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"100°" should read "HO0" 

Page 58, para. 4, line 2 
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PREFACE 

This investigation was carried out for U. S. Army Snow, Ice and 
Permafrost Research Establishment* by the Colorado School of Mines 
Research Foundation, Inc. undeV Contract DA-ll-190-ENG-9¿, 
"Mechanics of penetration of piles into permafrost. " The purpose of 
this investigation was twofold: to study the mechanics of piles pene¬ 
trating permafrost under the influence of their impact kinetic energies 
alone and to investigate the feasibility of driving full-size piles into 
natural permafrost, using a rocket as the driving agent. 

The investigation was initiated by W. K. Boyd, then chief of USA 
SIPRE's Applied Research Branch. The report was prepared for the 
Applied Research Branch (Dr. A. Assur, then chief). Experimental 
Engineering Division (K. A. Linell, chief). 

Dr. J. S. Rinehart was principal investigator of this project. The 
laboratory work was done at the Mining Research Laboratory, Colorado 
School of Mines, Golden, Colorado, by J. Charest and P. F. Duler. 
The field work was conducted near Fairbanks, Alaska, by J. F. Whalen, 
under the direction of Fred L. Smith. 

Buckling of piles when shot into the ground is one of the problems 
in practical application. Appendix H, by Sp/4 C. Goetze, USA CRREL, 
gives a theoretical treatment of this problem. 

USA CRREL is an Army Material Command laboratory. 

Manuscript received 15 July 1962 

*Redesignated U. S. Army Cold Regions Research an¿ Engineering 
Laboratory, Feb 1962. 
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SUMMARY 

A comprehensive study was made of rapid pile driving into perma¬ 
frost. The experimental work was limited to the study of piles 
penetrating permafrost under the influence of their kinetic energies 
alone. Laboratory tests were conducted by driving various model 
piles with guns into artificial permafrost. A single series of field 
tests was made near Fairbanks. Alaska, in which hollow, circular, 
full-size piles were launched into permafrost, u»ing an Army practice 
solid-fuel rocket as the driving agent. Impact velocities were 
measured with a breaking-wire system in both laboratory and field tests. 

The penetration of piles into permafrost was studied as a function 
of impact velocity, mass, and pile-shape factor. The range of impact 
velocity explored for both laboratory and field tests was 40 to 5¿5 ft/sec. 
The mass of the piles ranged from 0. 05 to 5.0 lb in the laboratory 
tests and from 11 5 to 350 lb for field tests. Solid circular piles used 
in the laboratory ranged from 0.246 to 7/16 in. diam; hollow piles 
ranged from 3/16 to 0.83 in. ID and from 5/16 to l in. OD. Other 
types of piles also used for laboratory work — cross-shaped, rec¬ 
tangular, and square piles — did not exceed 1.0 in. in maximum 
transverse dimension. The diameters of the hollow circular piles 
investigated during the field tests ranged from 1.93 to 8. 18 ID and 
from 2. 37 to 8. 62 OD. In both laboratory and field tests the ratio of 
pile penetration to maximum transverse pile dimension was limited 
to less than 20. 

The artificial permafrost used for most of the laboratory tests 
was prepared from graded Ottawa sand, type Wausau 3/0, saturated 
with water and frozen at -6C. This mixture has an aver e density 
of 1.77 g/cm* and an average water content of 23%. Other more 
limited testing was done with a few other types of permafrost made 
with bauxite, fine Ottawa sand, pure ice, Golden sand, and ground 
silica. The similarity of results obtained with different types of 
artificial permafrost indicates that the relationships developed in the 
laboratory could be applicable to field-test results. 

Phase I of the laboratory work showed that the penetration of thin- 
walled, hollow, circular piles into permafrost made with Wausau sand 
3/0 closely followed the empirical equation, 

P = KM0-* V*- */(D} - Di)0*4 

where Pis the penetration of the pile, K is a constant which, for a 
given süape of pile, depends upon the properties of the permafrost, 
M is the mass of the pile, V the velocity, and Dj and D2 are the 
external and internal diameters of the pile. 

During a second phase of the laboratory work, additional para¬ 
meters were measured in an effort to establish a physical basis for 
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eq 1. This phase consisted of two separate investigations; the first, 
to determine the displacement of a thin, hollow, circular pile during 
its penetration, and *he second to determine the influence of pile 
shape on pile penetration. 

An optical technique was developed which made it possible to 
measure pile penetration at any instant and obtain penetration-time 
curves, from which pile velocity and deceleration at any instant of 
penetration could be calculated, 

A study of penetration-time curves showed that the total force 
resisting pile penetration could be resolved into three types: crushing 
and drag forces acting at the tip of the pile and friction forces acting 
along the walls of the pile. 

The crushing force can be considered the minimum force required 
to destroy the structure of the permafrost and allow the pile to pene¬ 
trate. The drag force is the force necessary to displace particles of 
permafrost, and could also include a possible increase of the crushing 
force with velocity. 

The friction forces acting along the walls of the pile would be 
similar to friction forces common to fluid flow. On the basis of a few 
assumptions and from the analysis of a series of tests, a differential 
equation was found to provide a good model of penetration. This 
differential equation, based on constant crushing forces, drag forces 
varying with velocity, and friction forces varying with penetration and 
velocity can be written, 

-d(Mv»/2) = M(C, + C,v* ♦ C,Ple'kv)dPi 

or l 

-vdv = (C| + Cjv* + C,Pie’kv)dPi 

where is the mass of the pile, v its instantaneous velocity, C| a 

constant crushing force, C, • v1 a drag force, C, • Pi • e"kv a friction 
force, Pi the instantaneous penetration, and C.. C2, C. and k are 
empirical constants. “ 

When this equation is numerically integrated using the experimentally 
obtained values of Cj, C2, Cj, and k it closely approximates the 
experimental results within the range of the tests; it closely approxi¬ 
mates the 1.5 velocity power dependence and the 0. 8 mass power 
dependence of the penetration given by the empirical equation; it 
predicts the penetration, within the range explored during the 
experiments, when the mass of the pile is changed; and it predicts a 
mass power dependence of penetration close to unity at low penetration, 
which was observed experimentally. 

During the second investigation of phase II. model cross-shaped., 
solid-circular, rectangular, and square piles were tested. The study 
of flat-tipped piles showed that( for a constant projected area, the 
shape of a pile affected its penetration. This observation led to the 
definition of a parameter, effective pile thickness r, defined as twice 
the average sum (with respect to the projected area of the pile) of the 
respective displacements of the Individual particles of permafrost. 
This parameter provided a means of comparing flat-tipped piles of 
various shapes, using the following equations: 
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P = K,/(pt)0'4 (p/r <50, thick piles) 

P = K|/(pr)0*4 (p/r>70, thin piles) 

where P = penetration, £ = perimeter of pile cros- section, and Kj 
and Kj are constants, for piles having identical masses and impact 
velocities. For piles having identical shapes, masses, and impact 
velocities: 

P = Kj/S0** (p/r <50) 

P = K4/S0-4 (p/r>70) 

where Ks and K4 are defined as above and S is the projected area of 
the piles. The dependence of the penetration as the inverse of the 0. 4 
power of the projected area of the piles is in very good agreement with 
the empirical equation. 

For solid, circular, conically tipped piles, the penetration was 
found to vary as the cube of cos ß (2ß = apex angle of Ine conical tip). 
The penetration of ogival-tipped piles was found to be 20 to 40% greater 
than that of conical-tipped piles having the same apex angle. 

The empirical equation derived during the first phase of the 
laboratory work provided a good relationship for reducing field-test 
results. The M-17-AL Army practice rocket used during the field 
tests had insufficient thrust to achieve a 6 to 8 ft penetration of natural 
permafrost with 6. 0 in. diam piles. To achieve that penetration with 
a 10 ft long pile weighing approximately 400 lb, a rocket must, in view 
of the Alaskan tests, have 100, 000-lb thrust and a burning duration of 
80 msec. 

A design of an integrated pile-rocket assembly having the above 
characteristics and capabilities was proposed. The estimated cost of 
this integrated pile-rocket assembly is $1200 per unit in small lots. 
While this technique of rapid pile driving appears technically feasible, 
the rocket design must be perfected and fully tested and evaluated in 
the field. 



MECHANICS OF PENETRATION 

OF PILES INTO PERMAFROST 

by 

Jacques Charest, Philippe Duler and John S. Rinehart 

INTRODUCTION 

As a result of recent military and research developments in Alaska and Northern 
Canada, problems of building construction have been encountered. The annual freez¬ 
ing and thawing of the ground surface is a serious handicap to the use of conventional 
construction techniques. However, this difficulty can be overcome by driving piles 
into the permanently frozen layer of the ground, the permafrost layer, and using them 
as foundation supports. 

An unusual pile-driving technique has been proposed for rapid pile driving into 
permafrost. A fast-burning rocket could be fixed to the end of a pile, a steel tube for 
example, and launched vertically in the direction of the ground, letting the pile pene¬ 
trate under the influence of its kinetic energy alone. This technique could be valuable 
in remote areas where conventional pile-driving equipment is not available. A litera¬ 
ture survey indicated that a study on this subjact has never been done before, although 
much work has been done in connection with die conventional technique of pile driving. 
This study was approached experimentally by conducting laboratory and field tests. 

The first part of the laboratory work, Phase I, consisted of driving hollow circular 
model piles with guns into artificial permafrost. The measured parameters were the 
penetrations and the impact velocities of piles having various masses and various 
external and internal diameters. 

The main purpose of Phase II was the measurement of parameters in order to find 
a physical meaning of the empirical equation developed in Phase I. It consisted of 
two investigations. The first investigation was devoted to measuring the instantaneous 
penetrations of thin ( walled), hollow, circular, model piles as a function of their 
times of penetration. The experiments were conducted with piles having various ex¬ 
ternal and internal diameters but the same mass. The artificial permafrost used was 
the same as the one used during Phase I. The second investigation consisted of 
measuring the penetrations and the impact velocities of model piles having various 
shapes but the same masses. 

The field test program consisted of driving thin, hollow, full-size piles into 
natural permafrost using a rocket as the driving agent. The measured parameters 
were the penetrations and the impact velocities of piles having various masses and 
various external and internal diameters. The purpose of these tests was to collect 
data and to obtain technical information necessary for the development of this technique 
of rapid pile driving. 

EXPERIMENTAL 
Artificial permafrost 

The artificial permafrost used in the laboratory experiments had to be homogeneous 
and easy to reproduce. To obtain those qualities, a standard method of preparation 
was adopted. This method, which is described below, proved very satisfactory and 
constant physical properties of the permafrost were obtained. 

Sands. Graded Ottawa sand, type Wausau 3/0. was used for most of the experi- 
mental work. This very fine sand, being mostly pure silica, exhibits a great ability 
to flow and to absorb water when dry. These characteristics of the sand are very 
important to avoid trapped air and to obtain homogeneous permafrost. Two shipments, 
designated Sand 1 and Sand 2, were used for the laboratory experiments. Although 
Sands 1 and 2 had practically the same screen analysis, the penetrations into Sand 2 
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Figure 1. Aluminum container assembly. 

permafrost were approximately 15% higher than the penetrations into Sand 1 perma¬ 
frost. Sand 1 was used for most of Phase I and the first part of Phase II. Sand 2 was 
used for most of the second part of Phase II. In addition^ a few penetration tests were 
conducted with permafrost prepared from other materials. The description of all 
materials is given in Appendix A. 

Container. It was found during preliminary experiments that a minimum-size 
permafrost sample had to be used for easy manipulation of the samples and to avoid 
crack formation. These factors were considered when choosing the container to be 
used for preparing the samples. The contoiner used (Fig. 1) was made of aluminum, 
and arranged so that it could be easily taken apart, permitting rapid removal of samples 
for water content and specific gravity determination. The perforated bottom permitted 
water absorption during sample preparation. 

Sample preparation. A layer of porous paper was placed in the bottom of the 
container, to prevent the dry sand from escaping through the perforated bottom; sand 
was poured in and shaken until no appreciable settling was observed. The container 
was put into a large pan of water for about 15 hours at room temperature to allow 
complete saturation of the sand. The saturation was accomplished only by capillary 
action. The container of saturated sand was then put into a freezing unit at -6C for at 
least 2 days. Thermocouples in the samples indicated that a uniform temperature was 
obtained after this period of time. 

Water-contents and densities of the artificial permafrost are given in Table AV. 
The precision of water-content and density measurements were of the same order of 
magnitude. Due to the high rate of flow of the artificial permafrost, tests to determine 
its compressive strength were abandoned. 

Piles 

A penetration of 6 to 8 ft into natural permafrost with full-size piles was desired, 
and it was believed that hollow circular piles would have good mechanical qualities 
for field operations. The model piles for the laboratory tests were designed to permit 
easy changes in their physical characteristics and to establish a scale factor with 
full-size piles. Figure 2 shows the arrangement of the model pile. It consists 
essentially of three parts: a hollow steel cylinder, an adapter, and a driving head. 

Hollow cylinder. The hollow cylinder was made of cold-drawn seamless steel 
tubing. The cylinder was 12 in. long for pile diameters smaller than 7/16 in., and 
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24 in. for pile diameters of 1 in. In 
most cases the tip of the pile was flat. 
Brass piles were also used for special 
tests, and piles of other shapes were 
used in the second part of the Phase 
II tests. All piles used are described 
in Appendix B. 

Adapter. The adapter, made of 
cold-rolled steel, was used to hold 
the steel tube and driving head to¬ 
gether. The adapter, 1} in. long, was 
a push-fit type at one end and a screw- 
fit type at the other. A hole made on 
the side of the push-fit end permitted 
air to escape from the interior of the 
pile during penetration. 

Driving head. The driving head, 
made of cold-rolled steel or aluminum 
alloy, served a double purpose. Being 
the same dimension as the internal 
diameter of the gun barrel, the driv¬ 
ing head permitted firing the pile 
assembly into the permafrost. 
Secondly, it permitted changing the 
total mass of the pile when desired. 
This pile arrangement was found to 
be very flexible for laboratory work. 

Figure 3 shows the pile and rocket 
assembly used during the field tests. 

Guns 

The easiest and safest way to 
launch model piles into the laboratory permafrost was by using a gun. Use of a gun 
permitted obtaining many experimental results with a minimum of equipment. A 50- 
caliber and a 1^-in. gun were used, both mounted vertically. 

50-caliber gun. The 50-caliber gun assembly (Fig. 4) consisted of a 5 ft long 
3 in. diam barrel mounted vertically. For pile velocity greater than 150 ft/sec, this 
gun was operated as a conventional gun, using 50-caliber shell cases and Du Pont 
gunpowder No. 310 (Fig. 5). The powder was contained in a 50-caliber shell case, 
and the driving head of the pile assembly was simply put in the place of the bullet. A 
screw-type breech was used, which adapted to the barrel of the gun by external threads 
made on the barrel itself. As shown in Figure 4, a hammer, released by an electro¬ 
magnetic device, was used to fire the gun. 

For lower velocity, compressed air was used to give better reproduction of velocity. 
Figure 6 shows the mechanical arrangement of the gun when used as an air gun. A 
25 in. long, If in. diam copper tube was connected to a commercial air cylinder. The 
copper tube was used as a high pressure air reservoir and was capable of safely hold¬ 
ing a pressure of 600 psi. The upper part of the high-pressure reservoir was provided 
with a fast-opening valve (valve 2) followed by a flexible tube and terminated by a 50- 
caliber shell case. The air gun was operated by pushing the driving head inside the 
50-caliber shell case, inserting the shell and the pile assembly in the gun chamber, 
and clamping the whole with the system shown at the right of Figure 6. After the 
reservoir was filled to the desired pressure, the gun was fired by a quick opening of 
valve 2. 

components Pile 
assembly 

Figure 2. Pile assembly used in 
laboratory. 
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Ij-in. Run, The l^-in. gun was used to launch 
the 1 in. diam piles. Used as a conventional gun, it 
was mounted exactly as was the 50- caliber gun. It 
was designed to permit the use of 50-caliber shell 
cases which contained the powder charge. Figure 7 
shows the adaption of the 50-caliber shell case to the 
ij-in. gun and the use of a shear disk to prevent the 
pile assembly from falling due to gravity. 

Impact velocity measurement technique 

The velocity of a pile before impact with the 
permafrost was measured with a breaking-wire sys¬ 
tem, consisting of tiny wires stretched across the 
trajectory line of the pile (Fig. 8). Electrical impulses 
obtained when these wires were ruptured by the pile 
were recorded by a counter (Hewlett-Packard type 
4Z3-Q) and the velocity of the pile was calculated from 
the time interval between them. 

The guides shown on the sketch were used to re¬ 
duce the sag of the wires at the instant of rupture, thus» 
reducing errors in the time measurements. The wire 
used during the experiments was 0.003-in. Nichrome 
wire. This technique, checked with the penetration¬ 
time measurement technique described later, showed 
an ccuracy of 3% or better in the velocity measure¬ 
ments, which was acceptable for the present work. 
Figure 9 is a diagram of the electrical circuit used 
with the velocity measurement system. 

Firing procedure 

The samples of permafrost were not taken out of 
the freezer until the gun and the instrumentation we^e 
ready to operate; the maximum time lapse from the 
instant the samples were taken out of the freezer, 
fired into, and returned to the freezer did not exceed 45 sec; the penetrations were 
measured inside the freezing unit with a precision of Í 0.03 in. The firing rate was 
limited to a minimum interval of 1 5 min and was generally made according to an in¬ 
creasing order of penetration. 

Figure 9. Electrical 
diagram of the break¬ 
ing-wire system. 

PHASE I 

Experimental data from Phase I tests are given in Appendix C. 

At an early stage, an empirical equation was derived from the experimental re¬ 
sults for hollow circular piles (Charest, Duler, and Rinehart, 1961): 

P = Kj [ M0,7 * V1*5 /(0¾ - )°-s] (1) 

where P is total penetration of the pile in permafrost, M is the mass of tne pile, V is 
its impact velocity, DJ and 1¾ are, respectively, the external and internal diameters 
of the pile, and K5 is a constant which depends on the properties of the permafrost. 

Equation 1 was derived from results obtained with both thin and thick (walled)« 
hollow, circular piles and, in fact, included a solid circular pile. The influence of 
pile shape was studied extensively in Phase II with additional work in Phase I being 
limited to thin, hollow, circular piles. A thin, hollow, circular pile is defined as a 
pile for which the ratio of wall thickness, T, to external diameter Dj, T/Di, is 
smaller than or equal to 0. 2. 

An empirical equation giving the penetration of a thin, hollow, circular pile as a 
function of the impact velocity, the mass, and the shape factor was derived. The 
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experimental results were plotted on log-log scales because they provided an expedient 
and rapid way for establishing the law of penetration as a function of the parameters of 
the pile. 

Impact velocity dependence 

The penetration of piles into permafrost was first studied as a function of impact 
velocity, i.e., the velocity at which the pile hits the surface of the permafrost. One 
must recall that penetration takes place only under the influence of the kinetic energies 
of the piles, which correspond to their respective impact velocities. Figures 10a and 
10b show the penetration vs impact velocity curves for a 7/16 in. diam pile, penetrating 
various types of permafrost, including pure ice. The mass of the pile was kept con¬ 
stant. The slopes of these curves are very close to 1.5. For some materials, ice for 
instance, the slope is slightly higher. For others, such as fine Ottawa sand, the slope 
is slightly less. The differences in penetration at the same velocity are due to the 
differences in the physical properties of the materials involved. Figure 11 shows the 
penetration of a 1.0 in. diam pile into permafrost made with local soil (Golden soil). 
The slope of this curve is also close to 1.5. It is thus possible to write an expression 
giving the penetration of a given pile as a function of the impact velocity: 

P = K6 V1-5 (¿) 

where P is penetration, K¿ is a constant, and is impact velocity. Most of the experi¬ 
mental results obtained in this work agree very closely with eq Z within the range of 
penetration studied. Because scaling between the field and laboratory work was desirable, 
the range of penetration studied in the laboratory was limited to values of the ratio 
P/Di between 2.0 and 20.0, the range of practical interest. 

Mass dependence 

The second parameter investigated was the mass of the pile. Figure 12 shows 
the penetration of 6/16 in. diam piles of various masses as a function of impact velocity. 
All these curves show a dependence on velocity close to a 1.5 power. The penetration 
given by each curve at a 300 ft/sec impact velocity plotted as a function of the mass of 
the pile (Fig. 13) shows a slope of approximately 0. /8, and since the curves of Figure 
12 are almost parallel, we can write 

P = K7 M0-78 (3) 

where K? is a constant and M is the mass of the pile. 

The combination of eq 2 and 3 gives 

P = K, M0*78 V1-5 (4) 

where K. is a constant. 

Multiplying both sides of eq 4 by (M0/M)0,78, one obtains 

PM = P(M0/M)0-78 = K, V1-5 (5) 

where P^j is the reduced penetration, M0 is a reference mass, and Kç is a constant. 

Reducing the experimental results of Figure 12 by the factor (Mq/M)0,78. making 
Mp equal to 0. 38 lb, gives the reduced penetration Pj^ as a function of the impact 
velocity (Fig. 14). The slope of this curve is also very close to 1.5. 

The reduced-penetration curve for 1.0 in. diam piles in Golden soil is shown on 
Figure 15. These experimental results show a better agreement with the following 
equation: 

PM = P (M0 /M)0,7 * = K10 V1-5- (6) 
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The mass of the pile has been expressed in pound mass to conform to the four-unit 
engineering system F * Ma/gc, where F is lb-force, M is lb-mass, a is ft/sec and 
gc is 32. 12 lb-mass x ft/lb-force x sec*” (See Comings, 1940, for extended discussion). 

Shape factor dependence 

The shape factor is defined by (Df - Dj ), where Dj is the external diameter and 
D, the internal diameter of the pile. This shape factor, which is directly proportional 
to the projected area of the pile, is very significant for studying bodies moving rapidly 
through deformable media. 

The curves showing the penetration of 0. 5-lb piles having different shape factors 
(Fig. I6a-e) are in good agreement with the 1.5-power velocity dependence of pene¬ 
tration. All the curves are shown in Figure 16e, and the penetration at 200 ft/sec is 
plotted versus the shape factor (Df - Df ) in Figure 17. The dotted curve of Figure , 
showing an approximate slope of -0. 5, represents the average effect of the shape factor 
considering both thin-walled and thick-walled piles throughout. This gives the factor 
(Df - Df )0,5 appearing in eq 1. 

The solid curve represents experimental data obtained with piles for which the 
ratio T/Dj is equal to or smaller than 0. 2. The change in mode of dependence on the 
shape factor from thin to thick piles is discussed later. The slope of the solid curve 
of Figure 17 being approximately -0.4, one may write: 

P = Kn (Df - Df )-0-4. 

The curves of Figure 16e being parallel, one may write 

(7) 

P = Ku [Vl*s /(Df - Df)0*4]. (8) 

Multiplying both sides of eq 8 by [(1¾ - Df )/(Df0 - Dfo)]0'4 one obtains 

Ps = P[(Df -Di)/(I>fo - Dio)]0’4 = K„ V1-5 Í9) 

where Ps i* the reduced penetration, (Df0- Dfo) is a reference shape factor, and Kl3 
is a constant. 

Figure 18 shows the reduced penetration as a function of impact velocity, using 
the 7/16 OD, 5/16 ID pile for the reference shape factor, (Df0 - Df0) = 24. The slope 
of this curve is close to 1.5. 

Letting M0 = 0. 5 lb and (Df0 - Df 0) = 24, the experimental data used in this chapter 
are represented with reasonable scatter by the following equation: 

P* = P [(M0/M)]0-8 [(Df - Df )/(Df0 - Dfo)]0’4 = Ku V»-* (10) 

where P* is the reduced penetration and Ki4 is a constant. Figure 19 gives the curve 
of the experimental data reduced by eq 10. The data for thick-walled piles, lower 
curves of Figures 16c and 16d, are not used in Figure 19. The curve through the 
experimental points is almost the same as the curve for the reference pile (upper part 
of Fig. 10a). Thus 

P = K,5 [(M0-» V1-5 )/(Df - Df)0-4] HD 

represents a possible empirical equation giving the penetration of thin, hollow, circular 
piles into artificial permafrost, under the present experimental conditions. 

THEORETICAL CONSIDERATIONS 

It is the purpose of this section to establish a sound and reasonable physical basis 
for empirically derived equations 1 and 11. They may have a physical meaning in the 
same sense as the simple equation 

ek = }mv* (12) 

giving the kinetic energy, E^, of a moving body as a function of its mass, M, and its 
velocity, 
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Figure 19. Reduced penetration vs impact velocity for 
piles having various masses and shape factors. 

To make a comparison, the following hypothetical models are discussed. 

Constant force model 

A pile is launched in the direction of a visco-solid material, such as permafrost, 
and the penetration takes place solely under the influence of the pile's kinetic energy. 
For simplicity, it is assumed that the only strength acting against the pile during 
penetration is a constant crushing strength at the tip of the pile; this force is also 
assumed to be proportional to the projected area of the pile. Other posjible forces 
are neglected. Under these conditions, the differential equation for movement of the 
pile, based on the principle of the equivalence of the loss of kinetic energy and the 
work done, can be written: 

ci S dP. = -d( |Mv2 ) (13) 

where c, is a proportionality constant, S is the area of the pile projected on a plane 
perpendicular to its trajectory, P¿ is the instantaneous penetration, M is the mass, and 
V the instantaneous velocity. Equation 3 becomes: 

c, S dP. -Mvdv 

which after integration becomes 

P = I MV2 /(c! S) 

where_P is total penetration and V is impact velocity. 

(14) 

(15) 
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Equation 15 shows that the penetration of the pile under the above conditions is 
directly proportional to its mass, is directly proportional to the square of its impact 
velocity, and is inversely proportional to its projected area. 

Variable force model 

As a second extreme case it is assumed that only frictional forces act against the 
pile during penetration. For simplicity, the total force is assumed to be proportional 
to the area of the pile in contact with the permafrost. Therefore, the force can be 
expressed as the product of the instantaneous penetration of the pile and of the perimeter 
of its cross section. Then the following differential equation can be written: 

cj p Pj dP. = -d(£Mv2 ) (16) 

where Cj is a proportionality constant, £ is the perimeter of the cross section of the 
pile, M is its mass, ^ its instantaneous velocity, and P^ its instantaneous penetration. 
Equation 16 becomesrafter integration, 

P * M* V/(cj p)^ (17) 

where £ is total penetration and _V is impact velocity. 

Equation 17 shows that the penetration of the pile under those conditions is 
proportional to the square root of its mass, is proportional to its impact velocity, and 
is inversely proportional to the square root Of the perimeter of its cross section. 

By comparing eq 15 and 17, one sees that both these simple hypothetical models 
lead to well-defined mathematical formulations, each having a clear physical meaning. 
The different structures of eq 15 and 17 are the result of the different nature of the 
force involved in each case. The following question now comes to the mind: What 
would happen to the mathematical formulation if the pile simultaneously experienced 
both a crushing force and a friction force during penetration? 

Combined force model 

Assuming that crushing force and friction force both act against the pile during 
penetration, one can write 

(ClS + CjpP.) dP. = -d(iMv2 ). (18) 

Equation 18 becomes after integration: 

To show the effect of doubling the mass, an arbitrary value , f unity is given to 
Cj , c3, M, V, S, and p in eq 19. Then, eq 19 gives Pt = 0.414 units of penetration. 
DoublingThe mass while keeping the other parameters constant gives P2 = 0. 731 units 
of penetration; thus doubling the mass increases penetration by a factor P¿ /Pi = 
0.731/0.414 = 1.77. 

According to eq 15, doubling the mass increases penetration by a factor of 2, and eq 
17 indicates that penetration would be increased by \í¿ or 1.414. Equation 19 gives an 
intermediate value between eq 15 and 17. Moreover, it can be shown by other simple 
calculations that any other intermediate value between eq 1 5 and 17 is possible, de¬ 
pending upon the relative importance of the two forces ci and Cj . 

Anticipating the results presented in the next chapter, it is no longer surprising 
to find empirical equations containing nonrational exponents since the forces acting 
against piles during the penetration process are mainly of three types: a crushing 
force, a drag force, and a friction force. Since laboratory experiments consisted of 
measuring total penetration, which is controlled by three forces of different nature, it 
becomes clear that the 0.75 or 0.8-mass power dependence of eq 1 or 11 can be interpreted 
physically. The same arguments can be used to explain the power dependence on 
velocity and shape factor. 
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FIRST INVESTIGATION, PHASE II 

Penetration-time measurement technique 

The piles used during the first investigation of Phase II were modified as follows 
for penetration vs time measurements. 

With a conventional lathe, shallow grooves, equally spaced, were cut along half 
the length of the piles with a flat-head cutting tool. The grooves were painted black, 
resulting in a succession of alternate black and metallic stripes on the piles. The piles 
were then turned slowly on a special lathe, and a thin band of white paint was applied 
with a drafting pen to the metallic stripes. The piles then had alternating black and 
white stripes along half their length. 

This procedure was found to be very reliable. The constant distance between the 
white stripes could be controlled with great precision; the demarcation lines between 
white and black stripes were very sharp; and it was very easy to repaint the stripes 
when necessary. A special lathe was designed for this operation. Made of Plexiglas, 
it used a small synchronous motor with an output revolution of 4 rpm. After each 
complete revolution the drafting pen was simply shifted by hand and the next white 
stripe was applied. The distance between each white stripe was 0. 100 Í 0.003 in. 

Figure 20 is a schematic representation of the principle of the penetration-time 
measurement technique. An arrangement of a small bright-light source, S, and a 
lens system Lj and L2 , gives a stationary spot of light , focused abovefhe surface 
of the permafrost on the trajectory line of the pile. A photo-multiplier tube is located 
behind a masking arrangement inside a camera, C. The camera is focused in such a 
way that the image of S1 coincides with a small hole in the mask, permitting only the 
light reflected from an object located at S1 to reach the cathode of the photo-multiplier 
tube. As the pile passes in front of the spot of light, impulses of light reflected from 
the white stripes on the pile emerge onto the photo-multiplier, are converted into 
electrical impulses by an electrical circuit, and fed into an oscilloscope. 

The light source, S, was an automobile headlight bulb, Westinghouse tvpe 2330, 
6-8 volts. This bulb, of relatively small filament, gave a strong-intensity light. The 
bulb was operated with direct current to avoid 60-cycle fluctuations, which could have 
been easily recorded by the photo-multiplier tube. 

Lens Lj was an aerial photo type having a 24-in. focal length at f/4. 0. The large 
focal length minimized the effect of the size of the filament bulb with respect to the 
focal length of the lens. For these experiments, the ratio of filament size to focal 
length was 3/610. Lens Lj was a simple converging lens, 2.4 in. in focal length. 
The spot of light S1 was 0. 04 in. in diameter. The distances 51¾ , Lj Lj and Lj Sx 
were, respectively, 39, 91, and 2 in. 

An aerial photo camera with a 7-in. focal length lens was used. The photo¬ 
multiplier tube was a R.C.A. type 931A. Figure 21 shows the electrical circuit which 
was used with the penetration-time measurement technique. The oscilloscope, a 
Hewlett-Packard model 123-A, was triggered by the output signal of the third wire of 
the velocity measurement system. 

Determination of penetration-time curves 

A typical oscilloscope record is traced ir. Figure 22. The lower signal io a 
measurement of the amount of light reflected from the pile and each peak of the signal 
corresponds to the instant at which each white stripe of the pile passed the directed 
spot of light S' (see Fig. 20). The upper signal is a reference time base signal. 
Using a traveling microscope, the distance of each successive peak of the lower signal 
is compared with the distance of the upper reference signal to obtain the relative time 
at which each white stripe passed light spot S'. As the distance between each white 
stripe of the pile is 0. 1 in., this gives the displacement of the pile with respect to the 
first white stripe (first-left peak of the lower signal) as a function of time. Portion 
AC of the plot shown in Figure 23 gives displacement of the pile as a function of 
relative time. Points A and C of Figure 23 correspond, respectively, to the first 
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and last white stripe which passed in front of light spot S'. The ordinate or displace¬ 
ment of point A was chosen as zero to simplify the calculations. The abscissa of point 
A could not always be made equal to zero because of some mechanical limitations of 
the traveling microscope used; this limitation caused no difficulty in determining the 
penetration-time curves. 

Segment AC of the curve shown in Figure 23 is not the penetration-time curve; 
three determinations must be made to establish that curve: the final penetration; dis¬ 
placement and time coordinates of the beginning of penetration; and the time at which 

the pile comes to rest. 

Final penetration. Immediately after firing the pile into permafrost, the in-place 
pile was visually inspected and a count made of the white stripes which had passed 
light spot S'. The purpose of this count was two-fold: to compare the number of white 
stripes which had passed the light spot with the number of peaks of the oscilloscope 
signal and to determine final penetration. Point C of Figure 23 represents the last- 
right peak of the oscilloscope signal, but the final position of light spot S' after the 
pile had come to rest.could lie between the white stripe corresponding to point C and 
the next stripe. The distance that the light spot lay beyond the white stripe corresponding 
to point C was added to the ordinate of point C to establish the ordinate of final pene¬ 
tration designated by line D in Figure 23. That distance, designated "correction, " 
could not be measured with a greater accuracy than 0.03. 
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.Beginning of penetration. The total penetration of the pile, measured as in Phase 
I, subtracted from the ordinate of point D in Figure 23, gives a point B which defines the 
beginning of penetration. This point must be on curve AC. Giving point B coordinates 
0, 0 on the penetration vs time scales of Figure 23 and making the proper shift for the 
rest of the experimental points, one obtains the segment BC of the penetration-time 
curve. 

Final time of penetration. To find the abscissa of point D, tp, wljich represents 
the total time of penetration, curve BC is extrapolated to the horizontal line passed 
through point D. The intersection of extrapolated curve BC and the horizontal line 
through point D then gives the total or final time of penetration tD. Segment BD of the 
experimental curve then becomes the penetration-time curve. Segment AB corresponds 
to the free flight of the pile before impacting the permafrost. The slope of the straight 
line AB provides a good means of measuring the impact velocity of the pile. 

Study of penetration-time curves 

From a series of firings made in the same sample of permafrostt a set of pene¬ 
tration-time curves was obtained. The data of these curves are given in Appendix D, 
Tables DI-DIX. During this series of tests, a steel pile having a 0. 5-lb mass and 
external and internal diameters of 7/16 in. and 6/16 in. was used. It was found that 
most of these curves could fit, within 1% deviation for most of their length, a third 
order time-dependent equation of the type, 

P. = At + Bt2 + Ct3 ^2.0) 

where Pi is instantaneous penetration (penetration at the given instant), t is time, and 
.£> and are constants, characteristic of a given penetration-time curve. 
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Figure 22. Trace of an oscilloscope 
record of the penetration-time meas¬ 

urement technique. 

Determination of a penetration-time curve. Figure 23. 
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No time-dependent term appears in eq 20, since by definition the penetration is 
zero at time zero. Knowing the value* of coefficients A, B, and C of a given penetration- 
ime curve, it is possible to calculate the velocity and "deceleration óf the pile at any 

instant of penetration by evaluating the first and the second time derivatives of eq 20. 

Determination of A, B, C. Coefficient A corresponds to impact velocity V, which 
is measured experimentally. This is seen by evaluating the first derivative oFeq 20 
at time zero, ^ 

(dPi/dt>t = 0 = A = V. 

Two points are chosen along the experimental penetration-time curve, and a pair of 
simultaneous linear equations in Ji and C are solved: 

Pü = Vtj + Btf + Ctf 

Pi2 = Vt2 + Bti + Ct| 

where tj and t2 are the measured times of penetration corresponding to measured 
penetration P^ and Pi2 . Calculated values of A, B, and C for the data given in 
Tables DI-DIX are given in Table I. 

Deceleration—penetration curves. An example of the determination of a decelera¬ 
tion-penetration curve follows.The A, B, C values for the Table DIV data give: 

Pj = 2. 21t - 0. 327t2 - 0. 022t3 . 

Tne penetration-time data of Table DIV and the calculated values of the first and 
second derivatives of eq 21, give Table II and the deceleration-penetration curve 
corresponding to eq 21. The numerical values of Table II will be used later for the 
evaluation of experimental constants. These data were used because the total pene¬ 
tration in these tests closely represents the middle range of penetrations covered by 
this series of tests. Moreover, eq 21 shows a very good fit with the penetration-time 
data from which it was derived. 

Tab!#* I. Values of the coefficients A, B, £ of eq 20 after the 
penetration-time data given in Appendix D. 

Data of A 
table (in. /msec) 

DI 
DH 
DHI 
DIV 
DV 
DVI 
DVII 
DVIII 
DIX 
* 

* 

2.87 
2.37 
2.26 
2.21 
2.00 
1. 54 
1. 51 
1.47 
1. 18 
0.80 
0. 68 

«Data not given in Appendix D. 

B 
(in. /msec* ) 

-0.360 
-0.330 
-0.310 
-0.327 
-0.282 
-0.245 
-0.260 
-0.260 
-0.270 
-0.255 
-0.235 

C 
(in. /msecM 

-0.016 
-0.008 
-0.033 
-0.022 
-0.018 
-0.025 
-0.027 
-0.020 
-0.010 
-0.000 
-0.000 

Physical model 

From the series of tests made at different velocities (Tables DI-DIX) a set of 
deceleration-penetration curves were obUined. As sketched in Figure 24, these 
curves show two characteristics: a well-defined impact deceleration a0 at penetration 
zero, increasing with impact velocity V, and an increase in the deceleration a with 
the instantaneous penetration P.. These two characteristics suggest the following 
model of penetration. 8 
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Values of v, a = 2B12 and t after eq 21 and after 
Table DIV of Appendix D. 

Velocity Deceleration Time 

Table II 

v 
(in. /msec) 

2.210 
1.948 
1.645 
1.330 
0.995 
0. 638 
0. 450 
0. 260 
0.000 

a t 
(in. /msec2 ) (msec) 

0.654 0.0 
0.710 0.4 
0.760 0.8 
0.812 1.2 
0.865 1.6 
0.918 2.0 
0.944 2.2 
0.971 2.4 
1.000 2.6 

Penetration 
Pi 
(in. ) 

0.000 
0.820 
1. 540 
2. 140 
2. 600 
2. 936 
3.040 
3. 115 
3. 150 

Impact deceleration. Figure 25 shows the absolute values of impact deceleration 
q0 plotted as a function of impact velocity V. In other words, this graph is the plot of 
the absolute numerical value 2B as a function of the corresponding numerical value A 
given in Table 1. One recalls from eq 20 that (dP^/dt^-g = A = V and -(dz P^/dt2 )^-q - 

• 2B ~ Qq • 

An examination of the curve shown in Figure 2 5 indicates a non-linear increase 
of impact deceleration a0 with an increase of impact velocity _V. Moreover, a curve 
passed through the experimental values definitely crosses the Qq axis ai a positive 
value Oq . These two observations of the impact deceleration-impact velDcity curve 
suggest that the two following phenomena occur at the beginning of peneiration and, by 
extension, during the penetration process. 

Crushing force. For the pile to penetrate permafrost, a minimum force is re¬ 
quired! This ¿orce is necessary to destroy the structure of the permafrost and permit 
the pile to penetrate. Since this crushing force acts at the tip of the pile, it must be 
present for the duration of the penetration process. As deceleration of the pile is di¬ 
rectly proportional to the resisting force, the value of in Figure 25 would correspond 
to this crushing force. 

Drag force. The increase of impact deceleration a0 with increase of impact 
velocity V suggests that, besides a crushing force, a dynamic force must also be pres¬ 
ent during the penetration process. By analogy with fluid dynamics, this second force 
would be similar to the drag force experienced by a solid body moving through a fluid 
medium. It might be regarded as the force necessary to displace the particles of 
crushed permafrost. This drag force might also include an increase of crushing force 
with increased velocity. On the basis of theoretical considerations and of the non¬ 
linear increase of the observed impact deceleration, one can pass through the experi¬ 
mental data of Figure 25 a curve of the following type: 

010 = ^ (22) w G JJ o 

where a„ is impact deceleration, ac is crushing deceleration, and is an impact 
drag deceleration which is a function of impact velocity. 

Assuming the drag force to be proportional to the square of velocity, one obtains: 

ao = ac + C2 V2 (23) 

where Ca is a drag coefficient and V is impact velocity. Drag deceleration aD or 
Cj V2 would then correspond to the""3rag force acting at the tip of the pile. Sinfce drag 
deceleration is a function of velocity, it must be present during the complete penetration 
process. Its value at any instant of penetration then becomes: 

qd = C2 v2 

where is instantaneous drag deceleration and v the instantaneous velocity. 

(24) 
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.gure ¿4. Instantaneous deceleration vs instantaneous penetration 
for various impact velocities. 

Figure 25. Impact deceleration vs impact velocity. 
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Linear acalea 

§ 

Crushing dscslsratlon region (Ole) 

Pi, IHSTAmnOUS pinitration 

Figure 26. Total deceleration as the sum of three individual decelerations. 

Using the data of Figure 25 and eq 23, one finds by graphical solution the following 
significant values of a^. and C2 : 

ciç = 0. 47 in./msec2 

C2 = 0.029 in. -1 

These values of qq and C2 are for the 7/16 in. ext diam and 6/16 in. int diam pile 
used in the series of tests given in Tables DI-DIX. 

Total deceleration: friction force. All the deceleration-penetration curves show 
an increase of deceleration rate with an increase of penetration P¿. This observation 
suggests the existence of a third type of force participating in the penetration process. 
This force can be visualized as a friction force acting along the walls of the pile in 
contact with the permafrost. The area under the deceleration-penetration curve can be 
divided into three regions (Fig. 26). The lower region corresponds to the fraction of 
total deceleration due to a constant crushing force. The middle region corresponds 
to the fraction of total deceleration due to drag force. The height of the middle region 
is maximum at penetration zero, since the maximum velocity of the pile is at the be¬ 
ginning of the penetration. The upper region corresponds to friction force. The total 
deceleration can, therefore, be written 

(25) 

where a is total deceleration, dç is crushing deceleration, qq is drag deceleration, and 
ajp is frictional deceleration, op corresponds to the height of the upper region of the 
curve shown in Figure 26 

qf = Q '(Qc + qd)- 
(¿6) 
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It is seen that frictional deceleration increases non-linearly with penetration. 
One may then write: 

QF = fl (Pi'v) (¿7) 

where fj (P¿> v) is a function of instantaneous penetration and instantaneous velocity. 

Since, by the nature of the experiments, there were no particular indications of 
the behavior of the friction force, the following assumption was made. Using again 
the analogy of fluid dynamics (Rouse, 1946), the friction force was assumed to be 
proportional to the surface of the pile in contact with permafrost, therefore proportional 
to instantaneous penetration. Equation ¿7 may be written as follows: 

QF = Pi í¿ (FV v) (¿8) 

f¿ (Pj’ v) a friction factor which is a function of instantaneous penetration P- and 
instantaneous velocity v. Assuming the friction factor to be independent of penetration, 
eq ¿8 reduced to: 

qf = Vi(v) (¿9) 

where fj(v) is a friction-factor function of instantaneous velocity. 

Figure ¿7, from the data of Table 11, shows the numerical values of the frictional 
deceleration region. The upper curve of Figure ¿7 is the deceleration-penetration 
curve and the lower curve is calculated from (ac + C2 v2 ) where ac = 0. 51¿ in. /msec2 
and C2 = 0. 0¿9 in. " . The numerical difference of the two curves gives frictional 
deceleration aF as a function of penetration Pi (Fig. ¿8). The numerical values 
aF*Pi Plotted on a semi-log scale as a function of the velocity of the pile give Figure 
¿9. Since a straight line of negative slope fits the points very well, one can write: 

aF/Pi = CJ e kV (30) 

or 

QF = C* Pi e’kV (il) 

where C3 is a friction constant and k is a constant. 

From Figure ¿9, 

q„ = 0. 156 p.e-°-24V* F i 

Equation 31 means that frictional deceleration, or friction force, is proportional to 
instantaneous penetration and proportional to a friction factor decreasing exponentially 
with velocity. The decrease of friction force with velocity is a common phenomenon 
(Palmer, 1949). 

Semi-empirical equation. Combining eq 25, 24 and 31, 

a = QC + C2 V2 + Cj P. e‘kv (j2) 

where a is total instantaneous deceleration, ac is deceleration due to crushing force, 
a ^ra8 coefficient, ^v is instantaneous velocity, P. is instantaneous penetration, 

and Cj a constant of friction. 

Inserting the experimental values derived from the series of tests used in this 
chapter, one obtains 

a = 0.47 + 0.029 V2 + 0. 156 P. e-0-24v 
i 

where a is in in. /msec2, v is in 
eq 33 by M, one obtains:- 

in. /msec, and P^ is in in. 

(33) 

Multiplying both sides of 
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-1-1-ï I I 
Bxt. dlM 7/16 in. Llnnnr acnlM 

Znt. dina 6/16 In. 

Mass 0.3 lb 

Sand 1 

Pt, INSTANTANSOUS P1MITSATI0M (IN.) 

Figure 28. Frictional deceleration vs instantaneous penetration. 
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(34) 
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Ma = M(0. 47 + 0.029 V* + 0. 156 P. e-0-i4v) 

where M is the mass of the pile. Since eq 34 has the dimensions of forcef using the 
principle of equivalence of lost kinetic energy and work done, one can write: 

-d(| Mv2 ) = (Ma) dP. (35) 

or 

-d(£ Mv2 ) = M(0. 47 + 0.029 V2 + 0. 156 P. e'0,24v) dP. (36) 

Equation 36 becomes, after simplifications, 

-vdv = (0. 47 + 0. 029 V2 + 0. 156 P. e'0-24v) dP.. (37) 

Numerically integrating eq 37 by using steps of penetration of 0. 1 in. and comparing 
the calculated results with the experimental results, one obtains the graph of Figure 30. 

The upper curve is the calculated curve for a 7/16 in. ext diam and 6/16 in. ini 
diam pile having a mass of 0. 5 ib. The lower calculated curve is for the same type 
of pile having a mass of 0. 287 lb. Both calculated curves show a good agreement 
with experimental data obtained during laboratory work. Table IH gives the calculated 
penetrations. 

Discussion of the physical model 

The physical model mathematically represented by eq 37 is in very good agree¬ 
ment with experimental results. Within the range of penetration studied, it closely 
reproduces an average 1. 5-velocity power dependence of the penetration given by eq 11. 
It is not surprising to obtain the 1. 5-velocity power dependence, since three different 
forces participate in the penetration process. Any other value of velocity power 
dependence would also have a physical meaning, since the velocity power dependence is 
affected by the relative importance of each force present in the process. It can be 
shown that an increase of the friction force, keeping the crushing and drag forces 
constant, will decrease the value of the exponent of the velocity power dependence of 
the penetration. By the same argument, a decrease in friction will increase the 
velocity power dependence. This fact was confirmed by special experiments. 

The first set of experiments consisted of firing a brass and a steel pile of the same 
mass and projected area into the same sample of permafrost. Figure 31 shows that 
the penetration-velocity curve has a greater slope for the brass pile, as expected 
since the coefficient of friction between brass and permafrost is less than that between 
steel and permafrost. Moreover, it was much easier to withdraw the brass pile from 
the permafrost than the steel pile. 

The second set of experiments consisted of firing two steel piles having the same 
mass but different wall thicknesses (Fig. 32). The reduction of one pile wall reduced 
the friction between the pile and the permafrost. As expected, the penetration curve 
for the thinner-walled pile shows a greater slope (Fig. 33). 

The calculated penetration at 200 ft/sec is 3. 78 in. for a pile having a 0. 5-lb 
mass and 2. 41 in. for a pile having a 0. 287-lb mass (Table III). Those values of 
penetration represent the range covered by the experiments. The mass power dependence 
of penetration at 200 ft/sec is obtained from 

(P2 /P, ) = (M2 /M, )^ (38) 

where p is the mass power dependence of penetration, by inserting the numerical 
values: 

(3.78/2.41) = (0.500/0.287)^ 

p = 0.812. This calculated value is close to the average mass power dependence 
given by eq 11. 
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Figure 33. Penetration vs impact velocity for piles having 
different wall characteristics. 

Table III. Calculated penetrations (eq 37). 

Impact 
Penetration velocity Mass 

P V M 
(in. ) (in. /msec) (lb) 

0.52 0.72 0.500 
1.27 1.20 0.500 
3.78 2.40 0.500 
6.61 3.60 0.500 
0.76 1.20 0.287 
2.41 2.40 0.287 
4.33 3. 60 0.287 

The calculated values for 100 ft/sec give p » 0.925. At this velocity, penetration 
is close to the low range of penetration, where good agreement with a 1.0-mass power 
dependence would be expected. Fisures 34a and 34b show plots of reduced penetration 
PM * P(Mfl /M) and PM = P(M0 /M)"** for piles of different masses. There is better 
agreement of the experimental data with P(M0/M) in the low penetration range and 
with P(M0 /M)°** at high penetration. 
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SECOND INVESTIGATION, PHASE H 

The physical model of penetration developed in the previous chapter was derived 
for only one thin, hollow, circular pile. The purpose of this second investigation was 
to study the influence of pile shape on pile penetration. The main objectives were to 
find parameters related to the shape of the piles and to relate these parameters to the 
penetrations of variously shaped piles. These piles were designated by a letter symbol 
and their characteristics are given in Appendix B. The firing data are given in Appendix 
E. 

Piles of the same projected area 

A useful aerodynamic concept is the projected area, the maximum cross sectional 
area perpendicular to the line of displacement of a penetrating object. Figures 3 5a 
to 37d were obtained by using six piles of different shapes having a mass of 0. 322 lb 
and a projected area of approximately 0.048 in. 2 . To compare the penetrations, a 
reference pile and a reference permafrost were needed, since various samples and 
various types of permafrost were tested. Circular pile S4, described in Appendix B, 
was used as the reference pile for this series of tests; the reference sample of perma¬ 
frost is the sample for which the data are plotted in Figure 3 5c. The correction 
factor X. is defined as follows: 

_ penetration of reference pile in reference sample 
penetration of reference pile in the sample tested 

Multiplying the ordinates of Figures 35a to 37d by the correction factor \ gives 
Figure 38. Because of practical difficulties in machining the piles, a 5% variation of 
the projected area of the piles was found. Since the penetration of a pile varies at 
most as the inverse of the first power of its projected area (as shown later), the maxi¬ 
mum expected variation of penetration (the variation between the lowest and the highest 
curve on Figure 38) cannot be attributed only to this 5% variation of the projected area. 

An examination of Figure 38 clearly indicates that the projected area is not the 
only significant parameter involved during the penetration of variously shaped piles. 
An attempt to study the penetrations of piles as a function of the perimeter of their 
cross section alone also proved unsatisfactory. However, the well-defined decrease 
of penetration when the perimeter is increased indicates that the perimeter is a con¬ 
trolling factor, although it does not completely explain the different penetrations ob¬ 
tained with various piles having the same projected area. 

Effective projected area 

It is the purpose of this section to define a useful quantity by which the penetrations 
of variously shaped piles can be expressed in simple analytical form. This useful 
quantity, Z, called the effective projected area, is defined as follows: 

Z = pmTn (39) 

where p is the perimeter of the cross section of the piles, t is the effective thickness, 
and m and n are empirical exponents. 

The choice of quantity is based on the following considerations. When a pile 
penetrates a viscoelastic material such as permafrost, three types of forces act 
against the pile: frictional forces on the sides of the pile and crushing and drag forces 
on the tip of the pile. The frictional forces are directly related to the area of the pile 
in contact with the permafrost, hence to the perimeter of its cross section. The 
crushing and drag forces, which are related to a large extent to the lateral displace¬ 
ment of particles of permafrost during pile penetration, are assumed to be connected to 
the effective thickness, r, which is defined now. 

Effective thickness. Considering a one-dimensional situation, the total movement 
of displaced permafrost can easily be defined as a function of the displacement Xmax 
of particles of permafrost undergoing the greatest displacement. For any other shape 
of projectile, the sum of the displacements of individual particles is no longer a function 
of maximum displacement alone. This total displacement will now be a function of the 
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various dimensions of the cross section of the pile. To reduce the various possible 
cases to the simple case seen above, a shape factor Q was introduced: 

Q X 
av 

/X 
max (40) 

where Xav is average displacement X per particle and Xmax the displacement of 
particles of permafrost undergoing tHe greatest displacement. See sketch below: 

Now the average displacement per particle is de* 
fined as an average o. the various displacements of area 
elements dS, the variable defining the average being S: 

In this formula, the integrals are extended on dS to the 
total cross section surface S and X is taken along the 
paths of flow of the material. 

Since defining the paths of flow by experimental 
work was impossible, the assumption was made that, at any point of the surface S, the 
material will flow towards the nearest edge of penetrating surface S. This assumption 
is believed satisfactory for circular, square, or rectangular piles. For cross-shaped 
piles the assumption is not easy to apply. For a simple geometrical shape of pile, 
it is possible to define different areas in which displacement has the same direction for 
the various points of the area. In this fashion, Q_ can be calculated for the piles which 
were studied. By applying shape factor Q to the actual wall thickness T? of the pile, 
effective thickness r is obtained: 

T = TQ. (42) 

Finally, because of the symmetry of piles used for practical purposes, the maximum 
displacement Xm x for these piles is always equal to half their wall thickness T. 
Therefore, the effective thickness t is equal to twice the average displacement"per 
particle Xav. 

Shape factors Q are determined in Appendix F for the various piles used in this 
study. By calculating effective thickness r from eq 42 and relating p and r to pene¬ 
trations of the piles, exponents m and n of eq 39 can be determined. 

Experimental results showed that exponents m and n of eq 39 had constant values 
for p/r<50 and p/r>70. From those observations, thick piles are defined by p/r< 50 
and thin piles by p/r>70. 

Thick piles 

The experimental results reported for piles of constant projected area (Fig. 35-37), 
and results of other tests (Fig. 39a-42b) are discussed. The characteristics of the piles 
used in this section are given in Table IV. 

Determination of a relationship. To determine how penetration P is related to p 
and T, a simple mathematical relationship was tried: 

P = Ku/Z = K16/pmrn. (43) 

To determine the value of exponent m of eq 43, a rectangular pile, S2, and a 
cross-shaped pile, S$, of the same effective thickness were compared. From Figures 
35c and 37c, the ratio, Pg2 /Pg > of their respective penetrations at 100 ft/sec is 1.35. 
F rom eq 43 the ratio of respective penetrations at a given velocity can be written 

Since re equals 
£>6 S2 

(ps6/ps2) (Ts6/rs2 )n* 
for any value of n, 

(44) 

(pS6/pS2) ‘ (45) 
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Inserting the corresponding numerical values in eq 45, 1.35 =(1.216/0. 888)m, from 
which m = 1. To determine the value of n, a solid circular pile T4 and a square pile 
Sj were used (Fig. 36, 40c). The ratio of their perimeters is 1.025 and the ratio of 
their penetrations at 100 ft/sec is 1.20. For these piles eq 44 then becomes: 
1.20 - ( 1.025)1,0• (95/73)° from which n = 0. 6. From those calculated values of m 
and n, eq 4 3 can be written ^ 

P = K17 /p T°* 6. (46) 

The experimental results for piles of the same projecteo area, given in Figures 35a 
to 37d, reduced according to eq 46 are shown in Figure 43. Good agreement with eq 
46 is seen. The pile of reference for this series of tests was circular pile S4 an'-1 the 
permafrost of reference was the one corresponding to Figure 35b. The correction 
factor X. was applied to these calculations. 

Pile 

S, 
S2 
Sj 
S4 
S6 

Ti 
T2 
T} 
T4 
t5 

U4 

Table IV. Characteristics of thick piles. 

Perimeter 
P 

(in. ) 

0. 980 
0. 888 
0. 872 
0. 772 
1.216 

1.234 
1.096 
1.016 
0. 898 
1.710 

1.038 
3. 920 

Effective 
thickness 

(in.) 

0.060 
0.067 
0.073 
0.082 
0.067 

0.062 
0. 071 
0.085 
0.095 
0.046 

0. 110 
0. 110 

p/r 

16.4 
13. 3 
12.0 
9. 5 

18. 0 

20. 0 
15.4 
12.0 
9.5 

37.0 

9. 5 
35. 7 

Experimental data for Figures 39a to 42b reduced according to eq 46 are plotted 
on Figure 44. The pile of reference for this series of tests was the one corresponding 
to Figure 42b. Both figures show good agreement with eq 46. 

Piles of same shape. Equation 43 can be simplified for piles having identical 
cross-sectional shapes. In this case, perimeter £ and the effective r are both pro¬ 
portional to the same linear quantity Í defining the size of the cross section. Equation 
43 then becomes: 

P - K- /.m+n r - *»18 / * . (47) 

As projected area S is proportional to the square of this linear quantity l, 

T3 — ic /cm+n/2 
^ - Ki9/ï> . (48) 

Since m = 1.0 and n = 0. 6, for thick piles of identical cross sectional shape, 

P = K20/S°-8. (49) 

In this investigation circular, square, and cross-shaped piles were studied. The 
experimental results for the circular and square piles are given in Figures 40a, 40b, 
40c, and 41; those for cross-shaped piles T5 and B, are given in Figures 45 and 46 ’ 
Since pile T5 was tested in Sand 1 and B, was tested in Golden soil, corrections were 
necessary. First, penetration of pile T5 was increased by 15% to make it comparable 
to results with Sand 2 (found experimentally to be 15% higher). An additional correction 
was made to compare piles tested in Golden soil with those tested in Sand 2. 
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This was found by comparing the penetration of pile T4 in Golden soil and in Sand l, as 
given in Figures 39b, 40a, 40b, and 40c. Finally, a mass correction was applied 
according to the 0.8 mass power dependence found in Phase I. The total correction 
factor necessary to adjust the penetration of pile T5 to the conditions of pile Bj was 
8.2. The penetration of pile Bi in Golden soil was 2. 20 in. for an impact velocity of 
100 ft/sec (Fig. 45). The corrected penetration of pile T5 for the same conditions is 
0.90 X 8. 2 = 7. 38 in. The lines passing through the different sets of experimental 
points show an average slope of -0.8 (Fig. 47), indicating a good agreement of experi¬ 
mental results with eq 49. 

Thin piles 

Thin piles are defined by the ratio p/r >70. Since it is difficult to machine solid 
piles having a p/r ratio larger than 70, this section is primarily concerned with thin, 
hollow, circular piles. The results used are presented in Figures 16e and 11. An 
attempt was made to use the results for the cross-shaped pile S5 , but there was some 
indication that the results of this pile would follow a relationship intermediate to those 
for thin and thick piles. 

From the penetration at 100 ft/sec of piles R* , R2 , and Rj , which all have the 
atme effective thickness (Table V), three values of m are obtained by eq 43. Their 
average value is close to 0.5. Using piles R2 and R¿, which have the same cross- 
sectional perimeter, one obtains from eq 43. 

.n 
(50) 

Inserting the values given in Table V gives a value close to 0. 5 for n. Therefore, eq 
43 reduces to: 

P = K21/(pr)m = Kzi /(pr) °'5 . (51) 

Use of the projected area. It can be shown that effective thickness r approaches 
half the thickness _T oí the pile when p/r exceeds 60. Then, for thin piles, 

P = K22 /(pT)m. (52) 

Since for circular piles the projected area is (ir/4) (Df - Df ), or (ir/2) (Dj + D2 ) T, 
or p T/2 where ir(Di + D2 ) is the total perimeter £ and T^ is the thickness, eq 52 can 
be written: 

P = Kaj/iDf - Df )m = K24/Sm. (53) 

Figure 48, which gives the penetration (from TableV) as a function of projected area 
.5, clearly indicates that the power dependence of penetration is different on the pro¬ 
jected area for thin and thick piles. The slope of the curve corresponding to thin piles 
is close to -0.4, which is believed more accurate than the result found in the first 
attempt to determine a relationship for thin piles. Equations 51 and 53 can be written, 
respectively, 

P = Kis/fpr)0-4 (54) 

and 

P = K26/(S)0-4 (55) 

and become useful relationships for thin piles, relating their penetration to their 
perimeter, to their effective thickness, and to their projected area. 

So1: 3 circular piles with conical and ogival tips 

Results have indicated that the velocity power dependence of the penetration for 
conical and ogival-tipped piles is very close to that for flat-tipped piles. Thus the 
penetrations can be compared to find the function of the shape. 
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Pile 

Ri 
R2 
r3 
R4 
R5 

RÏ 
R6 
Rt 

Table V. Penetration of circular piles at 100 ft/sec. 

Penetration 
P 

(in. ) 

1. 50 
1. 32 
1.24 
1.20 
1. 10 

Perimeter 
P 

(in. ) 

1.768 
2. 160 
2. 555 
1. 570 
1.963 

Effective 
thickness 

(in.) 

0.015 
0.015 
0.015 
0.029 
0.031 

p/r 

¡17. 0 
143.0 
170.0 
55.0 
63.0 

1.02 
0. 75 
0. o5 

2.360 0.031 77.0 
2.160 0.046 47.0 
1.374 0.145 9.5 

Table VI. Penetration ratios of conical-tipped piles. 

Pile 

"2 
"3 

"4 

1T5 

Apex Penetration 
angle ratio 

2ß* P/P1T1 Cos ß 

180 1.00 0.00 
135 1.07 0.38 
110 1.22 0.57 
80 1.56 0.77 
45 1.95 0.92 

Conical-tipped piies. Table VI gives the penetration ratio of 100 ft/sec for 
various conical-tipped piles; the values were obtained from Figures 49a-e. The 
diameter of the piles was 7/16 in. and their mass was 0. 5 lb; their apex angle 2ß 
varied from 180® to 45*. The penetration ratio for pile tt* is the average of three 
series of tests (49a-c). The penetration ratio plotted against the cosine of angle ß 
(Fig. 50, 51) showed that, for the range of penetration studied, the penetration ratio 
varies as the cube of cos ß. 

Ogival-tipped piles. Conical- and ogival-tipped piles with apex angles 2ß of l6o° 
and 80* were tested. TRe piles were 5/16 in. in diam and their mass was 0. 5 lb. * 
Penetration was 17% and 31% higher, respectively, for the 110® and 80* ogival-tipped 
piles than for the conical-tipped piles having the same apex angles (Fig. 52a, b). The 
small crater formed at the surface of the permafrost, a phenomenon observed during 
most of the tests conducted with thick piles, was not as large in the case of ogival- 
tipped piles as in the case of conical- tipped piles. 

Discussion 

The relationships developed in this chapter give a very good approximation for a 
first step of calculation. Because of the natural scatter of experimental data and 
variations in the properties of permafrost samples, this approach is quite satisfactory. 

Penetration ratios given by the experiments with thick piles are compared with 
ratios computed from eq 46 and 51 (Table VII). This shows a better agreement of the 
experimental results with eq 46. 

Equation 46, P = Kp /pr0,4, indicates why piles of the same projected area may 
give different penetrations. It also holds for piles of different shapes and different 
projected areas. Equation 49, P = K20 /S0*8 , which was derived for thick piles of the 
same shape, is also in good agreement with experimental results. 
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Piles 

Table VII. Comparison between two relationships for thick piles. 

Penetration 
ratio 

Si 
S> 

S4 

S* 

Ti 

S4 

S, 

S4 

Si 
Ti 
Si 

S4 

rS4 

S, 

S4 

T4 

t4 

T, 

U4 
T, 

: T, 

Ti 

Ps /P« 51 s4 

‘’s. /ps. 
ps./pSj 
ps./ps. 
P Tl PT* 

Ps./PT4 
PS, /PT, 

ps./pu. 
P« /PT 52 Ti 
P /P 

Ti 7 T, 
Pc /PT Si Ti 

Experimental 
0.81 

0.96 

1.06 

0.72 

0.92 

1.27 

1.27 

1.63 

1.28 

1.04 

1.27 

Calculated 
PocI/pt0-* 

0.94 

0.98 

1.06 

0.72 

0.92 

1.27 

1.27 

1.61 

1.28 

1.02 

1.27 

Calculated 
Poc 1/pt°‘s 

0.92 

0.96 

0.96 

0.71 

0.90 

1.25 

1.25 

1. 55 

1.27 

1.03 

1.26 

r 

o.t 1_L_L_ __l 
Si so loo see 

V, mscr vxLocm (vr/sac) 

300 40( B 

Figure 44. Reduced penetration vs impact velocity for 
thick piles having various projected areas. 
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* Ml* 7TS /3- 22.5° 

e wi° ir4 /?- 40° 

100 200 
V, IMPACT VELOCITY (PT/2EC) 

Figure 49e. Penetration vs impact velocity for piles having various tips. 

Figure 50. Penetration ratio vs Figure 51. Penetration ratio vs 
cosine ß (Linear scales). Conical'- cosine ß (Log scales). Conical- 

tipped piles. tipped piles. 
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It is interesting to note that a pure crushing of the material would give a resistance 
to penetration which is about proportional to 1/S. This result was found in the case of 
spherical projectiles impacting solid media like rock (Maurer and Rinehart. I960). 
The fact that a relationship 1/S0,< is found strongly indicates that the process of pene> 
tration is intermediate between a pure crushing and a pure friction, as seen in the 
section on theoretical considerations. 

The same comments hold for the relationships P * K25 /(pr)0,4 and P * Kj^/S0,4 
developed for thin piles. The lower values of these exponents are explained by the 
greater relative importance of the frictional forces during the penetrations of thin piles. 
As expected, greater penetrations were found for conically tipped piles of the same 
diameter having a smaller apex angle. For piles having the same diameter and apex 
angle, the ogival-tipped pile gave larger penetration than the conical-tipped pile. 

FIELD TESTS 

Experimental 

Location of the tests. Field tests of rapid pile driving into permafrost were con- 
ducted at ÜSA CRREL's Alaska Field Station, located approximately 6 miles north- 
northeast of Fairbanks, Alaska. The tests were conducted from 2 March through 20 
March 1961. The air temperature was never above freezing during this period. The 
weather was cold, still, and sunny. Op warmer days, minor thawing was observed on 
the surrounding ridges and slopes facing south, but no significant thawing occurred in 
the test area. 

The test area was previously stripped of trees and the moss-peat mantle. The 
exposed frozen soil, mapped as Q. S . U. (Péw¿ and Paige, 1963), is undifferentiated 
silt of Quaternary Age occurring on lower slopes and valley bottoms physically and 
stratigraphically above the flood plain and in terrace deposits of the Chena-Tanana 
River system. These perennially frozen silt deposits are gray to black in color, 
unconsolidated, well sorted, containing some clay and abundant carbonaceous materials 
in bands, lenses, and flecks. Ice is abundant as horizontal bands, vertical veinlets, 
and scattered isolated masses. 

Two holes were drilled in the test area to obtain core samples of permafrost. 
Descriptions of the cores and ground temperatures are given in Tables VIII and IX. 
The temperature measurements of the upper part of the holes were obtained by 
placing a standard alcohol thermometer in a small horizontal hole made in the wall 
of each drilled hole. The temperatures at the bottom of the holes were obtained by 
simply hanging the thermometer in a vertical position. In each case the hole was 
covered and the thermometer left a sufficient time to obtain a constant reading. 

Table X shows the results of laboratory tests on the permafrost samples. Avail¬ 
able information (Kitze, personal communication) indicates Liât the active layer of 
permafrost in the Fairbanks area ranges from 2 to 3. 5 ft thick. 

Launching stand. The launching stand used for the field tests consisted essentially 
of a 10. 5 ft high stand and a 15 ft long launching tube (Fig. 53). The whole arrange¬ 
ment was skid-mounted for easy and rapid movement over the test area, and the 
launching tube could be tilted horizontally for easy loading of the pile-rocket assembly. 

Pile- rocket assembly. The pile-rocket assembly used is illustrated in Figure 3. 
The same driving head was used for each series of tests on piles of the same diameter. 
The driving head consisted of a steel case which exactly fitted the internal diameter 
of a given size of piles. The rocket, in turn, exactly fitted the internal diameter of 
the driving head and was loosely loaded in it. 
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Depth 

^n:l. 
0-8 

' II ] ; 

12 

8-12.5 

12.5- 19 

24 

19.5- 25 

25-29 

29-38 

Table VIII. Description of drill hole 1. Air temperature: 12F. 

Ground 
_Description__ temperature (*F) 

Silts, gray-black, with abundant carbon¬ 
aceous matter, few thin horizontal ice 
bands. 

28.0 

Silts, gray, with some carbonaceous matter, 
no noticeable ice. 

5 Silts, gray, no carbonaceous matter, with 
vertical ice veinlets. 

29.5 

Silts, gray-black, with abundant horizontal 
ice bands. 

Silts, gray, no noticeable ice. 

Silts, gray, with few thin horizontal ice 
bands. 

38-43 

43-53 

53-59 

59 

Silts, gray-black, with abundant horizontal 
ice bands £ in. to | in. thick. 

Silts, gray, with few thin ice bands. 

Silts, light gray, no noticeable ice. 

31.5 

Table IX. Description of drill hole 2. Air temperature: 

Depth 

0-10 

12 

10-18 

Description 

Silts, gray-black, with abundant carbon¬ 
aceous matter. No noticeable ice. 

Silts, gray, with some carbonaceous matter ( 
few scattered ice masses. 

10F. 

Ground 
temperature (*F) 

27.5 

24 30.0 

18-33 Silts, light gray, with abundant horizontal 
ice bands. 

33-57 Silts, gray, no noticeable ice. 

57 31.0 
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Table X. Analyses of permafrost samples from drill holes 1 and 2. 

Drill hole 

1 1 

4i-10},, 19j-25f 
mmMmmmmmmrnmmm mmammmÊÊmmmmmmmÍÊmm 

2 1 

31-37" 43-49" 

2 

18-24" 

Unit wt (wt/cmJ of permafrost 
in natural state as received) 

Moisture content (% of total 
original weight) 

Unit wt of soil skeleton (wt 
of dried solids/cm3 perma¬ 
frost in natural state) 

Specific gravity 
Triw'l l 
Trial 2 
Trial 3 
Trial 4 
Average specific gravity 

Organic material 
(percentage of wt of 
dried solids) 

1.41 
g/cm3 

0. 79 
g/cm3 

2.33 
2. 56 
2.47 
2. 39 
2.43 

1.45 
g/cm3 

43.87 42 /8 

0.83 
g/cm3 

2.43 
2. 52 
2.49 

2.48 

1.03 1.25 
g/cm3 g/cm3 

85. 57 

0. 13 
g>/ cm3 

0. 58 
0.*.J 
0.61 

0.62 

44.23 

0.45 
g/cm3 

1.88 
1.93 
1.84 

1.88 

7.37 

1.29 
g/cm3 

63.80 58.21 

0. 54 
g/cm3 

1.95 
2.14 
2.01 

2.03 

57 

2 

3-9" 

0.75 
g/cm3 

92.88 

0. 59 
g/cm3 

0.48 
0. 33 
0.41 

0.41 

Figure Zi Arrangement of the launching stand. 
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Puah-fIt •bo* 

Pile 
Push-fit shoe 

(b) 

Figure 54. Reinforcement shoes. 

An inert-loaded M-17-A1 rocket with the following characteristics (U. S. Army, 

1950) was used in the tests: 
27.8 in. 
40. 1 lb 
940 ft/sec 
-20F to 120F 
0. 34 sec 
0.10 sec 
4.81 lb 

Length unfused 
Mass 
Maximum velocity 
Temperature limits of operation 
Burning time at -25F 
Burning time at 120F 
Mass of propellant 

A double-base propellant having a linear rate of burning was used in the rocket. 

Velocity measurement system. The impact velocities of the piles were measured 
by a breaking-wire system, simili to that used in the laboratory. Figur e 53 shov i 
the oosition of the system. Glass tubes, each 1 ft apart and containing a tiny strip of 
aluminum foil, played the role of breaking wires. Hewlett-Packard counters, type 
523-B, were used to measure the time interval between each successive electrical 
impulse given by the velocity measurement system. 

Results 
Sixty-nine piles were driven into the permafrost during the field tests; Appendix 

G gives the complete firing record. The piles used were 2, 4, 6, and 8 in. in normal 
diameters, and the wall thickness varied from 0. 22 to 0. 43 in. Most of the piles were 
5. 0 or 5. 5 ft long but a few of the 2 in. diam piles were longer. 

Some of the 8 in. diam piles collapsed upon impact with permafrost because of wall 
thinness. This could be avoided by using piles with thicker walls or by using reinforce¬ 
ment shoes. A reinforcement shoe used during some of the field tests (Fig. 54a) did 
not give satisfactory results because bond with the permafrost was insufficient. Figure 
54b shows a corrected type of reinforcement shoe which should give better results. 
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Figure 55. Reduced penetration vs impact velocity for 
field test results. 

An attempt was made to extract the piles to check end damage, but they were so 
firmly bonded that a 25-ton mobile crane could not extract them. Successful pile 
extraction was possible only by digging a hole around the pile. 

The penetrations reduced according to eq 10 are plotted in Figure 55 versus impact 
.velocity. The use of eq 10 was found quite satisfactory for reducing the penetrations 
of the various piles tested in the natural permafrost. The penetrations obtained during 
the field tests were also reduced with a more commonly encountered relationship of 
the type, 

P* « P <M0/M) [<Df - Di)/(Df0 - D{o)] (56) 

and plotted versus the impact velocity. The graph obuined with the penetrations re¬ 
duced according to eq 56 indicated no power dependence between reduced penetration 
and impact velocity. Figure 55 shows that the velocity power dependence of the re¬ 
duced penetration is close to 1.2 for the field test results. The difference from the 
average value of 1.5 found in Phase I of laboratory work can ha explained in the 
following way. As pointed out before, the mass power dependence of penetration 
approaches unity for small penetrations. For thin, hollow, circular piles, the average 
value of P/Dj, the ratio of penetration to external diameter, is about twice as large 
for the laboratory tests as for the field tests. Reduction of field-test penetrations 
according to a mass power dependence close to unity would increase the slope of the 
line in Figure 55 to give a .velocity power dependence closer to what was found in 
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1/-,— 

Figure 56. Integrated pile-rocket assembly. 

Phase I. Slopes smaller than 1. 5 were found in some of the laboratory tests as well. 
As was pointed out in the theoretical considerations, the slope is largely controlled 
by the relative magnitude of various forces acting on the pile during the penetration 
process. 

Proposal for an integrated pile-rocket 

It is believed that piles should be driven at least 6 to 8 ft into permafrost to avoid 
heaving caused by thawing and freezing of the active layer. A 6 in. nominal diameter 
pile is considered to be a reasonable size for a foundation pile. From these consid¬ 
erations and from field-test results, it was found that the M-17-A1 rocket had in¬ 
sufficient thrust characteristics. To avoid the collapsing of piles, as had happened 
dpring the field tests, a pile having the following characteristics was believed satis¬ 
factory for practical operations. The pile should be 10 ft long; its external and in¬ 
ternal diameters should be, respectively, 6.63 and 5. 5 in. ; its approximate mass 
should be 400 lb, including the extra mass of the rocket. On the basis of field test 
results reduced by eq 10, the rocket should have about a 100, 000-lb thrust and an 80- 
msec burning duration to achieve 6 to 8 ft of penetration with the above pile. To drive 
a 10-ft pile would require a 6 ft long rocket. Considering the 16-ft length of such a 
pile-rocket assembly and a necessary standoff position of about 25 ft, various technical 
difficulties are anticipated for the launching operations. Moreover, a rocket having 
100, 000-lb thrust and 80-msec burning duration was not commercially available. 

Consequently, a study was made which led to the design of an integrated pile-rocket 
assembly (Reliance Rocket Corporation, 1962). The essential features are given in 
Figure 56. This self-powered pile consists, primarily, of a steel tube filled with a 
solid propellant. To obtain a short burning duration, the propellant can be thinly 
coated on a honeycomb matrix. At one end of the steel tube, the penetrating end of 
the pile, a reinforcement shoe, similar to the one shown in Figure 54b, is fixed. A 
plug, free to move upward inside the tube, is held in place by the reinforcement shoe. 

This plug prevents the combustion gases from escaping in the direction of pile move¬ 
ment. Because of the short burning duration, no constricted nozzle is necessary to 
obtain the proper thrust. 
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Upon Ignition of the propellant, a high thrust of short duration is imparted to the 
pile. If all the propellant is burned at the time of impact with permafrost and the 
proper impulse is given to the arrangement, the integrated pile-rocket assembly be¬ 
haves as a hollow pile penetrating permafrost under its own kinetic energy. This type 
of arrangement can be used to obuin i 100, 000-lb thrust and a burning duration of 
80 msec. 

CONCLUSIONS AND RECOMMENDATIONS 

This investigation indicates that the use of rockets for driving of piles is technically 
feasible. It is estimated that a 6 in. nominal diameter pile of 0. 56 in. wall thickness 
could be driven 6 to 8 ft into permafrost by a 100, 000 lb thrust rocket having 80 msec 
burning duration. To resist collapse upon impact with the permafrost, the pile should 
have either a reinforcement shoe or a minimum wall thickness of 0. 56 in. 

A design of an integrated pile-rocket assembly meeting the above requirements is 
proposed. Its estimated cost in small lots in $1200. The interesting features of this 
pile-rocket assembly are the following: The length of the pile is reduced, thus 
facilitating field operations. The shoe, which is an integral part of the pile-rocket 
assembly, serves as reinforcement against pile collapse. However, the design of 
this pile-rocket assembly should be completely developed and a series of field tests 
conducted. The field tests would provide technical information for further development. 

The laboratory program in which model piles were driven into artificial perma¬ 
frost gave a good picture of the mechanics of penetration of piles into permafrost and 
the relationships developed proved useful for reducing field-test results. Direct and 
detailed application of these relationships to predict field-test performance was not 
expected. The laboratory results do, however, form a good basis for a future extensive 
program of field tests, during which the various parameters could be studied over a 
wider range. This program would show whether laboratory relationships are directly 
applicable to field test results or in what way they should be modified. 
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APPIHDIX G 

nr ln« record of Alaskan testa. 

Ixt. Int. 
Moalnal dlas dlaa 

dlaaeter Di Da 
(in.) (in.) (In.) 

a a.37 1.93 
» tt M 

Inpact 
Mass velocity Penetration 
MV P 

(lb) (ft/aec) (It) 

115 480 4.50 
115 536 4.50 
358 73 1.43 
118 515 5.00 
343 200 —— 

Renarks 

Pipe driven to hilt 
Pipe driven to hilt 
One velocity only 
Pipe driven to hilt 
Pipe collapsed by bending 

4 
•4 

•8 

»• 

4.50 
M 
•• 
tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

It 

tt 

tt 

tt 

tt 

4.03 
tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

tt 

140 
134 
139 
134 
134 
134 
134 
201 
340 
246 
246 
252 
340 
262 
147 
251 
147 

231 
289 
286 
269 
450 

355 
264 
80 

169 
176 
135 
80 

286 
201 
275 

2.08 Extracted-End Collapsed 
2 25 
2!50 Extracted-End Collapsed 
2.00 
2.33 One velocity only 
1.83 Counters did not operate 
1.67 One velocity reading only 
2.00 
0.75 Pipe pulled-no end danage 
2.67 Counters did not operate 
2.58 
2.75 
1.50 
0.67 With drive shoe 
1.92 With drive shoe 
1,42 With drive shoe 
1.75 With drive shoe 

4 4.50 3.82 162 203 
•• •• 162 171 

2.00 Pipe pulled-no end danage 
1.08 Hit tlnlng stand-one 

velocity-pipe pulled-no 
end danage 

Appendix 0 
(continued) 

Ext. 
Nonlnal dlaa 

dlaaeter Di 
(In.) (In.) 

Int. Inpact 
dlan Mass velocity Penetration 

Da M V P 
(In.) (lb) (ft/sec) (ft) Renarks 

4 

tt 

tt 

tt 

4.50 
ft 

tt 

tt 

tt 

tt 

3.82 
tt 

tt 

tt tt 

155 
155 
162 
162 
155 
162 
155 
274 
267 
274 

204 

213 
355 

342 
397 
133 
245 
336 

1.75 
1.67 
2.00 
2.58 
2.00 
2.25 
2.58 
3.08 
2.83 
2.16 

Pipe pulled-no end danage 
Counters did not operate 

Missed tlnlng stand 

6 
tt 

6.62 
tt 

tt 

tt 

tt 

tt 

6.06 
tt 

tt 

ft 

tt 

ft 

ft 

tt 

tt 

tt 

ft 

185 
185 
185 
185 
185 
185 
185 
194 
185 
244 
244 
287 
300 
196 

591 

220 
214 
213 
224 

480 
658 
745 
242 
123 
164 

2.00 Pipe pulled - end collapsed 
-..- Pile hit tlnlng stand 
1.67 Fums blew-no velocity seas. 
2.00 
1.58 
1.75 Pipe pvilled - end collapsed 
1.67 Pipe pulled - end collapsed 
1.75 Counters did not stop 
1.58 
2.92 
2.92 
2.50 
1.08 With drive shoe 
0.92 With drive shoe 



Appendix G 
(continued) 

Kxt. Int. 
Noainnl diu dina 

diameter Dj 02 
(in.) (in.) (in.) 

6 6.62 5.76 
»• •• »» 
«I M «t 

M M M 

♦» ft tt 

M M »t 

t« M »» 

•I M M 

M M •« 
•f •• M 

M •• •• 

lapact 
Maee velocity Penetration 
MV P 

(lb) (ft/eec) (ft) 

247 152 1.33 
247 148 0.67 
247 152 1.42 
305 155 1.00 
233 160 1.08 
358 203 3.16 
349 180 2.25 
335 85 0.75 
349 76 1.16 
335 124 1.16 
358 62 0.75 

Reaarke 

Pipe pulled-no end dimage 
Pipe pulled-no end daaage 

Pipe pulled-no end daaage 
Pipe pulled-no end daaage 

8 8,62 8.18 
*» »• M 

146 —tod collapsed on iapact 
170 1.00 Mod collapsed on iapact 

8 
•9 

tl 

8.62 
f* 

I* 
It 

8.05 
II 

21S 
265 
228 
278 
278 
205 
270 
270 

208 
292 
220 
315 
130 
242 
131 
260 

1.42 
2.33 
1.83 
2.16 
0.83 
1.83 
0.75 
1.92 

Pipe pulled-no end damage 

Pipe pulled - end collapsed 

Pipe pulled - end collapsed 

Pipe pulled-no end daaage 
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APPENDIX H: BUCKUNG OF PILES UNDER DECELERATION 

by 

Sp/4 Christopher Goetze 

In the main body of this report the mechanism of penetration is studied in detail, 
but no design criteria are provided for the piles themselves. If improperly designed, 
however, piles may be expected to buckle under the tremendous decelerations en¬ 
countered in penetration. This appendix is intended to provide a criterion to guard 
against this type of failure. 

Consider a pile with physical properties, 

p = density 
E * Young's modulus 
I = Moment of inertia of the cross-section. 

In Figure H2 the pile is shown undergoing an instantaneous deceleration a with an 
exposed length I . A small displacement from the vertical is shown with dimensions 

X, and u as indicated. A horizontal deceleration, a a (a small), has been included 
to take into account the possibility that the pile may be deflected slightly from the 
vertical during the early stages of penetration as shown in Figure HI. This could be 
due to an irregularity in the firing procedure or to inhomogeneity of the soil. High 
speed photographs of actual penetration tests will have to be consulted to obtain an 
idea of how large a is in practice but theory indicates that ibis may be a significant 
variable. 

U 

X 

p Q du 

paadu 

TTrmw, 

Figure HI. Figure HZ. 

Taking moments about P we have 

dx2 

differentiating with respect to x 

El 
j ..2 

q( u-x)] du (1) 
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EI = - pa (I - x) - paa(l - x) 
dxJ ax 

letting P2 = 

^ + P2 ( f - x) = - aP2 ( f - x). 
dxJ dx 

To solve the homogeneous equation, we perform the substitutiòns 

t = f P( < - x) 
i/¿ -\U 

We have 

d „ r-r- d 
-j- = - P V f - X -TT- 
dx dh 

ÉLi = ÉljL. sJTT X - 
1 

dx3 dx' 

d 

\fi - x 

,3/2 d2 
= p/2 + P2 (f - x)J/¿ -SIX + Pÿ - in(# - x) 

-3/2 

Substituting into eq 3 

0 = 

0 = 

d2 3 ,-3/2 d 

dl2 

d2n 

de2 

IP (t - x) + T! 1 - 
1 

4P2 (/ - x)3 

The solution to this is known to be 

t, = AJl (4) + BJ i (I) 
i * j 

where A, _B are undetermined constants 

d 
=\/r^c (Ai. (e) +Bj_i(e)]» ax , - 3 

To this we add the obvious particular solution dy/dx = -a, obtaining 

= - a + 'Jrni [AJ, (£)+ BJ_¿ (i)] 

i = j P(l - x)J/¿. 

The boundary conditions we wish to satisfy are 

y(0) » 0 

g(°) = 0 

(I) = 0. 
dx2 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

« 

i
 
Í
*
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Th. first two express the geometry »t the point of penetration and the third state, that 

the top end is free (i.e. , moment = 0). 

V(0) = Q; To apply this boundary condition, we must first integrate eq 

y = -ax + ^X[AJi U) + BJ,i (|)1 'Jt - * dx + C. 

Clearly we can adjust C so’.ha, this boundary condition is met. Our further analysis 

does not require the value of 

d2 

dx2 
(I) = 0: 

dll = - 
dx2 ¿ X 

2— [ajl (i) + BJ_ i (4)1 - 

(4) A -ÎJ.I (4) B 

f P(f-x) 
177 f p(f-x) 

- P( I - x) 

^ (x) = - P(f - x)[AJ ¿ (4) + BJ¿ (4)1 
dx2 

,» t AJ i (4) + BJ¿ (4) 
'3 1 

. . -P A(P/if1 . n 
2 = —TRTD- 

dx2 

hence A = 0. 

7x (°) =0: 

^ (x) = -a + VI - x BJ _i (4) 

(0) = -a + VF BJ _ i jP I ) * 

Note that if we let a = 0 and set dy/dx (0) = a we obtain the same result. 

Case I a = 0 

(9) 

Thi 
sets in 

is case CW1 only be solved for specific -l-s of (|P f >• Instability fir 

at = ia = the £irst zero of J-‘ " i.abbi'y. 

I VpT^r a2!o i/2 = 1.86635 

al03 = 7.837 EI/p 

,0 = 1.986 [El/paJ 3. 

st 

( 10) 

(ID 

0 . rrrasafisat lensth of exposed pile permissible with physical 
properties ^.e and ^undergoing acaece,erauon of a when the pile points perfectly 

in its direction of motion. 

Case II * 0 



■*_1 as the case of a = 
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The critical value for unlimited deformation is again fPI B first zero of 
|) as in the case of a = 0. In this case, however, the moment may reach high 
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values before buckling (i.e., elastic instability) sets in. These are reached as 
To investigate this, let us consider the moment: 

-PEI(f - x)a lfP(f - x)3/2] 

3 

To simplify this expand J_|(fP| 3/2) about I = f „ to obtain 

EIP(f - x)a J4 [|P(f - x)3/2] 
El -----1_ 

^ <eo-$) J|Uo) 

Since (I) is a monotonically increasing function of £ for 0 < |<|o we may safely 
assume tha^the maximum moment occurs at x = 0 or 

El VT a Max. moment = M0 

or 

3EIa 
(13) 

2f [1 - (f/f0)3/2] 

To solve exactly for f requires the solution of a cubic but we can obtain an approxi 
mate expression for f0 - f «|0 as follows: 

( *^0 - 'fr ) a + n/i i0 -1 o ) = Eia 

or approximately 

V77 - vr = —*£1— 
2M0 si t Q 

a El 
sito l~ZMoi0 * 

Again making approximations, we obtain 

We cannot use relationships II and 14 directly as design criteria since l0 refers 
only to the portion which has not yet penetrated the ground. With reference to eq 10 
we can see that the greatest buckling danger occurs when ai* is a maximum. 

L-» 

Figure H3. 

i 
V

* 
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Only a maximum in the range is of interest, of course. ^ ^ 

d^s/dt2 (s) is quite complicated bu‘ eaf ifeTsU^e^ oi penetration. If d2 s/dt2 

approximate it by d s/dt* - a + a s approximate it by 

f = (L-s)J (a + a's) 
(15) 

|L * Oats 
3a 
41' 

and s = L. 

The form of eq 15 is sketched in Figure H4. 
Clearlv as Iona as Ja/a' ï L, £ reaches it maximum in Oí sí L at s = 0. From 

ri*pen«rà:mm ot the 
pile penetrates the ground we may assume that £ is maximized at s 

ír.nâònTmpUes iiit'thê Jim^ d ot lhe piie^anno, he —red -7 ^^.n as 

buckling. If the bottom end is left iree* bo^ever £p| i/¿ /of corresponds to the pile 
Ä ^F^^«qrâ^hÆ n-ccur.kiHigher order soiu- 

p«,«d «^ccSrZÜÍI'bo'uídary^ondi.ioñ dy/dx (0) . 0 is establisned. We may 

conclude then that 

L = 1.986 
El 

L pa 
qEI 
■Kir 

S»" ^ P' 

Figure H4. 
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