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57 ABSTRACT 

A method for making an elongated liquid-filled hole extending 
downwardly in the ground which may be used in the construc 
tion of foundation piling, water wells, sand drains, tension 
anchors and related installations, the method comprising 
generally the steps of providing a rigid, elongated drive 
member or mandrel having a drive foot on its lower end; forc 
ing the mandrel drive foot through and displacing the soil to 
form a space with a cross-sectional area greater than the man 
drel stem in the wake of the drive foot; and simultaneously 
filling this space with a preselected liquid supplied at the 
ground surface, the liquid thereby flowing downwardly with 
the mandrel behind its drive foot. For some embodiments of 
the invention, the liquid is left in the hole formed where it 
becomes part of the body of the completed structure, such as 
in cast-in-place concrete piles or sand drains. The drive foot of 
the mandrel in all cases is left within the hole and in some in 
stances the mandrel stem is detachable from the drive foot and 
is removed from the hole formed, either before or after addi 
tional liquid is applied, depending on the type of structure 
being built. 

14 Claims, 62 Drawing Figures 
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METHOD AND APPARATUS FOR FORMING 
STRUCTURES IN THE GROUND 

This invention relates to a method and apparatus for form 
ing elongated structures that extend downwardly from the 
ground surface particularly in soil deposits and utilizing the 
general procedure of driving or forcing a straight, elongated 
structural member into the earth. It also relates to various 
unique forms of underground structures which may be made 
from my improved method and apparatus, such as piling for 
structural foundations, sand drains and the like. 

Heretofore, methods of forming holes in the ground by con 
tinuously driving a mandrel were generally limited to holes of 
relatively shallow depth and to relatively soft soils into which 
the mandrel could be forced or driven fairly rapidly and 
economically with construction equipment of reasonable size 
and power. Deep holes, such as for water wells, were always 
made by an excavation process using a drill rig. This was true 
largely because the frictional resistance or drag forces 
between the sides of the mandrel and the soil through which 
the mandrel was being driven or pushed are relatively high in 
most soils and absorb a great deal of energy. Particularly in 
dense sands and stiff clays, the mandrel used for holes for pil 
ing and other structures could only be driven slowly and to 
moderate depths. The present invention overcomes this main 
limitation of prior methods of forming holes in the ground by 
driving a mandrel in a manner that it greatly reduces friction 
between the sides of the mandrel and the soil being 
penetrated, Thus with driving equipment of a given size and 
energy, using the principles of my invention, holes can be 
made faster, to greater depth and larger in diameter than was 
heretofore possible with the prior art driving methods. 
Fundamental to the present invention is the use of a rigid 

and straight structural member, generally referred to 
hereinafter as a "mandrel,' comprised of a stem section and a 
drive foot near its lower end, which drive foot has a larger area 
in transverse cross section than that of the mandrel stem. 
Hence, as mandrel is driven or otherwise forced to penetrate 
the ground the drive foot makes a hole in the ground which is 
larger than the solid body of the mandrel stem. Thus, the pri 
mary action of the first stage of forming the hole is a process of 
pushing, squeezing, or otherwise forcing the soil out of the un 
derground space where it is desired to form the hole. 
A second fundamental element of my method is the use of a 

liquid or flowable material to fill the portion of the hole not 
occupied by the mandrel stem as soon as the mandrel foot, 
which created the hole, has progressed forward. In ac 
cordance with the principles of my invention the liquid is sup 
plied around the mandrel at the ground level, so that as the 
mandrel moves downwardly through the ground the liquid 
flows downwardly by gravity and fills the space created. This 
liquid surrounds or substantially surrounds the mandrel stem, 
thereby supporting the walls of the hole and greatly reducing 
the frictional drag of the mandrel as it is driven progressively 
downwardly into the ground. This allows essentially all of the 
power and force applied to the mandrel to be transmitted to its 
drive foot which displaces the soil to form the hole. In the 
same way, the liquid greatly reduces the side friction during 
withdrawal of the mandrel stem from the ground. In some ap 
plications of my invention the resistance to the downward 
penetration is further reduced by use of a hollow cylindrical 
mandrel with an open drive foot which allows a soil plug to 
move up through the mandrel. 

In my method for forming a hole in the ground according to 
the present invention the mandrel is caused to penetrate the 
ground by means of any suitable hammer or vibrator of the 
types commonly used for driving piling. Heretofore, even the 
more powerful pile drivers were only partially successful in 
many soils because a greater part of the energy applied was 
absorbed by increased side friction. In the present invention, 
little or no energy is lost in side friction and hence, larger and 
more powerful pile drivers can be used more effectively. By 
applying the principles of my invention, there is no practical 
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deposits. For example, in sand and gravel deposits, holes with 
diameters in the range of 12 to 30 inches can be easily formed 
to depths of several hundred feet, which heretofore was prac 
tically impossible using prior art methods of driving a mandrel, 
regardless of the energy or design of the pile driver. 
One major application of the present invention is in the con 

struction of cast-in-place concrete piling, which can be made 
by procedures which are less costly and more rapid than prior 
art methods. In addition, several novel types of piling can be 
made which have certain specific applications and advantages. 
One type of cast-in-place concrete pile is well known as an 

"uncased' pile. Heretofore, one method for forming such 
piles was by driving a pipe mandrel, filling the interior of the 
pipe with concrete and pulling the pipe, thereby leaving the 
concrete in the ground. Using this technique, precautions of 
various types were required to assure that the concrete 
column left in the ground when the pipe mandrel was pulled 
was continuous and contained no voids filled with soil and 
ground water. This type of pile was not widely used because 
such voids were difficult to detect and sometimes occurred in 
spite of the greatest construction care. Another disadvantage 
with this prior art method was that a relatively great pull was 
required to remove the pipe mandrel due to its sidewall fric 
tion with the ground. 
Another common prior art method for making such un 

cased cast-in-place concrete piles required drilling a hole with 
a helical flight auger and filling the hole with a flowable 
concrete by pumping it down a conduit in the center of the 
stem of the helical auger as the auger is being withdrawn from 
the ground, Such methods are disclosed, for example, in U.S. 
Pat. Nos. 3,300,988 and 3,391,544. An advantage of the un 
cased pile made with the helical auger is that there is little or 
no displacement of the soil around the pile or disturbance to 
adjacent underground structures. However, the method of 
making uncased piles with the continuous flight auger has two 
major disadvantages. First, since the pile is not driven, it can 
not be relied on to transfer any substantial load to the ground 
through its tip. The second disadvantage of the auger method 
is that occasionally piles are formed in which voids are created 
in the concrete, a defect which occurs when the auger is 
pulled out of the ground at a rate greater than the rate at 
which the concrete is pumped down into the hole. 

Using the method of the present invention, uncased cast-in 
place piles can be made which are less costly than piles made 
by either of the two prior art methods described above and 
which eliminate the serious problems and disadvantages of 
these methods. In particular, my method removes any possi 
bility of creating voids in the concrete pile during the 
withdrawal of the mandrel or casing. 

Cast-in-place concrete piles of the type in which a thin steel 
shell is driven into the ground and concrete poured in later 
have also been widely used. With this type of pile it is possible 
to leave the shell unfilled until most of the piles in the general 
area are driven into the ground and then to inspect each 
empty shell immediately before filling it with concrete. Thus, 
the engineer can be confident that any given pile in an area is 
not damaged by the subsequent driving of the neighboring 
piles. In order to save the cost of the steel shell it was long an 
aim of the industry to find a method for constructing a cast-in 
place pile of this type using concrete for the shell. Methods, 
heretofore proposed, for making such cast-in-place concrete 
shells were too costly. The present invention solves this 
problem by providing a method for making cast-in-place 
concrete shells at less cost than steel shells, 
Another problem which is solved by the present invention is 

that of driving a pile into a layer of dense sand. In the prior art 
practice, it was extremely difficult to drive a pile more than a 
very short distance into such a layer because the dense sand 
offered very great resistance to the pile. As a practical matter, 
concrete piles and pipe piles with closed ends could not be 
driven more than a few feet into such sand layers before 
reaching refusal with a conventional pile driver of moderate 

limitation to the depth to which holes can be formed in soil 75 size. In such circumstances, where it was desired to have the 
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piling penetrate further so-called "nondisplacement' piles 
such as steel H-beams, and in some cases open ended pipe 
piles, were utilized. Even with steel H-piles, the driving was 
frequently very slow and difficult and there was always the 
great technical disadvantage that the pile might be deflected 
and bent back upward during the hard driving without the fact 
being known. An open ended pipe pile in such a circumstance 
might drive somewhat easier than a closed pipe, since some of 
the sand enters the interior of the pipe; however, after a plug 
of a few feet of sand has entered the lower end of the pipe, this 
frequently became so tightly jammed in place that no further 
sand could enter and the pile acted henceforth as a closed end 
pile. Using the principles of my invention, it is possible to 
overcome this problem, and to install piling relatively, easily 
and rapidly to considerable depths into layers of dense sand. 
The method of the present invention is particularly well 

adapted for the formation of friction piling designed for very 
heavy loads. For example, where a structure is to be founded 
on piling which is driven a short distance into a thick layer of 
dense sand and gravel, precast or cast-in-place concrete piles 
with tip diameters in the range of 8 to 14 inches are commonly 
driven 5 to 15 feet into the layer and designed for loads of 50 
to 75 tons. They are not driven deeper because they reaches 
sential refusal. In such a circumstance, if a high energy 
hammer is used the driving resistance may be adequate to jus 
tify the use of a high design load. For example, the pile may be 
driven to a final penetration resistance of 5 to 10 blows per 
inch with a hammer delivering an energy of 60,000 foot 
pounds, per blow which would give a calculated bearing 
capacity, using one of the widely accepted equations for cal 
culation, of from 200 to 300 tons. In spite of these high in 
dicated bearing capacities, because the pile only penetrates 
the sand and gravel bearing layer a relatively short distance, 
most engineers would hesitate to use the pile to carry more 
than about 75 tons. However, using the methods according to 
my invention, piles can be driven into the dense sand and 
gravel layer much further, such as 20 to 30 feet, so that there 
is no doubt that they can be designed safely to carry very high 
loads, such as for example 300 to 600 tons or 5 to 10 times the 
load commonly used in the prior art practice. This provides a 
great saving in the cost of the piling and, in addition, in the 
cost of the pile cap used to connect the piles at their upper 
ends with the building being supported. 

Vibrating drivers for installing foundation piling which 
vibrate the pile longitudinally hundreds or thousands of times 
per minute have proved to be particularly effective for in 
stalling piles in deposits of sand below the water table. This is 
because the vibrations cause the sand along the sides of the 
piling to "liquify'partially as the pile is being sunk, thereby al 
lowing most of the driving energy to be transmitted directly to 
the tip of the pile where it is most effective. For stiff clays and 
some other types of soils, however, vibrating drivers do not 
work well because the side friction between the walls of the 
piling and the soil absorbs the greater part of the driving ener 
gy. Hence, for stiff clays, and some other kinds of soils, con 
ventional pile driving hammers which deliver heavier blows at 
less frequent intervals are much more effective than the newer 
vibrating equipment. Using the techniques of the present in 
vention, in which the friction between the sides of the piling 
and the soil through which the pile is driven is removed, such 
vibrating drivers can be used equally effectively in clay as in 
sand. 

In sands the vibrating drivers install piling much more 
rapidly than conventional hammers, such as operated by 
steam or diesel power. When driving piling according to the 
principles of my present invention, conventional steam and 
diesel hammers are much more efficient in sand deposits and 
compete very well with the performance of vibrators. 

Heretofore, when driving long piling through stratified soil 
to bedrock or to a deep bearing layer of soil using the prior art 
methods, the sides of the piling had a tendency to "hang up' 
on a resistant intermediate soil layer. When this happened it 
was difficult for the engineer to evaluate how much of the final 
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driving energy of the hammer was effective in seating the tip 
of the pile into the surface of the bearing layer and how much 
energy was being taken out by the upper resistant layer. In 
such a circumstance, it often became necessary to "predrill' 
holes for the piling or to 'jet' the piling to remove the re 
sistance to driving of the intermediate layer. When driving pil 
ing according to the method of the present invention, the side 
friction is removed automatically and it is never necessary to 
predrillor to jet holes in advance of pile driving. 

Cast-in-place concrete piling were commonly made in prior 
art practice by driving a thin steel shell into the ground with a 
rigid, closely fitting mandrel. After driving to the depth 
desired, the mandrel was pulled and the shell was filled with 
concrete. One of the problems which arose with this kind of 
piling was that occasionally the thin steel shell was torn or 
otherwise damaged by the driving operation, allowing ground 
water to penetrate the shell. Using methods according to the 
principles of the present invention, cast-in-place concrete 
piles with thin steel shells can be installed with no possibility of 
damage to the thin shell, so that the shells can safely be made 
thinner and less expensive. 

In deep deposits of clays and silts, the loads which can be 
carried by "friction piling' are determined largely by the 
shear or bond which may develop between the soil and the ex 
terior surface of the piling. Hence, it is highly desirable to have 
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as much peripheral area as possible and to have a rough and ir 
regular surface. Using the principles of the invention, cast-in 
place concrete piling with longitudinal ridges on the exterior 
surface capable of developing greater side shear or bond per 
unit of length of pile, can be formed much more easily and 
economically than by current art methods. 

It has long been known that very slender steel piles can 
carry loads withoutbuckling even when the soil through which 
they are driven is a very soft material; that is, the lateral sup 
port given by even a very soft mud is adequate to allow the 
steel to sustain the compressive stresses which can be carried 
in a short column. This fact makes the use of very thin steel 
piles, such as railroad rails and even reinforcing bars, theoreti 
cally quite attractive in a situation where piling is to be driven 
through a thick deposit of soft soil to the upper surface of the 
hard bedrock. Such-piles have been used to a limited extent. 
The main technical disadvantage and the reason that they are 
not used more frequently, is the inherent difficulty of driving 
the thin piling in such a way that it will be straight and vertical 
at the end of the driving process. A general disadvantage of 
steel piling, and particularly of thin steel sections, is the hazard 
of corrosion. The present invention makes it practical to in 
stall very slender steel piles in the ground in a way that gives 
complete confidence that the installed pile is vertical and 
straight and that the steel pile is encased in a jacket of 
concrete to increase its strength and prevent corrosion. 
One of the occasional problems with foundation piling was 

that the long time settlement of an upper layer of soil 
gradually caused a "downdrag' on the piling, and eventually 
excessive settlement of the piling. With the present invention a 
novel type of pile can be made which has an annular mud 
filled space around its upper portion so that settlement of the 
ground cannot cause any appreciable "downdrag' on the 
piles. 

In many cases when driving piling through a soft soil layer at 
the surface into an underlying bearing layer such as a layer of 
medium dense sand, it is difficult to judge in advance how 
deep the piles will have to be driven into the underlying sand 
bearing layer. Usually the piles are driven to a certain driving 
resistance with a hammer of a certain size. A problem 
frequently arose using wood or precast concrete piles, for ex 
ample, where many of the piles ordered for the job were not 
long enough to reach the desired driving resistance. In the 
present invention where the drive foot is detachable from the 
mandrel, this problem is overcome by the selection of a drive 
foot of the proper size. For example, if a pile with a given 
length does not reach the desired or specified driving re 
sistance by the time it is driven into the ground, using the 
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method of the present invention a larger drive foot can be in 
stalled on the mandrel stem for the subsequent piles so that 
the driving resistance will be higher, and the specified value 
will be achieved before the pile has penetrated to its full 
length. My invention thus provides more flexibility in this re 
gard than any prior art method. For example, it is well known 
that the driving resistance of a pile in most soils increases 
greatly with the area of the tip of the pile; therefore, small dif 
ferences in the diameter of the drive foot have a large in 
fluence on the driving resistance of the pile. Drive foot mem 
bers having a particular configuration and made of certain 
materials can be used in soil conditions where each is best 
suited. 
Another application of my invention is in the construction 

of water wells. Heretofore, except for wells of very shallow 
depth, all water wells were put down by drilling procedures. 
Holes for water wells in soil deposits were not formed by driv 
ing a mandrel in the ground because it was not generally possi 
ble, using prior art methods of driving a mandrel, to get holes 
of adequately large diameter for wells down to the necessary 
depths. However, with my invention, holes in soil can be 
formed to the dimensions needed for wells much more 
economically by driving a mandrel than by drilling. 

All prior art methods for forming water wells in the ground 
included the steps of drilling the hole, holding the hole open 
temporarily, installing the casing, and backfilling outside the 
casing with a filter material. With my invention it is possible to 
form water wells in the ground in which several or all the 
above individual steps are carried out in one single continuous 
operation. 

In prior procedures for drilling water wells in soil formations 
which contain large gravels and cobbles it was necessary to 
break or grind up the larger rocks with the drill bit before the 
material was removed from the ground, a process which was 
slow and costly. With my method it is unnecessary to break 
down or chew up these larger rocks in order to form the hole 
for the water well, and this provides a great saving in time and 
COSt. 

For large diameter wells in sand and gravel formations the 
process of drilling called "reverse rotary' was commonly used 
in which the drill water was circulated down the hole and the 
drill cuttings and return drill water came up the interior of the 
drill stem. A fundamental disadvantage with this method was 
that the hole was constantly filled with water and it was not 
possible to obtain any indication during the drilling operation 
of the water-producing capability of the well from sand or 
gravel layers at various specific elevations. This was a large 
disadvantage since it did not allow any reliable estimate to be 
made from observations during construction of the well of the 
amount of water flowing into the well hole at a given depth. 
The present invention provides a method for constructing 
water wells which is superior to the reverse rotary method 
from the standpoints of speed and economy and at the same 
time allows an indication to be obtained of water flow into the 
well at each level during construction. 
Yet another application of my invention is in the construc 

tion of sand drains. Thick deposits of soft, saturated silt and 
clays are sometimes consolidated and made stronger and 
better able to support superimposed loads by the installation 
of "sand drains' which are vertical, cylindrical sand columns 
installed in closely spaced holes formed in the soft soil deposit. 
Heretofore, such holes were frequently made by simply driv 
ing and pulling a cylindrical sand filled mandrel. This 
procedure had two main disadvantages. First, the driving and 
pulling procedure created a thoroughly remolded skin or "- 
smear" of impervious soil on the walls of the hole, which skin 
acted to reduce the rate at which water could flow from the 
pores of the soft clay deposit to the sand drains. Second, the 
penetration of the closed end mandrel displaced the soft soil 
by pushing it to the side which had the disadvantage that natu 
ral structure of the soil was disturbed. This was undesirable for 
many soft silts and clays because it increased the compressi 
bility of the material and decreased its permeability. 
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6 
In an effort to overcome the soil disturbance caused by dis 

placement, several construction techniques were developed 
for sand drains including methods in which the soil was 
removed from the ground by a continuous flight auger and 
others in which the soil to be occupied by sand drain was 
removed from the ground inside an open ended pipe as dis 
closed in U.S. Pat. No. 3,358,458. In both of these methods, 
however, the thin layer of soil comprising the walls of the sand 
drain was badly remolded and smeared, by the rotating auger 
in the former method and by driving and pulling the open 
ended pipe in the latter method. Using the principles of the 
present invention, said drains can be installed with no ap 
preciable disturbance of the structure of the soil outside the 
volume of the sand drain and without forming a skin of re 
molded soil on the walls. Also, the principles of the present in 
vention permit the construction of a novel type of sand drain 
consisting of a small diameter sand column with an interior 
porous tubing, which has both technical and economical ad 
vantages over prior art drains. 

In heavy construction projects, tension anchors or "- 
tiebacks' have been used both for temporary supports for 
bulkheads and temporary retaining walls and for permanent 
anchors to hold down certain kinds of structures such as high 
towers against uplift from wind pressures and earthquake. In 
all prior art methods for installing such anchors, the activities 
of holding the hole open and of grouting or concreting the 
space around the tension rod or cable are carried out in two 
separate steps. Using the principles of my invention, anchors 
are installed by a method which combines both of these main 
steps in one simple operation and hence anchors can be in 
stalled more rapidly and more economically than by current 
art methods. 

It is often necessary to install an open cylindrical casing, 
such as a steel pipe, within a hole in the ground and to cement 
it in place by filling the annular space between the outside sur 
face of the pipe casing and the walls of the hole with concrete. 
Such cemented-in-place casings are used for a great number 
of diverse purposes among which are sealing the upper part of 
a water well, as shells for cast-in-place piles or concrete piers; 
as foundations for poles which protrude vertically out of the 
ground, such as are used for street lights and signs; hydraulic 
shafts for elevators; casings for the installation and operation 
of instruments below ground such as slope indicators and 
piezometers. In the current art such installations are made by 
drilling a hole in the ground, holding the hole open temporari 
ly, installing the casing and finally filling the exterior annular 
space with concrete, grout or other cementitious material. 
Using the principles of the present invention, a casing can be 
installed in the ground and cemented in place, in one continu 
ous process without the individual separate method steps of 
the current art. 
The principles of my invention may also be applied in the 

solidification of large ground areas. Heretofore, masses of soil 
below ground were solidified by a process of grouting which 
generally included the steps of drilling injection holes, in 
stalling steel casing and/or injection pipes in the holes, inject 
ing the fluid grout, usually a cementitious chemical, and 
finally pulling the casing. Using the method according to the 
present invention the same result can be achieved with all the 
method steps being combined in one simple continuous opera 
tion which is more efficient and economical. 

For certain engineering purposes it is sometimes highly 
desirable to obtain continuous undisturbed cylindrical sam 
ples of a deposit of soft silt or clay from top to bottom, taking 
individual samples with a length of 20 to 50 feet, for example. 
Heretofore, this was extremely difficult to accomplish in a reli 
able fashion. It was not possible to do it by simply pushing an 
open ended, thin walled pipe into the soil formation, primarily 
because the friction between the soil sample and the interior 
of the pipe make it necessary to use considerable force to push 
the pipe in the ground and this created an unacceptable 
disturbance of the natural structure of the soil. The only relia 
ble prior art method for taking such a sample was with an ap 
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paratus called the Swedish Foil Sampler, in which thin metal 
strips or foils were unrolled as the pipe was pushed into the 
ground using a technique such that the foils separated the soil 
sample inside the pipe from the inside walls of the pipe and 
there is no relative movement of metal and soil. However, this 
method was not widely used, primarily because of the relative 
ly intricate and expensive apparatus required. With the 
present invention, very good continuous, undisturbed samples 
of soft soil deposits can be obtained relatively easily. 

In accordance with the foregoing, it is, therefore, a general 
object of my invention to provide a method for making holes 
in the ground by the procedure of driving or forcing a struc 
tural member or mandrel into the ground and displacing the 
soil in its path, which method overcomes the problems and 
disadvantages of the prior art methods, is faster in practice 
and more economical in labor and materials and allows holes 
to be made with a larger diameter and to be put to greater 
depths than was heretofore possible with prior art methods. 
Another object of the invention is to provide a method for 

making holes in the ground by the procedure of driving or 
forcing a structural member, such as a cylindrical mandrel, 
into the ground and displacing the soil in its path that 
eliminates or greatly reduces the side friction between the 
structural member and the ground and permits all the force 
and energy applied to the upper end of the structural member 
to be effective at its lower end so as to cause it to penetrate the 
ground rapidly and efficiently. 
Another object of the present invention is to provide a 

method of driving piling into the ground for foundations of 
structures in which the walls of the piling or of the mandrel are 
separated from the ground by a thickness of liquid, such as 
concrete, grout or mud, in such a way that the side friction 
during the driving is greatly reduced and most of the energy of 
the pile driver is transmitted to the lower tip of the pile. 
Another object of the present invention is to provide a 

method of making an uncased cast-in-place concrete piling 
which overcomes the deficiencies of prior art methods. 
Another object is to provide a method of making a type of 

uncased concrete piling at a lower unit cost than was possible 
with any prior art method and particularly at a cost which is 
lower than that of wooden piling. 
Another object is to provide a method of constructing cast 

in-place concrete piling using a cast-in-place concrete shell 
which can be left open and inspected before the main body of 
the piling is poured. 

Yet another general object of my invention is to provide a 
type of piling which can be driven through stiff clayey soils 
with a vibrating pile driver more rapidly and economically 
than is possible with prior art methods. 
A main object is to provide a method of making a cast-in 

place reinforced concrete friction pile capable of supporting 
loads of 200 tons or more. 

Still another object of the present invention is to provide a 
type of piling which can be driven into sand deposits by con 
ventional pile driving hammers at a more rapid rate than 
heretofore possible using prior art methods. 

Still another object is to provide a method for installing a 
foundation into a layer of dense sand to depths not practical 
with prior art methods of pile driving. 
Yet another object of the present invention is to provide a 

method for making concrete friction piling, particularly for 
use in deep deposits of clay and silt, with an irregular exterior 
surface which develops larger side shear forces per unit of pile 
length than prior art piles. 

Still another object is to provide a method of forming cast 
in-place concrete piling using a thin steel shell in which there 
is no danger that the shell will be damaged by the driving 
operation and in which a thinner, less costly, shell can be used. 
Another object is to provide a method of installing very 

slender and long steel piling in a way that assures that it is both 
vertical and straight, and the problems of corrosion is 
eliminated. 
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A further object is to provide a means for constructing 

several new types of piling which are useful for special appli 
cations such as a composite pile consisting of a central core of 
wood and a jacket of concrete. Other novel types of piling 
constructed according to the principles of the current inven 
tion are a precast concrete pile and a pipe pile each cemented 
in place in the ground with an outer jacket of cast-in-place 
concrete. Another novel piling has an annular mud-filled 
space around its upper part in order to prevent downdrag 
loads as the result of settlement of the upper soil layers. 
Other miscellaneous objects in connection with the installa 

tion of foundation piling are: (1) to eliminate the hazard that 
ground water which enters the hole may weaken the freshly 
placed concrete forming the body of cast-in-place pile; (2) to 
eliminate the need for predrilling and jetting in advance of 
driving the piling; and (3) to make the final driving resistance 
of the piling (that is, in terms of number of blows of the 
hammer per inch of penetration of the pile) a better indicator 
of the nature of the material directly below the tip of the pile 
and thus the load which can safely be transmitted to the end of 
the pile. 

It is a further general object of the present invention to pro 
vide a method for making holes in the ground by driving a 
mandrel which will be generally satisfactory for the formation 
of water wells and which will be less costly and allow more 
rapid construction than prior art methods. 
A further object of the present invention is to provide a 

method for forming water wells in which some or all the main 
individual construction steps of the current art procedures, 
such as drilling the hole, supporting the walls of the hole tem 
porarily, installing the well casing and backfilling the casing 
with graded filter sand are combined into a fewer number of 
simple steps. 
Another object of the present invention is to provide a 

method for forming water wells in which it is not necessary to 
break or grind up coarse gravels and cobbles before they are 
removed from the ground, as was necessary in prior art 
methods. 

It is a further object of the present invention to provide a 
method of forming holes for water wells in the ground in 
which it is possible at each level of penetration of the hole dur 
ing its formation to obtain a measure of the quantity of water 
which it will be possible to pump from the soil at this level. 

Still another object of my present invention is to provide a 
means for installing steel tieback anchors in soil deposits more 
rapidly and economically than possible with prior art methods. 
Another major object of my invention is to provide a 

method of making sand drains in soft and water-logged 
deposits of silts and clays which are more effective in causing 
rapid consolidation of the soft deposit than any drain con 
structed by prior art methods. 

Still another object is to provide a method of making a novel 
type of sand drain with a small diameter, flexible, porous tub 
ing inside. 
Another object of the current invention is to provide a 

method for installing open pipe casings in the ground and ce 
menting them in place with concrete which is cheaper and 
more rapid than any method of the current art. 
Another object is to provide a method for solidifying masses 

of soil below ground by the injection of cementitious grouts 
which is cheaper and more rapid than prior art ground solidi 
fying methods. 
Other objects, advantages and features of the present inven 

tion will become apparent from the following detailed descrip 
tion of both the method steps and the apparatus for perform 
ing the method taken in conjunction with the accompanying 
drawings, in which: 

FIG. is a schematic view in elevation and in section of a 
hole being formed in the ground using the principles of the 
present invention; 

FIG. 1a is a plan view in section taken along line a-la of 
FIG. 1; 
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FIG. b is a view in elevation and in section similar to FIG. 1 
showing the mandrel stem detached from its drive foot and 
partially removed from the liquid-filled hole; 

FIG. 2 is a view in elevation and in section of another em 
bodiment of my invention utilizing a hollow, cylindrical man- 5 
drel with a detachable, concrete drive foot; 

FIGS. 2a-2c are views similar to FIG. 2 showing the steps of 
constructing an underground piling structure; 

FIG. 3 is a view in elevation and in section of another em 
bodiment of my invention utilizing a mandrel with an enlarged 10 
end portion and a detachable drive foot; 

FIG. 3a is a fragmentary view similar to FIG. 3 showing the 
mandrel partially removed; 

FIG. 4 is a schematic view in elevation and in section of 
another form of apparatus for making underground structures 
according to the principles of my invention in which the soil in 
the path of the downward penetrating drive foot is forced to 
enter the center of a hollow pipe mandrel; 

FIG. 4a is a schematic view in elevation and in section 20 
similar to FIG. 4 showing the hollow pipe mandrel filled with 
earth and being withdrawn from the ground; 

FIG. 4b is a fragmentary view in elevation and in section of a 
modified form of apparatus similar to FIG. 4; 

FIG. 5 is a schematic view in elevation and in section of a 25 
modified form of apparatus utilizing a perforated pipe man 
drel; 

FIG. 6 is a schematic view in elevation and in section of an 
apparatus according to my invention utilizing a perforated 
sleeve around the mandrel; 30 

FIG. 6a is a view in section taken along the line 6a-6a of 
FIG. 6; 

FIG. 7 is a schematic view in elevation of a piling formed in 
accordance with the present invention utilizing an H-beam 
mandrel; 35 

FIG. 7a is a view in section taken along the line 7a-7a of 
FIG, 7; 
FIG.7b is a view in section of a modified form of H-beam 

mandrel having an irregular drive foot; 
FIG. 8 is a view in elevation and in section of a piling formed 40 

in accordance with the present invention utilizing a precast 
concrete mandrel and foot; 

FIG. 8a is a view in section taken along the line 8a-8a of 
FIG.8; 

FIG. 9 is a view in elevation and in section showing an em 
bodiment of my method wherein a lighter fluid is displaced by 
a heavier fluid in the hole formed in the ground; 

FIG. 9a is a view similar to FIG. 9 showing the mandrel par 
tially removed; ar 

FIG. 10 is a view in elevation and in section of another form 50 
of composite piling utilizing the principles of my invention; 

FIG. 1 is a view in elevation and in section of another em 
bodiment of my invention utilizing an elongated drive foot; 

FIG, 11a is a view in section taken along line 11a-11a of 55 
FIG. 11; 

FIGS. 12 and 2a are views in elevation and in section 
showing the installation of one form of composite piling in ac 
cordance with the present invention; 

FIG. 13 is a view similar to FIG. 12a showing a modified 60 
form of composite piling; 

FIGS. 14 and 14a are views in elevation and in section 
showing a method for making an underground structure ac 
cording to the present invention using a tapered mandrel; 

FIG. 15 is a view in elevation and in section illustrating a 65 
method of making a tensioning anchor utilizing the principles 
of the present invention; 

FIG. 15a is a view in elevation and in section of the 
completed tensioning anchor; 

FIG. 15b is a view in section of a slotted pipe mandrel for 70 
use in installing the tensioning anchor of FIG. 15a, 

FIG. 15c is a view in section taken along the line 15c-15c 
of FIG. 15; 

FIG. 15d is a view in section taken along the line 15d-15d 
of FIG. 15a 75 
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FIG. 15e is a view in elevation and in section of a modified 

form of the tensioning anchor of FIG. 5; 
FIG. 16 is a schematic view in elevation and partially in sec 

tion illustrating the installation of tensioning anchor in a side 
hill utilizing the present invention; 

FIG. 17 is a fragmentary view in elevation and in section 
showing a modified form of drive foot; 

FIG. 17a is a view in plan section taken along line 17a-17a 
of FIG. 17; 

FIG. 8 is a schematic view in elevation and in section illus 
trating another apparatus according to my invention utilizing a 
thin shell with a hollow mandrel; 

FIG. 18a is a view similar to FIG, 18 showing the apparatus 
with the mandrel removed; 

FIG. 18b is a fragmentary view in elevation and in section of 
another modified form of apparatus utilizing a shell inside a 
hollow mandrel; 

FIG, 19 is a schematic view in elevation and in section 
showing another embodiment of my method utilizing a hollow 
mandrel and an air stream for removing debris from the hole; 

FIG. 19a is an enlarged fragmentary view in elevation and in 
section of the apparatus of FIG. 19, 

FIG. 19b is a view in section taken along line 19b-19h of 
FIG. 19; 

FIG. 19c is a view in section taken along line 19c-19.c of 
FIG. 19; 
FIG. 19d is an enlarged view in elevation and in section of 

the upper end portion of the apparatus of FIG. 19, 
FIG. 19e is a plan view in section cut on line 19e-19e of 

FIG. 19a 
FIG. 19f is a view in section taken along line 19f-19f of 

FIG. 19b, 
FIG. 19g is an enlarged fragmentary view in elevation and in 

section of an alternate type of drive foot for the apparatus en 
bodiment of FIG. 19, 

FIG. 20 is an enlarged fragmentary view in elevation and in 
section showing a modified form of the apparatus for carrying 
out the method shown in FIG. 19, 

FIG. 20a is a view similar to FIG. 20 showing the mandrel 
partially removed; 

FIG. 21 is a fragmentary view in elevation and in section 
showing a form of sand drain constructed according to the 
present invention; 

FIG. 21a is a view in section taken along line 21a-21a of 
FIG. 21; 

FIG. 22 is a fragmentary view in elevation and in section of 
another form of mandrel and drive foot combination utilizing 
the principles of the present invention; 

FIG. 22a is a view in section taken along line 22a-22a of 
FIG.22; 

FIG. 23 is a schematic view in elevation and in section 
showing another mandrei and drive foot apparatus according 
to my invention; 

FIG. 23a is a view in section taken along line 23a-23a of 
FIG. 23; 

FIG. 24 is a view in elevation and in section of another em 
bodiment of my invention primarily useful for making a thin 
cast-in-place concrete shell; 

FIG. 24a is a view in section taken along line 24a-24a of 
FIG. 24; 

FIG. 24b is a view in elevation and in section of a cast-in 
place concrete shell made with the apparatus of FIG. 24; and 

FIG. 24c is a view in section taken along line 24c-24c of 
FIG.24b; 

GENERAL DESCRIPTION OF HOLE-MAKING METHOD 
While I have shown the various steps of my method and also 

certain embodiments of the apparatus for carrying out the 
method, it is to be understood that these illustrations are not 
intended to limit the invention but are presented merely to il 
lustrate its application in the forms shown. 



3,638,433 
1. 

In broad terms my method for forming elongated un 
derground structures comprises the steps of creating a space 
in the ground by driving or forcing a mandrel means with an 
enlarged drive foot into the ground and simultaneously filling 
said space with a liquid. In most applications the drive foot 
remains in the ground and the mandrel means is subsequently 
withdrawn as more liquid is added simultaneously to replace 
the volume of the withdrawn mandrel. For some applications 
the mandrei means is left in the hole and incorporated as part 
of the structure being built. The aforesaid general method 
steps will be better understood as they are explained in greater 
detail below together with a description of the apparatus and 
the resulting structures that are formed according to my in 
vention. 

Referring to the drawing, FIGS. 1, a and b show method 
steps common to many applications, in which a hole 30 is 
formed through a soil deposit 32 extending from the ground 
surface 34 down to the upper surface of a bedrock layer 36, 
using one form of apparatus according to my invention. The 
apparatus comprises a solid, straight cylindrical mandrel stem 
38 which is driven into the ground by a suitable pile driver 40, 
such as the kind normally used for installing foundation piling. 
Attached to the lower end of the mandrel stem is an enlarged 
shoe or drive foot 42 having a diameter greater than the man 
drel stem 38. The diameter of the hole so formed is, therefore, 
approximately equal to the diameter of the foot and larger 
than the diameter of the mandrel stem. In this embodiment the 
drive foot is essentially a cylindrical sleeve, such as of cast 
steel, having a flat end 44 and the mandrel stem fits slideably 
within the sleeve so that it can be easily detached from it. 
An annular space 46 formed between the walls of the hole 

30 and the mandrel stem 38 is always kept filled with a liquid 
material 48. In the most common method embodiment of the 
current invention, as shown in FIG. 1, this liquid flows down 
into the hole from a small reservoir 50 which may be created 
on the ground surface by a tanklike structure 52. Thus, as the 
mandrel is being forced downwardly, the annular space 46 is 
constantly filled with the liquid 48 from the reservoir 50 and 
the mandrel stem 38 is thus surrounded by liquid. As the man 
drel moves downwardly the liquid also flows downwardly by 
gravity and it holds back the earth walls of the hole and 
prevents frictional contact between the earth and the mandrel 
stem. The surface reservoir is replenished through a pipe or 
hose from a suitable source such as a tank truck 54. 

For some applications, such as a foundation piling, the 
structure is completed when the mandrel has been driven to 
the depth desired and both the mandrel and the drive foot are 
left in the ground. Alternatively, after the drive foot 42 
reaches the depth desired for the bottom of the hole, such as 
the bedrock surface 36 in FIG. 1b, the mandrel stem 38 may 
be pulled. In the apparatus embodiment in FIG. the lower 
end of the mandrel merely fits within the sleevelike drive foot 
42 so that the mandrel stem will detach itself from said drive 
foot when it is pulled upwardly, and the drive foot, which is 
generally held tightly by the surrounding soil, remains in place 
at the bottom of the hole as shown in FIG. 1b. As the mandrel 
stem is being pulled, additional liquid flows downward into the 
hole from the surface reservoir 50 to replace the volume of the 
mandrel being withdrawn. The pressure head at every point in 
the fluid filled hole 30 is essentially equal to the elevation of 
the fluid surface in the reservoir 50. Once the mandrel is 
completely withdrawn from the ground, the desired hole is 
completed. 
The mandrel is withdrawn at a uniform and not excessively 

rapid rate, such as about 10 to 20 feet per minute, in such a 
way that the liquid can flow downward in the annular space, 
FIG. 1b, at a moderate velocity and the pressure in the liquid is 
always well above the exterior ground water pressure. Hence, 
there is no tendency for the ground water to flow into the hole 
or for the walls of the hole to be unstable. 

Since the mandrel stem is surrounded by liquid as it is being 
pulled, there is no frictional resistance between the mandrel 
and the soil. Hence, the upward force needed to withdraw the 
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12 
mandrel from the hole is only the weight of the mandrel, less 
the buoyant uplift. In fact, in some embodiments, in which a 
lightweight hollow mandrel is used with a closed bottom, the 
upward buoyant force of the liquid in the hole is sufficient to 
float the mandrel upward. 
A major advantage of my hole-forming method according to 

the present invention is that the walls of the hole are generally 
supported by the liquid and not by the structural mandrel. 
Hence, as the mandrel is pulled there is no transfer of the pres 
sure exerted on the walls of the hole from the mandrel to the 
liquid. In almost all prior art methods of pulling a driven steel 
casing and leaving a liquid-filled hole behind, the casing itself 
supported the soil walls and kept the ground water out until 
the moment that the casing was removed, at which moment 
the support function was transferred abruptly to the liquid in 
the hole. This rapid transfer sometimes caused a collapse of 
the hole, which danger is eliminated by the methods of the 
present invention. 

In FIGS. 2-2c, a variation of my method for constructing an 
underground structure according to the present invention is 
shown using an apparatus which is particularly useful for 
forming certain kinds of concrete piling or piers. Here, the 
mandrel stem 38a is a hollow cylindrical steel cylinder or 
heavy walled steel pipe which has a detachable drive foot 42a, 
made of precast concrete, at its lower end. This drive foot has 
a main body with an outside diameter considerably larger than 
the mandrel stem, and it tapers to a smaller diameter at its 
lower end. A central cylindrical boss portion 56 on its upper 
end has a smaller diameter so that it can fit within and plug the 
lower end of the mandrel stem 38a when the mandrel is forced 
downwardly. Suitable sealing rings 58 between the boss por 
tion and the inside of the mandrel stem are provided to 
prevent any passage of liquid into the mandrel. As in the ar 
rangement shown in FIG. 1, the mandrel stem 38a can be 
propelled downwardly by a suitable pile driver, its drive foot 
42a forming an annular space 46 around the outside mandrel 
stem as it proceeds. A liquid, such as a flowable cementitious 
mortar, is supplied to a reservoir 50a which is formed in the 
ground around the upper end of the mandrel so that the liquid 
will flow downwardly around the mandrel, continuously filling 
the annular space. When the drive foot reaches the desired 
depth, as shown in FIG. 2a, the hollow mandrel stem is 
completely surrounded by liquid, but the inside is dry and 
clean so that it can be readily inspected before it is filled with 
liquid, which again may be a flowable concrete, by pouring it 
in through a pipe or hose at the upper end of the mandrel, as 
shown in FIG.2a. 

In some applications, such as a concrete-filled pipe pile, the 
mandrei is left in the hole and the structure is completed when 
the center is filled with concrete. In other applications, the 
mandrei is removed from the hole by being pulled upwardly, 
as shown in FIG. 2b, a small further quantity of liquid being 
added to replace its volume, as it is withdrawn from the 
ground. When the mandrel stem has been removed, steel 
dowels 53 or some other fittings for connecting the completed 
piling to the superstructure can be installed before the 
concrete hardens. The procedure shown in FIGS. 2-2c is par 
ticularly illustrative of the advantages of my invention because 
it provides for ease, rapidity and economy of installation as 
well as unique safety and reliability factors due to the fact that 
the hollow mandrel, once driven, can be inspected before 
concrete is poured into it, so the main portion of the piling is 
wholly free from any contaminating and strength reducing 
water or dirt, 

In the procedure illustrated in FIGS. 2 and 2b, I have shown 
the same liquid being used outside and inside the pipe man 
drel. For other applications, as discussed later herein, I may 
use different liquids inside and outside. Also, in FIGS. 2 and 
2b, I have shown the liquid reservoir 50a at the surface to be in 
the form of a hole dug in the ground. This hole may be small 
(e.g., 30 inches in diameter and 24 inches deep) and can be 
dug by any conventional means. Alternatively, a large hole 
may be provided by using an auger with a diameter between 



3,638,433 
13 

24 inches and 48 inches which can excavate to any initial 
depth desired (e.g., 5 to 15 feet). In addition to serving as a 
reservoir, when used to form a concrete pile or pier, the 
hardened concrete thereinforms an enlarged upper end which 
may be particularly useful as a connection with the building 
column because of its ability to resist lateral as well as vertical 
loads. 

In FIG. 3, another apparatus for making holes according to 
my invention is shown, which comprises a mandrel stem 38b 
with an enlarged section in the form of a piece of very heavy 
walled steel pipe which is rigidly and permanently attached to 
the lower end. Here, when the mandrel is pulled after the hole 
is completed to the depth desired, the enlarged section is also 
pulled out of the hole. As in the previous applications the an 
nular space 46 formed in the ground during the downward 
penetration of the mandrel is constantly filled with a liquid 48 
which travels downward from the surface reservoir 50. As the 
mandrel is being driven the central channel 55 through the 
mandrel stem is blocked at its lower end by a precast concrete 
drive foot 42a, with an exterior diameter equal approximately 
to the exterior diameter of the lower enlarged section 60 of 
the mandrel stem. Next, the hollow interior of the mandrel is 
filled with liquid by pouring it in from the surface, and the 
mandrel is then withdrawn from the ground as shown in FIG. 
3a leaving the hole filled with the liquid placed inside the man 
drel. In this embodiment of FIGS. 3 and 3a, the hole is 
"reamed' to the full diameter again as the enlarged section of 
the mandrel is withdrawn. This acts to counter the tendency in 
some soils for the hole to decrease in diameter after the en 
larged end on the mandrel has passed through. As the mandrel 
is withdrawn the liquid in the annular space 46 is forced up 
ward and out of the ground. 

It is apparent that liquid added to the hole as the mandrel is 
being withdrawn as in FIG. 3a, can also be supplied down the 
center of the mandrel under pressure with a pump (not 
shown). If the liquid pressure is made great enough it will push 
the mandrel out of the hole, thereby eliminating the necessity 
to apply an upward pull to the mandrel to withdraw it from the 
ground. In several important applications of my method the 
mandrel is forced out of the hole in this way by the liquid pres 
sure in the hole acting upward on the bottom of the rising en 
larged section 60. 
FIG. 4 shows yet another embodiment of the present inven 

tion wherein a mandrel 38c consists of a heavy steel pipe 
which is open at the bottom so that a portion of the soil in the 
path of the downward penetrating mandrel is taken inside in 
the form of a soil plug 62. In this embodiment a drive foot 42c 
on the lower end of the mandrel stem is a simple annulus or 
ring which is very similar to the drive foot shown in FIG. 1, ex 
cept that it has a hole in the center. Also in the embodiment of 
FIG. 4, I have shown another short length of steel pipe 64 or 
internal ring welded securely to the lower end of the pipe man 
drel on the inside, which serves several functions. It stiffens 
and strengthens the lower end of the pipe mandrel and it 
causes the soil plug 62 to have an outside diameter which is 
somewhat less than the inside diameter of the pipe mandrel 
38c, thereby allowing the plug to enter without great frictional 
resistance. 

In some applications, such as when used to form a pipe pile 
in the ground, the mandrel of the embodiment of FIG. 4 is 
simply driven to the depth desired and left in place. In these 
applications the soil plug 62 may be left inside the pipe man 
drel or it may be removed by any of several procedures well 
known in the current art which it is not necessary to describe 
here, such as washing it out with water jets or digging it out 
with an auger. When the soil plug is so removed the interior of 
the pipe is generally, but not necessarily, filled with concrete. 

In most applications the mandrel stem is withdrawn from 
the hole as shown in FIG. 4a and the space below ground for 
merly occupied by the mandrel stem and the soil plug 62 is 
filled by an additional supply of liquid flowing downward in 
the annular space between the mandrel and the walls of the 
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embodiments shown in FIGS. b and 2b is a fluid-filled hole 
with the detachable drive foot 42c left in the bottom. In these 
applications, the soil plug 62 is carried out of the ground in 
side the pipe mandrel 38c. It does not fall out as the mandrel is 
being lifted because it is wedged in the bottom against the in 
ternal ring 64. Once the mandrel is completely out of the hole, 
the soil plug can be removed from the interior by any suitable 
method known to those skilled in the art. For example, when a 
vibrating type driver is used to force the mandrel into the 
ground, the vibrator is turned off when the mandrel is being 
withdrawn from the ground in the step of FIG. 4a. Then, when 
the mandrel is completely above the ground and hanging free 
ly from the crane boom, the vibrator is turned on causing the 
soil plug 62 to drop out of the mandrel. 

In a variation of this latter embodiment of my invention, as 
shown in FIG. 4b, I provide a series of holes 66 in the walls of 
the pipe mandrel a short distance above the bottom so that the 
liquid in the outer annular space flows through these holes 
into the interior of the mandrel, filling the inner annular space 
68 surrounding the soil plug 62 and further reducing the fric 
tion between the soil plug and the inside of the mandrel. 
The embodiment of FIG. 4 has two general potential ad 

vantages over the embodiment of FIG. 1 for certain applica 
tions. First, using a given pile driver, the apparatus of FIG. 4 
with the hollow mandrel 38c, will penetrate a dense or re 
sistant soil much more rapidly and to a greater depth than the 
apparatus embodiment of FIG. 1. This is true because the re 
sistance to penetration of the mandrel foot is much less in the 
case of FIG. 4 since it is easier to take the soil inside the man 
drel than it is to push it to the side. For this same reason holes 
of much larger diameter can be made than are possible with 
apparatus in which a closed end drive foot is used. A second 
major difference between these two main embodiments is in 
the disturbance of the soil formation. In most fine-grained 
soils, such as clays or silts, if a considerable number of closely 
spaced holes are put down in a given area using the closed end 
mandrel, a considerable portion of the total volume of soil is 
displaced. This causes fairly high pressures to develop in the 
ground, with the result that the ground surface heaves in order 
to accommodate the displaced volume of soil. This heaving 
can cause damage to adjacent structures on the surface and to 
buried structures such as foundations, pipelines, etc. Using ap 
paratus embodiments of the type shown in FIG. 4, in which the 
soil plug is removed from the ground, the volume of soil dis 
placed outside the hole by the downward penetration of the 
mandrel is much less, for a given hole diameter. Hence, there 
is less trouble associated with heave of the ground surface and 
pressures within the ground on buried structures. 

In the embodiments of FIGS. 1 through 4 the liquid flowing 
down from the surface reservoir has traveled wholly outside 
the exterior surface of the mandrel stem. In most practical ap 
plications of the present invention the liquid flows downward 
as shown in FIGS. 1 through 4 under the action of gravity in 
the space between the exterior of the mandrel and the soil 
walls of the hole. In some apparatus embodiments, however, 
other fluid channels are provided in addition. 
One embodiment of this type is shown in FIG.S in which the 

mandrel 38d is a steel pipe with a series of holes 70 cut in the 
wall. At its lower end the mandrel is provided with a stiffener 
ring 64d and fits within the recess of an enlarged drive foot 
42d which may be made of precast concrete as in the ap 
paratus of FIG. 2. In this embodiment, as the mandrel 
penetrates downward, the liquid from the surface reservoir 50 
not only flows down the annular space 46 but also enters the 
hollow interior through the holes 70 and flows down inside the 
mandrel. Hence, the liquid pressure inside the mandrel is es 
sentially the same as the pressure outside of the same level, the 
only difference being the small head loss necessary to cause 
the liquid to flow through the holes 70 in the pipe walls. The 
holes in the walls of the pipe mandrel are made large enough 
so that the liquid can enter the interior of the mandrel easily 
and the head loss is small. A variation of this latter apparatus 

hole, as shown in FIG.4a. The end result in this case, as in the 75 embodiment is shown in FIG. 6 in which a mandrel 38e con 
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sists of two concentric, spaced apart steel pipes 72 and 74. As 
seen in this figure the interior steel pipe 72 has no holes in it, 
so that the interior can be kept empty as the mandrel is being 
driven. The larger diameter exterior pipe 74 is rigidly and per 
manently attached to the interior pipe with steel webs 76 
(FIG, 6b) and has holes 78 spaced apart along its walls. 
Hence, in this embodiment the liquid from the surface reser 
voir 50 travels downwardly as the mandrel is being driven in 
the exterior annular space 46 and also in the inner annular 
space 80 between the two concentric pipes 72 and 74. Again, 
as in the case of the hollow mandrel of FIG. 5 the pressure in 
the liquid in the inner annular space is essentially the same as 
in the outer space, differing only by the head loss needed to 
cause the liquid to flow through the holes in the outer pipe 74. 
The embodiment of FIG. 5 is particularly useful where the 

mandrel is pulled to leave behind a liquid filled hole, and when 
time on the job is a critical factor. The main advantage in this 
respect is that the interior of the pipe mandrel is filled 
completely by the time the mandrel has penetrated to the 
depth desired. Hence, the separate step of removing the pile 
driver from the upper end of the mandrei and filling the interi 
or with liquid is eliminated. The method also eliminates the 
necessity for lifting the liquid into the air for the purpose of 
pouring it into the upper end of the pipe mandrel, which is 
generally protruding out of the ground a certain distance. 
Also, because the volume of the steel pipe itself is relatively 
small compared to the volume of the hole, the mandrel can be 
pulled rapidly, without the necessity of pouring an appreciable 
quantity of additional liquid to replace the volume of the man 
drel as it is withdrawn, as required in the embodiment of FIG. 
1b. 
A second advantage of the embodiments of FIGS. 5 and 6 is 

that a protected vertical channel is provided for downward 
flow of the liquid which will remain open, without any doubt, 
even though the soil might close in around the mandrel at 
some level. For example, in the circumstance where the man 
drel is being driven to a depth of 50 feet and where at a depth 
of 25 feet there is a layer of soil which has a strong tendency to 
close in around the mandrel, the use of apparatus embodi 
ments as shown in FIG. 5 and 6 allows the liquid to flow 
downward into the ground and continue to fill the space as it is 
created by the downward penetrating drive foot 42, in spite of 
the fact that the soil at depth 25 feet may close off the outer 
annular space. 

In the drawings showing embodiments of my invention 
discussed thus far I have shown generally how my method may 
be applied to make elongated structures in the ground in 
which a mandrel is used to form a hole and is then removed 
except for a detachable end member or drive foot that remains 
in the hole, after which the hole is filled with a liquid, such as 
concrete. The principles of my invention may also be applied 
in methods in which the drive foot is rigidly fixed to the man 
drel and both are left in the ground to form part of the body of 
the structure. For example, in FIG. 7 a foundation piling 82 is 
shown, comprised of a steel beam stem 84, such as an H-beam 
connected to a drive foot 42 consisting of a short length of 
heavy walled steel pipe 85 having a heavy steel plate 86 rigidly 
attached to its lower end, as by welding. This piling is driven in 
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the same manner as shown in FIG. 1, a liquid 48 (concrete) 
being supplied at the ground level around the piling as it is 
driven and flowing downwardly by gravity to fill the space 
formed behind the drive foot. 

FUNCTION AND QUALITY OF LIOUID USED OUTSIDE 
MANDREL 

The liquid used to fill the space created as the mandrel is 
being driven serves two main functions in the applications of 
my invention discussed thus far. First, it creates a pressure in 
the hole which prevents caving of the walls, deters the diame 
ter of the hole from decreasing by "squeezing in,' and 
prevents ground water from entering the hole. Second, the 

65 

70 

6 
walls of the hole so that little or none of the energy of the pile 
driver is dissipated in overcoming friction between the man 
drel stem and the soil. The liquid also serves other important 
functions in specific cases. 
Depending primarily on the purpose for which the hole is 

being formed and the type of ground in which the hole is sunk, 
a number of different types of liquids are used. These are 
discussed hereinbelow when describing the special method 
steps used for the various applications. Except when used for 
the special purpose of chemical grouting as discussed later 
herein, it is a main general aspect of the present invention that 
once the liquid enters the ground it does not leave the hole in 
any significant quantity by seeping out into the soil surround 
ing the hole. Although in all soils the liquid may penetrate a 
short distance, and in some very coarse soils with large open 
pores, it may occasionally flow a considerable distance before 
being shut off, the properties of the liquid used are such that it 
essentially remains in the hole. 

In general the liquid which enters the hole during the 
downward penetration of the mandrel must have two main 
properties. First, it must be sufficiently flowable so that it can 
flow down into the space at the same rate as the mandrel 
penetrates the ground, and the head loss in friction when flow 
ing at this velocity must not be great; that is, it cannot have an 
excessively high viscosity and it cannot have appreciable inter 
mal friction. Second, it must have properties which will present 
large quantities of the liquid from flowing out into the sur 
rounding ground. This latter property, of course, is dependent 
on the permeability of the ground. A thin liquid of low viscosi 
ty which might be unsatisfactory in one kind of ground 
because it flowed rapidly out into the pores of the soil may be 
perfectly satisfactory when used for construction in a more 
impervious type soil. In addition, the density of the liquid 
should be generally at least as heavy as water so that the pres 
sure in the liquid column at any elevation will always be 
greater than the adjacent pressure in the ground water. This 
also depends somewhat on the situation. Since the pressure 
head in the liquid is always equal approximately to the ground 
surface level and since the ground water table is generally con 
siderably lower than this level, it is possible in some locations 
to use a liquid which has a density less than that of water and 
still maintain a pressure in the liquid-filled space greater than 
the ground water, especially if the ground water table is low. 

In relatively impervious soils, such as homogeneous deposits 
of silts and clays, pure water can theoretically be used as the 
liquid and in a few practical applications water is quite 
satisfactory, as discussed later in this disclosure. Usually, how 
ever, other more suitable liquids are used to achieve special 
purposes. 

In the general case the liquid must have one of several pro 
perties to prevent it from seeping easily out into the pores of 
the soil around the hole. Most satisfactory liquids for this pur 
pose have one or more of the following properties: (1) thix 
otropy; (2) suspended clay or sand sized particles; (3) viscosi 
ty greater than water. The liquids used most commonly in 
practical applications of the principles of my invention have 
one or more of these properties. The most commonly used 
liquids are: colloidal mud consisting of a bentonite-water mix 
ture of the kind normally used for a drilling fluid in a rotary 
drilling process; a self-disintegrating type of colloidal mud 
such as the product Revert manufactured by the Johnson Divi 
sion of the Universal Oil Products Company, St. Paul, Minn.; 
and various cementitious grouts and fluid mortars, usually 
with a base of portland cement. In some applications the muds 
are “weighted' with barite to increase the density and the 
liquid pressure in the hole. In other cases liquids consisting of 
a mixture of mud and silt or sand are used. 

Liquids having the general aforesaid properties do not 
penetrate even very pervious soils very far and, hence, the 
liquid pressure acting in the space in the ground around the 
mandrel stem acts to support the soil walls of the hole as 
though there were an impervious skin on the surface. For ex 

liquid surrounds the mandrel stem and separates it from the 75 ample, it is well known that a colloidal mud such as a 
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bentonite-water-slurry is thixotropic, and consequently it is 
very successful in supporting the walls of excavations in the 
ground below the water table, When such mud is first added to 
the hole there is a tendency for it to flow outwardly into the 
voids of the adjacent soil, since the fluid pressure in the mud is 
higher than the pressure in the ground water in the pores of 
the surrounding soil. As the mud penetrates a short distance 
into one of the small pores of the soil it gels because of the 
thixotropic action and does not penetrate further. Sub 
sequently, driven by the difference in fluid pressure between 
the mud in the hole and the ground water, some of the water 
comprising the mud seeps into the adjacent ground leaving be 
hind on the hole walls particles of pure bentonite. This action 
continues until a thin skin or "cake' of bentonite lines the 
walls, which skin is almost completely impervious and acts as a 
lining against which the liquid pressure can be exerted to sup 
port and stabilize the walls of the hole. Grout slurries of port 
land cement and water and fluid concretes act in much the 
same way; that is, the higher pressure in the fluid concrete 
placed into the hole tends to cause the water in the concrete to 
flow into the adjacent soil and to carry the particles of the ce 
ment and fine sand with it, which particles become wedged in 
the pores of the soil surrounding the hole creating a relatively 
impervious skin on the hole walls. 

THE MANDRELAND DRIVING HAMMER 
Many variations in the basic apparatus and methods can be 

used to make elongated structures in the ground according to 
the principles of the invention. For example, the invention 
does not depend on the mechanism by which the mandrel is 
caused to penetrate the ground. Any kind of a pile driving 
hammer, vibrating pile driver, sonic pile driver, or any other 
means which can push a mandrel into the ground can be used. 
In certain soft soils, the mandrel is caused to penetrate the 
ground simply under the action of a heavy static weight. 
The mandrel can have an internal opening such as a pipe as 

shown in FIGS. 2, 3 and 4 or it can be solid as shown in FIG. 1, 
and it can have any convenient cross-sectional shape. The 
mandrel can be withdrawn from the hole or it can be left in 
place in the ground. The drive foot can be firmly fixed to the 
lower end of the mandrel or it can be detachably fixed during 
the driving process and left in place at the bottom of the hole 
when the mandrel is withdrawn. For many important applica 
tions the hole is formed by displacing the soil in the path of the 
downward penetrating mandrel outward into the ground 
directly surrounding the hole, as shown in FIGS. 1, 2 and 3. 
Alternatively, using a hollow pipe mandrel, some or all of the 
soil in the path of the downward penetrating mandrel is caused 
to move inwardly and to enter the interior of the hollow man 
drel, as shown in FIG. 4. The soil which enters the interior of 
the mandrel can be left in place in the mandrel in the ground 
as a part of the structure so formed, or it can be removed from 
the ground from the interior of the mandrel using a number of 
means as described herein. 

THE DRIVE FOOT ON THE MANDREL. 
The drive foot on the lower end of the mandrel, which 

makes the actual hole in the ground in the procedures accord 
ing to my invention, can be made of a variety of shapes and 
materials. Such drive members are also known in the art by a 
number of names such as drive shoe, boot, tip, drive point, etc. 
in this disclosure I will use the general descriptive term drive 
foot or enlarged drive foot. In the various embodiments of my 
invention discussed above, I have already shown enlarged 
drive foot members 42 consisting of a sleevelike shoe of cast 
steel in FIG. 1, the solid precast concrete drive foot 42a of 
FIG. 2, the heavy walled steel pipe with a heavy steel plate 
welded on its bottom, shown in FIG. 7, and the detachable 
steel annulus of FIG. 4. 

In the embodiments of my apparatus in which the end of the 
mandrel is closed, the hole is formed in the ground by a 

5 

10 

5 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

18 
drel to the side. This is generally a process of overcoming the 
shearing resistance in the body of soil located in the path of 
the downward penetrating mandrel and in the zone im 
mediately around the hole so formed. In many soil deposits, it 
is sufficiently accurate to describe this as an irreversible action 
in the sense that once the soil is sheared and pushed to the side 
there is no great tendency for it to be pushed back into its 
original position, and what little tendency it has to do so is 
easily resisted by the pressure of the liquid installed in the hole 
according to the principles of my invention. In fact, it is essen 
tially valid to state that the present invention is based in large 
part on the discovery that in most soil deposits the hole 
formed by pushing the soil aside with a downward penetrating 
drive foot can be made to remain open if it is filled with liquid 
with a pressure equal to the approximate weight of a liquid 
column extending to the ground surface. 
Another part of my invention was the discovery that the 

length of the enlarged drive foot did not need to be very great 
to prevent the hole from squeezing closed at a given level in 
the ground after the drive foot had penetrated downward. In 
some soils, especially above the water table and in the upper 
20 feet or less of depth, it is not imperative to use a liquid in 
the hole to prevent the walls from caving because the soil itself 
has sufficient cohesive strength to keep the hole open. In such 
circumstances, it is possible to drive a mandrel with an en 
larged foot, such as shown in FIG. 1, and form a hole in the 
ground which will stay open at least temporarily, even if no 
liquid is caused to fill the hole. Obviously, in soils of this type, 
and in similar soils that are not quite as stable, the length of 
the enlarged foot needs only to be a few inches to serve its pur 
pose of pushing the soil out of the way to form the hole. For 
most practical applications, I use a minimum length for the en 
larged drive foot in the range between 50 and 100 percent of 
its outside diameter. I have found that this is satisfactory for 
most subsoil conditions, though in some very stable soils as 
discussed above, the drive foot may be a simple circular flat 
steel plate with a thickness of 1 inch or less. 

In some soils, particularly below the water table, the act of 
forming the hole by pushing the soil to the side causes the 
development of fairly high pressures in the ground around the 
lower end of the mandrel. These pressures tend to squeeze in 
on the hole at any given level and reduce its diameter after the 
drive tip has penetrated beyond this level. In most cases these 
high pressures are the result of temporary pressures created in 
the water which fills the soil pores, commonly called pore 
water pressures. In the great majority of cases the soil and 
water pressure is only high for a short time and for a short 
distance of the hole directly above the downward moving 
drive foot. I have found that a drive foot with a length equal to 
two to four times the diameter of the mandrel stem is adequate 
in the great majority of cases to prevent squeezing of the hole. 
In some circumstances, it is desirable to make the length of the 
enlarged drive foot longer, such as 7 to 10 times the diameter 
of the hole being formed. 
The tendency for the hole to squeeze back and close is a 

function of the soil type, and particularly its permeability and 
water content, the diameter of the hole, the depth of the hole, 
and the number of other holes being put down in the im 
mediately adjacent area. In extreme circumstances it is not 
practical to penetrate the ground below a certain depth using 
the embodiments in which the soil is pushed to the side 
without the hole closing in around the mandrel stem. In such a 
situation, if it is desirable to go to greater depths using the 
principles of the invention, a hollow cylindrical mandrel is 
used and the soil in the path of the downwardly penetrating 
drive tip is caused to enter the mandrel interior, as shown in 
FIG. 4. When using this apparatus embodiment, the enlarged 
drive foot need only have a length of a few inches, as shown in 
FIG, 4, even when penetrating soils of the type in which holes 
have the greatest tendency to squeeze. 

It is seen in the above discussion of FIGS. 1 through 4 that in 
many practical applications of the present invention the man 

process of pushing the soil in the path of the downward man- 75 drel stem consists of a heavy walled steel pipe or a circular 
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steel cylinder and the drive foot is circular in cross section 
with an outside diameter which is larger than the exterior 
diameter of the mandrel stem, so that there is a cylindrical an 
nular space formed in the ground outside the mandrel sterin. 
The desirable diameter of the enlarged foot in this circum 
stance with respect to the dimensions of the mandrel stem, 
which determines the width of the liquid-filled annular space, 
depends on a number of factors such as the purpose of the 
hole, the characteristic of the liquid being used, the type of 
soil through which the mandrel is penetrating, the length of 
the enlarged section on the mandrel, and the amount of soil, if 
any, which is taken inside the hollow mandrel. 

I have found that a relatively narrow space outside the man 
drel stem suffices as a flow channel to carry most of the liquids 
used in connection with the present invention downward into 
the ground in such a way that the space formed in the ground 
is filled with liquid. One reason for this is that the space 
around the mandrel stem is a more effective fluid-carrying 
conduit than it would be if the mandrel were not penetrating 
the ground at more or less the same rate as the fluid. That is, 
there is no relative movement at point"X" on the exterior sur 
face of the mandrel, FIG. 1, and a point "Y" in the fluid im 
mediately adjacent. Hence, the liquid flowing down in the an 
nular space FIG. 1 is subjected to frictional drag only on the 
outer surface of the hole. For this reason, the annular space 
does not have to be very wide in order to serve its function as a 
flow channel. I have found that when the mandrel is penetrat 
ing the ground at a normal rate, such as 5 to 15 feet per 
minute, usually an annular space with a width of about 1 inch 
is easily adequate for most liquids. 

In most practical applications of the current invention 
where a cylindrical mandrel stem is used such as for concrete 
piling, sand drains and water wells, the annular space is made 
larger, such as 1.5 to 4.0 inches, for convenience and because 
there is no advantage to making the space very small, since the 
liquid must frequently be put in the hole in any event. Also, of 
course, the annular space serves a second function in methods 
which incorporate the step of FIG. 1b: that is, it serves as a 
conduit for the liquid flowing down to replace the volume of 
the solid mandrel. For this function, the larger the annular 
space, the faster the mandrel can be pulled without creating a 
suction in the hole. In the applications using a rolled steel 
beam for the mandrel, FIG. 7, or a steel pipe with holes in the 
wall, FIG. 5, channels of much larger dimensions are provided 
for the downward liquid flow, which are very beneficial for 
some special purposes as discussed later in the disclosure. 
Another advantage in the general case to having an annular 

space of generous proportions is that the liquid in said space 
constitutes an additional reservoir volume to supply liquid 
needed in the circumstance where the mandrel penetrates a 
very pervious gravel deposit and some of the liquid temporari 
ly flows out into the soil voids. On the other hand I have found 
that for some applications a very narrow annular space, such 
as one-quarter inch, serves the function of allowing liquid to 
flow downward into the ground outside the cylindrical man 
drel stem from the reservoir, eliminating the side friction dur 
ing the penetration and withdrawal of the mandrel. 

FOUNDATION PILING AND PERS 

The method embodiments discussed thus far in connection 
with FIGS. 1 to 6, in which the end result after the mandrel is 
withdrawn from the ground is a liquid filled hole, can be used 
to make a cast-in-place piling simply by using a cementitious 
material as the liquid. Alternatively, a thin drilling mud, such 
as a bentonitic slurry, can be used as the liquid so that a mud 
filled hole is created in the ground. Subsequently, this mud 
filled hole may be filled with concrete, displacing the mud up 
ward, using tremying procedures which are well known in the 
art. Hence, one important construction method for piles and 
piers is to use the methods described above in connection with 
FIGS. 1, 4 and 5 with bentonitic mud as the liquid. 
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When a cementitious material is used for the liquid in con 

nection with the method and apparatus embodiments 
described in FIGS. 1 through 5 an unreinforced, uncased cast 
in-place piling or pier is formed. In the application of the in 
vention to the formation of such piling the liquid serves the 
three vital functions of: (1) holding the walls of the hole open 
and preventing the ground water from entering; (2) eliminat 
ing the side friction on the walls of the mandrel both as it 
penetrates the ground and as it is withdrawn; and (3) harden 
ing to form permanent body of the piling. My discovery that a 
liquid concrete could be made to serve these three functions 
in one rapid and continuous process, using simple apparatus 
without the need for injecting the concrete into the ground 
through closed conduits under pressure with a pump, is an im 
portant part of the present invention. The savings in labor, 
equipment and time achieved as a result allow cast-in-place 
piling to be constructed according to the principles of the in 
vention at a much lower cost than was possible previously. 

LIQUID CONCRETE 

Depending on the circumstances, the hardenable cementi 
tious liquid used in connection with methods according to the 
present invention for making foundation piling and piers range 
between an ordinary concrete of the kind used for reinforced 
concrete building construction to a very thin grout consisting 
primarily of portland cement and water. In each case, the pro 
perties of the cementitious liquid are designed to satisfy the 
specific requirement, and particularly to assure that the 
material will have sufficient flowability in order to penetrate 
the ground at the same rate as the mandrel. 

Obviously, the need for the liquid to flow rapidly and to 
have relatively low viscosity depends on a number of factors. 
The smaller the annular space through which the concrete 
flows into the ground, the more rapidly the mandrel 
penetrates the ground, the longer the piling, and the higher the 
elevation of the ground water, the lower the viscosity which 
the liquid should have in order to serve its function well. 
Another important factor is the method of pile driving used to 
cause the mandrel to penetrate the ground. Particularly 
vibrating pile drivers which cause the column of liquid outside 
the mandrel stem to be in a continual state of agitation are 
more effective in causing the downward penetration of a 
viscous liquid concrete; hence, when vibrating pile drivers are 
used a less flowable concrete mix can be used satisfactorily 
than when ordinary pile drivers are used. 

In embodiments where steel H-beams are used as the man 
drel, as shown in FIG. 7, and in which the enlarged drive foot 
42 is 15 inches or more in diameter, I have found that ordinary 
concretes of the type used for building construction, such as a 
mix with a consistency measured in a standard slump test 
ranging between 2 and 6 inches of slump, and with a maximum 
size aggregate in the range between three-fourths and 14, 
inches, can be used very satisfactorily, particularly when a 
vibrating pile driver is used. 

For the great majority of applications, however, where the 
space formed in the ground, through which the liquid concrete 
must flow downward has a width of 3 inches or less, ordinary 
concrete with an aggregate size of three-fourths inches or 
greater and a slump of less than 6 inches is not used for the 
liquid. Even though it has been found in recent years that 
these ordinary concretes can be pumped readily and rapidly 
through small pipes with special concrete pumps, they have 
too much internal shearing resistance to flow down into the 
ground as the mandrel is being driven according to the princi 
ples of the present invention when the annular space is 3 
inches or less. Also, because of the internal friction of ordina 
ry concrete while still in a wet state, considerable force is 
needed to withdraw a mandrel from the hole; that is, a force 
much greater than the weight of the mandrel alone. Hence, for 
the great majority of applications cementitious liquid is used 
which is more flowable than ordinary concrete. 
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In all the subsequent discussions of piling and piers accord 
ing to the methods of this invention I will frequently use the 
term "concrete' for the liquid which flows down into the 
ground as the mandrel is being driven; however, it should be 
understood as discussed herein that this material must 5 
generally be more flowable than ordinary concrete. A com 
mon mix design use for many applications is simply a very 
fluid mortar consisting of sand, portland cement, water and 
admixtures. Various kinds of admixtures are commonly used 
including air-entraining agents and set retarders, of the kind 
that also act as fluidifiers. The primary purposes of the admix 
tures are to improve the fluidity of the wet concrete, to assure 
that the fluid concrete remains in a homogeneous mix until it 
sets, and sometimes to deter the initial set of the cement until is 
after the mandrel has been driven to the depth desired, and 
withdrawn from the ground. Such mortars can be made so 
flowable that when a bucketful is poured onto a smooth flat 
surface the material will flow out horizontally several feet in a 
thin sheet or puddle with a thickness of a fraction of an inch. It 20 
is well known in the current art that such flowable mortars can 
be designed to give nonshrinking concrete with strengths of 
3,000 p.s. i., or more, at 28 days. Because of their flowability 
they have little or no internal friction and they offer little re 
sistance to the withdrawal of a mandrel from a concrete-filled 25 
hole, 

10 

CAST-N-PLACE PILES 

It will be easily understood by those experienced in the art 
that uncased, cast-in-place, piling can be installed by methods 
according to the principles of the invention more rapidly and 
cheaply than is possible with any current art method of 
producing an equivalent pile. There are two fundamental 
reasons for this. The first is the removal of the side friction, 35 
which allows the mandrel to be driven and pulled, rapidly. 
Also, in general, a smaller rig can be used. 
The even more important advantage of my methods, how 

ever, results from the novel technique of putting the concrete 
into the ground, which never delays the operation or time 40 
cycle of the main apparatus used for driving and pulling the 
mandrel. Hence, the time for the construction for each pile 
does not depend on the concrete-pouring activity. This is in 
contrast to methods in the prior art for making an equivalent 
cast-in-place concrete pile without a steel shell in which the 45 
concrete is installed in the ground by a separate concreting 
step carried out after the apparatus being used to sink the pile 
has penetrated to the depth desired. Hence, in the prior art 
methods the addition of the concrete requires extra time in the 
cycle of the pile-installing apparatus. The time required for 
this activity is an appreciable part of the total time of the prior 
art methods. Also, prior art methods in which the concrete is 
pumped require a larger investment in apparatus, a larger 
work crew and greater maintenance cost. For these reasons, 55 
the aspect of the methods of my invention which allows the 
concrete to be placed in the pile by dumping directly from a 
ready-mix truck at the same time that the mandrel is being 
driven into and withdrawn from the ground, without rehan 
dling or pumping it, is of fundamental importance. The 60 
present invention has the same great advantage when used in 
connection with methods for placing sand in the ground to 
make sand drains. Fundamentally, it is not possible to install a 
unit quantity of concrete or sand in the ground, at depth, by a 
method which is more economical in effort than to let it flow 65 
by gravity immediately into a space which is formed by push 
ing the soil to the side. 
For these reasons uncased cast-in-place piles can be made 

according to the methods of the present invention at costs 
which are much lower than possible with any previous 70 
method. The methods of the present invention also eliminate 
some of the main technical disadvantages of the current art 
methods for uncased cast-in-place piles. For example, using 
the apparatus embodiments as shown in FIGS, 2-2b and FIG. 
5, before the mandrel is pulled from the ground the hole is es- 75 
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sentially filled with the liquid concrete, since the volume of 
the steel mandrel is relatively a small part of the volume of the 
hole. Hence, there is no possibility whatsoever that the hole 
could cave in as the result of excessively rapid withdrawal of 
the mandrel from the ground. This is in contrast to all prior 
methods of forming an uncased concrete pile, since in all the 
prior methods, skill and conscientiousness on the part of the 
workman was required to assure the continuity of the concrete 
left in the ground. For example, in the method of forming an 
uncased concrete pile by drilling a hole with a continuous 
flight helical auger and filling the hole with liquid concrete as 
the auger is removed, it is possible to pull the auger too rapidly 
thereby allowing the hole to be filled in part with soil instead 
of concrete. Using the apparatus embodiment, FIG. 5, for ex 
ample, as described above, lack of diligence or care on the 
part of the workmen can have no influence on the continuity 
of the concrete. 

Simple uncased, cast-in-place concrete piles have the main 
disadvantage that when driven in closely spaced groups they 
may be damaged by the pressures created in the ground by the 
driving of adjacent subsequent piles. Using my method, as 
shown in FIGS. 2 and 3, uncased, cast-in-place concrete piles 
may be made which overcome this disadvantage. In these 
methods, the fluid used in the annular space during the driving 
is something other than concrete, such as bentonitic mud, or 
even water in circumstances where it can be used. No 
concrete is placed until the holes for all the piles in one area 
are completed. In order to do this a number of mandrels are 
needed since the mandrel must be left in the hole until the 
concrete is placed. Using these methods, when all the driving 
is completed for one group of piles and all the disturbance in 
the ground which is going to take place has taken place, the 
piles are concreted. 
Using the technique of FIG. 2 the interior of the mandrel 

may be filled with ordinary concrete in the step shown in FIG. 
2a, that is, concrete with l inch maximum size aggregate and 3 
inch slump. Using this method after the mandrel interior is 
filled with concrete and before the mandrel is pulled, we have 
a situation where the interior is filled with fluid concrete 
weighing about 150 pounds per cubic foot and the fluid in the 
outer annular space is a bentonitic mud weighing about 68 
pounds per cubic foot. When the mandrei is pulled upward, 
the concrete inside the mandrel flows out laterally and fills the 
whole volume of the hole by displacing the lighter bentonitic 
mud upward. This action, which is exactly the same as occurs 
in the standard current art procedures for placing tremie 
concrete in a mud-filled hole, is shown in FIGS. 9 and 9a, FIG. 
9 shows the situation just before pulling the mandrel where the 
interior of the mandrel is filled with a relatively heavy liquid 
such as wet concrete 88 and the annular space is filled with a 
lighter liquid such as bentonitic mud 90. As shown in FIG. 9, 
the surface level of the fluid concrete inside the mandrel is 
higher than the ground surface so as to provide enough 
concrete to fill the whole hole and displace the bentonitic 
mud. FIG. 9a shows the mandrel in the process of being 
pulled. Here, the mud in the outer annular space at the top of 
the hole is being forced upward by the upward rising concrete. 
The rising mud overflows out of the surface reservoir 50 and is 
disposed of. 

Alternatively, for other applications in which bentonitic 
mud is not desirable for use in the outer annular space the pil 
ing can be made according to the general methods of FIGS. 2 
and 9 in which the liquid in the surface reservoir used to fill 
the outer annular space during the downward penetration of 
the mandrel is a relatively lightweight cement-water grout. 
Subsequently, the interior of the pipe mandrel is filled with 
heavy concrete. When the mandrel is pulled the light cement 
grout is forced upward and out of the hole as shown in FIG. 9a 
by the upward rising heavier concrete. The use of a cement 
grout for the exterior liquid has the benefit over bentonitic 
mud of creating a much better bond surface between the 
concrete pile and the surrounding soil and at the same time of 
eliminating any possibility whatsoever that the mud could con 
taminate the piling in some way due to poor workmanship. 
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Although the unreinforced concrete pile made by the sim 
plest and least costly methods, such as in FIGS. and 5, has 
the main disadvantage in common with prior art method for 
making an uncased, cast-in-place pile that it could possibly be 
damaged by driving adjacent piles, this disadvantage is not im 
portant for some applications. One of these is for the purpose 
of compacting and strengthening loose sand deposits, 

Natural soil deposits consisting primarily of loose sand, and 
similar materials, are not very satisfactory for supporting 
buildings and structures because they compress considerably 
under load and also because they are susceptible to failure by 
"liquifaction, ' as a result of earthquake shaking or other 
shocks. Hence, the properties of such soil deposits are 
frequently improved before structures are founded on them. 
This is generally done by compacting the sand into a denser 
state. One of the most reliable of the prior art methods for 
doing this was to drive displacement piles into the soil forma 
tion at closely spaced intervals over the whole area, such as on 
a gridwork with equal spacing in both directions of four to six 
feet. By doing this, the sand between the piles is compacted 
into a denser state as the result of the actions both of displac 
ing the volume of soil occupied by the pile itself and also by 
the vibration associated with the pile driving. 

In the prior art practice for compacting loose sand deposits 
by displacement piles, two alternative methods were used 
generally. In the first, very cheap wood piles were driven and 
left in the ground. In the second, the pile (or steel mandrel). 
was driven and pulled repetitively. In the latter method the 
hole in the ground left by the withdrawal of the mandrel 
generally caved in, at least in the lower part. If the hole did not 
cave in, it was filled with sand dumped from the surface. 
Concrete piles were not used for the purpose because they 
were too closely in the prior art. 
The method of making unreinforced concrete piling in the 

ground according to the simplest methods of my present in 
vention has enormous advantages over both these prior art 
methods. First, it achieves essentially the same results as driv 
ing the wood piles, but the piling can be made cheaper than 
wood piling and they can be made to depths which cannot be 
achieved economically with wooden piling. The procedure of 
using simple unreinforced concrete piles, put down by 
methods according to the principles of the present invention, 
provides a superior result over the practice of repetitively 
driving and pulling a mandrel since in addition to densifying 
the sand between the driven mandrels we are definitely 
providing structural piles in the ground at frequent intervals 
which has the effect of decreasing the compressibility of the 
sand layer in the vertical direction enormously. 

Satisfactory soil compaction can be achieved at low cost by 
applying the principles of my invention with the apparatus em 
bodiment of FIG. 5 and using a liquid comprising a mixture of 
portland cement, water and the native soil at the site to form a 
low-cast, soil-cement concrete. This concrete can be designed 
and mixed on the site. Generally it is adequate to use a rela 
tively low cement content and to obtain a soil-cement 
concrete with an unconfined compressive strength in the 
range of 200 to 800 p.s.i. 
Because of the low cost of the concrete and the economies 

offered in forming the pile by the principles of the invention, 
piles of this kind with a diameter of the order of magnitude of 
12 inches can be installed for a cost which is less than 50 cents 
per lineal foot. The cost of the soil-cement concrete should 
not be more than about 20 or 25 cents per lineal foot and the 
cost of driving and pulling the mandrel, in a loose sand deposit 
at a site where there is a great number of piles to be driven so 
that a production setup can be obtained, is not more than 
about 25 cents per lineal foot. From these FIGURES it is seen 
that the cost of consolidating a loose. sand deposit, with dis 
placement piles using methods according to the principles of 
my invention is one-third or less the cost of doing the same 
thing by driving wooden piling. 
Another very similar application of the cheapest type of pil 

ing is to provide reinforcement in thick layers of soft and satu 
rated silts and clays. In this application again a great number 
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of closely spaced piles are driven on a rectangular gridwork, 
such as 4 feet on center in each direction. For this application 
a steel bar may be included, as discussed hereinbelow, in order 
to prevent the piles which have been already driven from 
being stretched, since soil deposits of this type heave as a 
result of driving a considerable number of closely spaced piles. 

COMPOSTEPLES 

FIGS. 7 and 7a show schematically a composite steel 
concrete pile, formed according to the principles of my inven 
tion. The steel H-beam 84 is used as the mandrel and driven 
into the ground with a drive foot 42 of circular cross section 
securely fastened to its lower end. This type of pile is installed 
exactly as shown in FIG. 1, and described above, except that 
the mandrel is not removed from the hole but left in place in 
the center of the cylindrical concrete column. An alternate 
detail for the drive foot is simple to weld some plates on the 
bottom of the H-beam on all faces, so that a drive foot 42d is 
provided having a cross-sectional shape similar to that of the 
mandrel stem, except that the area is larger. A cross-sectional 
view of such a pile is shown in FIG. 7b. It is apparent that the 
drive foot 42 of the embodiment of FIG.7b can be detachable 
and the mandrel 84 can be withdrawn from the ground to form 
an H-shaped cast-in-place unreinforced concrete pile with 
web and flange thicknesses of the order of 2 to 6 inches. 

FIGS. 8 and 8a show schematically a precast reinforced 
concrete piling 82a installed in the ground according to the 
principles of my invention. This form of pile may be cast in a 
casting yard and has an elongated stem portion 92 integral 
with an enlarged drive foot 94 at its lower end. Depending on 
several factors, the diameter of the drive foot might only 2 or 3 
inches larger than that of the piling stem or it might be 7 
inches larger or more. The length of the drive foot may be 
made only a few feet as shown in FIG. 8 or it may be made 10 
feet, or more depending on soil conditions and the purpose of 
the pile. The installation procedure here is exactly as shown in 
FIG. 1 except that the mandrel, which is the precast pile itself, 
is not withdrawn from the hole. The liquid used in driving the 
pile may also be concrete which later solidifies and forms a 
jacket 93 above the drive foot 94 around the stem portion 92. 
The pile is particularly adaptable for foundations, and has ad 
vantages over prior art cast-in-place piles. It can be driven 
more rapidly; will develop a better bond with the adjacent soil 
so that it will carry a higher design load; can be driven deeper; 
and can be made with larger diameter. 

In FIG. 10 is shown a particularly useful composite pile 82b 
constructed according to the methods of the present invention 
and comprising a central wooden core 96 surrounded with an 
annular jacket 97 of concrete. The drive foot 42 shown is 
made of precast concrete with a central socket 98 into which 
the lower end of the woodcore fits. The socket may be made a 
little larger than the tip of the woodpile and the space between 
them tightly filled by wood wedges. 100 or dry sand-cement 
mortar, 
This composite wood-concrete pile 82b has a number of ad 

vantages. It provides a larger tip area which overcomes one of 
the inherent disadvantages of conventional wood piling. When 
driven into a sand or gravel deposit, shorter piles can be used 
since the larger tip causes greater resistance to penetration. 
The surrounding jacket of concrete makes the piling capable 
of transferring a greater load to the soil in side shear for each 
lineal foot of the pile and also eliminates all doubt concerning 
the permanence of the wood. Also, because of the concrete 
jacket 97 which makes the outside diameter of the composite 
section larger, the pile is capable of developing more re 
sistance to lateral forces. Finally, when the tip of the wood pile 
is fitted well into a properly designed drive foot, as shown, the 
wood fibers at the critical portion of the tip of the pile are pro 
tected and the danger of "brooming' is greatly reduced. In ad 
dition to precast concrete, the drive foot 42 can be made 
equally well of cast steel or fabricated of welded steel plate 
and pipe. 
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FIG. A shows schematically another composite pile 82c 
embodying the principles of the invention and having an en 
larged foot section 02 which is not located exactly on the 
lower extremity, but is constructed some distance above the 
lower tip of the piling. In this embodiment, the lower portion 
104 of pile below the enlarged section penetrates the ground 
in the same way as an ordinary pile while the stem portion 106 
of the pile above the enlarged section 102 is surrounded by the 
annular fluid-filled space 48. The solid pile can be made of any 
structural material such as concrete, steel or wood and it has 
several advantages when used in certain situations as, for ex 
ample, where the tip of the piling is driven into a bearing layer 
of dense sand or gravel as its upper portion passes through 
softer and more compressible soils. In such circumstances the 
ground surface often tended to continue settling after the pil 
ing was in place and such settlement created a "downdrag' on 
the piling causing additional settlement. In certain circum 
stances this ultimately led to a failure of the supported struc 
ture. With a pile 82c as shown schematically in F.G. 11, such 
downdrag problems on the upper portions of the pile can be 
eliminated. This is done by using bentonite mud, or other 
material which does not harden, in the annular space around 
the outside of the piling. With time this mud forms a gel 
because of its thixotropic properties and remains forever in 
the form of a weak gelatinlike substance which cannot trans 
mit any large "downdrag' forces to the piling. Hence, even if 
the ground surface surrounding the piling settles very much, 
such settlement will not influence the piling. 

In FIG. the enlarged section 02 is shown as a ringlike 
ridge fastened to the outside of the pile. Similar results may be 
obtained using precast concrete piles provided with an elon 
gated drive foot at its lower end 32 having a larger diameter 
than its stem section. This is essentially the same construction 
as the pile of FIG. 8, if the enlarged section is made with a 
greater length. 

in FIGS. 7, 8, 10 and , I have shown variations of com 
posite piles in which the mandrei is left in the ground to form 
the main structural element of the pile. A second type of com 
posite pile is made in which the hole is formed as shown in 
FIG. 2 through 2c by driving and pulling a pipe mandrel; how 
ever, instead of forming the body of the pile by filling the in 
terior of the pipe mandrel with fluid concrete, a structural 
column is lowered into the interior of the mandrel from the 
surface, after which the mandrel is pulled leaving the struc 
tural column surrounded by the fluid concrete. In the embodi 
ment of FIGS. 12 and 2a, a pipe mandrel 38a with a detacha 
ble drive foot 42a of precast concrete is driven to the depth 
desired, with the interior of the pipe empty as in the embodi 
ments of FIGS. 2-2c. Next a precast concrete column 108 or 
cylinder having an outside diameter smaller than the inside 
diameter of the pipe mandrel is placed inside the mandrel as 
shown in FIG. 12a. Subsequently, the pipe mandrel is 
withdrawn from the ground causing the fluid concrete in the 
annular space 46 to flow in and surround the precast concrete 
cylinder 108. As shown in FIG. 2a. the final pile or pier so 
constructed consists of a central section of precast reinforced 
concrete surrounded by an annular jacket of cast-in-place 
concrete. Hence, in the final result this is essentially the same 
pile as the embodiment of FIG.8. 
The construction method of FIGS. 2 and 2a has certain 

advantages which tend to compensate for the added cost of 
the extra step in the construction process, and make the 
method more desirable than that of FIG. 8 in certain circum 
stances. One major advantage is that the length of the pile is 
already known before the precast member 08 is inserted into 
the ground. This overcomes one of the large disadvantages of 
driving a precast concrete piling into the ground since the 
depth to which the piling is going to be driven is frequently not 
known well in advance, and hence it is generally necessary to 
drive a pile which is somewhat longer than may be needed. 
This often, at times, necessitates the cutting off of the upper 
end of the pile protruding out of the ground surface the the 
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not used. Another advantage of the method of FIGS. 12 and 
2a is that the precast concrete member 108 as the main 

structural element of the pile is not driven, and hence there is 
no risk that the pile can be damaged by driving, which damage 
sometimes occurs with a precast concrete pile and is not 
known about. Although I have shown the central structural 
member 108 as being a precast concrete cylinder, it should be 
understood that other suitable elongated structural members 
which can act as a column could also be used. For example, 
another form of pile according to my invention can be made 
exactly as described in connection with the embodiment 
shown in FIG. 2 except that before the interior of the mandrel 
is filled with concrete (FIG. 2a), a tied cage 110 of steel rein 
forcing bars is placed inside. As shown in FIG. 13 this cage 
reinforces the pile in exactly the same way that a column in a 
reinforced concrete building is reinforced. 

CAST-N-PLACE CONCRETE SHELLS 

FIG. 14 shows the construction of a cast-in-place concrete 
shell for making a foundation pile in accordance with the prin 
ciples of the present invention. In this embodiment a tapered 
mandrei 10 is used whose exterior is coated before driving 
with a substance which prevents concrete from sticking to its 
after the concrete sets. The mandrel tip fits within the recess 
of a drive foot 42 such as the precast concrete type and it is 
driven through a reservoir of liquid as previously described. 
After the mandrel is driven to the depth desired, it is not 
pulled immediately, as in most other embodiments in which 
the mandrel is withdrawn, but it is left in the ground to act as 
the inner form for the concrete. After the concrete has suffi 
cient strength so that it will not collapse, the tapered mandrel 
110 is withdrawn from the hole leaving in place in the ground 
the drive foot 42 and a concrete shell 112 of variable inside 
diameter and thickness (FIG. 4a). In some applications this 
shell itself is used as a foundation pile, or as a concrete-lined 
hole for other purposes. More commonly, after all the piles 
are driven in a given area, the shells are inspected to see that 
they have not been damaged by the driving of the neighboring 
piles and are free of water and foreign matter and then the in 
terior space A4 is filled with concrete. 
An important advantage of the present invention over previ 

ous methods of making cast-in-place concrete shells is that 
previous methods required the insertion in the ground and 
withdrawal of two steel members, an inner mandrel and an 
outer shell. Examples of such methods are disclosed in U.S. 
Pat. Nos. 3,034,304 and 3,206,935. Moreover, in my method 
the concrete for the shell 12 is placed in the ground in the 
most rapid and economical method possible; that is, by pour. 
ing it into a reservoir on the ground surface from whence it 
flows by gravity down into the ground. In all other previous 
methods it was necessary to handle the concrete after it left 
the mixer, usually by pumping it or lifting it in the leads of the 
pile driver, which activities added greatly to the cost. Also, 
since there is no relative movement of the cementitious liquid 
and the mandrel as the mandrel penetrates the ground in my 
method there is no tendency for the coating placed on the ex 
terior of the mandrel to be wiped off. Because of this I have 
found that even a thin coating of grease placed on the exterior 
of the mandrel will stay in place and prevent the hardened 
concrete from developing astrong grip on the mandrel. 

it is well known that the most effective coatings for the pur 
pose of preventing the formation of a bond between concrete 
and a surface of embedded steel, such as a tapered steel man 
drel used for cast-in-place concrete pile shell, sometimes 
called "release coatings", have a consistency of a heavy grease 
and must have an appreciable thickness to be effective. One of 
the main technical disadvantages of the previous methods of 
making such a cast-in-place concrete shell was that in the 
method of installation there was generally a relative move 
ment of the concrete and the mandrel which wiped off the 
release coating. For example, in the method described in U.S. 

unnecessary cost of cutting the pile and wasting the portion 75 Pat. No. 2,421,666 the mandrel was driven or inserted 



through the previously placed wet concrete and the relative 
movement of the concrete and the mandrel tended to scrape 
off the release coating with the result that the concrete would 
bond strongly to the steel mandrel making it difficult to 
remove the mandrel from the ground. Other methods required 
that the mandrel be placed first and the concrete poured in 
around it afterwards, which also created a relative movement 
between the concrete and the exterior surface of the mandrel, 
tending to remove the release coating. 

In the one previous method in which the concrete in the 
shell is placed in such a way that it has no relative movement 
compared to the mandrel, U.S. Pat. No. 3,206,935, the sur 
face of the mandrel is nevertheless scraped by the upward 
moving skirt on the outer casing, which is first inserted into 
the ground and then pulled while the mandrel is left in place, 
wiping the release coating off the mandrel surface. 

I have found that it is not necessary that the strength of the 
hardened cementitious material be very greatin order to serve 
its purpose, since the concrete is in the form of a circular ring 
which is a very satisfactory shape for resisting exterior pres 
sure. A small amount of calcium chloride may be added to the 
mortar mix to accelerate the set. I have found that in most 
cases the time of set can be accelerated to the point where the 
concrete becomes hard enough to allow the mandrel to be 
removed within about 20 to 30 minutes. Hence, it is not neces 
sary to have a very large supply of tapered mandrels in the 
ground at any one time. 

Because of the aforesaid advantage of my method which al 
lows the release coating to remain in place and to be very ef 
fective, little trouble is experienced in removing the tapered 
mandrels from the ground. They can generally be pulled out 
with a direct pull with a cable from a crane boom. I found also 
that a small vibrator is very effective and allows the mandrel to 
be pulled out of the hardened concrete easily, no matter how 
long the pile. Also, the exterior surface of the tapered mandrel 
may be covered with a smooth, low friction material, such as a 
polytetrafluoroethlene resin. 
As shown in FIG. 14 the concrete drive foot 42 is provided 

with an annular waterstop 16 which is embedded into its 
upper end in order to create a watertight joint between the 
precast foot and the cast-in-place shell 112 so as to prevent 
the entry of ground water into the shell after the mandrel is 
pulled and before the central space is filled with concrete. 
This water stop can be made by any of several materials and 
designs well known in the art, such as a hoop of thin sheet 
metal or rubber. It is apparent that the drive foot 42 may also 
be made of cast steel or can be fabricated from steel plate and 
pipe. 

In FIGS. 14 and 14a I have shown the formation of cast-in 
place concrete shells with a tapered mandrel, which mandrel 
can be easily pulled out of the hardened concrete. However, 
the mandrel may be cylindrical provided that a suitable 
release coating is used on its exterior surface. With the use of 
the release coating and sufficient axial force and possibly a 
vibratory action, the mandrel can be withdrawn from the 
hardened shell. 

TENSON ANCHORS 

One of the most valuable applications of the present inven 
tion is a simple cylindrical concrete column 17 reinforced 
with a single steel rod 118 in the center, constructed in the 
simplest and most economical method, as shown schemati 
cally in FIGS. 5 and 5a. As shown in FIG. 5, this pile is 
made using essentially the same technique as previously 
described in connection with the method in FIG. 5 except that 
it has a reinforcing bar 18 in the center as the hollow pipe 
mandrel is being driven. A simple way to install this bar is to 
attach it to the center of a steel plate 20 forming the bottom 
of a sleeve-type drive foot 42 as by a threaded end nut 22, or 
by welding it. The hollow pipe mandrel 24 is then placed 
around the rod and against the plate and driven into the 
ground in the same manner as shown in FIG. S. When the 
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mandrel is withdrawn, the steel reinforcing bar 118 is left in 
the hole in the center of the concrete column 17 (FIG. 15a). 
When the bar is fixed firmly to the steel drive foot in this way, 
the pile can also be used to resist uplift or tension. 

Alternatively, exactly the same construction methods can 
be used to install, a high-strength steel wire or cable in the 
center of the concrete column. Such a construction using a 
cable would look exactly the same as shown in FIG. 15a ex 
cept that the central steel member 118 would be a cable or a 
wire instead of a solid rod. It is apparent that the cable can 
also be constructed of other materials such as nylon and fiber 
glass. 

In some applications for tension anchors it is necessary that 
the concrete jacket surrounding the steel rod or cable not ex 
tend all the way to the surface. Such a tieback is easily made 
with methods according to the principles of the present inven 
tion. This is done simply by pouring a liquid concrete into the 
surface reservoir for a certain period of time during the 
downward penetration of the mandrel and then by switching 
and pouring some other liquid, such as an ordinary drilling 
mud 26 of bentonite, into the reservoir during the latter 
stages of the penetration of the mandrel into the ground. Since 
the fluid concrete is much heavier than the mud, there is no 
tendency for the mud to penetrate the concrete. The net result 
of this is that the steel tensile rod or cable is surrounded by 
concrete 117 in its lower lengths and in the upper portion is 
surrounded by ajacket of mud gel FIG. 5e. 

In large quantity production it is possible to make the simple 
reinforced pile of FIG. 5a at very low unit cost and such piles 
have many important applications since they can take both 
tension and compression and are very economical. One im 
portant application, for example, is to provide vertical rein 
forcement in a thick deposit of soft saturated silt or clay in 
such a way that it can carry heavy surface load without great 
settlement. This is done by installing piles of this kind at 
frequent spacing in both directions, such as, for example, on a 
grid of 4 to 5 feet in each direction, and to put a layer of com 
pacted granular fill on the surface. Subsequently, structures 
such as industrial buildings can be built on top of the layer of 
compacted granular fill and the piles will support the com 
pacted granular fill. The steel bar is desirable in this applica 
tion in order to prevent the piles from being broken in tension 
during construction as a result of the fact that the pile driving 
may cause the ground surface in such a soil to heave. 
For the above application, in which a great number of piles 

are driven under a single building site, it is desirable to find 
construction methods which will result in absolute minimum 
driving time and cost. When a pipe mandrel is used as shown 
in FIG. 5, the construction time needed to thread the steel 
bar through the mandrel is an appreciable part of the total 
time needed to get the piling in the ground. Hence, a mandrel 
24a with an opening 128 in the side is provided so that the 
bar can be slipped into the mandrel through its side without 
the necessity of lifting it above the ground, high enough so that 
the end of the bar can be threaded into the lower end, Such a 
mandrel can be made from various structural sections of steel 
or it can be a simple heavy walled pipe with a slot cut in its side 
as shown schematically in FIG. 15b. Using a mandrel of this 
type requires a minimum amount of time to get the mandrel 
ready for driving a new pile. In one construction procedure, 
for example, a considerable number of rods 18 each attached 
to a drive plate 20 are leaned in a bundle against the leads of 
the pile driver. During the driving process these are picked up 
one by one as needed, inserted into the mandrel through the 
slot 28 and driven. 
Another valuable application of the methods for making pil 

ing of the type of FIG. 15 is to make piling with a smaller 
70 

75 

diameter than was available by conventional prior art methods 
as, for example, piling with an outside diameter of 6 inches or 
less using a steel bar between one-fourth and one-half inch in 
diameter. Such piling, which may be designed conservatively 
to carry loads of the order of magnitude of 5 to 10 tons, have a 
number of important applications and can be constructed with 
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very lightweight and cheaply operated equipment for a rela 
tively low unit cost. Piles of this kind have wide applications 
for foundations for many types of structures and are techni 
cally superior in many circumstances to conventional spread 
footings while competing competitively with the cost of these 
footings. Such piling can be used to great advantage for foun 
dations of one family residences under certain circumstances. 
Another important application for such small diameter rein 
forced concrete cylinders is for support of ground floor slabs 
in buildings with heavy floor loads such as warehouses. 

SLOPING PILES 

With very slight modifications in details, tension anchors or 
piles can be installed at an inclination from the vertical, using 
my invention. FIG. 16 shows a steeply inclined hole 130 being 
formed, starting from the face of a sloping hillside 132. The 
fluid reservoir 50 is now retained in a funnel-shaped container 
134. A mandrel 136 having a drive foot 42 with a larger cross 
section extends through a fluid reservoir 50 through a stuffing 
box or bushing 138 which prevents leakage of the fluid around 
the mandrel. Also, the fluid reservoir has a pipe sleeve 140 
which extends into the ground a short distance to prevent sur 
face leakage. Aside from these details, the steps in the method 
are the same as for installing a vertical hole. The hammer 142 
is supported on a sloping leader or guide structure 144 so that 
it can be advanced along the inclined line to drive the mandrel 
into the ground. 

PLES WITH REDGES ON THE EXTERIORSURFACE 

For most applications, the drive foot 42 has a circular ex 
terior shape so that in most cases we are forming a cylindrical 
hole in the ground of circular cross section. It is apparent, 
however, that the drive foot can have any desired shape such 
as a square or a rectangular or any irregular polygon. When 
methods according to the present invention are used to make 
a cast-in-place concrete piling in certain soils in which the pil 
ing is to be supported as a "friction' piling as opposed to an 
"end bearing' piling, such as in thick clay deposits, it is 
frequently desirable to provide a drive foot 42e on the lower 
end of the mandrel which has structural projections or fingers 
146 extending out radially from the nominal outside diameter. 
When such a drive foot penetrates the ground it forms a hole 
with longitudinal grooves in the walls, which grooves create a 
better surface of contact between the concrete piling and the 
soil. FIGS. 17 and 17a show a simple apparatus of this type 
with a cast steel drive foot which has splinelike projections 
146, The use of the drive foot 42e with such a shape creates a 
concrete exterior surface which has longitudinal ridges 148 of 
concrete sticking out beyond the nominal diameter of the pile 
into the surrounding soil (FIG. 17a). These concrete ridges 
greatly increase the total surface area between the concrete 
and the soil and, as a consequence, increase the ability of the 
pile to transfer load through bond or side shear from the pile 
to the surrounding ground. 

QUALITY OF CONCRETE IN OUTERZONE 
In early stages of the development of the current invention 

there was some question about the strength of the concrete 
which it would be possible to obtain in outer annular zone, 
such as for example in the outer cast-in-placejacket of the pile 
of FIG. 8. I have found, however, that in general it is not dif 
ficult to obtain concrete of easily adequate strengths. In the 
outer portion of the annular space, it is rare that there is any 
appreciable mixing of the fluid concrete and the soil in such a 
way that the concrete is contaminated or has less than 
adequate properties. On the contrary, both theory and experi 
ments indicate that since the pressure in the fluid concrete is 
usually more than twice the pressure of the adjacent ground 
water, it is the concrete that invades the soil rather than the 
soil or water invading the concrete. The concrete consistently 
penetrates the adjacent soil short distances in the form of len 
ses of pure concrete and in the form of zones of soil which are 
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cemented together by the penetration of the grout into the 
larger soil pores, thus creating excellent bonding surfaces 
between the concrete and the soil. 
Good concrete is obtained for a number of main reasons. 

First, the soil surrounding the pile the pile as the concrete sets 
and cures provides ideal conditions of temperature and 
moisture for curing concrete. Second, the high pressure of the 
fluid concrete causes a flow of water out of the concrete into 
the adjacent soil before the cement sets. This action is very im 
portant in reducing the water-cement ratio and consequently, 
in improving the overall qualities of the concrete. Finally, 
because we use a concrete which will flow into the ground 
easily and rapidly, we use a relatively high cement content and 
pay particular attention to a well-graded, if small, aggregate. 
Hence, these factors also contribute to assure superior 
COCrete. 

The only type of soil in which an appreciable amount of 
mixing of the fluid concrete and the soil occurs in the annular 
space, using the simple outward displacement methods of con 
struction, such as FIGS. 1 and 2, is a dense sand below the 
water table. In such a material, the sand just below the drive 
show is sometimes caused to liquefy by the shock of the 
hammer blows pounding on it. This dense sand then may flow, 
in the form of a liquid under fairly high pressure, upward 
around the enlarged drive foot and enter the annular space 
while still in a fluid state. In this circumstance the annular 
space just above the downward penetrating drive shoe 
becomes filled with a mixture of sand and concrete, which 
mixture remains in a liquid state. In this case the final concrete 
formed in the annular space is well mixed with the sand; how 
ever, even this sand-cement mixture, which is a soil-cement 
concrete, cures well at a relatively how water-cement ratio 
and is much stronger than the nature soil just adjacent to the 
pile. 

It is fundamental part of the methods of the invention that 
the concrete in the annular space is not ever transformed into 
a wholly undesirable material by being intermixed with the ad 
jacent soil and that the liquid concrete is never invaded by the 
ground water. Even in the worst conditions which develop, in 
which the outer zone of concrete and soil may be mixed, the 
strength of the mixture is easily adequate to serve as the ex 
terior surface of a cast-in-place concrete pile. In no case is 
there ever a zone surrounding the pile which constitutes a sur 
face of weakness. Even when the outer zone of concrete is in 
vaded by sand, its properties are always greatly superior to the 
properties of the natural soil directly adjacent. 
When the piles are made by the embodiments of the inven 

tion in which the soil in the path of the drive shoe is caused to 
enter the interior of the pipe mandrel in any kind of soil, in 
cluding dense sands below the water table, there is no ten 
dency whatsoever for any appreciable amount of the concrete 
in the outer annular space to be mixed with soil. 

CEMENTED-IN CASINGS 

The principles of the invention are particularly well adapted 
to installing a cylindrical casing, such as a steel pipe, in the 
ground in such a way that it is cemented in place. In the sim 
plest embodiment the casing is used as the mandrel and fluid 
concrete as the liquid so that the pipe mandrel with a per 
manently attached drive foot is driven into the ground using 
the techniques of the present invention to keep the outer an 
nular space filled with fluid. Once the mandrel is driven to the 
depth desired no further work needs to be done; the concrete 
in the annular space hardens and the cemented-in casing is 
completed. For example, in the embodiment of FIG. 2, if we 
did not proceed to fill the interior of the pipe mandrel and left 
it in the ground, the result would be a cemented-in casing. 
Thus, in the one operation we combine the separate individual 
steps of the prior art of digging the hole, holding the walls of 
the hole from caving, controlling the ground water, installing 
the casing, and backfilling with concrete. This fact gives the 
method a great economic advantage over all prior art methods 
for installing cemented-in casings in the ground. 



3. 
The method of cementing a casing in the ground in which 

the casing itself is used as the mandrel and is simply driven 
into the ground and concreted in place in one rapid and con 
tinuous operation, has wide application for diverse purposes. 
The end result of the operation is simply an open pipe, with its 
upper end at or above the ground surface, securely cemented 
in the ground with an exterior annular jacket of concrete. A 
single cemented-in-place casing provides an ideal pile-type 
supporting foundation for a vertical pole or a high individual 
column protruding out of the ground, such as poles for lighting 
of city streets, highway signs, telephone poles, etc. This is true 
because the cemented-in-place casing has a high natural re 
sistance to overturning and has the bending resistance to carry 
the overturning moment into the ground. The connection 
between the pole and cemented-in casing can be made by hav 
ing the pole penetrate into the casing or by providing flanges 
on both the pole and the casing and bolting them together. 

In the above paragraphs I have described the installation of 
cemented-in casings in which the casing is used as the man 
drel. For some important applications, where it is desired to 
use a verythin cylindrical casing, a separate mandrel is used to 
form the hole and then is withdrawn. In FIG. 18, which shows 
one method by which this is done, a thin casing 150 has a bot 
tom plate 152 welded to its lower end and this is attached to a 
drive foot 154, as by welding, with a mandrel 156 located in 
side the casing. As the mandrel penetrates the ground, the an 
nular space. 56 between the casing and the walls 158 of the 
hole is kept filled with fluid concrete, by downward flow from 
a surface reservoir 50. In this embodiment, the casing 150 is 
pulled into the hole by the downward movement of the man 
drel 156 and the drive foot 154. During the process of the for 
mation of the hole, the casing has air on its inside face and 
liquid on its outside face so that it does not receive any large 
dynamic forces from the driving operation and needs only to 
be strong enough to resist the external pressure of the fluid 
concrete. 
One of the main applications for such a cemented-in casing 

is as a shell for a cast-in-place concrete pile. In order to 
complete the pile, the interior 169 of the casing 150 is filled 
with concrete, such as by simply pouring in the concrete from 
the surface, as shown in FIG.2a. Before filling the interior of 
the casing with concrete, it is inspected to be sure that it is 
straight and free of water and foreign matter. Usually the in 
terior of the casing is not filled with concrete until all the pil 
ing in the immediate vicinity have been completed, so as to be 
sure that the pile will not be damaged by the driving of ad 
jacent piles. Quick-setting cement is frequently used in the an 
nular space 46 outside the casing, so that a concrete jacket 
162 will begin to set up rapidly and will have strength so as to 
resist damage by driving of adjacent piling. 
The type of shell for a cast-in-place concrete piling shown in 

FIG. 18b and discussed above has many advantages and is one 
of the more important products constructed by methods of the 
present invention. It has all the advantages of the prior art 
cast-in-place piling, which piling were among the more widely 
used because of their technical merits and low cost. It has the 
very great technical merit in common with prior art types of 
cast-in-place concrete piles using thin steel shells in that it can 
be left open during the driving of the subsequent adjacent pil 
ing, so as to be sure that it is not damaged before it is filled 
with concrete. The method has several advantages over the 
current art practice for cast-in-place piling in which steel 
shells alone are used. First, it is easier to drive the mandrel 
since the side friction is removed. Second, and very important 
from the economic standpoint, a much lighter steel casing can 
be used, since the casing does not rub against the soil outside 
the pile as the mandrel is being driven and, especially when 
the casing is placed inside the mandrel as discussed below, all 
danger of tearing the thin steel casing during driving is 
eliminated. Third, it has a larger and stronger drive foot so 
that it can carry a heavier load in end bearing. Fourth, the 
bond between the concrete and soil on the pile walls is superi 
or to the bond between steel and soil of the conventional thin 
shell cast-in-place pile. Fifth, my method eliminates any 
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danger of ground water penetrating the shell through holes 
which are torn in it or at joints after it is in the ground before it 
is filled with concrete, a common problem in previous 
methods of forming a cast-in-place concrete piling with a thin 
steel shell. Finally, after the concrete in the annular space out 
side the casing 150 hardens, the total strength of the shell is 
much greater than that of the thin metal shells provided by 
previous practice, so that it is less frequently damaged by high 
earth pressures resulting from driving of adjacent piling. 
A cylindrical shell of other materials, such as heavy paper 

and sheet plastic, can also be used. For a very thin shell and 
casings of material which cannot be welded, the lower end of a 
casing 164 is attached to an enlarged section on a drive foot 
166 by tying it with circumferential straps 168 or other similar 
means. The shell can also be placed inside a hollow pipe man 
drel during driving. One such detail is shown in FIG. 18b in 
which the drive foot is precast concrete and the lower end of 
the thin casing 164 is tied to the boss projection 170 on the 
precast concrete drive foot with circumferential metal straps 
168. 

In FIGS. 18-18b I have shown the thin casing as being a 
sheet metal pipe. It is apparent that thin walled casing can as 
well be corrugated or fluted to enhance its strength following 
common current practice for cast-in-place concrete piles. 

WATER WELLS AND DEEP HOLES 

The methods according to the principles of my invention 
are adaptable to the construction of wells. For example, the 
holes for wells can be made by the methods illustrated in 
FIGS. 1 through 3. Here, the liquid used is a bentonitic mud or 
a self-disintegrating mud, such as the product made under the 
trademark Revert. This “self-disintegrating mud' product is 
fundamentally a mixture of water and a powdered organic 
substance mixed with some form of bacteria or enzymes which 
cause the organic material to be eaten up or to "self-destruct" 
in a few days. In essence, the "mud' formed by mixing this 
material with water creates a heavy viscous but readily flowa 
ble fluid. After a period of time, the "sehf-destruct" action 
eliminates the organic material and causes the fluid to "r- 
evert' to a thin liquid having properties similar to pure water. 
For shallow wells in some soils water alone may be used. After 
the hole is completed to the depth desired, the mandrel is 
withdrawn. The perforated or slotted well casing is then in 
stalled and the well is completed, using the conventional 
techniques for completing a well in a hole excavated with a 
drill rig, which are well known and not part of the present in 
vention. 

Construction processes can be used in which the hole is 
formed by driving and pulling a mandrel, a separate slotted 
well casing is installed and filter backfill is placed, all in one 
step. This can be done essentially as shown in FIG. 18-18a, 
which figure was used previously to illustrate the installation 
of a thin steel cemented-in casing in the ground. When the 
procedure of FIG. 18 is used to form a well in the ground the 
thin casing 150, whose lower end is welded to the drive foot 
154, is a perforated wellscreen. The liquid used in the annular 
space outside the mandrel is the mixture of the self-disin 
tegrating mud and sand of type suitable for filter material. 
Using the method of construction illustrated in FIG. 18, the 
mandrel is withdrawn from the hole as soon as it has 
penetrated to the depth desired leaving the well casing in the 
ground as shown in FIG. 18.a. Generally, the interior of the 
mandrel is filled with water before it is withdrawn. After a few 
days the Revert mud disintegrates leaving only the filter sand 
in the annular space outside the well screen. 

I have found that when the Revert mud and sand are mixed 
together so that the mixture is a heavy sanded mud with the 
appearance of a wet concrete, it will flow readily. The mixture 
frequently consists of about 20 to 30 percent mud and 70 to 
80 percent sand, by weight. This fluid mud-sand mixture is ex 
tremely useful in connection with methods of the present in 
vention for making both water wells and sand drains as 
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discussed subsequently. The liquid is used in the same way as 
other liquids according to the principles of the invention. 
When the liquid mixture is left in the hole for a few days the 
mud disintegrates leaving only the sand-filled space which acts 
as the filter in the case of the water well construction and the 
drain itself in the case of the sand drain construction. I have 
discovered that this procedure of mixing sand with a self. 
destructive mud in such a way that the mixture has the nature 
of a fluid temporarily and using this fluid to fill underground 
excavations or other confined spaces is extremely useful. It al 
lows granular sand, which normally has high internal friction 
and will not flow easily into the small confined spaces, to be 
transformed temporarily into a liquid which will flow in a reli 
able fashion down into small holes in the ground. Until the 
Revert mud starts to disintegrate, at the end of several days, 
there is no important tendency for the sand particles to 
segregate or to settle out of the sand-mud mixture. This is true 
because of the viscosity and the thixotropic nature of mud. 
The simple methods as discussed above are generally feasi 

ble to depths of 100 to 250 feet depending on the diameter of 
the hole being made, the difficulty of penetrating the soil, and 
the nature of the driving mechanism used. These methods 
have the slight disadvantage, from the standpoint of the sub 
sequent performance of the well, that the volume of soil which 
formerly occupied the hole is forced out into the ground sur 
rounding the hole, making the soil around the periphery 
somewhat denser and, consequently, less pervious. For most 
sand and gravel deposits used for acquifers for water wells, 
however, a small difference in the density has a negligible in 
fluence on the amount of water which penetrates the well. 
This disadvantage does not exist when holes for water wells 

are made using the procedure as shown schematically in FIG. 
4 in which a larger portion of the soil in the path of the 
downward penetrating mandrel is taken inside the hollow 
mandrel. For wells of not great depth the soil plug inside the 
mandrel can be removed from the soil with the mandrel as 
shown in FIG. 4a. The liquid used in the surface reservoir 50 
when making wells shown in FIGS. 4 and 4a is usually mud, 
though water can be used in certain circumstances. Alterna 
tively when using the apparatus embodiment in FIG. 4 to 
make holes for water wells the soil plug 62 which enters the in 
terior of the mandrel can be removed while the mandrel is still 
in the ground by several means well known in the prior art, 
such as by washing or blowing it out with a jet pipe lowered 
down from the surface into the interior of the pipe mandrel, 
not shown on the drawings. 

BLOWINGSOIL OUT OF MANDREL 

FIG. 19 shows a modification of the method of FIG. 4 for 
carrying holes to great depths in which means are provided to 
remove the soil which enters the inside of a hollow mandrel 
72 by blowing it or causing it to flow upward simultaneously 

with the downward penetration of the mandrel. As in the 
previous embodiments the mandrel is surrounded by a liquid 
supplied from a reservoir at the ground level. As seen in FIG. 
19d the hollow mandrel has a curved section 174 at its top so 
that the soil and water caused to travel vertically upward in 
side the mandrel is deflected and carried to the outside 
through a short piece of pipe 76, attached rigidly to the man 
drel. 
Connected to the stem of the steel pipe mandrel 72 are one 

or more conduits 78 shown as portions of steel pipe cut on 
gitudinally and welded on the outside of the mandrel. These 
conduits are connected at the top with a simple manifold 180 
(FIG.19d) which, in turn, is connected through a pipe 182 to a 
supply of compressed air or water under pressure. The lower 
ends of the conduits 78 terminate in another simple manifold 
184 located just above a drive foot 186, From the lower 
manifold the air or water enters the interior of the mandrel 
through holes 188 and thence travels upward through the in 
terior of the mandrel discharging finally at the top through the 
pipe 176. 
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In this embodiment of my method of forming a hole in the 

ground most of the soil which lies in the path of the penetrat 
ing mandrel enters its hollow interior. Depending primarily on 
the soil type through which the hole is being formed, various 
amounts of air and/or water are pumped down the conduits 
178 and injected into the bottom of the mandrel through the 
holes 188. The upward flowing air and/or water can be 
pumped into the mandrel either continuously or intermit 
tently. 

Depending primarily on the hole diameter, the rate of 
downward penetration, and the soil type, the requirements for 
compressed air vary considerably. For the great majority of 
circumstances, compressors delivering air at 100 p.s. i. with 
capacities in the range between 200 and 1,000 cubic feet per 
minute are adequate. In some cases, larger compressors are 
used. The object of the procedures of blowing the soil out of 
the interior of the mandrel is not necessarily to flush out all the 
soil particles immediately in such a way that the interior of the 
mandrel is kept always empty. From the standpoint of con 
struction of the hole it is perfectly satisfactory to keep a con 
siderable volume of soil inside the mandrel at all times, 
although this material must consist of a mixture of loose 
chunks of soil, air bubbles and water, resembling a heavy 
viscous fluid, which is gradually moving upward. In some cases 
foaming agents are added to the compressed air supply to 
assist in keeping the soil-water-air mixture 190 rising in the in 
terior of the mandrel in a manageable condition. 

It should be understood that the process of blowing soil out 
of the interior of the mandrel as discussed above is quite a dif 
ferent process than that of blowing cuttings out of a hole being 
drilled in rock using a percussion or rotary drill. When com 
pressed air is used with a drill, the cuttings being blown out of 
the hole vary in size from dust up to one-fourth to one-half 
inch. These individual sand- and pebble-sized cuttings are car 
ried out of the hole by the upward rising air, more or less in the 
same manner that a particle of sand is carried in the air in a 
windstorm, that is, by velocity and turbulence. Because of this, 
drilling procedures normally require air velocities of the order 
of 3,000 feet per minute at the top of the hole. In my method, 
the soil is in the form of chunks or particles which are large 
with respect to the internal diameter of the mandrel and 
caused to rise up within the mandrel by the pressure in the air 
acting on the bottom of each chunk as well as the air velocity. 
The drive foot 186 consists of a heavy circular ring 192 of 

hardened steel with an outside diameter equal to the diameter 
of the hole being formed. As shown in FIG. 19a, the drive foot 
also has two thick steel crossbars 194, also of hardened steel. 
The purpose of these two bars across the mouth of the opening 
is to prevent very large cobbles or boulders from getting stuck 
in the mouth of the drive foot. When the drive foot hits a cob 
ble of diameter such that it cannot go through one of the four 
openings in its lower end, the crossbars either break the cob 
ble so that the pieces can enter, or push it aside. 
The method forming a hole as shown in FIG. 19 makes it 

possible to force even large boulders to the side without great 
difficulty. This is true because a high upward hydraulic 
gradient can be created in the relatively small body of soil just 
below the drive foot. This is done simply by pumping a fairly 
large quantity of air into the bottom of the mandrel through 
the holes 88 and blowing out most of the soil and water inside 
the mandrel. This creates a pressure in the interior of the man 
drel which is not much greater than atmospheric pressure; 
hence, even when the drive foot is at a moderate depth below 
the ground water table, very high upward hydraulic gradients 
can be created by this procedure in the first few feet of soil just 
below the drive foot. This creates a condition such that any 
fine-grained soil or any gravels or cobbles which can get 
through the openings between the crossbars 194 are literally 
sucked up into mandrel with great force. Sandy soils actually 
liquefy as the result of the high upward gradient and flow up 
ward into the mandrel in the physical form commonly known 
as "quicksand." Therefore, even though the foot of the man 
drel may be temporarily prevented from moving downward by 
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a boulder, the continued pounding and the continued removal 
of soil from the vicinity of the mandrel foot by the upward 
flow of water quickly removes a sufficient amount of the soil 
from around the boulder such that it is no longer tightly em 
bedded in the ground under high soil pressure and it can be 
forced to the side to allow the downward penetration of the 
drive foot to continue. 

This aspect of the invention by which we are easily above 
when penetrating below the water table to cause high upward 
gradients and "quicksand' conditions in the soil just below the 
drive shoe is of fundamental importance of this method em 
bodiment. Largely because of this phenomenon, the apparatus 
of FIG. 19 can be used to form holes very rapidly to depths of 
hundreds of feet in sand and gravel deposits below the water 
table. Furthermore, because of this phenomenon, the deeper 
the drive foot penetrates below the water table, the higher the 
upward gradient which can be created in the soil, and the easi 
er it is to drive the mandrel downward. Hence, the difficulty of 
advancing the hole does not increase with depth, an important 
feature of this embodiment of the present invention. 
FIG. 19g shows an alternate form of a drive foot 186a in 

which the compressed air is discharged through a series of 
openings 188a which are located within the heavy circular 
ring 192a of hardened steel nearly at the lower tip of the ap 
paratus. Also in this form of drive foot, no crossbars are used. 
This embodiment is particularly well adapted to the rapid 
penetration of soils in which the "liquifaction' phenomenon 
discussed above cannot be mobilized such as in clayey soils 
and in sands and gravels above the water table. The air com 
mences to loosen the soil in the path of the mandrel and throw 
it up into the interior as soon as the soil is penetrated by the 
drive foot. With this embodiment, the air and/or water coming 
through the openings 188a has a large influence in reducing 
the resistance of the soil to entering the lower end of the man 
drel. These jets offluid converging from the periphery through 
the holes 188a eliminate any tendency for the soil to arch 
across the opening. 

Using the method of FIG. 19 for making a well, tests of the 
water-producing capacity of the various layers of soil through 
which the hole is penetrating, can be carried out at any eleva 
tion desired. This is done simply by stopping the forward 
progress of the elevation at which a test is desired and pump 
ing out the water which enters the lower end of the mandrel 
through the drive foot. This can be done by blowing out the 
water with the upward flowing air jet or it can be done by 
removing the pile driving hammer and installing a well pump. 
After the mandrel has penetrated to the depth desired for 

the well hole, the interior of the mandrel is thoroughly flushed 
out with the upward flow of air and water. Then the interior of 
the mandrel is filled with water or Revert mud so that the 
elevation of the fluid in the hole is well above the ground 
water table and the mandrel is then pulled, leaving a fluid 
filled hole in the ground. Subsequently a well casing is in 
stalled and backfilled with filter sand, following the 
procedures of the current art for developing a well in a drilled 
hole. 
When used for constructing water wells in soil deposits, the 

pipe mandrel is generally made in the range of diameter 
between 8 and 12 inches and the outside diameter of the hole 
between 14 and 20 inches. 

Various kinds of connections can be used to joint the in 
dividual lengths of mandrel as the hole progresses. In FIGS. 
19d and 19f the mandrel is shown connected by bolted flanges 
198, which are rapid and convenient. The use of flanged con 
nections facilitates the connections of the conduit 78 which 
carries the pumped-in air and/or water down into the hole. 
FIG. 19f shows one convenient arrangement by which the 
fluid can pass through the flange connection. As seen in this 
figure the lower edges of the half-round pieces of pipe, form 
ing the conduits 178, are welded to the steel flanges 198. The 
flanges have circular holes 200 so that fluid can pass through 
them. In order to prevent leakage of the fluid from the conduit 
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with the hole 200 is cut into each of the flanges. When the two 
flanges are connected, a gasket 202 in the form of a rubber 
ring is placed in the circular groove in such a way that when a 
series of flange bolts 204 are tightened, pulling the flanges 
together, the rubber ring will provide a watertight connection. 
For deep holes it is desirable to provide guides 206 on the 

exterior of the mandrel 172. As shown in FIG. 19C such a 
guide may consist of a section of pipe, having an outside 
diameter somewhat less than the nominal diameter of the hole 
being made. This pipe section has upper and lower edges 210 
which are turned inwardly as shown in FIG. 19a in order to 
prevent the guide from scraping the wall of the hole. The pipe 
section 208 is rigidly attached, as by welding, to the mandrel 
172 by steel stiffener or diaphragm plates 212. Hence, it is 
seen that the fluid in the exterior annular space 46 can flow 
past the guide freely through passages between the plates 212. 

It will be seen that the guide 206 functions to keep the man 
drel in the center of the hole. In soils with boulders, these 
guides assist in forcing the drive foot to move along a straight 
vertical path. For this purpose, the lowest guide is located a 
short distance (e.g., 8 to 15 feet) above the drive foot as 
shown in FIG. 19. When the drive foot encounters a large 
boulder which tends to deflect it to the side, the lower guide is 
forced against the wall of the hole and thereby prevents the 
drive foot from veering more than a moderate amount from its 
vertical path. 
The guides 206 also provide points of lateral restraint at 

regular intervals along the length of a long mandrel so that it 
can transmit the energy of the driver from its upper to its 
lower end without deflecting laterally several inches under 
each hammer blow. The guides also keep the mandrel cen 
tered in the hole at the locations of the flanged connections, so 
that the sharp edges of the connecting flanges 198 will not 
scrape or dig into the walls of the hole. - 
The drive foot 186 on the lower end of the pipe mandrel 

172 is continuously caused to penetrate the ground by the pile 
driver 40 which is generally guided in leads 214. A continuous 
supply of fluid is fed down into the annular space 46 by simple 
gravity flow from the surface reservoir 50 which is continu 
ously replenished from a supply source, such as a tank truck. 
A fluid consisting of air or water, or a combination, is pumped 
into the fluid manifold 180 at the top of the mandrel. 172 
through a hose 216 from an air compressor 218 and a water 
pump 220. This fluid travels downward into the hole through 
the closed conduits and is discharged inside the mandrel just 
above its lower end. The rising air inside the mandrel causes 
the soil and water, which enters the interior of the mandrel as 
the drive foot 186 penetrates the ground, to rise to the top of 
the mandrel. The rising mixture is then diverted to the side 
through the pipe 176 from which it may be subsequently 
discharged into a flexible conduit and deposited in a waste pile 
or in a truck for removal. It is apparent that many different 
variations of the apparatus for conveying the fluid air and 
water to the bottom of the mandrel can be used within the 
scope of the present invention. 

PILING AND PERSUSING COMPRESSED AIR TO BLOW 
OUT SOIL 

The general method embodiment of FIG. 19 is also well 
suited for making foundation piling or piers under three cir 
cumstances. First, it is used to make long piers designed for 
heavy loads. Second, the method can be used to install piers 
through dense, cobbly soils and soft bedrocks. Third, it is 
especially useful for making low unit cost, uncased concrete 
piles in situations where no displacement of the soil around 
the pile or no heave of the ground surface due to the accumu 
lated displaced volumes of the piles can be permitted. 
The basic apparatus and method shown in FIGS. 19-19g 

can be used to construct cast-in-place concrete piles or piers 
of moderate diameter, (e.g., 12 to 16 inches) in soils contain 
ing closely spaced cobbles and in soft bedrocks such as shales, 

at the juncture of the two flanges, a circular groove concentric 7.5 This is done by adding hardened teeth (not shown) to the 
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lower edge of the driving shoe ring 192 and the crossmembers 
194 of FIG. 19e. These teeth will break any cobble in the path 
of the downward penetrating mandrel which cannot be pushed 
aside or taken inside the mandrel and they will also penetrate 
soft bedrock. It is apparent that the apparatus and method em 
bodiment of FIGS. 9-19g described herein for making water 
wells and the piling could be considered as being a type of drill 
Tg, 
A recently developed drill rig, known as the Becker drill, 

disclosed in U.S. Pat. No. 3,280,925, has been used success 
fully for exploratory drilling in soils containing gravels and 
cobbles. It functions in a manner similar to the apparatus 
shown in FIG. 19 except that it does not operate with liquid 
surrounding the mandrel. A serious disadvantage with the 
Becker drill is a difficulty in pulling the mandrel from the 
ground, and this can only be done at a slow rate with heavy 
hydraulic jacks. For drilling exploratory holes in coarse gravel 
deposits, conventional rotary drilling is slow, expensive and 
does not give useful samples. Hence, the Becker type drill is 
much superior for exploratory drilling such materials. How 
ever, the rotary drill has the advantage over the Becker Drill in 
that it is very simple to pull the drill stem out of the hole. 
Therefore, my apparatus embodiment of FIGS. 19-19g when 
used as a drill incorporates the favorable features of both the 
recently developed Becker Drill and the more conventional 
rotary type drill. 
For constructing cast-in-place concrete piling, a variation of 

the apparatus of FIG. 19 having a detachable drive foot may 
be used. As seen in FIG. 20 an air manifold 184b is attached to 
the outside of a mandrel 72bjust above a detachable annular 
drive foot 222. During the downward penetration of the man 
drel the soil entering its hollow interior is blown upward with 
air and/or water entering from the manifold 184b through a 
series of holes 188b. After the mandrel has penetrated the 
ground to the depth desired it may be thoroughly cleaned out, 
filled with concrete and pulled, leaving a concrete filled hole 
in the ground. Alternatively, a procedure may be used in 
which no air is pumped down during the last few feet of driv 
ing so that a soil plug 224 becomes firmly wedged in the lower 
few feet of the mandrel 172b. Using this method the mandrel 
is simply pulled after it has been driven to the depth desired 
and the hole filled with liquid concrete by letting it flow down 
from the surface reservoir as shown in FIG.20a. The plug 224 
of soil in the lower portion of the mandrel is wedged tightly in 
place and hence acts as a seal so that if any loose material 226 
still remains inside the mandrel it will be carried out of the 
hole on top of the plug, as shown in FIG.20a. 

SAND DRAINS 

Using the general apparatus embodiments of FIG. 4 and 4b, 
sand drains may be made by a method which overcomes most 
of the disadvantages of the prior art methods. In this method 
the soil plug, once cut free, offers no resistance to upward 
penetration within the mandrel, since the liquid from the outer 
annular space 46 flows through the holes 66 in the lower part 
of the mandrel walls into the inner annular space 68. The pur 
pose of this inner annular fluid-filled space is generally the 
same as the purpose of the outer annular space; that is, to 
remove the frictional resistance between the mandrel and the 
soil. 

Since the diameter of the soil plug is less than the diameter 
of the sand drain being formed it is apparent that some of the 
soil in the path of the mandrel has been pushed outwardly and 
there is some disturbance of the soil. The amount of 
disturbance is greatly related to the relationship between the 
diameter of the soil plug and the diameter of the sand drain 
being formed. Therefore, the larger the sand drain made and 
the smaller the width of the annular space, the less the 
disturbance around the sand drain. I have found that using this 
technique for sand drains with a diameter of 16 inches or 
greater and an annular space of the order of three-fourth inch, 
the disturbance of the soil surrounding the drain is essentially 
negligible. 
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The liquid used is generally a mixture of Revert mud and 

sand, as described above in connection with the construction 
of water wells. After the mandrel is withdrawn, the hole is left 
filled with this heavy fluid mixture of mud and sand and after a 
few days the mud disintegrates leaving only the sand-filled 
column for the sand drain. It is possible, however, in many 
types of soil in which sand drains are installed, which are 
usually relatively impervious and cohesive, to use plain water 
for the liquid and to leave a water-filled hole when the man 
drel is withdrawn, as in FIG. 4a. The sand to fill the body of 
the sand drain is then placed by dropping it into the hole 
through the water. 
The method of installing sand drains described above has 

the great advantage over all prior art methods that the forma 
tion of the skin or remolded soil or "smear' on the walls of the 
holes is held to an absolute minimum. This is true because the 
only element of the apparatus which rubs against the soil com 
prising the wall of the hole is the drive foot which has a length 
of only a few inches. After the drive foot has passed 
downward, the soil in the wall of the hole is subsequently ex 
posed only to the liquid in the annular space. Consequently, 
there can be no important influence on the efficacy of the 
drains because of a surface skin or smear of remolded materi 
al, such as exists in the method of construction utilizing the 
driving and pulling of a mandrel and a continuous flight helical 
auger. 
Sand drains are also made using the general methods 

discussed in connection with the apparatus embodiment of 
FIGS. 19 and 20 in which no outward displacement or 
disturbance whatsoever of the soil surrounding the sand drain 
takes place. This is true because by removing the soil which 
enters the interior of the mandrel with compressed air, the up 
ward gradient acting on the soft saturated soil just below the 
bottom of the downward penetrating mandrel creates a large 
tendency for the soft material to enter the mandrel. In fact, in 
many soft soils using the apparatus embodiment of FIG. 20, it 
is possible to stop driving at a given level and, by blowing air 
continuously into the bottom of the mandrel, to suck large 
quantities of soft soil from the surrounding ground up into the 
mandrel. Hence, using a variation of the apparatus embodi 
ment of FIG. 20 sand drains can be constructed in which there 
is no outward displacement of the soil whatsoever. 
When building sand drains using the methods of FIGS. 19 

and 20, the liquid used in the surface reservoir and in the outer 
annular space during the downward penetration of the man 
drel may be water, Revert, mud, or a mixture of Revert mud 
and sand as discussed previously. After the mandrel has 
penetrated the ground to the depth desired the body of the 
hole may be filled with sand either by first filling the hole with 
water or Revert mud alone and then dropping sand in from the 
surface or it may be filled as the mandrel is pulled using the 
method and apparatus embodiment of FIG. 20, discussed 
above, in which the liquid poured into the surface reservoir is 
a mixture of Revert mud and sand. 

All theory indicates that the closer the spacing of the sand 
drains the more rapidly the soft soil deposit will be con 
solidated. Theoretically, therefore, an ideal installation would 
be a very closely spaced gridwork of relatively small diameter 
sand drains. For practical purposes, however, the practice in 
recent years has been changing toward the use of larger sand 
drains at greater spacings. The main reasons for this are that it 
was difficult in the prior art practice to make a very small 
diameter sand drain by a method which assured that the sand 
body of the drain was continuous. Also the cost of sand drains 
is relatively high and it costs almost as much to make a drain 
of 8 inches in diameter as it does of 16 inches in diameter. 

Using the principles of the present invention it is possible to 
make a novel type drain of relatively small diameter, and to in 
stall the drains at relatively close spacing by methods which 
overcome the two main disadvantages in the current art prac 
tice; that is, a drain in which there is no question about the 
continuity and one in which the cost is very much lower than 
possible under any prior art method. 
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As shown schematically in FIG. 21 this novel drain 230 con 
sists of a small diameter sand column 232 surrounding a small 
central tube 234 having porous walls. The tube is secured by a 
series of straps 236 to a boss 238 extending upwardly from the 
center of a plate 240 forming part of a drive foot similar to the 
one shown for the apparatus of FIG. 15e. The water squeezed 
out of the soft silt or clay mass flows to the sand drain and then 
through the porous walls of the tube into its center. The 
porous central tube serves two main functions. First, it acts as 
a conduit so that it is possible for a larger quantity of water to 
travel out of the drain than would be possible to flow only 
through the sand drain itself. More important, however, the 
existence of the tube assures the continuity of the drain. The 
tube is tough and flexible and can follow strains in the soil 
mass without being ruptured or losing its ability to carry water. 
Hence, there is no possibility that the sand drain can be 
pinched off either by settlement of the ground or by careless 
construction. 
The drain of FIG. 21 is installed using the basic techniques 

described in connection with the apparatus embodiment of 
FIGS. 15 and 15a. With the porous tube 234 connected to the 
drive foot 242, a sleeve type mandrel is placed in position 
around the tube and is driven in the ground according to my 
method using a mixture of Revert mud and sand as the liquid. 
Sand drains of this type can be constructed according to the 
method of the present invention at a fraction of the cost of 
drains made by the prior art methods. 
These drains 230 can easily be made with an exterior diame 

ter of 5 to 8 inches with the porous tube having an inside 
diameter in the range one-fourth to three-fourth inch. As 
discussed above, the method creates essentially no smear on 
the walls of the hole because, except for the downward 
passage of the steel plate drive foot 242 the walls of the hole 
are always exposed only to a liquid. Also, because of the 
diameter of the drain is made very small, only a relatively 
small volume of soil is displaced in order to make the drain. 
Hence, the disturbance to the soil deposit caused by the instal 
lation of the drain is relatively very small. 
The porous tube can be made of several available materials, 

such as perforated sheet metal or a metal screen, such as the 
type used for sieving fine sands in the laboratory. The 
openings of the wall of the porous tube must be small enough 
to prevent any large amount of fine soil particles from 
penetrating. However, if a fairly clean sand is used for the 
body of the sand drain, this is no problem. 
MANDRELS WHICH TOUCH THE SOIL WALLS OF THE 

HOLE 

In all the drawings of the apparatus embodiments described 
hereinabove I have shown the outer surface of the mandrel 
stem completely surrounded by the liquid 48, as the mandrel 
penetrates the ground, in such a way that the body of liquid 
surrounding the mandrel stem is continuous. For the great 
majority of practical applications the liquid surrounds all sides 
of the mandrel stem. For special purposes, however, other 
mandrel shapes can be used within the scope of the present in 
vention in which a portion of the mandrel stem touches the 
walls of the hole as it is penetrating downward into the ground, 
and in which the liquid flowing downward from the surface 
reservoir is divided into two or more independent columns. 
Two examples of apparatus embodiments of this kind are 
shown in FIGS. 22 and 23. 

FIG. 2 shows a steel H-beam 244 used as a mandrel with a 
rectangular steel plate 246 welded on its lower end which fits 
into the socket of a precast concrete drive foot 248. The 
smaller plan dimension of the drive foot is equal to the 
distance between the flanges of the beam so that when the 
mandrel is driven into the ground there are two independent 
liquid columns 250 and 252 formed, one on each side of the 
web 254 of the H-beam. The liquid enters the ground exactly 
as in the other embodiment of the invention from a reservoir 
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flanges 256 of the H-beam are in contact with the soil, there is 
some frictional resistance between the mandrel stem and the 
soil; however, most of the surface area of the mandrel is in 
contact with the downward flowing liquid so that most of the 
frictional resistance has been removed by liquid from the 
reservoir. If desired, different liquids can be placed in each of 
the separate columns 250 and 252 as the mandrel penetrates 
the ground and these would remain separated until the man 
drel is withdrawn from the ground. Such a method is useful for 
some types of chemical grouting. 

In FIG. 23 have shown a mandrel 258 fabricated from 
pieces of heavy steel plate 260 welded together in the form of 
a cross, with continuous strips of curved steel plate 262, such 
as a longitudinal section of the wall of a heavy steel pipe, 
welded to the outside vertical edges of the steel plates. A 
heavy steel stiffener ring 264 strengthens the lower end of the 
mandrel and bears against a precast concrete drive foot 266. 
Since the outside diameter of the drive foot is the same as the 
distance between the curved steel plates 262 which form part 
of the mandrel, these curved plates are in continuous contact 
with the walls of the hole as the mandrel penetrates the 
ground. Hence, the open space formed in the ground by the 
downward penetration of the drive foot is divided into four in 
dependent parts, instead of the two parts of the embodiment 
of FIG.22. Again, for this embodiment the exterior surfaces of 
the curved strips 262 of the mandrel are in contact with the 
soil and there is, as a consequence, a limited frictional re 
sistance between the mandre stern and the walls of the hole 
on these surfaces. 
The mandrel embodiments of FIGS. 22 and 23 have the ad 

vantage in common with that of FIG. 5, as discussed earlier, 
that the hole is essentially filled with liquid as soon as the man 
drel has been driven to the depth desired. They also have the 
advantage in common with the mandrel embodiment of FIG. 6 
that the flow channels through which the liquid travels 
downward into the ground are large, allowing the use of a rela 
tively viscous liquid. In addition to these advantages, the em 
bodiment of FIG. 24 has the further advantage in certain cir 
cumstances that the mandrel is in contact with the walls of the 
hole at each of the four quadrants. These contacts provide a 
guiding action which tends to force the downward penetrating 
mandrel to follow a straight vertical line, whereas in some soils 
with my other apparatus embodiments in which the mandrel 
stem is completely isolated from the walls of the hole, the 
drive foot may be deflected from its vertical path and forced 
to the side when it encounters a cobble. 
The mandrel embodiment of FIG. 23 may be stiffened by 

connecting together the outstanding edges of the curved 
plates 262 using welded straps at intervals. It will be seen that 
if these straps between the curved sections are placed at 
frequent intervals the mandrel of FIG. 23 approaches a pipe 
mandrel with holes cut in its walls, the mandrel having the 
same outside diameter as the diameter of its drive foot 266. 
Such a heavy walled mandrel can also be used to form holes in 
the ground as discussed herein according to methods of the 
present invention. The principles are exactly the same as for 
the other mandrels in which none or only a portion of the walls 
of the stem of the mandrel contact the soil. The mandrel foot 
has a larger cross-sectional area than the mandrel stem and 
the space in the ground so formed is filled with a liquid simul 
taneously with the downward penetration of the mandrel by 
pouring the liquid into a small reservoir at the surface from 
where it flows by gravity down into the hole. 

CHEMICAL GROUTING 
Holes are frequently formed in the ground, usually with 

earth drilling machines of various kinds, to pump cementitious 
liquids, usually chemicals, into the ground. The purpose of this 
activity, known generally as "grouting' is to cause cementi 
tious liquid or grout to penetrate the pores of the soil sur 
rounding the hole where it then hardens, thereby improving 
the properties of the soil so treated by strengthening it or 

at the ground surface. Since the exterior surfaces of both 75 rendering it less pervious to the flow of water. 
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In a very general fashion the process comprises the repeti 
tive steps of boring a hole, installing a steel pipe casing, pump 
ing or pouring the grout into the hole, waiting until it has 
penetrated the soil and then pulling the casing. Most grouting 
in soil is done using a procedure in which the grout is pumped 
out into the ground under pressure through the lower end of a 
steel casing, in such a way that the grout is penetrating the soil 
surrounding the end of the casing. Frequently, the casing is 
then set at another elevation and the process repeated. There 
are many applications, however, where it is not necessary to 
pump with pressure in order to solidify the soil around the 
bore hole, especially if the holes are put down in close spacing. 
In this procedure great economies can be achieved since it is 
not necessary to pump under pressure and since the whole 
length of the hole is grouted at one time. This method in which 
the grout is not injected under pressure from a pump is carried 
out by the simple steps of forming a hole in the ground and 
keeping the hole filled with the liquid grout. Since the pressure 
in the grout due to its own weight is greater than the adjacent 
ground water pressure, the grout penetrates the ground 
around the hole. 

Utilizing the apparatus and methods of the present inven 
tion a number of important general and specific advantages 
are achieved over prior art methods of injecting grout into the 
ground by a simple gravity process. One main advantage is the 
greater economy achieved by the simple procedure of getting 
the liquid into the ground, as disclosed herein. Grouting can 
be carried out with any of the main apparatus embodiments of 
the present invention such as shown in FIGS. 1 and 4, using 
the grout as the liquid which flows down into the ground along 
with the penetrating mandrel. Chemical grouts are designed to 
have a relatively low viscosity so they can flow out easily into 
the small pores of the soil. With my invention, the liquid grout 
in the annular space 46 of FIG. 1, for example, flows radially 
out of the hole into the pores of the adjacent soil, displacing 
the ground water in front of it. The larger the pores of the soil 
and the less viscous the fluid grout, the greater the velocity of 
travel of the grout into the ground. The grout continues to 
penetrate out into the pores of the ground as long as it remains 
in fluid form, which is a time period controlled by the chemi 
cal constituents and the admixtures in the grout according to 
procedures well known in the current art. 

In general the mandrel is removed from the hole, as shown 
in FIGS. 1 b and 4a, while the grout is still in the liquid form, 
with additional grout poured into the hole to keep it full and 
replace the volume of the withdrawn mandrel. Subsequently 
the hole is kept full by pouring liquid groutin from the surface 
to replace the volume which penetrates the adjacent ground. 
A second main advantage of the methods of the present in 

vention for simple gravity grouting is the speed with which the 
liquid-filled holes can be formed in the ground. In many soil 
deposits of the kind which it is desirable to treat with chemical 
grouting, such as relatively pervious sand, it is possible to 
make a line of groutholes, to form an impervious underground 
barrier or wall, to a depth of 50 feet, for example, at a rate of 
production of 10 to 20 holes per hour. Using prior art 
methods, in such a circumstance, a rapid rate of production of 
holes of the same size and depth filled with liquid grout is 3 to 
5 holes per hour. 

Since chemical grouts are quite expensive, economies are 
achieved by making holes according to the principles of the 
present invention using a fluid mixture of the chemical grout 
and sand as the liquid which flows down into the hole behind 
the mandrel head. With this procedure, the volume of the 
chemical grout in the hole is much lower than it would be 
without the sand. 

HOLLOW MANDRELIS WITHEDRAWN LEAVINGSOIL 
PLUGEN GROUND 

For those embodiments of my invention discussed hereto 
fore in which the soil enters the hollow mandrel interior and in 
which the mandrel is subsequently removed from the ground, 
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from the ground. For several important applications of my in 
vention, however, this soil plug is not removed from the 
ground but left in place, surrounded by an annular liquid-filled 
space. One apparatus for such a method is shown schemati 
cally in FIGS. 24 and 24a. Here, I have shown a mandrel 270 
in the form of a heavy steel pipe having a series of holes 272 in 
its walls in the manner shown previously for the apparatus of 
FIG. 5. In this embodiment a detachable drive foot 274 is in 
the form of an annular ring beveled to a knife edge 275. Also, 
in this apparatus I have shown the pipe mandrel being rein 
forced with longitudinal stiffener bars 276, which are welded 
to the outside of the pipe mandrel and extend continuously 
along its full length. As shown in FIG. 24a these stiffener bars 
are in direct contact with the wall 278 of the hole, in the same 
manner as the mandrels shown in FIGS. 22 and 23. In all other 
respects the method of construction here is exactly as 
discussed in connection with the description of FIGS. 1-1b. 

In this embodiment the thickness of the annular drive foot 
274 is preferably small compared to the diameter of the pipe 
mandrel so that it creates a relatively thin-walled tubular 
liquid-filled space 280 surrounding a soil core 282 within the 
mandrel as it is driven downwardly. Since the drive foot is 
relatively thin its resistance to penetration in the ground is low 
and it can be driven rapidly to depths which heretofore were 
not practical using conventional methods for driving large 
diameter pipe piles. In common with the other apparatus em 
bodiments, the walls of the pipe mandrel 270 are surrounded 
by a liquid during its downward penetration so that the fric 
tional resistance between the mandrel walls and the soil is 
greatly reduced and the main resistance to penetration of the 
mandrel into the ground is the end resistance. 

In the embodiment of my invention as shown in FIG. 24, the 
apparatus dimension which governs the penetration resistance 
of the lower end is the width of the annular drive foot 274. 
Hence, using the methods of the present invention, a pipe 
mandrel with a diameter of 18 to 24 inches, for example, with 
an annular drive foot having a width of 2 to 3 inches, may have 
a total end resistance, in the same soil formation, of the order 
of that which would be experienced by a solid pile only 6 to 8 
inches in diameter. 

FIGS. 24b and 24c show the completed structure in vertical 
and plan sections comprised of the annular liquid-filled space 
280 around the soil plug or core 282, after the pipe mandrel 
has been removed from the ground. In addition to the greater 
ease of driving, this embodiment of my method has a number 
of other important advantages when used with a cementitious 
liquid to make cast-in-place concrete piling. First, for a given 
volume of concrete per foot of length, the pile has a larger out 
side diameter and hence a larger surface area on which to 
transfer load through friction or "side shear' to the soil than 
prior art cast-in-place piles. Second, although the body of the 
pile is a thin concrete tube with an open lower end, after the 
cementitious material in the tubular body of the pile hardens 
and grips the soil core 282, the ability of the end portion of the 
pile to carry load is substantially the same as if the pile had a 
closed structural end. 

Finally, the larger outside diameter of the pile of FIG. 24b 
makes it superior to the prior art cast-in-place pile, with 
equivalent concrete volume, because it offers higher re 
sistance to lateral loads. Its larger diameter also makes it a 
more suitable pile for use in foundations in which only one pile 
is used to support each building column, since a small amount 
of accidental eccentricity is less important than for a pile of 
smaller diameter. The pile as shown in FIG. 24b also has the 
great advantage that its upper few feet can be greatly 
strengthened for little cost by simply excavating the soil plug 
282 in the upper few feet and filling the tube interior with 
concrete. 

Heretofore, unreinforced concrete piles in the form of a 
cylindrical shell, having an earth-filled central core, were not 
used because it was not possible to form and handle a precast 
concrete tube pile and drive it into the ground without provid 

have shown the soil inside the mandrel being also removed 75 ing it with substantial steel reinforcement, and it was not 
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economically practical to make a cast-in-place concrete tubu 
lar pile. 

In addition to piling, the thin-walled cylindrical tube of 
hardened concrete has a number of other important applica 
tions. Among the more important of these is as a casing or 
shell in the ground to hold a hole open for other purposes. If 
the soil core 282 inside the tubular cast-in-place casing is dug 
out, such as with an auger, the concrete casing acts to support 
the walls and to keep the ground water out, eliminating the 
necessity of casing the hole with a temporary steel casing 
which is frequently difficult and costly. Hence, the soil on the 
inside of the tube can be dug out with a large auger and the in 
terior filled with concrete to make a foundation pier. The 
empty thin concrete tubular shell can also be used for lining 
the upper portion of a water well where it is desired to seal off 
the upper soil layers, as well as many other purposes. 
The method as shown in FEG. 24 is also well adapted to the 

construction of a novel type of sand drain. The liquid utilized 
for sand drain construction, as discussed previously, is usually 
a fluid mixture of sand and self-disintegrating mud. The struc 
ture of FIGS. 24b and 24c is especially well adapted for use as 
a sand drain for several reasons. First, the drain has a relative 
ly large outside diameter so that there is a large surface area 
for effective drainage. Second, if the annular drive foot is 
made relatively narrow and if the beveled direction of the 
knife edge 275 of the drive foot is inclined at least partially to 
the inside, the disturbance of the natural soil immediately out 
side the sand drain caused by the downward penetration of the 
drive foot is essentially negligible. Hence, using the method of 
FIG. 24, sand drains can be installed by a displacement 
process which is cheaper and as effective as any sand drain 
made by a current art and displacement method. 
The method and apparatus shown in FIG. 24 is also well 

adapted under certain circumstances for the purpose of solidi 
fying the soil surrounding the hole with chemical grout. The 
main advantage again is the large surface area. Another ad 
vantage is the relatively small volume of the expensive grout 
which is contained within the liquid-filled hole, especially 
when the width of the annular drive foot 274 is made narrow. 
When used for chemical grouting the mandrel can be left in 
the hole until just before the time selected for the grout to 
harden or it can be pulled out of the hole immediately after 
reaching the depth desired. The liquid used can be pure 
chemical grout or it can be a mixture of chemical grout and 
sand. 
Another application for which the method and apparatus of 

FIG. 24 are especially suitable is for making a continuous im 
pervious underground wall through a sand deposit, such as a 
wall for the control of seepage toward an excavation below the 
water table. For this purpose the largest practical diameter of 
mandrel is used and the mandrel is repetitively forced into the 
ground along the line of the proposed impervious wall, the 
distance between the centers of adjacent holes being less than 
the diameter of the mandrel so that the individual holes over 
lap each other, thereby creating a continuous wall. For this 
purpose the liquid utilized may be comprised primarily of 
bentonitic mud which sets up in the form of an impervious gel 
or it may be a cementitious material such as a slurry of 
bentonite, portland cement and water. 
While I've shown the mandrel in FIGS. 24 and 24a as being 

heavy walled pipe with longitudinal steel stiffener bars, it is ap 
parent that several other designs can be used to achieve the 
same purpose. For example, a design similar to that shown in 
FIG. 6 in which the mandrel stem consists of two concentric 
pipes with an annular space between is particularly well suited 
for this purpose, since it gives assurance that when the man 
drel is withdrawn the wall thickness of the liquid-filled, tubular 
cylindrical hole in the ground will be at least equal to the com 
bined thickness of the two concentric pipes and the annular 
space between them. 
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USE OF APPARATUS OF FIG, 4 FOR SOLSAMPLNG 

It will be readily seen by one familiar with the art that 
another valuable application of the apparatus embodiments of 
FIGS. 4, 4a and 4b is for the purpose of taking samples of soil 
deposits. By making the annular drive foot beveled with a 
knife edge on the lower point, the soil plug 62 which enters the 
interior of the mandrel can be essentially undisturbed cylinder 
of soil. Then, using the embodiment of FIG. 4b in which the 
liquid in the outer annular space flows through the walls of the 
mandrel into the inner annular space, the soil plug inside the 
mandrel is surrounded by the liquid as it penetrates upward. 
Hence, there is no friction between the inner walls of the man 
drel and the soil plug and the soil plug is not disturbed. 
When used for soil sampling the liquid used may be a ce 

mentitious material such a slurry of bentonite, portland ce 
ment and water, or a chemical grout. Using a cementitious 
fluid of this kind with the apparatus embodiments of FIG. 4, 
the mandrel is left in the ground a sufficient length of time 
after being driven to the depth desired to allow the cementi 
tious fluid to harden. Thus, the cylindrical earth core 62 inside 
the mandrel is cemented in place with an annular jacket of 
hardened slurry of bentonite and portland cement or a stiff 
gel. Subsequently, when the mandrel is pulled out of the hole 
the soil sample inside is fully protected by this annular ce 
mented jacket so that it is not disturbed by the handling of the 
mandrel and transportation to the laboratory. The sample is 
taken out of the interior of the mandrel by a number of means 
depending on the purpose of the sampling process. A common 
method is to use a 'split mandrel' in the form of a pipe cut in 
two longitudinal halves which can be opened up after remov 
ing some straps to expose the sample. Using the apparatus em 
bodiments of FIG. 4, with the modifications as described 
above, it is possible to obtain almost completely undisturbed 
samples from deep deposits of very soft silts and clays, with 
sample lengths of the order of magnitude of 30 to 60 feet, and 
sample diameters from 10 to 18 inches. Heretofore, samples 
of this kind could not be practically obtained by any other 
method. 

In all the embodiments of my invention described 
hereinabove, the liquid 48 enters the hole 30 during the 
downward penetration of the mandrel and is being supplied at 
the ground surface around the mandrel stem 38 from a small 
surface reservoir. 50 which made be replenished from any 
suitable supply source such as a tank truck. In many of the im 
portant embodiments the liquid which is added to the hole as 
the mandrel is withdrawn is also supplied through the surface 
reservoir. Under certain circumstances, it may be desirable to 
add a supplemental supply of liquid to the hole, under a higher 
pressure or at a higher rate by pumping the supplemental 
liquid down into the hole through a closed conduit with a 
pump. Such a conduit may be attached to or incorporated 
within the mandrel stem or it may be an independent conduit 
inserted into the hole in the ground formed by the downward 
penetrating drive foot. The supplementary liquid may be 
pumped in during either the downward penetration or the 
withdrawal of the mandrel stem, or during both activities. The 
use of such supplementary supplies of liquid pumped into the 
hole is contemplated and within the scope of the present in 
vention. 
To those skilled in the art to which this invention relates, 

many changes in construction and widely differing embodi 
ments and applications of the invention will suggest them 
selves without departing from the spirit and scope of the in 
vention. The disclosures and the description herein are purely 
illustrative and are not intended to be in any sense limiting. 

I claim: 
it. A method of forming a sand drain in the ground compris 

ing the steps: 
providing a mandrel having a straight stem and a detachable 

drive foot at or near its lower end, said drive foot having a 
cross-sectional area in the direction transverse to the 
mandrel axis which is larger than the transverse cross-sec 
tional area of the solid portion of the mandrel stem; 
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moving said mandrel stem downwardly to cause said drive 
foot to penetrate into the ground so that an elongated 
hole is formed, the area of which hole is larger than the 
cross-sectional body area of the mandrel, thus creating 
longitudinal space in the ground adjacent the mandrel 5 
stem behind said downward penetrating drive foot; 

causing a liquid to flow downwardly from the ground sur 
face into said longitudinal space simultaneously with the 
downward mandrel penetration so that at least a portion 
of this space is immediately filled with liquid as soon as it 10 
is created, said liquid serving to prevent the soil or ground 
water from the walls of the hole from entering said space; 

withdrawing said mandrel from the ground while simultane 
ously causing an additional supply of liquid to flow into 
the hole in such a way that the volume of the mandrel 
being withdrawn is replaced with liquid, leaving the 
detachable drive foot fixed in the ground at the bottom of 
the liquid-filled hole; 

filling said liquid-filled hole with sand by pouring it in from 
the surface. 

2. A method of forming a sand drain in the ground compris 
ing the steps: 

providing a mandrel having a straight stem with a hollow in 
terior and a detachable drive footator near its lower end, 
said drive foot having a central opening and cross-sec- 25 
tional area in the direction transverse to the mandrel axis 
which is larger than the transverse cross-sectional area of 
the solid portion of the mandrel stem; 

moving said mandrel stem downwardly to cause said drive 
foot to penetrate into the ground so that an elongated 
hole is formed, having an area larger than the cross-sec 
tional body area of the mandrel, thus creating longitu 
dinal space in the ground adjacent the mandrel stem be 
hind said downward penetrating drive foot, and so that 
some of the soil lying in the path of the downward 
penetrating mandrel enters the interior of said mandrel 
stem in the form of a soil plug, said soil plug inside said 
mandrel being carried out of the hole along with said 
mandrel stem; 

causing said longitudinal space to be filled with liquid simul 
taneously with the downward mandrel penetration so that 
at least a portion of this space is immediately filled with 
liquid as soon as it is created, said liquid serving to 
prevent the soil or ground water from the walls of the hole 
from entering said space; 

withdrawing said mandrel from the ground while simultane 
ously causing an additional supply of liquid to flow into 
the hole in such a way that the volume of the mandrel 
being withdrawn is replaced with liquid leaving the 
detachable drive foot fixed in the ground at the bottom of 50 
the liquid-filled hole; 

filling said liquid-filled hole with sand by pouring it in from 
the surface. 

3. The method as described in claim 2 including the further 
step of removing said soil which enters the hollow interior of 55 
said mandrel progressively as the mandrel enters the ground. 

4. The method as described in claim3 in which said soil plug 
is removed from the interior of said mandrel by blowing it out 
with compressed air. 

5. The method as described in claim 2 wherein said mandrel 
stem is a hollow tubular member having holes spaced apart 
along its length and said drive foot is an annulus with a central 
opening, said soil plug having an outside diameter smaller than 
the inside diameter of the mandrel stem, said water flowing 
through the holes in the walls of said mandrel stem filling the 
annular space created between the soil plug and the interior of 
said mandrel stem during its downward travel. 

6. A method of forming a sand drain in the ground compris 
ing the steps: 

providing a mandrel with a straight hollow tubular stem and 
a detachable drive footator near its lower end, the exteri 
or dimensions of said drive foot in the direction trans 
verse to the mandrel axis being larger than the exterior 
diameter of the mandrel stem, said detachable drive foot 
also having a central opening; 
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46 
moving said mandrel stem downwardly to cause said drive 

foot to penetrate into the ground so that an elongated 
hole is formed with a cross-sectional shape the same as 
the exterior shape of said drive foot and larger than said 
mandrel stem, thus creating longitudinal space in the 
ground adjacent the exterior surface of said mandrel stem 
behind said downward penetrating drive foot, some of the 
soil lying in the path of the downward penetrating man 
drel entering the interior of the mandrel stem through 
said drive foot central opening in the form of a soil plug; 

causing said longitudinal space that is exterior of said man 
drel stem to be filled with liquid simultaneously with 
downward mandrel penetration, said liquid serving to 
prevent soil or ground water from the walls of the hole 
from entering said space, said liquid being a flowable mix 
ture of sand and self-disintegrating mud; 

withdrawing said mandrel stem from the ground, said soil 
plug inside the mandrel being carried out of the ground 
with the mandrel stem, while simultaneously causing an 
additional supply of the same liquid to flow into the hole 
in such a way that the volume of the mandrel and soil plug 
being withdrawn is replaced with the liquid, leaving the 
detachable drive foot fixed in the ground at the bottom of 
the liquid-filled hole. 

7. The method of claim 6 including the further step of mov 
ing said soil which enters the hollow interior of said mandrel 
stem progressively as the mandrel penetrates the ground. 

8. The method as described in claim 7 in which said soil is 
removed from said mandrel interior by blowing it out with 
compressed air. 

9. The method as described in claim 6 wherein said mandrel 
stem has holes spaced apart along its length and said soil plug 
has a diameter smaller than the inside diameter of the mandrel 
stem, said liquid flowing through said holes in the walls of the 
mandrel stem filling the annular space created between the 
soil plug and the interior of the mandrel stem during the 
downward penetration of the mandrel into the ground. 

10. The method as described in claim 6 in which said soil 
plug is left behind in the ground when the mandrel is 
withdrawn, said sand drain being formed with a tubularshape. 

11. A method of forming a sand drain in the ground com 
prising the steps: 

providing a mandrel having a straight stem and a detachable 
drive foot at or near its lower end, said drive foot having a 
cross-sectional area in the direction transverse to the 
mandrel axis which is larger than the transverse cross-sec 
tional area of the solid portion of the mandrel stem; 

attaching one end of a porous conduit to said drive foot, 
said porous conduit having a length approximately equal 
to that of the sand drain being formed; 

moving said mandrel stem downwardly to cause said drive 
foot to penetrate into the ground so that an elongated 
hole is formed, the area of which hole is larger than the 
cross-sectional body area of the mandrel, thus creating 
longitudinal space in the ground adjacent the mandrel 
stem behind said downward penetrating drive foot and 
carrying said porous conduit into the ground inside said 
elongated hole; 

causing liquid to flow into said space simultaneously with 
downward mandrel penetration so that at least a portion 
of the space is immediately filled with liquid as soon as it 
is created, said liquid serving to prevent soil or ground 
water from the walls of the hole from entering said space, 
said liquid being a flowable mixture of sand and self-disin 
tegrating mud; 

withdrawing said mandrel stem from the ground while 
simultaneously causing an additional supply of the same 
liquid to flow into the hole in such a way that the volume 
of the mandrel being withdrawn is replaced with the 
liquid, leaving the detachable drive foot fixed in the 
ground at the bottom of the liquid-filled hole and leaving 
said porous conduit centrally located in the liquid-filled 
hole extending at least to the ground surface. 

12. A method of creating a sand-filled cavity below ground 
comprising the steps: 
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providing a mandrel having a straight stem and a detachable 
drive foot at or near its lower end, said drive foot having a 
cross-sectional area in the direction transverse to the 
mandrel axis which is larger than the transverse cross-sec 
tional area of the solid portion of the mandrel stem; 

moving said mandrel stem downwardly to cause said drive 
foot to penetrate into the ground so that an elongated 
cavity is formed, the area of which is larger than the 
cross-sectional body area of the mandrel, thus creating 
longitudinal space in the ground adjacent the mandrel 
stem behind said downward penetrating drive foot; 

simultaneously filling said cavity with a fluid mixture of sand 
a viscous liquid, which fluid mixture has sufficient pres 
sure to prevent collapse of the cavity, said viscous liquid 
having the characteristic that its viscosity decreases with 
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time and gradually approaches the viscosity of water, said 
mixture within said cavity being left in place while the 
viscosity of said liquid decreases, thereby eventually leav 
ing the cavity filled only with sand and a liquid having a 
viscosity essentially that of water. 

13. The method of claim 12 in which said viscous liquid is a 
self-disintegrating mud comprising: 
a mixture of water and an organic substance with some form 

of bacteria or enzymes which cause the organic substance 
to self-destruct within a few days, 

14. The method as described in claim 13 including the extra 
step of placing a porous tubing having a smaller diameter than 
the diameter of said cavity and positioning it centrally inside 
said cavity. 
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