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PREFACE 

The study reported herein was performed as part of the Corps of 
Engineers Project 8-70-05-100, "Mobility of the Army," Subproject 
8-70-05-101, "Trafficability of Soils as Related to the Mobility of 
Military Vehicles." The study was conducted at the Waterways Experiment 
Station under the supervision of Messrs. W. J. Turnbull, C. R. Foster, 
A. A. Maxwell, and S. J. Knight, by personnel of the Army Mobility Re-
search Center, Soils Division. Engineer in charge of the tests was 
Mr. A. B. Thompson, assisted by Messrs. M. D. Beasley and C. A. Blackmon, 
engineering aides. Mr. John J. Loviza of the WES machine shop assisted 
in the design and construction of the test penetrometer and in the 
mechanical features of the testing program. This report was written by 
Mr. Knight assisted by Mr. Blackmon who performed the major portion of 
the data analyses. 

Dr. A. A. Warlam, consultant, contributed greatly to the study 
by his suggestions for conduct of the tests, explanation of the mechanics 
principles involved, analysis of the data, and review of the report. 
The report was also reviewed prior to publication by Mr. C. E. Molineux 
of the Air Force Cambridge Research Center. 
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SUMMARY 

A specially designed spring-impact type penetrometer was built and 
shot from a compressed air gun into a container of soil. Penetrometer 
velocities and soil strengths were varied to cover a wide range of each. 
The initial data collected were used to determine relationships between 
the action of the penetrometer and the properties of the soil. These 
relationships were then used in the computation of spring deflection 
necessary to fire or not fire the penetrometer cartridge in soil of 
specified strength. The spring was then set for specific soil strengths 
and tests made to verify the accuracy of settings. 

Results of the limited test program indicated the following: 

a. Cone index has a major influence on the action of the 
aerial penetrometer in soil. 

b. The relationships among velocity, deceleration, impact 
of the penetrometer, and cone index of the soil appear to 
be consistent and reasonable. 

c. The consistent relationships permitted the computation of 
spring size and deflection for the proper indication of 
specified soil strength. Actual tests verified the ac-
curacy of the computations. 

The recommendation is made that additional testing of the aerial 
cone penetrometer include the following studies: 

a. Development of similar relationships for other soil types 
and snow. 

b. Effect of vegetation on action of the aerial cone 
penetrometer. 

c. Effect of erratic cone index profiles vs depth of 
penetration. 

d. Extent of remolding accomplished by the penetrometer in 
natural soils. 

e. Effect of varying penetrometer weights, shapes, and sizes, 
flare weights, and spring sizes on the various relationships. 





STUDIES OF AERIAL CONE PENETROMETER 

LABORATORY STUDY OF MECHANICAL PRINCIPLES 

PART I : INTRODUCTION 

Background of This Study 

1. The aerial cone penetrometer has evoked considerable interest 
as an inexpensive, remote, and positive means of evaluating soil and snow 
surfaces for special, rather diversified, military purposes. It was de-
veloped by Dr. A. A. Warlam at New York University for the Air Force 
Cambridge Research Center under a contract having the general objective 
of research into the forecasting of soil trafficability. This develop-
mental work is described in New York University Final Report 156.7, 
Determination of Ground Trafficability from Aircraft, dated April 1, 1953· 

2. Project Scientist for the Air Force Cambridge Research Center 
on this work was Mr. C. E. Molineux, who has conducted numerous field 
demonstrations with the aerial cone penetrometers, and has otherwise done 
much to publicize and promote interest in the instrument. AFCRC Report 
No. 77, Remote Determination of Soil Trafficability by the Aerial 
Penetrometer, dated October 1955, by Molineux, contains interesting data 
on the subject. 

3. Results of a study performed under a U. S. Army Ordnance con-
tract by Mr. Milton Morrison are reported in Evaluation of an Aerial 
Penetrometer, Report No. 495, Stevens Institute of Technology, May 1953· 
This report mainly considers the number of penetrometers that should be 
used in differentiating trafficable from nontrafficable areas. 

4. Results of operational suitability tests are contained in the 
Air Proving Ground Report, Air Support Develo-pment, Phase III, dated 

2 October 1953· 
5. A report of a feasibility study conducted by Warlam for the 

Air Force Cambridge Research Center and u. S. Army Engineer Snow, Ice 
and Permafrost Establishment (SIFRE), Determination of Snow Characteristics 
from Aircraft, dated April 1, 1956, concludes that the aerial penetrometer 
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originally designed for use in soils can readily be adapted to determine 
snow characteristics and suggests several actual designs. 

6. The design, development, and evaluation of a penetrometer fired 
into the air from a rifle grenade launcher are discussed in Development 
of a Ground Launched Penetrometer, Report No. 325.01, New York University, 
December 1955· This study was performed under contract with U. S. Army 
Ordnance. 

7. The Air Force Cambridge Research Center is presently developing 
a reconnaissance aerial penetrometer that does not use a flare indicator 
and is adaptable to quantity launching from high-speed aircraft, in ac-
cordance with a Tactical Air Command requirement. Also in progress are 
the establishment of specifications for an improved version of the 
present model of the aerial penetrometer. 

Applications of Aerial Cone Penetrometer 

8. NYU Report 156.7 mentions the following potential uses for 
the aerial penetrometer: 

"The most promising use of the drop penetrometer is the 
spot testing of small, well-defined areas which may be identi-
fied as problematical for trafficability from maps or air 
photos. Here are a few examples of such areas for ground-, 
amphibious-, and airborne-operations. 
"l. Ground Traffic 

Valley crossings and dips of an earth road that are 
apt to be wet and soft. Low spots that cannot be by-passed by 
cross country traffic and which appear wet and dark or other-
wise doubtful on air-photos. Areas torn up by previous cross 
country traffic; especially those sections where the tracks 
are spread the widest, indicating worst trafficability. Ap-
proaches to fords across streams in the wet seasons. Selected 
areas of representative surface soil in which periodic meas-
urements are desired for the forecasting of trafficability by 
extrapolation from the rate of softening or hardening. 
"2. Landing on Beaches 

All potential landing beaches may be explored from the 
air, since those that are suitable for landing are usually 
limited in extent by other factors than trafficability of the 
beach itself. During the landing operation the sections, in-
dicated by the drop penetrometer to be particularly soft or 



irregular, can be by-passed. The flare-signal type penetrom-
eter may be supplemented by the dye-signal type for testing 
the water covered portions of the beach. 
"3. Landing and Take-Off by Aircraft 

Unimproved field on which light aircraft is preparing 
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to land. Unimproved field considered for landing and take-off 
in air rescue operations. Unpaved airfield during wet seasons. 
Inundated portion of an unpaved airfield, that divides the field 
into two parts, neither of which is sufficiently long for land-
ing. Areas selected for dropping parachute troops and equip-
ment during the wet seasons. Areas chosen for air bases behind 
enemy lines. Exploration of apparently unpaved enemy landing 
fields that may have paved runways concealed by a few inches 
of sod." 

9. In addition to the above-described uses in soil, the aerial 
cone penetrometer also has a potential in determining whether snow and 
ice surfaces are suitable for unscheduled or emergency landings (and 
subsequent take-offs) of aircraft. The Northeast Air Command has re-
quested such a device of the Air Force Cambridge Research Center and work 
has been started on this request. The most significant accomplishment 
thus far, as regards snow, is the feasibility study by Warlam (paragraph 
5) and a number of tests with aerial cone penetrometers performed by 
Molineux in Labrador and Greenland. As regards the ice phase, SIFRE has 
initiated studies to develop a suitable device that acts on the impact 
principle, but at present it does not resemble the aerial penet~ometer. 

Ob.iective and Scope of This Study 

10. The objective of the study reported herein was to determine 
experimentally the relationships between the action of an aerial cone 
penetrometer of the impact spring type and the soil into which it pene-
trates in terms that will permit the preselection of spring size and 
deflection for the proper indication of specified soil strength. 

11. Tests were limited to one specially designed aerial cone pene-
trometer which was shot at various velocities from a compressed air gun 
into containers filled with one soil type, WES lean clay, compacted to 
various strengths. 
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PART II : EQUIPMENT, PROCEDURES, AND DATA 

Test Equipment and Material 

12. The equipment used in these tests consisted of the penetrom-
eter, a compressed air gun, a motion picture camera used to photograph 
the action, and a clock with a large face for time measurement. Strength 
of the soil was measured with the WES cone penetrometer. The test equip-
ment is described in the following paragraphs. 
Aerial cone penetrometer 

13. The aerial cone penetrometer used in these tests is illustrated 
in fig. 1 and was specially built at WES for the purpose. Its over-all 
weight, weight of the flare assembly, outside diameter of the barrel, and 
dimensions of the point were approximately the same as those of the prin-
cipal penetrometer developed at New York University and used in numerous 
field trials. Special features of this instrument were: elimination of 
tail vanes, a transparent plexiglas barrel for observation of the firing 
of the cartridge, and a special head that eliminated the need for a 
separate airtight plug previously used in firing penetrometers from the 
compressed air gun. Aluminum was used for all parts except the barrel; 
the steel spring, firing pin, and washers; and the rubber 0-ring. The 
same spring, a weak one to insure that the cartridge struck the firing 
pin, was used throughout the first or exploratory part of the test pro-
gram. A different spring was used in the final or verification part of 
the program. 

14. The over-all length of the penetrometer is 30.5 in., the out-
side diameter of the barrel is 1.5 in., and its weight is 1.19 lb. 
Critical weights and dimensions of certain parts of the instrument (see 
fig. lb) are as follows: 

Part 
Flare assembly 
Spring 
Cone 
Spike 

Weight, lb 

0.2978 
0.0128 

Length, in. 

approx 2-1/4 
2 
2 

Diameter 

Top, 1-1/2 in.; bottom, 1/2 in. 
1/2 in. for 1 in. then tapers 

to point 



a . Assembled unit b . Component part s . 

Fig . 1 . Test model of aerial cone penetrometer 
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Compressed air gun 

15. The compressed air gun, designed and built by Warlam and lent 

by him for these tests, consists of several sections of aluminum tubing 

approximately 5 ft long and 1.9 in. inside diameter. Three sections, two 

barrel sections and one containing the air chamber and the trigger mech-

anism, were used in these tests. The assembled gun was approximately 

14 ft long; the distance of travel of the penetrometer through the barrel 

was 9.5 ft. A cylinder of compressed gas was used to charge the gun. 

The gun was firmly set up in a vertical position through the center of a 

scaffold built for the purpose ( fig. 2). The penetrometer was loaded into 

Fig. 2 . Scaffold 
and test equip-
ment. Air gun is 
in place, ready 
for shooting test 
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and fired from the gun by a man who worked on the top of the scaffold. 
The distance from the muzzle of the barrel to the surface of the soil in 
the container was 4.0 ft. 
Camera and timer 

16. Fastax motion picture camera capable of taking pictures at the 
rate of 5000 frames per minute was 
used in the study. The timer was a 
synchronous motor to which a hand 
that revolved 27 times per second 
was attached. The large face of the 

timer was divided into 33 parts, mak-
ing each division represent 1/891 
second. The timer was photographed 
in each test. Camera and timer are 
also shown in fig. 2. 
WES cone ~enetrometer 

17. The WES cone penetrom-
eter, fig. 3, is the same instru-
ment that has been used for many 
years to measure soil strength in 
the Corps of Engineers traffica-
bili ty of soils study. The in-
strument consists of a shaft with 
a cone at one end and a handle and 
a proving ring with inclosed dial 
at the other end. The cone is a 
30-degree cone with an end area of 
0.5 sq in. The instrument is 
forced into the soil at a slow 
steady rate, and the dial is read 
at selected depths. The dial read-
ing, which is in pounds of force per 
square inch of end area of cone, is 
termed cone index. 

Fig. 3. Cone penetrometer measur-
ing soil strength 
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Soil 
18. The lean clay soil used in this investigation was obtained 

on the Waterways Experiment Station grounds. Grain size and plasticity 
constants for this soil are shown in fig. 4. Before the soil was placed 
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Fig. 4. Classification data, WES lean clay 

in the container it was freed of roots and other foreign matter and then 
thoroughly mixed with water. It was placed in the container in lifts of 
about 6 in., each lift being compacted after it was placed. Attempt was 
made to produce uniform strength with depth in some cases and a steady, 
slow increase in strength with depth in other cases. 

Test Procedures 

19. A metal container 24 in. in diameter and 42 in. high was filled 
with the soil, soil strength measurements were made, and the drum placed 
directly under the muzzle of the compressed air gun. The aerial cone 



9 

penetrometer was then loaded into the top section of the gun and locked 
in place with the trigger device on the gun. Next the air chamber was 
filled to the desired pressure with air from the compressed air cylinder. 
Pressure was measured by a Bourdon gage attached to the air chamber of 
the gun. A placard bearing the test number was set in place and a signal 
was given to the cameraman to start the Fastax camera. Approximately 
one second later, the trigger was pulled and the penetrometer was ejected 
into the container of soil. The depth to which the penetrometer sank was 
measured and recorded to the nearest one-tenth inch. After several simi-
lar tests, the film was developed and studied. Several tests were made 
at the beginning of the program to familiarize personnel with test pro-
cedures, and from time to time to check various points. Each test was 
given a number, but the tests not represented by complete data are not 
reported herein. The tests reported were renumbered consecutively. 

Data Obtained 

Soil data 0 

20. Cone index. Cone in-
dexes were measured in each con- o 

tainer of soil, usually before 
each test. Sometimes several 
tests made in the same container 
were referenced to the same cone 
index data. The measurements were 
made at 3-in. increments of depth. 
Cone index profiles, typical of 
uniform strength and steadily in-
creasing strength, are shown in 
fig. 5. The average cone index 
for the depth of penetration was 
computed for each test and used 
in correlation studies. Since 
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the cone and spike end of the instrument was different in shape and 

100 
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area from the barrel, a system for determining a weighted average cone 
index based on comparative cross-sectional areas was used. The cone 
index for every inch of the barrel was given a weight of 1.0; the cone 
index for the first inch below the barrel was weighted 0.70, the next 
inch 0.25, the first inch of the spike 0.10, and the last inch 0.05. 
Cone indexes were interpolated where necessary. The table and sketch 
of fig. 6 show a sample computation. The average cone index for each 
test is shown in column 2 of tables l and 2. 

COMPUTATION 
CONE INDEX DEPTH CONE APPROX 

MEASURED INTERPOLATED IN. AREA WEIGHT INDEX PRODUCT 

50 0 
RATIOS 

z 1.00 52.5 52.5 
55 ~ -N 

J: ILi L&J 1.00 57.5 57.5 
60 2 

Cl)_,_, 
z ID Ill 
Q ~~ 1.00 62.5 62.5 

65 3 t( LL. LL. 

1.0 a: Oo 1.00 65.5 65.5 
66 4 t ~I() 

Z zZ 1.00 66.5 66.5 
67 5 ILi ~~ a. :l ..J 

..... ::.io 1.00 67.5 67.5 
68 6 o OU 

J: u 0 
I- zz 1.00 69.0 69.0 

70 7 Q. - c( w 
0 1.00 71.0 71.0 

72 8 
0.70 73.0 51.1 

74 9 
0.25 75.0 18.8 

76 10 
0.10 77.0 7.7 

78 II 
0.05 79.0 4.0 

80 12 
TOTALS 9.10 593.6 

WEIGHTED AVERAGE CONE INDEX 593.6 + 9.10 - 65.2 

Fig. 6. Computation of weighted cone index value 

21. Moisture and density. Moisture contents and densities in 
6-in. increments of depth occasionally were measured before each test. 
Moisture content values are shown in columns 3, 4, 5, and 6 of table l; 
density values are shown in columns 7 and 8 of table 1. 
Penetrometer data 

22. Penetration depth. The depth to which the instrument pene-
trated was measured to the nearest 0.1 in. The penetrometer was then 
disassembled to determine the condition of the cartridge. These data 
are shown in columns 10 and 13, respectively, of table 1. The 
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penetration depth shown is from the soil surface to the centroid of the 
cone, which was 3 in. from the tip of the spike. 

23. The motion picture film was carefully studied to determine 

the penetration of the penetrometer at the instant the cartridge fired, 
and the velocity of the penetrometer in air. The latter information 

was used in computing the deceleration of the penetrometer in the soil 
and the impact force of the flare, discussed below. 

24. Firing of cartridge. 

For the majority of tests a live 

cartridge was used in the pene -

trometer. For these cases, the 

depth of penetration in the soil 

(to the centroid) that coincided 
with the instant of explosion of 

the cartridge was determined from 

a study of the film. This depth 

is shown in column 14 of table 1. 

Fig. 7 shows a series of frames 
from the film to illustrate the 
appearance of the penetrometer the 

instant before the cartridge fires, 
at the instant of firing, and im-
mediately after firing. 

25. Velocity of the pene-
trometer in air. Velocity was 

computed from close examination of 
the high-speed motion pictures, 

using the formula v = d/t where 
v velocity in feet per second, 
d distance in feet, and 

t time in seconds. Distance 
was measured by a scale on each 

side of the path of the penetrom-

eter and in the same plane to 

Before firing 

Cartridge fires. 
Note tiny bright 
spot 

A moment later 
whole chamber 
is bright 

Fig. 7. Test 14 (original test 32) 
in WES lean clay. Velocity in air 
was 161 ft per sec. Deceleration 
in soil was 28,277 ft per sq sec. 
At instant of firing (middle frame) 
the depth of penetration of the in-
strument was 2.7 in. Total pene-
tration was 5.5 in. Time incre-
ment between frames is approxi-

imately 1/1800 second 
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minimize errors of parallax. Time was determined by the timer and 
checked by both the number of frames exposed and the timing light on 
the camera. For the first several tests, the velocities were computed 
for the entire 48-in. path of the penetrometer as well as for each 6-in. 
increment from the muzzle of the gun to the soil. Although the velocity 
over the several increments appeared to vary, there was no consistent 
trend, and it was decided to compute and use the velocity over approxi-
mately the last 6 in. of the flight of the penetrometer above the soil. 
Velocities are shown in column 9 of table 1 and column 4 of table 2. 
A sample computation is shown below: 

Computation of Velocity for Test No. 18 
Scale Distance Time Velocity 
in. in. ft T~r Divisions sec ft/sec 
~~-

10.7 12.3 
17.5 6.8 0.5667 16.9 4.6 0.0051627 109.8 or 110 

v = d/t 0.5667 
0.0051627 = 109.8 fps 

26. Deceleration of penetrometer in soil. A careful examination 
of the film showed that deceleration of the penetrometer actually began 
at the instant the tip of the spike penetrated the surface, but did not 
reach significant values until the centroid reached the surface, espe-
cially in the softer soils. Thereafter deceleration was more or less 
uniform. Accordingly, in the computation for deceleration, it is assumed 
that deceleration began when the centroid cut the soil surface and con-
tinued uniformly until the penetrometer came to rest. Deceleration was 
computed from the following formula: 

where 

-a = 
2 v 

2s 

-a = deceleration, ft per sec2 (in soil) 
v = velocity, ft ~er sec (in air) 
s = distance of penetration to centroid, ft. 
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Decelerations are shown in column 11 of table 1 and column 6 of table 2. 
A sample computation, for test 18, is as follows: 

v2 1102 
-a = 2s = 

2 
4.3 = 

x 12 

2 16,884 ft/sec 

27. Impact force. The impact force which acted on the spring to 
deform it toward the firing pin was computed from the formula 

where 

and 

F = force, lb 

w F=-a g 

W = weight of flare assembly plus one-half spring weight, lb 
2 g = acceleration due to gravity = 32.16 ft per sec 

a = acceleration of the flare assembly during the penetration of 
the penetrometer into the soil. (This acceleration is assumed 
to be the same as the deceleration of the penetrometer.) 

Impact forces are shown in column 12 of table 1 and column 7 of table 2. 
A sample computation, for test 18, is shown below. 

w F=-a g 
= 0.3042 x 16,884 = 

32.16 159-7 lb • 
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PART III : ANALYSIS OF DATA 

28. The operation of the type of aerial penetrometer used in this 
study depends on its force of impact with the soil. If this force is 
high, as it will be when the soil it strikes is firm, then the accelera-
tion of the flare assembly is high and the transient weight, or force, of 
the flare (F = ma) is therefore high enough, say, to compress the spring, 
driving the cartridge in the flare down against the firing pin. In a 
softer soil, the impact force may not be sufficient to depress the same 
spring to the point that the cartridge contacts the firing pin. 

29. The first part of this investigation consisted of shooting 
the penetrometer several times at varying velocities into the test soil 
compacted to various strengths in order to collect data on depth of pene-
tration, velocity, deceleration, and impact force. The tests under this 
part of the program are called "Exploratory Tests" in this report and 
the data obtained from them have been plotted in several forms to estab-
lish the quality of various relationships. When a good quality of rela-
tionships was revealed, the plots were used as a basis to design "Veri-
fying Tests." The purpose of these latter tests was to confirm the 
validity of the computations of spring size and deflection for firing (or 
not firing) the cartridge, discussed later, when the penetrometer was 
shot into a soil of specific strength at a selected velocity. 

Exploratory Tests 

30. Measured and computed data for exploratory tests 1-20 are con-
tained in table 1. The data are as good as the equipment used and the 
skill of the technician {especially in reading the film) permit them to 
be. However it must be pointed out that certain inexplicable inconsist-
encies occurred in the development of the data, probably because of 
parallax and slight imperfections in the camera and timer. For example, 
although it was definitely known that the length of the penetrometer was 
30.5, the length often appeared to be different {usually somewhat 
longer) on the film. Also, a determination of velocity on a small 
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incremental basis sometimes showed it to apparently increase, decrease, 
or remain constant, in no orderly fashion. Also, deceleration of the 
penetrometer computed from the formula -a = v/t where v is velocity in 
air and t is time in soil, showed a somewha~ different value than the 
deceleration computed from the formula -a = ~s which was used in this 
report. Another source of error may be in cone index. In the explora-
tory tests, several shots sometimes were made in the same container of 
soil but only one set of cone index values was measured and used. On 
the whole these apparent discrepancies were minor, and are not believed 
to have seriously affected the general accuracy of the findings. 
Instant of firing 

31. Examination of the data in column 14 of table 1 shows that 
the cartridge usually was fired during the first half of the total pene-
tration the penetrometer was to undergo. No further analysis of these 
data was performed for this report. 
Velocity-penetration relationships 

32. Depth of penetration data for the 20 exploratory tests are 
plotted versus in-air velocity in fig. 8. These points are shown as 
circles. The small crosses and dots in figs. 8-11 represent verifying 
tests, described later. When the tests are divided into three groups 
on the basis of cone index (for the given depth of penetration, see 
paragraph 20) three straight lines appear to fit the data rather well, 
but with some scatter.* Thus it is indicated that in a given soil con-
dition penetration increases dire~tly with velocity and, further, for a 

* The curve for low cone indexes originally was drawn giving consider-
able weight to tests 7 and 10, and thus intersecting the 100-fps veloc-
ity line at approximately 16-in. penetration. When the four verifying 
tests (27-30) were made, however, it became apparent that tests 7 and 
10 probably were outliers and the curve was redrawn in its present 
position. The data for tests 7 and 10 were re-examined carefully, 
but no reason for their poor fit with the rest of the data was 
found. The only possible explanation is that only one measurement 
of cone index profile was made, in the middle of the container, and 
it was used for tests 7 through 11. It is possible that softer spots 
may have occurred at the points where the penetrometer entered in 
tests 7 and 10. 
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given velocity, penetration will vary inversely with cone index. The 
three cone index groups are 35 to 45, 110 to 150, and 170 to 200+. 
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Velocity-deceleration relationships 
33. If the same three cone index groups are treated separately, 

three approximately parallel lines may be drawn on a plot of velocity vs 
deceleration, fig. 9. The near verticality of the lines shows that the 
deceleration in the soil increases comparatively slowly with in-air ve-
locity and the wide spacing of the lines indicates that large increases 
in deceleration occur with comparatively small increases in cone index. 
Test 15, a notable outlier, may be explained by possible erroneous cone 
index. 
Velocity-impact relationships 

34. Fig. 10 shows plots of impact ~f the flare assembly vs veloc-
ity. Again three parallel, straight-line plots on the basis of cone in-
dex appear to fit the data reasonably well. Test 15 in the high cone 
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index range appears as a wide outlier. Other points do not fit as well as 
might be desired. Re-examination of the data provided no explanation of 
these apparent discrepancies. However, there is some indication that with 
additional data and a reduction of the arbitrary cone index ranges to 
smaller increments, slightly better-defined, additional parallel curves 
would result, particularly for the medium cone indexes. The straight lines 
are nearly horizontal, indicating comparatively small increases in force 
with increases in velocity while the spacing of the three lines indicates 
a large increase in impact force with increasing cone index. 
Impact-cone index relationships 

35. If the variations in velocity are ignored and a plot made of 
impact vs cone index, the result is a straight line which approximately 
fits all the points (fig. 11). (Test 15 again appears to be erroneous.) 
The curve in fig. 11 points out the comparatively minor influence of ve-
locity, as compared to cone index, on impact force. 
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Verifying Tests 

36. The verifying tests were conducted with the same penetrometer 
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used in the exploratory tests except that the original soft spring was re-
placed with a stiffer calibrated spring. The velocity desired in the ver-
ifying tests was 100 ft per sec, the velocity to which the majority of the 
aerial penetrometers built at NYU had been adjusted. 

37. Before the actual verifying tests were performed, certain pre-
liminary work was accomplished. The preliminary work, the tests, and re-
sults of the tests are described below. 
Preliminary work 

38. Preliminary work consisted of calibration of the spring, ad-
justment of gun pressure to attain the desired velocity, and preparation 
of two containers of soil at specified strengths. 

39. Spring calibration. The strongest spring of the proper diam-
eter and length on hand at WES was used. This spring was calibrated on a 
Baldwin load machine. Load and deflection varied on a straight line, at 
the rate of 93 lb per in. The maximum deflection of the spring was 0.75 in. 

40. The formula used to determine spring deflection for static or 
very slowly applied loads on a spring was T = F/r where T is spring de-
flection in inches, F is force in 
pounds, and r is the spring rate 
of deflection in pounds per inch. 
For suddenly applied loads the ap-
plicable formula is T = 2F/r, ac-
cording to the Handbook of Spring 
Design, Associated Spring Corp. 

41. Velocity control. A se-
ries of shots at varying gun pres-
sures (tests 21-26) was made in a 
soil-filled container primarily to 
determine the relationship between 
gun pressure and velocity of the 
penetrometer (other data also were 
measured ~n tests 22-26). The re-
sults are shown in fig. 12. The 
points defined a straight line on 
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which a penetrometer velocity of 100 ft per sec corresponded to a gun 
pressure of 45 psi. In subsequent tests 45 psi was used. 

42. Soil preparation. Two containers of WES lean clay were pre-
pared. The cone index ranges sought were 35 to 45 (tests 27-30) and 10 
to 20 (tests 31-34). The actual cone indexes obtained in the soil after 
the penetrometer was fired for tests 27-34 are shown in fig. 13. 
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Fig. 13. Cone index profiles, verifying tests 

43. The general approach in these tests was to select a velocity 
and cone index, and read the corresponding impact force from the curves 
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developed in the exploratory tests. This impact force was used to calcu-
late the spring travel for expected firing. The distance from firing 
pin to cartridge was then set at distances less or greater, respectively, 
than the spring deflection necessary for firing, and tests were made to 
determine whether firing occurred or not. If testing showed that firing 
and nonfiring could be predicted accurately, the main objective of the 
tests would have been considered accomplished. Details and results of 
the verifying tests are discussed in the following paragraphs. 

44. Determination of predicted impact in 35 to 45 cone index. A 
cone index of 35 to 45 was selected because exploratory tests covered 
this range. The relationships contained in figs. 8-11 were used to de-
termine impact at 100-ft-per-sec velocity and cone indexes of 35 to 45. 
First, impact was determined from each figure (using necessary computa-
tions when applicable), then the four determinations were averaged. 
From the average determination, corresponding values of depth and de-
celeration were computed. This work is summarized in the following 
tabulation. 
Fig. 
No. 

8 
9 

10 
11 

Relationship 

Depth-velocity 
Velocity-deceleration 
Impact-velocity 
Impact-cone index 

* Read directly. 
** Computed. 

Depth 
in. 

Acceleration 
ft per sec 

5217** 
4500* 

Total 
Avg 

Impact 
lb 

49.4** 
42.6** 
45.0* 
54.0* 

190.0 
47.5 

At 100 ft per sec an impact of 47.5 lb corresponds to an acceleration of 
the flare (or deceleration of penetrometer) = 5,021 ft/sec2 (a = F~ 

47.5 x 32.16) . ( v2 10,000 ) = 0 _3042 and a depth of 11.9 in. s = 2a = 2 x 5, 021 x 12 • 
45. Determination of spring deflection. The expected spring de-

flection under the average conditions stated was computed from the formula 
T = 2F to be 1.02 in. Unfortunately, the maximum length of the available r 
spring that could be used practicably permitted a maximum deflection of 
only 0.75 in. Thus it was not possible to set the spring deflection 
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greater than 0.75 in. and expect the cartridge to be fired. 
46. Test results. Four tests were conducted at spring deflections 

of 0.25, 0.50, 0.70, and 0.80 in. It was expected that firing would occur 
in the first three tests, but because of spring limitations, not in the 
fourth.* The tests were photographed to obtain velocity; cone index was 
measured adjacent to each penetration; and acceleration was computed. 
Results of these tests are summarized in the following tabulation. 

Velocity Acceleration Spring Deflection 
Cone Index Depth, in. :ft per sec :ft/sec2 !mplct, lb in. Firing 

Test Ass'd ~ Est Meas'd Ass'd Meas'd Est Comp'd Est Comp'd Est ~ ~ Est Meas'd 

27 35.45 34 11.9 12.0 100 102 5021 5202 47.5 49.2 1.02 1.06 0.25 Yes Yes 

28 35.45 38 11.9 11.0 100 100 5021 5455 47.5 51.6 1.02 1.11 0.50 Yes Yes 

29 35.45 31 11.9 11.5 100 102 5021 5428 47.5 51.3 1.02 1.10 0.70 Yes Yes 

30 35.45 33 11.9 12.5 100 100 5021 48oo 47.5 45.4 1.02 0.98 o.8o No No 

47. Determination of predicted im~act in 10 to 20 cone index. A 
softer soil condition was selected in the expectation that the impact pro-
duced would be less than that necessary to fire the cartridge at attain-
able spring deflections. Since the exploratory phase did not include tests 
in the 10 to 20 cone index range, and because an estimate of impact from 
available data would necessitate undue extrapolation it was decided to 
draw a curve of penetration vs cone index for a velocity of approximately 
100 ft per sec from the data available (fig. 8, test 24, and tests 27 to 
30), adding one point in the 10 to 20 cone index range to be obtained by 
an actual test. (For this test, test 31, the spring setting was made 
0.50 in. and it was estimated that the cartridge would be fired under 
the conditions.) In this test the depth was 20.5 in., the cone index 
was 12, and the velocity was 97 ft per sec. This point and the others 

* This test (test 30), while contributing little to the main purpose 
here, does serve to illustrate a method of adjustment for transporting 
penetrometers safely. If accidentally dropped, a penetrometer in which 
the distance from cartridge to firing pin was greater than the maximum 
deflection of the spring used, would not be fired. 
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Fig. 14. Penetration vs cone index, velocity approximately 100 ft per sec 

mentioned in this paragraph are shown plotted in fig. 14. Since the curve 
appeared to be reasonable, a depth of 20.5 in. was accepted and used in 
estimating impact forces and spring deflection, as previously described. 

48. Four tests (including No. 31) in the 10 to 20 cone index range 
were conducted. In two tests, firing was anticipated and occurred. In 
the other two, nonfiring was anticipated and was verified. A summary of 
the test results is given in the following tabulation. 

Velocity Acceleration Spring Deflection 
Cone Index DeEthz in. ft per sec ftLsec 2 lmI!:Ctz lb in. Fir ins 

Test Ass'd M:as'd Ass'd Meas 'd Ass'd M:as'd Est Comp'd Est ComE'd ~ ~ ~ Est Meas'd 

31 12 20.5 100 97 2754 26.1 0.56 0.50 Yes Yes 

32 12 11 20.5 20.0 100 97 2754 2823 26.1 26.7 0.56 0.58 0.55 Yes Yes 

33 12 11 20.5 20.5 100 100 2754 2927 26.1 27.7 0.56 0.59 0.60 No No 

34 12 11 20.5 21.7 100 102 2754 2877 26.1 27.2 0.56 0.57 0.70 No No 

Review of test results 
49. Based upon the experimentally derived relationships between 

velocity of the penetrometer in air, depth of penetration of the 
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penetrometer into the soil, acceleration of the flare assembly {taken to 
be same as the deceleration of the penetrometer in the soil), impact force 
developed by the flare, cone index, the known characteristics of a given 
spring, and a reasonable analysis of the mechanics involved, it was 
shown in the eight verifying tests that the spring deflection could be 
preset so that it would fire if the expected deflection was greater than 
the setting and not fire if the expected deflection was less than the 
setting. The cone index of a soil was seen to have a major influence on 
depth of penetration, deceleration, and impact force, at a given in-air 
velocity. All testing was done in the same soil type, prepared by labora-
tory methods. 
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PART IV: DISCUSSION AND EVALUATION OF DATA 

Method of Presenting Data 

50. Since all pertinent parameters were measured both in the ex-
ploratory tests and the verifying tests, all test data are included on 
the plots in figs. 8-11 to provide a more complete basis of evaluation 
of the relationships, and thus a better basis for evaluating the general 
utility of the impact type of penetrometer. This has been done by show-
ing the pertinent data from verifying tests 27-30 as small x's and that 
from the velocity control tests 22-26 (see paragraph 41) as dots. As 
will be seen from these figures, the plot to include these additional 
points should be shifted somewhat (but not greatly, except of course in 
the case of velocity vs penetration for cone indexes 35 to 45, fig. 8, 
which has already been discussed) from the present position to obtain 
better correlation. The fact that some shifting would occur probably in-
dicates that all data were not absolutely accurate and it also points up 

the need for a large number of tests to establish average or statistical 
relationships, a need commonly felt in soils research work. 

Evaluation 

51. While it is realized that the testing reported herein was iiot 

of sufficient magnitude and scope to define completely the action of the 
penetrometer in all soils, the good quality of the various relationships 
revealed in one soil, and the success of the verifying tests inspire con-
fidence in the use of the aerial penetrometer as a remote means for esti-
mating trafficability. 

Further Work Needed 

52. In order to complete the study of the action of the aerial 
cone penetrometer considerably more experimental work is needed, as 
discussed in the following paragraphs. 
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Work in other soils 
53. Only one laboratory-prepared soil type was covered in this 

investigation. Tests in other soil types and natural conditions may re-
veal differences in the empirical relationships derived herein. For 
example, it is probable that sands will react very differently from 
fine-grained soils. 
Work in snow, ice, and slush 

54. A real need exists for a device like the aerial cone penetrom-
eter for use in the quick measurement of the suitability of Arctic and 
sub-Arctic ice and snow for aircraft landings and take-offs. 
Effect of cone index on depth 

55. The cone index in these tests increased steadily or remained 
constant with depth. The method for computing a single value of cone in-
dex for a given test appeared to be satisfactory. However, before cone 
index-penetration curves and method of computation are finally accepted, 
some tests should be made in soil in which cone index conditions vary 
erratically with depth. 
Remolding effects 

56. The tests reported herein were conducted in a laboratory-
prepared soil, i.e., a remolded soil. Action of the same penetrometer 
in natural soils with a potentiality for remolding may reveal different 
relationships. 
Mechanical variations 

57. Although mechanical variations are of less importance than 
those mentioned above, experiments must be made with penetrometers of 
various weights, sizes, and shapes to complete the knowledge of the ac-
tion of the aerial cone penetrometer. Further, the effect of varying 
flare weights and spring sizes should be studied. While the impact 
principle appears to be the optimum for the purpose, instruments that 
operate on a depth or explosion principle should be tried to round out 
the information on aerial penetrometers. 
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PART V : CONCLUSIONS AND RECOMMENDATIONS 

58. On the basis of the limited test program reported herein the 
following conclusions are made: 

a. Cone index has a major influence on the action of the 
aerial cone penetrometer in soil. 

b. The relationships among velocity, deceleration, impact 
of the penetrometer, and cone index of the soil appear to 
be consistent and reasonable. 

c. The consistent relationships permitted the computation of 
spring size and deflection for the proper indication of 
specified soil strength. Actual tests verified the ac-
curacy of the computations. 

59. It is recommended that additional testing of the aerial cone 
penetrometer include investigations of: 

a. Relationships similar to those contained herein for other 
soil types (including field and laboratory soils) and 
snow. 

b. Effect of vegetation on action of the aerial cone 
penetrometer. 

c. Effect of erratic cone index profiles vs depth of 
penetration. 

d. Extent of remolding accomplished by the penetrometer in 
natural soils. 

e. Effects of varying penetrometer weights, shapes, and sizes, 
flare weights, and spring sizes on the various relationships. 





Table 1 
Exploratory Tests 

( 1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
Penetrometer Data 

Soil Data Pene- Flare Data 
Moisture Content Density tration Decel- Impact Depth at Which 

Test Cone Per Cent by Weight lbLcu ft Velocity in. to eration Force Condition Flare Visible 
No. Index 0-6 6-12 12-18 18-24 0-6 6-12 ftLsec Centroid ftLsec2 lb of Cartridge in. to Centroid 

1 178 20.9 21.2 21.7 96.6 120 3.0 28,800 272.4 Demolished 
2 179 20.9 21.2 21.7 96.6 144 4.6 27,047 255.9 Demolished 

3 201 21.7 21.3 22.9 23.9 96.3 95.6 113 3.0 25,538 241.6 Demolished 2.0 
4 229 21.7 21.3 22.9 23.9 96.3 95.6 145 4.8 26,281 248.6 Demolished 3.5 
5 35 27.9 31.0 29.1 27.6 116 i4.o 5,767 54.6 Deep indentation 
6 44 27.9 31.0 29.1 27.6 14o 19.4 6,062 57.3 No cartridge used 

7 38 26.8 27.0 106 18.4 3,664 34.7 Slight indentation 5.3 
8 41 26.8 27.0 142 20.9 5,789 54.8 Slight indehtation 6.2 
9 41 26.8 27.0 146 21.6 5,921 56.0 Deep indentation 6.2 

10 38 26.8 27.0 110 18.3 3,967 37.5 Slight indentation 7.0 
11 38 26.8 27.0 136 18.4 6,031 57.1 Deep indentation 5.6 
12 182 20.1 20.4 20.0 20.0 114 3.0 25,992 245.9 No cartridge used 

13 178 20.1 20.4 20.0 20.0 109 2.8 25,459 240.8 Demolished 1.7 
14 196 20.1 20.4 20.0 20.0 161 5.5 28,277 267.5 Demolished 2.7 
15 168 20.1 20.4 20.0 20.0 111 2.1 35,203 333.0 Demolished 1.5 
16 201 20.1 20.4 20.0 20.0 169 6.1 28,093 265.8 Demolished 2.9 
17 118 22.4 22.8 23.4 23.8 109 4.5 15,841 149.9 Very deep indentation 
18 145 22.4 22.8 23.4 23.8 110 4.3 16,884 159-7 Very deep indentation 2.8 
19 121 22.4 22.8 23.4 23.8 143 7.5 16,359 154.8 Very deep indentation 3.0 
20 148 22.-4 22.8 23.4 23.8 154 6.8 20,926 198.0 Very deep indentation 3.3 

Note: All cartridges were detonated. 



Table 2 

Verifying Tests 

(1) (2) (3) (4) (5) (6) (7) (t3) 
Gun Pene- Decele- Impact 

Test Cone Pressure Velocity tration ration Force Cartridge 
No. Index psi ft/sec in. ft/sec2 lb Detonated --

22 60 35 72 4.75 6,548 61.9 Yes 

23 66 40 89 5.25 9,053 85.6 Yes 
24 67 45 97 5.75 9,818 92.9 Yes 

25 66 40 92 5.00 10,157 96.1 Yes 
26 67 40 84 5.00 8,467 80.1 Yes 

27 34 45 102 12.00 5,202 49.2 Yes 
28 38 45 100 11.00 5,455 51.6 Yes 

29 31 45 102 11.50 5,428 51.3 Yes 

30 33 45 100 12.50 4,800 45.4 Yes 

31 12 45 97 20.50 2,754 26.1 Yes 

32 11 45 97 20.00 2,823 26.7 Yes 

33 11 45 100 20.50 2,927 27.7 No 

34 11 45 102 21.70 2,877 27.2 No 

Note: Test 21 (not shown in tables) was comprised of several trials to 
determine the minimum pressure at which the compressed air gun 
would expel the penetrometer. A tub of hard-packed soil was used 
to stop the penetrometer and the pressure was applied in increasing 
5-lb increments from 0 psi. At gun pressures up to 20 psi, the 
fenetrometer remained in the chamber of the gun when the trigger 
was pulled. At a gun pressure of 25 psi the penetrometer was pushed 
slowly from the chamber of the gun into the barrel and fell freely 
of its own weight. The first positive and instantaneous ejection 
of the penetrometer occurred at 30 psi. 
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