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ABSTRACT OF THE DISCLOSURE 
In the present invention a column of liquid (ordinarily 

water) is confined within the pile and extends substantial 
ly to its bottom. Sonic pressure is applied to this column, 
preferably setting up a standing quarter wave which ap 
plies alternating stress hydraulically at the bottom of the 
pile. This alternating pressure changes the transverse pile 
dimensions in the region of maximum interest, i.e., near 
the bottom of the pile. This markedly decreases skin 
friction and permits easier driving of the pile under any 
type of axial driving force. 

Background of the invention 
Structures supported on piling must necessarily have a 

sufficiently strong foundation to furnish support under 
all expected conditions of stress. This ordinarily requires 
driving piles (which are usually hollow steel columns) 
a great distance into the ground. For example in marine 
piling, to support off-shore platforms in the Gulf of 
Mexico it is not unusual for piles to be driven to depths 
exceeding 200 feet below the mud line, i.e., the bottom 
of the water. The greater the depth of driven piling in 
the ground, the greater is the resistance to flexure, which 
again improves the foundation properties of the piling. 

However, the deeper the pile is driven the greater is 
the resistance to the ground to further driving. This may 
be due to friction along the wall of the pile or to ground 
bearing resistance. In the last few years a method which 
has achieved some prominence in pile driving, particular 
ly...in marine applications, involves applying a cyclic force 
to the piling, using a vibrator. This vibrator is rigidly 
attached to the pile and, for example, may consist of two 
counter-rotating, eccentrically mounted masses. These are 
arranged to transmit longitudinal or axial vibration to the 
pile. The speed at which these are driven to the coupled 
motor is adjusted to mechanical resonance of the pile. 
Under these conditions, the applied force induces a pres 
sure which is a maximum at or near the base of the pile, 
the pressure and the velocity changing in approximately 
a sinusoidal manner with distance up the pile. Such ar 
rangement is described, among many other places, in 
U.S. Patent 2,350,212 of A. G. Bodine, Jr.. As a result 
of this mechanical resonance, large longitudinal or axial 
forces are induced between the pile and the soil which : 
tends to make the pile penetrate into the soil more easily 
than in the more conventional driving in which impacts 
are imparted to the pile at much lower equivalent fre 
quencies. . . . . . . . . . . . . . . 
One major difficulty which has occurred with this tech 

nique is that when any such mechanically resonating sys 
tem is frictionally damped, the longitudinal forces trans 
mitted are very considerably decreased. The farther the 
pile penetrates into the ground, the greater are the fric 
tional effects, particularly in the lowest section. The soil 
and liquid immediately around the pile in the lower por 
tion have high frictional forces and hence the alternating 
driving force is quite low. The portion of the pile which 
is free to resonate is that above the zone of intimate con 
tact of the ground with the pile. In marine cases, this 
resonating section effectively is that part of the pile above 
the mud line. Accordingly, the main axial vibratory action 
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is thus transmitted to the portion of the pile located rather 
close to the mud line, rather than close to the bottom of 
the pile where it is most needed. On dry land also, vibra 
tory action is essentially limited to the upper part of the 
pile, in the loosened soil region. This has been shown 
experimentally in that it is relatively easy to drive piles 

- by this sonic resonant system for a first, limited region, 
but becomes progressively more difficult as the depth of 
pile in intimate contact with the ground increases, espe 
cially in such soils as clays which display a strong resist 
ance along the wall of the pile. 

Summary of the invention . 
As shown immediately above, a major problem in sonic 

resonant driving of piles is to overcome frictional effects 
of the portion of the pile in intimate contact with the 
ground, i.e., the lowermost portion of the pile. Stated 
another way, it is necessary to minimize the very appreci 
able frictional forces in this region due to the presence of 
the ground, until the pile has been driven to the desired 
depth. We have found it is possible to overcome this 
difficulty by providing within the pile a column of a liquid 
having low damping characteristics. In most cases this 
liquid is water. The column extends longitudinally through 
the pile such that it is in contact, and hence in pressure 
exchange relationship, with the outer walls of the pile in 
the region where intimate ground-pile contact exists; 
namely, in the lowermost portion of the pile. A cyclic 
stress is applied to the upper part of this liquid column at 
least approximately at a resonant longitudinal frequency 
of the column. Since there is little damping in this col 
umn, this produces an alternating pressure within the col 
umn which is a maximum at the bottom of the column 
and which varies approximately sinusoidally above this 
point. Thus, at the bottom of the pile there is maximum 
alternating pressure and Zero velocity, whereas, at points 
above the bottom, the alternating component of pressure 
decreases approximately sinusoidally while the velocity 
increases. We ordinarily prefer to apply alternating flow 
at the upper end of the column at a frequency which will 
result in a longitudinal standing wave of a quarter wave 
length, so that the alternating pressure at the top of the 
column is very low, while the velocity is the highest. This 
is accomplished most easily by closing the top of the con 
fined liquid column by a plunger or piston in contact 
with the water. This piston is actuated by any sort of 
mechanical vibrator which produces pressure in the liquid 
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of a substantially sinusoidal nature and of a frequency 
which can be adjusted to make the column resonate, as 
stated above. 
The alternating component of the pressure in the liquid 

column is, of course, transmitted to the confining walls 
which in this case means the wall of the pile which is in 
contact with the ground, at least below the mud line in 
the marine case. Application of this alternating pressure 
to the pile causes the transverse dimensions of the pile 
to dilate. Thus, this alternating pressure produces alter 
nating radial deformation of the pile, which we have found 
results in considerable decrease of the skin friction be 
tween the pile and the contacting ground. This beneficial 
effect is strongest close to the bottom of the pile, where 
the soil compaction is the greatest, due to overburden. 
Accordingly, any downward force applied to the pile will 
cause it to penetrate the ground much more easily than 
when this resonating liquid column is not used. 
The alternating pressures caused by the resonating liquid 

column also act on the bottom of the pile and thus trans 

70 

mit an alternating force to the soil immediately below 
the pile. In numerous cases, this force is sufficient to over 
come the bearing resistance of the soil, especially in clays 
since their bearing capacity is generally small. Bearing 
capacity in the case of sands is considerably greater and 
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in this case, the force transmitted to the bottom of the 
pile and hence to the soil due to the resonating liquid col 
umn may be insufficient. In such case, it is necessary to 
add an additional longitudinal force to the pile to cause 
it to penetrate. As explained above, such longitudinal 
force will be much more effective due to the pulsating 
walls of the pile. This force may be a steady downward 
force, simply by adding suitable weight to the top of the 
pile. However, we prefer to apply longitudinal downward 
force sonically, in accordance with the systems already 
so used. In this case, an additional longitudinal shaking 
machine, which may be of the same type employed in 
resonating the liquid column, is applied at or near the 
top of the pile, for example by a separate shaking ma 
chine. Since the use of the resonating liquid column has 
greatly decreased the skin friction along the pile wall, the 
energy dissipated in the system driving the pile is de 
creased, which increases the mechanical Q of this system 
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and greatly increases the effectiveness of this separate 
drive. 

Sometimes, a pile is jetted during the time that it is 
being driven. That is to say, liquid is forced into the soil 
immediately below the pile, of sufficient quantity and 
velocity so that it considerably decreases the bearing 
capacity of the ground during driving. This can be very 
advantageously employed in conjunction with our inven 
tion. It is simply necessary to provide a restricted opening 
at the bottom of the liquid column through the bottom 
of the pile. Liquid is thus injected into the ground im 
mediately below the pile under both the steady hydraulic 
head of the liquid column and the superimposed alter 
nating pressure provided by the shaking machine acting 
on the piston closing the liquid column. This stream of 
liquid flowing into the ground below the pile is replaced 
by suitable addition of liquid at the upper portion of the 
pile so that the driving piston is in contact with the water 
column during the driving period. 

It is not necessary that the entire bottom part of the 
pile be closed off (except for any jetting orifices provided) 
in order to achieve the advantages of this System. The 
pile can be made, for example, with hollow walls and the 
piston in this case is annular. In this case, the pile appears 
externally to be a thick-walled annular cylinder. It is in 
contact with the ground on both the outer and inner sur 
faces, as well as the bottom. 

Brief description of the drawings 
This invention is illustrated by the accompanying draw 

ings which form a part of the specification. In these draw 
ings the same reference number in several views represents 
the same or a corresponding parti: 
FIGURE 1 shows in diagrammatic cross section a single 

cylindrical pile being driven in accordance with this inven 
tion in a marine location. 
FIGURE 2 represents in graphical form the pressure 

and velocity of the alternating components of the stress 
in the liquid column shown in FIGURE 1. 
FIGURE 3 shows a cross section of a second form of 

the invention applied to a double-walled pile. 
Description of the preferred embodiments 

In FIGURE 1 is shown a cross section of a long tubul 
lar pile 11 which is being driven into the ground 12 below 
the mud line 13 in a marine location. The surface of the 
water 14 is above this mud line. The tubular pile is fitted 
with a bottom closure 15 which in this case may be simply 
a steel disc welded across the otherwise cylindrical open 
ing at the bottom of the pile. The confined space defined 
by the pile 11, including its bottom 15, is filled with a 
column of liquid 16 (ordinarily water) which extends up 
to a level near the top of pile 11. Immediately resting 
on this liquid column 16 is a plunger or piston 17 which 
closely fits the inner surface of the pile 11. Preferably 
this piston 17 contains one or more seals 18 which may 
be chevron packing, O-rings (as shown), etc., to effect 
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a substantially fluid-tight seal, preventing the liquid in 
column 16 from escaping from the system. Mounted on 
this piston 17 is a vibrator 19, capable of providing cyclic 
longitudinal motion to the piston 17, and hence, to the 
top of the column of liquid 16. Such vibrators per se are 
not novel. The one shown involves two weights 20 ec 
centrically but symmetrically mounted on a pair of 
meshed gears 21, rotated by an engine (not shown). The 
centrifugal force due to the rotation of the weights 20, 
produces a resultant substantially sinusoidal force aligned 
essentially along the axis of pile 11, i.e., longitudinally. 
It is to be understood that any other form of shaking 
machine which can impart a cyclic longitudinal pressure 
through piston 17 to the top of column 16 may be em 
ployed. The frequency of the cyclic variation in stress 
should be adjusted so that this liquid column is in 
resonance longitudinally. In nearly all cases, this frequen 
cy will be chosen as the lowest one in which there is 
quarter wave resonance in the column. 
FIGURE 2 shows a plot of the amplitude of the alter 

nating components of pressure (line 22) and velocity (line 
23) along the liquid column 16 of FIGURE 1. Since there 
is very little escape of liquid from the column, the velocity 
is essentially zero at the bottom of pile 11 and the pressure 
is a maximum. This peak pressure will decrease sinusoid 
ally as the distance 1 from the bottom of the pile in 
creases, and correspondingly, the peak velocity will in 
crease sinusoidally. If the column 16 is resonated at a 
quarter wave length, the frequency of the cyclic vibration 
applied to the piston 17 is given by the equation F=W/4L 
where V is the velocity of compressional waves in the 
liquid (approximately 5,000 feet/second in water), L is 
the length of the liquid column 16, and F is the applied 
frequency in hertz. The alternating component of pres 
sure exerted against the walls of pile 11 alternately in 
creases and decreases the pile diameter, i.e., dilates the 
pile. As stated above, since the column of liquid 16 is not 
subjected to appreciable damping, the pressure applied to 
dilate the pile walls is substantially independent of the 
length of pile below the mud line, i.e., below the surface 
of the ground, regardless of the frictional resistance of the 
material of which this ground is composed. Accordingly, 
there is radial deformation of the cylindrical pile wall 
and decrease in the skin friction between the ground 12 
and the pile 11. The greater the alternating component of 
pressure in the section of the pile in contact with the 
ground, the lower will be the frictional resistance of the 
pile as it is being driven, though this effect is by no means 
linear. 

If jetting of the pile is to be carried out, a relatively 
small or constricted opening 24 is provided in the bottom 
closure 15 of the pile. This permits a small stream of the 
liquid to escape from column 16 through opening 24, as 
shown by the arrows in FIGURE 1. This stream of liquid 
tends to decrease the cohesion of the particles of the 
ground immediately below the pile and increase the ease 
of penetration. 
To compensate for thhe stream escaping through the 

bottom of the pile 11, a makeup stream is provided 
through a flexible line 25, controlled by valve 26 and sup 
plied by a pump (not shown). 
To increase the speed of penetration beyond that furn 

ished by the vibrator, as discussed above, an additional 
longitudinal driving force is preferably provided. Probably 
the simplest arrangement is shown in FIGURE 1, in which 
a massive cylinder 27 containing an inner abutment 28 
is supported by that abutment on top of the pile 11. Thus 
its weight contributes extra downward driving force. 
The pie is driven to a certain depth and then an addi 

tional top section is customarily welded on to provide for 
additional driving. When the maximum depth has been 
achieved for the particular pile 11, as shown in FIGURE 
1, weight 27 and the shaking equipment are removed, line 
25 is disconnected and blanked off (preferably by Weld 
ing), and an additional section is longitudinally mounted 





3,406,524 
7 

pile has hollow walls defining an annular volume closed 
at the bottom and filled with said liquid. 

9. Apparatus in accordance with claim 6 in which said 
column is in liquid communication with the ground im 
mediately below said pile through a constricted opening 
in the bottom of said pile, whereby jetting action occurs 
at said bottom of said pile, and in which means are pro 
vided for adding liquid to said column to maintain its 
height as said jetting action takes place. 

10. Apparatus in accordance with claim 6 in which 
said means for applying axial force provides both a down 
ward component and a cyclic component. 

8 
References Cited 

UNITED STATES PATENTS 

3,289,774 12/1966 Bodine. ------.------ 75-19 
5 FOREIGN PATENTS 

280,033, 5/1913 Germany. 
408,590 1/1925 Germany. 
741,833 12/1955 Great Britain. 

0. 
JACOB SHAPIRO, Primary. Examiner. 


