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I. INTRODUCTIOR

M16GAl rifles are made by three manufacturers. In addition to the
variations of the different manufacturers, two kinds of ammunition and
three firing rates ore utilized. It is possible to consider a consistency
test for standard axmunition, M193 bdall propellant. Thus, 27 weapons are
involved in this experimentil investigation. The weapon identifications
are shown in Teble 1. Ll :

The experimental data are tabulated in Reference 1. These dats include
mean rdius and extreme spread of hits on the target, and nine different
gege penetrations in the barrel bore near the origin of rifling as functions
of number of rounds fired. Since mean radius is considered by small arms
specialists as an unimportant factor in bvarrel u].action, no utﬂ.i:ation is

MoofthemndimdataintMastw

It is the objective of this task to recammend a gage a.nd eritem
(how much penetration or erosion into the bore) to condemn a barrel, based
on the existing data of extreme apread and various gage penetntiona as
reported in Reference 1.

smce the extreme apmad. is an indication of the a.ceuraq of a weapon,
the spread data as yeported ia Reference 1 is shown in Figures 1 thru 27.
The variable paremeter consists of Targets #1, #2, #3 and & mean of all these

-- three targets. The extreme spread of each target is based on & group of 10

rounds. The quality of data is poor. 8ince therec are large variations from
one target to another and the data varies in a raniom manner, it does raise

. scme questions; such as, can the mean of extreme spresad of three different

targets be the same as if all 30 rounds were fired on the same tarxget? Further
experimentation is needed to answer such questions. If the data had been _
analyzed vhile the test was in progress, the quality of data might have been
improved by eliminating the randomness of data or by redssigning the exper-
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TABLE I

GUN IDENTIFICATION

Ammumition

M193 Ball
193 Ball
M196 Tracer
M193 Ball
K193 Ball
M196 Tracer
M193 Ball

M196 Trecer
M193 Ball
M193 Ball
M196 Tracer
M193 Ball
M193 Ball -
X196 Trecer

193 Ball
M196 Trecer
}093 Ball
M193 Ball
M196 Trecer
¥M193 Ball
M193 Ball
M196 Trecer
M193 Ball
M193 Ball
M196 Tracer

Firing Rate ip Rounds
Per Minuts =

282333

100
100
100

3

23338

100
100
100

232388

100
100
100




II. IDENTICAL TESTS

Some of the tests were conducted with identical weapons (ssme material,
design snd manufacturer), same ammunition, and also same firing rate. For
exaxple, C1l is identical to C2. Similar pairs sre Ch » C5, C7 = C8, M1 = M2,

M e M5, MT « M8, M1 = M2, GMU = GMS5 and GM7 = GM8. It is logical that the

results such as extreme spread, mean radius and penetration by respective

gages would de identical because the test conditicns were identical. The actual
variations in results are not reasonable based on the above test conditions.
Since there is no consistency in the data and reasons are wknown other than
the mentioned round-to-round amnunition variations and lsck of wmique
(quantitative) measurements, it is recommended that curve fitting techniques

be utilized and consider the spread of data at the critical point rather than
“973'18::. rules such as the first data point that exceeds an extreme spread

of 7 inches.

The extreme spreed versus number of rounds is shown in Figures 28 thru 5h.
The average spread of all targets is used rather than the data of individual
targets. A quadratic equation with method of least squares (1.e., a particular
case of method of weighted residuals) s used to correct the data further.
It 48 possidble to use these curves in orxder to estimate the useful life of
the barrel for any tolerance (chosen criteria) of extreme spread. The useful
1ife of the barrel in given in Tadble II for extreme spreads of T and 9 inches.

' hig table shows variatiors not only dus to various manufacturers but also

between guns from the same manufacturer. The useful life of weapons with
trecer anmunition is more than the range of experimental data that exiets
and,therefore, cannot be predictable. There are no attempts to extrapolate
the data becsuse of unknown behavior for larger number of rounds fired.

This table also shows that the useful life of thy weepcn varies from
5,150 to 21,480 rounds (or 30,600 if extrapolated just outside of the range

' for snother gun, GM2) for conventional ammunition provided the allowance of

7 inches of extreme spread criteria is chosen. The similar ugeful life of
the barrels is 7,124 to 29,058 rounds for 9 inches extreme spresd criteria,

_(extrapolation is not mesningful for the larger extreme spresd criteria).

The minimum service life is indicated for M7 and the maximm for C2. The
useful service life is given in Table III for the tests that are considered

In genersl, the variations are extensive and there is no consistency.
It is very difficult to predict vhat the results will be if human interference
(various soldiers) different field conditions and combst sone pressures are

Moreover, the quality and quantity of data can make significant differences
in the end results. For axample, Figure 29 is redrewn with less quantity of
dats. This 1s shown in Figure 55 (Punched Data supplied by Tom Nathan,
Application Engineering Directorete, GEN Thomas J. Rodman Laboratory).

The curve trends are quite different between Figurea 29 and 55.
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TARLE III

PAIRS OF IDENTICAL TEST CONDITIONS

Life upto an Extreme Spred of:
1' 1.

16,610 e
21,480 . 29,058
10,950' ;, 13,389
10,060 7 13,700
7,590 R
10,960 - o 53,655
18,840 3,6
30,600% - .
11,950 k0
wo- W
7,350 X

#* Extrapolated

8,180 - ""*"*7,‘"9,786 ”
7,110 | 10,32

10,760 15,01
5,870 . 8m

7,110 A ‘10,380 '

5,150 ‘ o 7,124
5,990 _ 7:897

)
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III. GAGE PENETRATION

An ideal gage is one that does not penetrate at the beginning of the
fi:ing program, but penetrates rapidly as the end of the useful life of
the barrel is approached. According to this derinition, the penetration ..
versus nuaber of rounds or percentage of life graph should resemble an .

exponential curve.

If the uceful life of the barrel is large (30,000 rounds), a higher gege
nunber such as nine should be used, and if the useful life of the barrel is
small (6,000 rounds), & lower gage number such as one would be better.

For mediun range useful life of the barrels, a medium gage number such as
six would be preferred.

In general, the increase in penetration of any of the gages used is
quite limited (up to 1.5 inches). However, the actual penetration up to
the wseful life of the barrel is only & fraction of the maximum penetration.

IV. BORE PROFILES

There are nine gages. Since each gage has a different dlameter, it is
poasible to obtain the diamster of a tapered bore as a function of distance
of gage penetration. It is alro possible to determine the spread of erosion
and the 1ate of erosion provided one measures the bore profile with this set
of gages at different rounds of fire. S8uch information does exist near the
origin of rifling for MIGAL automatic rifles.

Typical data are shown for Barrel Cl (Figure 56). The x-axis represents
the penetration of gages or axial distance along the barrel from the breech-
end reference poiat. The y-axis represents the bore diameter. The number-of-
rounds fired is the variable perameter. The first symbol (octagon) Tepresents
the data of & new rifle. The second symbol (triangle) indicates the bore profile
after firing 5,000 rounds of anmunition. The subsequent curves are made at
5,000 rounds intervals. No datea are plotted beyond 25,000 rounds because of
the limitation of the number of curves thet can be plotted in a single graph.
The bore profiles are also curve fitted with a polyncmial of degree 2 and by
the use of the method of least squares, i.e., a particular case of the
method of weighted residuals.

The coastant diameter line for each gage is also drawn not only
to show the penetration of that gege at any time dut also to interpret the
rate of spread of erosion into the sifled bore. The rate of spread of
erosion can be calculated by noting the difference in penstration of the
smallest gage between knowvn (elapsed) rounds of fire. The rate of spread of
erosion increases with increass in number of rounds fired. It is to be noted
that the rate of spread of erosion discussed here is applicable only for
tapered sections of the barrel, but not for straight sections of the barrel.
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Similar to the rate of spread of ervsion in a longitudinal direction
(aiong the Lore), cne can also campute the rate of erosion of bore surface
(in a transverse direction). Since the x-axis represents the distance along
the bore surface (from a known reference point at the breech erd), one can
drav a vertical line at any desired location and measure the difference in
bore diemeter between known (elapsed) rounds of fire in order to obtain the
rate of erosion. The typical rate of erosion is about one<~thousandth of ean
inch per thousand rounds of fire.

Similar data for other weapons are shown in Figures 57 thru 82. The bore
profiles are prepared at 5,000 round intervals for 20 and 60 rowads per
minute firing schedules, The plotting interval for 100 rounds per minute
firing schedule is 2,500 rounds. There is not much inconsistency in pene-
traticn of any one particular gage for Barrels Cl thru C9 and also ML thru M9.
However, there is inconsistency in the penetration data of Weapoms GML thru
GM9. For example, the initial penetration of wages 2 and 3 is always greater
than the penetration of the same gage after gseveral tbousand roumds of fire,
even though this would seem to be physically impossible. These inmaccu..cies
in the perctration of gages may stem from the poseibllity of bore deposits
(coatings) by foreign material, lack of adequate and consistunt cleaning before
penetration measurements and, lastly, variations in the insertion of gages
due to inadequate feeling of drag from person to person. The bore deposits
are possidbly iue to melting of copper (bullet material) because of friction
between bullet and bore and also movement of propellant grains near the bore
surface. These deposits or coatings may %“e hard and thus difficult to
renove by ordinary cleaning methods. It is quite difficuli to recognize the
differences in the drag of gage insertion in a bore. Therefore, the pene~-
tration measurements not only can vary fram person to person but also can be
different vhen teken by the same person, especially with small diameter

ages. The geges numbered €, 7, 8 and 9 penetrate more grad as firing
?n\mber of rounds) prograsses than the gr-p with Gage Numbers 5, 4, 3, 2
and 1. Since this latter group leads to inconsistency and thus is subjected
to either loss of econany or increase in enemy threat due to lack of firing
accuracy, it is recommended tiat the larger diameter gages numbered 6, T,

and 9 be used wherever possible.

V. GAGE ANALYSIS

The weful life of a weapon is defined as the number of rounds that are
fired without exceeding the assigned or chosen tolerance on extreme spreed.
Table II shows that the useful life of a weapon varies extensively not only
due to different anmunition and firing rate but also due to various manuf-
acturers. Naturally, a question arises whether there is a specific physical
characteristic of a weapon that can be identified to indicate the end of the
useful life of the weapon. Fi.. example, is it possible t¢ measurs the
diemeter of the bore at the origin of rifling and identify when it is time
to discard that barrel? Since the effectiveness of a weapon dapends on the
state of wear, it may be logical to asaume thet the bore dimension is the
criterion to discard a weapon irrespective of ammunition or firing schedule.
It is the objective of this section to discuse the bore dimension as &




~ eriterion in light of the existing experimental data.

The bore shape may be symmetric or asymmetric after a number of rounds
are fired. The accurscy of firing depends upon the true shape of the bore
and not just the bore diameter at the origin of rifling. If the bore
dismeter is larger than the initial bore dbut symmetric in shape, probably
the muztle velccity will drop off. The consequence of a drop in muzzls
velocity may be to hit a different target due to differences in exterior
ballistics. However, the spread (or extreme spread) may be within tolerance
especially on the targets vhich are nearer, such as 100 yards, in the present
experimental program. If the bore shape is asymmetric but the diameter is
almost the same as & nev bore (initial), there is a possibility of large
variations in the extreme spread even though the muzzle velocity is the same.

The experimental program involved the measurement of penetration of
constant diameter gages near the origin of rifling as a function of number
of rounds fired. The diameter of the various gages is shown in Table IV.
Since the diameters of these gages vary from .2204 to .2234 inches, the
maximva wear that can be measured at any one location is three-thousandths of
an inch. There is a taper in the barrel bore near the origin of rifling.
Since the M16AL rifle 1s & 5.56mm (.219 inches) caliber weapon and the
smallest gage disLeter is slightly bigger than the nominal diameter of the
bore, initially ell of the measurements were made in the tapered section of
the barrel and only & very fev measurements were made (near the end of the
test) in the constant diameter section of the darrel after significant erosion
to3k place. It may be impossible to sample the diameter of a tapered section
of the barrel and Juige the status of the barrel irrespective of manufacturer,
user, ammunition, or firing rate.

S8ince the constant diameter gages reach the tapered section of the
axisysmetric barrel and possibly later (due to wear) asymmstric barrels,
there is at most & line-contact between the gage and the barrel. The line-
contact 18 not satisfactory for obtaining consistent or accurate results
decause it is possidle to shift the axis of the gage from the axis of the

gm barrel.

~~— - The penetration of Gege 3, as a fimction of number of rounds fired,

O\

is shown in Figure 83 for C1, C2, Ch, C5, C7, and C8. All of these firings
include various rates of fire dut with only M193 ball propellant. In
general, the penetmation is higher with a high rate of fire for any given
number of rounds fired. There is no specific criterion or penstration which
can be determined from this figure to condemn the gun barrel for the useful
1ife of barrels mentioned in Table IV for bdall propellant. EBEach barrel has
its owm penetration reeding for the useful life assigned in Table IV. The
similar penetration data for other weapons (contractors) and other gages are
.hminngunneh.thm\%h 94, The trend remained the same as for Cage 3
and contractor'Q!(Figure 83)
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TABLE IV
DIAMETRR OF VARIOUS GAGES

Gege Diameter
_In Inches

D Inches
~15.960
©16.003
16.003
16.003
- 16.003
16.02
16,020
16.011
16.00%




It 1a important toc look at the region where the gage measurements
yield erosion. This is shown in Figure 95 with appropriate bore dimen-
sions. B8ince the groove diameter of rifling is 0.2235 inches and also
the diameter of the bore is 0.2235 inches at the origin of rifling, the
Gage #9, vhich has & diameter of 0.2234 inches, should penstrate the bore
to “he origin of rifling initielly. The constant diameter of the land
of rifling (0.219 + .001) starts 0.1054 inches from the origin of rifling.
The difference in diemeter from the largest to the smallest gage is
0.003 inches. Therefore, a gage should not enter the full depth land
ares initially (new rifle). However, consider the distance of the gage
end from the spacer initially (Table LXII, GM2, Reference 1):

Gege# 1L 2 3 & S5 6 T 8 9
- Distance 6.26 6.48 6.56 6.69 6.7 6.90 6.97 6.98 6.99

The difference in distance between Gages #1 and #9 is 0.73 inches.
However, it was concluded above that the difference in distance, ini-
tially, can be a maximus of 0.1054 inches. Therefore, it is apparmmt
that the measurements of Gages #1 through #5 are in error,.probably
dus to the gages entering the constant rifling region of the bore.
Other related data from Reference 1 indicates that the gages penetrated
less as firing progressed vhich would be tho opposite of expected re-

sults.

VI. RECOSENATIONS

From the definition of ideal gage and from the analysis of the
experimental data for its consistency and accuracy, it is reluctantly
suggested that Gage #6 may be used for the measurement of barrel eroaion
and ultimately to indicate when to discard that barrel. The word, "re-
luctantly”is used due to lack of a unique approach in the selection of a
gage. Following the gage selection, it is logical to look for a apecific
criterion in order to abandon the barrel at the end of the useful life.

It may not be possible to say that & barrel is cbsolete when a gage,

such as #6, penetrates a certain distance irrespective of manufacturer,
emnunition, firing rate, and (cumulative) number of rounds fired even
though erosion is a function of a.].‘l. of these quantities.

To determine the feasibility of such a concept or criterion, the
resulting curves of rounds-fired versus penetration are shown in ures
84 thru 94 for each manufacturer and for each gage (number 3 thru 6).
There are six curves in each figure representing all three rates of fire
but only M193 ball ammunition. For example, Cl, 02, ch, c5, C,, and Cg are
included in one figure. The penetration of the gage varies axZenaively from
weapon to weapon especially near the end of the useful life of the barrel.
Therefore, such a plot is unlikely to yield any specific criteria or even
single dimension (penetration) for each manufacturer. The plotting
symbols 1 and 2 represent the firing rate of 20 rownds per minute. 8imilarly,

10
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the symbols 3 and 4, and 5 and 6 denote the firing rates of 60 and 100
rounds per minute, respectively. The trend is larger penetrations (more
erosion) for higher rates of fire for the same total number of rounds
fired. Therefore, even a round counter wouldn't be helpful to indicate
tlhe end of the useful life in practice.

8ince the erosion increases and the useful life of the weapon de-
creases with increase in rate of fire, it is logical to expect the
spread in results of the percentage of useful life versus penstration to
be minimum. Such results are shown in Figures 96 thru 107 for each manu-
facturer and for each gege (the percentage of life versus penetration is
shown individually in Figures 108 thru 161 for gages &, 5, and 6). The
resulting curves ars spaced out even farther than the curves of number-of-
rourds versus penetration. However, the trend is opposite to that of
rounds versus pe.etration. It is therefore conclulded that the useful life
is not & linear function of firing rate, but a nonlinear one. The useful
1ife of the weapon may be approximated as inversely proportional to the
tvo-thind power of the firing rate (the exponent for contrector 'C* is
0.63). The firing rate has not been used extensively as a paramster in
wear predictions possibly because it is variable and unpredictable in
ectual combat conditions; nevertheless, it is recommended that this para-
meter should be used at least in laborstory controlled experiments in
order to formulate a successful model of wear. It may be possible to
construct a statistical or empirical function to simulate the average
firing rate in combat conditions.
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