom.

If the null hypothesis is rejected, then the lines differ in intercept.
However, if the null hypothesis is accepted, the single linear function

B k = i,j 1=1,2

Ye1 = B * *11Py

can be used to represent both sets of data where Bo and Bl are estimated

by the method of least squares from the combined data.
C. DATA PROCESSING PROCEDURES

The data processing was conducted at Aberdeen Proving Ground
using the Ballistic Research Laboratories Electronic Scientific Com-
puters (BRLESC I and II) which are described in Campbell, et al., 1970.
The programs and routines utilized in the study were written in FORTRAN,
OMNITAB II, and RPG II. OMNITAB II is a sophisticated, highly user-
oriented, FORTRAN based, computing system which uses English-like commands
to perform a wide variety of numerical and statistical calculations.
OMNITAB II is available on many large computers and is documented in
Hogben, et.al., (1971). RPG II is a fixed form programming language widely
used for its ease and flexibility in producing computer output in report
format. Since a compiler for RPG II was not available on BRLESC, a
language processor program for RPGC II was developed and written in FORTRAN.
This RPG Processor accepts as data and executes routines written in RPG II.
This system was used to produce a number of the tables in this report,
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The flowchart shown in Figure A.1 represents the major programs
and routines, the input and output relations, the large computer-generated
documents, and the important operations involved in the automated pro-
cessing accomplished for the study. The SDC histories used in this
study were received from the U.S. Army DARCOM Maintenance Readiness Sup-
port Activity (MRSA) on magnetic computer tape in IBM BCD code. The
two data tapes were translated to BRLESC bit code and then decoded into
a more readable, columnarized and labelled form written onto output
tapes from which a paper copy was printed. These decoded tapes were
then screened for errors.

The screening and correction of the basic data involved placing
the lines of each vehicle history in order of date and checking the
mileage sequence. A history with a single mileage discrepancy was cor-
rected by replacing the mileage entry in question by the mean of the
prior and subsequent mileage entries. Two or more mileage discrepancies
caused the vehicle under examination to be deleted from further con-
sideration in the study. The data were subsequently screened for large
gaps between reporting dates (missing quarters) and only that portion of
each history free of intermittent reporting was accepted for use. Only
a few of the vehicles in the original set of histories had such errors
as described above.

From the corrected history tapes, various summaries were pro-
duced, and a file of replacement parts was accumulated. The National
Stock Numbers (NSN's) collected were used by the U.S. Army DARCOM Catalog
Data Activity (USADCDA) to search the Army Master Data File (AMDF) to ob-
tain unit price, unit of issue, and correct nomenclature for each of the
parts replaced.

The processing of the data included the determination of the
following: the usage rate of each vehicle; the mileage interval covered
by each vehicle; the average number of, and man-hours expended for each
maintenance action; the rate of unscheduled maintenance actions; the
total frequency of each part replaced; and the cost of maintenance by
100 mile intervals. Additionally, a weighted polynomial regression curve
fitting procedure was applied to the cost data.
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