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PREFACE

This report was prepared by Paul V. Sellmann, Geologist, Geophysical
Research Branch, Experimental Engineering Division, and Dr. Malcolm Mellor,
Research Physical Sclentist, Experimental Engineering Division, U.S. Army
Cold Regions Research and Engineering Laboratory. The review wes performed
as part of DA Project 4A762730AT42, Design, Construction and Operations
Technology for Cold Regions, Task Area CS, Combat Support, Work Unit 035,
Drilling Technology for Cold Regions.

Technical review of the report was performed by Herbert Ueda and Bruce
Brockett.
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DRILL BITS FOR FROZEN FINE-GRAINED SOILS

Paul V. Sellmann and Malcolm Mellor

Introduction

In drilling and core-sampling operations, frozen soils behave differ-
ently from unfrozen soils and common rocks. Drilling equipment that per-
forms well in unfrozen material is sometimes very disappointing in frozen
ground, even with application of brute force.

Frozen fine-grained soils, typically silts and clays with high ice con-
tent, display properties that are distinctly different from those of unfro-
zen ground; they are also different from other frozen materials such as
sand, gravel and rock. Relatively warm ice-saturated fine-grained soils
that are only a few degrees below freezing contain some unfrozen water at
the graln boundaries. Compared to rocks, these soils are not particularly
strong, but they are ductile and tough and have to be cut more like a metal
or plastic. Colder fine-grained soils (below =-5°C) have lower unfrozen
water content and slightly different properties; they are stronger and tend
to be more brittle (Anderson and Morgensterm 1973, Ogata et al. 1983).
However, they still have lees strength than most cheulcally cemented rocks
or crystalline rocks, which have more tendency to crack and crumble under
the action of a drill bit. The properties of fine-grained soils generally
differ from those of frozen granular soils because the fine soils have
higher unfrozen water content. Furthermore, these soils commonly have
higher ice content, which contributes to their lower strength. They are
also inherently less abrasive, since the bit is working on mineral parti-
cles that are very small compared to cutter size. The mineral particles
are also often suspended in an ice matrix, wiich makes cutting of the ice-
tich fine-grained solls more like ice drilling. Drilling in these solls 1is
usually very smooth and vibration-free, with little impact loading on the
cutters.

One consequence of the properties of the "warm" frozen fine-grained

solls 1is that percussive drills and roller rock bits are far from ideal.
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N They are often completely ineffective, since they are better sulted for use

;: in brittle material. Another consequence is that rotary drag bits which do
' not cut over the whole face are unlikely to perform well in fine-grained

55 frozen soil, since there is virtually no overbreak. Finally, there is a

S: potential for problems with the cuttingr, or chi;s, which can easily adhere

%g and compact on the bit, in the transport s;.tem, and on the hole wall, es-

f} pecially when subjected to pressure, or when exposed to higher temperatures

é@ or moisture.

&E This report is based on our experience with construction of drilling

% and sampling tools for use in frozen ground; it treats only one aspect of
B the problem, drill bits for frozen fine-grained soil. Our approach to con-
by struction of drilling tools was influenced by the need to obtain undis-

e -

&“ turbed cores and to produce holes with small equipment with limited thrust
%: and torque. Very efficient systems are needed to meet these requirements.
if Applicetion of excessive thrust and torque cannot compensate for inappro-
;% priate drilling tools and it usually produces poor quality cores, disap-
g pointing drilling rates, and excessive wear on the equipment.
%g Experimental and theoretical studies at CRREL have provided insight

' into why some bits are unsuccessful in frozen soils. They have also laid
_al the foundation for systematic design of efficlent bits and cutters. This
g! report covers bcth auger drills and systems that use fluid circulation, in-
ﬁ' cluding solid stem augers, hollow stem augers, simple coring tools, double-

wall core barrels, and casing bits. It also describes some commercial

;g tools that have been used successfully with little or no modification.
L]
:% Characteristics of soils
Ej Drilling in frozen soil is more akin to drilling in rock than in unfro-
ﬁ zen soil. When the pores and voids in the soil Are more or less filled
%? with ice, the material has significant tensile strength and relatively high
? strength in ghear and compression, and it cannot be compressed or compacted
Sﬁ by moderate pressures.
‘. For drilling purposes, it 1s convenient to classify frozen soils broad-
i:: 1y on the basis of grain size. Fine-grained soils include various wmixtures
%33 of silt, clay, organic material and ice. They are found both on land and
jﬁ underwater. Fine-grained frozen soils are moat commonly cut by small drag
" cutters that work by a chisel action. Coarse-grained frozen soils consist
d: primarily of sand and gravel, with aggregates ranging from small pebbles to
8 2
‘
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big cobbles. These soils have properties much like concrete. Thig creates
problems, since the rock fragments can be bigger than typical drag cutters,
so that some cutters, or even the entire bit, are at times effectively
working in solid rock. Too) wear is much greater in coarse-grained mate-
rial because of its greater strength and more abrasive nature, and because
non-uniformity causes impact loading. 1In frozen gravel or frozen till,
chlsel-type drag cutters only work well if the drill bit and its cutters
are very big. For drills of fairly small diameter, suitably designed drag
bits work consistently wall in frozen silt, frozen clay and frozen organic
solils. 1In frozen sand, cutting is less easy and tool wear is more rapid,
with small cutters reaching a practical limit in coarse-grained frozen
sand.

With high ice content and temperatures only a few degrees below freez-
ing, frozen clay and frozen silt tend to cut cleanly under the action of a
chisel-type cutting tool, with little overbreak. In this respect they be-
have something like metals under the action of machine tools.

Rocks are often brittle and friable, and when they are attacked by
widely spaced clawlike cutters the material between the cutters tends to
break and crumble. By contrast, when ductile frozen solls are attacked by
similar arrays of widely spaced cutters, the cutters dig furrows but do not
necegsarily break out the material between the claws. Thus, in fine-
grained frozen soills, to ensure proper performance under all ground condi-
tions and temperatures, drill bits have to cut the entire area that 1s to

be penetrated.

Rotary drllling with drag cutters

In this report the terms drag-cutter and drag-bit are used to refer to
any cutting tooth, or combination of cutting teeth, that works by a chisel
actlion, with tools traveling tangentially or approximately parallel to the
surface of the material that is being cut. An example of a simple two-cut-
ter bit intended for use with a circulation fluid is shown in Figure 1.
Drag cutters are typically chigel-edge wedges or pointed bullet-shaped
claws (Fig. 2). Diamond bits are also essentially drag bits with small
multiple cutters of ilrregular shape, but they are not considered here since
they are not well-sulted for use in frozen fine-grained soil.

A drag-type bit makes a hole simply by rotating a head, or bit, which
is fitted with blades or teeth. In an auger system, cuttings are either

3




Figure 1. Small diameter drag bit
with two cutters. This simple de-
sign has characteristics that make
it well suited for use in frozen
fine-grained soil. (Photo courtesy
of Ugine Carbone, Grenoble, France.)

a. Small picks for mining machines, all tipped with
tungsten carbide inserts.

Figure 2. Examples of parallel-motion tools for cut-
ting rock and other brittle materials. These are po-
tentially applicable to drilling in frozen fine-
grained soils (from Mellor 1977).

4
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b. Rotationally symmetrical tools known variously as
"bullet bits,” "plumb-bob bits,” "pencil bits,”™ "coni-
cal bits,” or "point attack bits.” The tungsten car-
bide insert is set in a similar manner to the lead of
a pencil.

- deaha

¢. Medium size "parrot beak” picks for wmining and
rock-cutting machines.

Figure 2 (cont'd).



d. Clockwigse from upper left: small hard-faced blade
for a ladder-type soil trencher; large tooth for use
on heavy auger drills, bucket wheel trenchers or exca-
vator buckets; heavy pick for tunneling machines; hol-
low rock-cutting pick for “"spigot” mounting.

e. Teeth for heavy augers that drill in soils and
weak rocks-.

Figure 2 (cont'd). Examples of parallel-motion tools
for cutting rock and other brittle materials. These
are potentially applicable to drilling in frozen fine-
grained soils (from Mellor 1977).

6



transported to the surface by a continuous flight auger (helical scroll),
or removed by repeatedly lifting cuttings to the surface while they are
held: (1) on the flights of a short section of auger, or (2) in a cylindri-
cal bucket. In a drill system with fluid circulation, chips are carried to
the surface by a stream of air or liquid which circulates down the drill
stem and up the annulus, or the other way around (reverse circulation).
Holes produced by drag bits cover a very wide size range, from about 1 in.
(25 mm) in diameter to 10 ft (3 m) or more (Fig. 3).

The basic rotary coring drill has a hollow tube, or barrel, to pick up
and confine uncut cylindrical samples of rock or soil. Attached to the end
of the core barrel is an annular cutting ring, or shoe, which produces the
core that feeds into the barrel as the drill penetrates. The core 1s often
retained by a mechanical device called a core catcher. Cuttings from the
process may be removed by a fluid circulation system, or they may be trans-
ported a short distance by auger flights for storage in or above the core
barrel. The length of a single coring run is limited by the length of the
core barrel, typlcally in the range 2 to 20 £t (0.6 to 6 m). At the end of
each coring run, the core barrel is lifted to the surface for removal of
core, and perhaps cuttings. This usually involves laborious uncoupling and
recoupling of the drill stem sections. However, downhole systems have been
constructed with drive, thrust and torque reaction at the barrel, so that
the drill can be reeled to the surface by a flexible cable or umbilical.

Flgure 3. Large dliameter auger drill b
attachment, mounted on a crane. This
drill head has a diameter of 10 ft

(3 m). b
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sgﬁs In shallow coring, or for core sampling in unstable ground, operations
:2?5 are greatly simplified by the use of a hollow stem auger. This system is a
"f continuous~flight auger with a large diameter open stem. Inside the hollow
T auger another drill stem is placed, and this can carry either a sclid pilot
'&ﬁ% bit for drilling the hole center, or a core barrel that can be rotated or
;kkﬂ driven for sampling purposes. After penetra. .g for an ilnterval by turning
iO both the auger 4nd the pilot bit, the inner ¢ em and pilot bit can be re-
;3%& trieved and a core barrel can be fitted. The auger stays in the hole to
Eﬁ%% act as a casing untll the hole needs to be advanced for the next sample

‘o run.

There are many ingenious variations on baslc drill systems, but these

exauples serve to Lllustrate some types of equipment that can uwtilize drag

S;ﬁ? bits as part of the drilling process.
E§?ﬁ General characteristics of drag bit boring heads
. }n Although there are various types of cutting teeth for rotary drag bits,
:gﬁ? chisel-edge teeth or blades are best suited for fine-grained fruzen soils,
:ﬁg: patticularly on small diameter bits. It is much easier to place blades or
{Hﬁﬁ chisel-edge cutters on small bits to ensure full face cutting and smooth

. flow of chips. Cutting tool angles on bhlade cutters can also be adJusted
j§§$ to reduce the thrust required for small hand-held drills. The cutting
éQ ; teeth have to be distributed on the cutting head, or bit, so that there is
'ﬁﬁg adequate coverage of the advancing face of the hole. In ductile frozen
) soils, almost 1004 of the face has to be contacted dirently by cutting
éﬁi' teeth, since there is much less overbreak than in friable rocks.

kih, Any rib or boss of uncut material becomes a bearing surface that can
Q&E only be rubbed away by abrasion or frictional melting. In principle, 100%
{"gf cutting coverage can be achieved by a single blade extending along one
aﬁé radius. 1In practice, it 18 better to have discrete teeth distributed in
sﬁi” such a way that each tooth can exploit free surfaces created by its neigh-
'iéﬁ bors, while distributing the cutting forces circumferentially so as to
e minimize vibrations. This can be achieved with two or more radial wings,
é&i‘ each carrying teeth that are slightly offset from the groove cut by the
}ﬁﬁ preceding cutters. Other possibilities are to arrange teeth in helical
§é§ arrays, over conical surfaces, or in some other three-dimensional pattern.

As the drill bit rotates and penetrates axially, each polint on the bit

follows a helical penetration path. Thig helical path becomes progressive-




E%ﬁ ly steeper as the radius from the hole center decreases, until the helix
5,8

f&ﬁf angle 18 90° at the center of the bit. Because each cutting tooth is a
o

. e, chisel that has to be held at a certain angle to the advancing surface,

cutters on bits designed for rapid penetration should be set at progress-

‘ﬁhf ively steeper angles as the center of the bit 1s approached. Near the

-%ﬁ# center of the hole, it is impossible to cut effectively when penetration

vk rate is high relative to rotation speed, since the penetration path has to
be very steep. For this reason, special provisions have to be made. One

?Q* possibility 1s to use a pilot bit with smaller teeth, thus reducing the

_i%: scale of the problem zone. Another possibility is to not cut the center

N and leave a small uncut core which will break off when its length/diameter

. ratio becomes large enough. Yet another possibilif& is a sharp "spear-

ot point” that indents and reams the center.

oy The cutting performance of a tooth depends on the sharprness of the

e edge, but there are limits to the sharpness that can be maintained when

cutting earth materials. Cutters usually have an edge of tungsten carbide,

?%i with the grade of carbide chosen to give an optimum balance of abrasion re-
fiﬁ‘ sistance and impact resistance. For high efficlency, cutters have to be
e kept sharp by replacement and by regrinding. Tungsten carbide inserts

:WF should be set into properly oriented milled pockets in the bit. The steel
;§§ supports or backs the relatively brittle carbide, which ise oriented or at-
533' tached so that the resultant cutting force cannot apply flexure to the in-
f&& sert teeth. When custom bits are fabricated in a machine shop, some care
;3P is needed in silver-soldering the carbides to the body of the bit; even

§§; slight contamination of the surfaces can seriously weaken the solder joint.
}%a On very big drills, the teeth may be ateel forgings, some with hard-facing
AN on the edges (similar to the cutter in the upper right of Fig. 2d). Teeth
i\; of this kind are usually very blunt, leading to high cutting forces and

$§$ higher power consumption. Large drills can also utilize masgive carbide
.§? cutters that are clamped mechanically to a bit. These cutters are often
;EE nultifaced, allowing them to be rotated periodically to present new cutting
.ﬁ% surfaces (Fig. 4). GCarblde cutters perform well and hold their edges in
ﬂég frozen fine-grained material, which is the least abrasive of the frozen

EﬁS soils.

%hh The cuttings produced by the teeth have to be cleared away from the

work face and transported up the hole, either by fluid circulation or by
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Figure 4. Most tungsten carbilde cut~-
ters are silver-soldered to bits.
However, one auger (made by Alaskaug)
commonly used in frozen ground has
triangular carbides that are locked
mechanically onto the bit assembly.
This figure illustrates the cutter
assembly and one of these augers.
(Photo courtesy of Alaskaug, Cincin-
nati, Ohio.)

screw (auger) conveyance. The bit has to be designed to provide smooth
open paths for the chips to travel away from the cutting edges. If the
clearing paths are obstructed or constricted, cuttings may clog up and
become jammed into coherent masses. This can completely defeat the drill.
This prohlem seems to be greatest in warm fine-grained material that 1e

just below the freezing point.
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Cutter angles

The shape of a cutter and the orientation relative to the work surface
determine the cutting efficiency, especially in frozen fine-grained soils.
Although tuol ghapes vary considerably (Fig. 5), in this discussion the
emphasis 1is on chisel-edge tools, in which the tool cross section is a

sharp wedge. These tools are often used for orthogonal cutting, with the

cutting edge at right angles to the tangential travel direction (Fig. 6).
However, on some drill bits cutters are set for oblique cutting to aid

lateral transport of materfal. The main concern is usually with the angle
of the wedge, and the angles that determine its orientation.

The definitions of tool angles for a chisel-edge cutting orthogonally
are {llustrated in Figure 7. The included angle of the wedge describes its
overall sharpness. The rake angle 1is the slope of the front face of the
advancing wedge, measured from the normal. The relief angle is the slope

of the underside of the tool. However, rake and relief angles can be

Side Front
"Elevation Elevation  Plan View
B, T
M [{
L5 _—
B\
B, T B
1 ]
1 &
I L WY
B\

B,
”‘ ! 1| % B Figure 5. Examples of cutters
‘\ ' {J h’ with various configurations,
L3 _iﬁ s with designations of tool
Bl B A, angles (from Mellor 1977).
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g Figure 6. Orthogonal cut-

ting and oblique cutting
(from Mellor 1977).
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' Flgure 7. Tool angles for drag bits on rotary boring heads
\ (from Mellor 1976).
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defined in two ways. When deflned with reference to the axis of the drill, ¢
the rake and relief angles can be termed apparent values, i.e. the values

when axial penetration rate teuds to zero. The actual rake and ralief

& angles are defined with reference to the helical penetration path, the

o slope of which varies with axial penetration rate, rotation speed, and

% radius on the boring head. Apparent angles are constants, whereas actual

: angles vary with the operating coanditiouns, thus influencing the cutting

§ efficiency. '

é The relief angle 1s probably the most important angle. If the apparent

" relief angle 1s zero, the drill caunnot penetrate. When the apparent relief
angle 18 finite and positive, the penetration rate reaches a limit when the

% helix angle of the penetration path equals the apparent relief angle, i.e.

! when the actual relief angle is reduced to zero. Glven specifications for

E rotation speed and penetration rate, the minimum value of apparent relief

; angle can be calculated for any position on the boring head. Alternative-

ﬁ ly, for any given bit, a maximum penetration rate can be calculated for any

ﬁ specified rotation speed.

& In considering rellef angles it is important to distinguish between the

' primary relief angle and the effective relief (or clearance) angle (Fig.

ﬂ 7). The primary relief angle is determined by the geometry of the tool and

& its setting. The effectlve relief angle, or clearance angle, can be small-

5 er than the primary relief angle if some tralling part of the bit body can

, rub on uncut material before the helix angle of the penetration path

5% reaches a value equal to the primary relief angle, as would be the case on

N the two-cutter coring ring shown in Figure 8.

H The rake angle 18 also fmportant since cutting becomes easier as posi-

E tive rake luncreases. Negative vake Increases thrust and torque require-

ﬁ‘ ments. However, in some cases there are few options over the rake angle.

% With the rellef angle dectded and the included angle fixed, the rake angle

,& is determined automatically. In princlple, when the other augles are

K congldered, it 1s possible to have too great a positive rake, as will he

g- seen from the following notes.

13 The included angle determines the overall sharpness of the tool, and by

\r that token tt ghould be small. Howevaer, it {8 not useful to make the

jJ Included angle so0 small that the tool becomes & kuilfe edge. The wedge

-5 angle has to be blg enough to reslut breakage by flexure, to minimize

oy
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;(,;f. a. Diagram of a simple coring ring

o with two bits which illustrates the

S influence of total cutting ring
geometry on relief angles. The re-

0 lief angle of the individual cutters

m%m has little bearing ou the relief

at angle for the cutting shoe overall.

K The effective clearance is the much

0N smaller angle from the cutter tip
(A) to th railing edge of the cut-
ting ring in front of the next cut-

*;Q ter (B) (from Mellor 1976).
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:ﬁi b, A cutting shoe on the CRREL coring auger. This

k}k tool 1s commonly used in frozen silt and fine sand

ﬂ;: when fitted with carbide cutters (Mellor and Sellmann

. 1975). This version takes a 3-in. (76-mn) -diameter

ﬁﬁ: core, while other models take cores us small as 1 in.

:d@ (25 mm) in diameter. The primary relief angle of the

oyt cutter is 20° compared to an effective clearance angle

Tt of 1.5°. This allows a maximum penetration of 0.3 in.

ot (7.6 mm) per revolution.

i)& Flgure 8. A simple two-cutter bit shoe

Y and the CRREL coring auger cutting shoe.
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chipping on {its edge, and to hold a sharp cutcing edge. For work in hard
P materials, 30° - 40° might be about the practical wminimum. Some earth-
L moving machines have large teeth with rake and relief faces almost

parallel, but they have a blunt tip; this facilitates deep penetration in
. soft material, but they are not efficlent rock cutters.

While the included angle has a strong effect on the penetration resist~
ance for a cutter, the stress concentration at the cutting edge depends
also on the tip radius (Fig. 9). When the bit 1s operating iu such a way
I that the chipping depth of the cutter is small (rotation speed high rela-
tive to penetration rate), the cutting efficiency depends almost entirely
T on the tip radius ("sharpness"”) of the tool (Fig. 9b).

When bits are operated sv as to achieve penetration rates that are low
in relation to rotatlion speed (small penetration per revolution), the

helical penetration paths are much flatter than the tool relief angles.

R

tately!

‘B test
. “l:q'ﬂ%

: ‘.\‘ -‘U‘ «

Ttk a. Deep cutting, in which the
, chipping depth 4 is significantly
iaq, greater than the radius of the tool
SO tip r. Force components f (resul-
i}H tant), £, (normal) and f. (tangen-
rﬁﬁf tial) are 1llustrated.

N

)

o

s b. Shallow cutting, in which the
et chippling depth 7 is comparable to,
o bt or smaller than, the radius of the
v tool ¢ip, making the rake angle
ﬁ?;} largely irrelevant.

ety

[ r: 1 2
“;;h ¢+ Wear flat on the relief face
e (flank wear). Note that the wear
ey ‘ flat is not always exactly parallel
s L it R to the tangential directinn; it
:ﬁﬁd. Ahr—:ﬁ~—~ sometimes inclines slightly, giving
“dgr TEITY] an initial negative reliet angle of

Weor Flat a few degrees.

Figure 9. Cutter terminology (from Mellor 1977).
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This eventually produces a "wear flat" behind the cutting edge of the tool
(Fig. 9c). Once a wear flat of this kind has been ground on the relief
surface of the tool, it becomes more difficult to operate the bit in
accordance with its design charactevistics, since it no longer has an
adequate primary relief angle. In fact, the wear flat can sometimes give a
slight negative relief angle.

We have made simple tests that suggest a more straightforward way to
determine rake and relief angles. When a hand chisel is used to groove the
surfacé of rock, concrete, frozen soil, ice, and suchlike materials, there
is a definite angle of inclination which directs the resultant of the cut~
ting forces along the axis of the chisel. At shallower angles of inclina-
tion the chisel rides up out of the work unless a high moment is applied.
At steeper angles the chisel digs in too deeply and does not travel paral-
lel to the surface. For frozen silt, the optimum angle appears to be
around 48° inclination from the work surface. Following this idea, the
optimum angle of the tool's bisector is first decided; the relief angle is
this inclination wminus the half-angle of the wedge, aud the rake aungle is
the complement of the inclination minus the half-angle of the wedge.

Flow paths for chip clearing

Frozen goll cuttings tend to stick together and occasionally freeze to-
gether, particularly in silt- and clay-rich soil. This tendency is accent-
uated when chips are packed close together, when frozen materials are only
. wlightly below freezing, and when tools or clrculation fluids are warm. To
avoid accumulation and jamming of chips in a drill bit, there has to be
smooth and unimpeded flow of chips from the cutting edge to the pickup
point for the transport mechanism. If flow paths are constricted or ob~-
structed, or 1if the bit produces chips faster than it cau transport them
away, blockages will develop. Blockages can grow until the entire bit is
clogged with tightly packed cuttings. The cutting head then becomes a
smooth blob that is Lncapable of further penetration, even when driven by
very large drilling rigs. Packing of cuttings between the auger flights
and the hole wall can cause the drill string to stick in the ground. When ;
this Ls accompanied by freezing it can make removal of the drill string !
difficult to impossible.

Nesign deficlencies on bits and boring heads can include the following:

(1) fallure to provide clear transport paths from all cutting edges

16




(2) 1nadequate cross-sectional area somewhere 1n the flow paths

(3) abrupt turns in flow paths

(4) steps or shoulders in flow paths

(5) obstacles such as bolts or locking lugs projecting into the flow

path from the bit, stem or flight

(6) helical paths that are too steep

(7) inadequate flushing in fluid circulation systems (poor positioning,

distribution and ovientatfon of fluld ports)

Careful design is particularly importaant for auger drills, which have
to rely entirely on "shovellng" and screw transport (Mellor 1981), with the
same votatlon speed for the cutting and clearing functions. Some problems
are eagsy to identify on the basis of common sense and physical iatuition,
but impressions and deductions can be checked by testing in a sticky mate-
rial, such as moist unfrozen clayey silt. Debris accumulates in front of,
ot in the lee of, definite obatacles. If the bit is painted and then run
in more abrasive material (sandy silt), paint tands to rub off ian tight
spots and other problem areas.

Flow path requirémenta can be analyzed to some extent, as can be seen
from the following simple example.

Tf an auger bit is to avoid jamming, the clearing paths must be able to
transport chips faster than the cutters can produce them, without totally
filling the area between the flights (Mellor 1976). A full-face bit of di-
ameter D, with axial penetration rate U, excavates material from the solid
at a volumetric rate of (n/4) D?U. The chips occupy greater volume, and a
bulking factor of 1,85 has been used when the chips are simply piled up and
at rest. For an agitated mass of traveling cuttings, a bulking factor of 2
seems reasonable. Thus the volumetric flow rate for loose chips traveling
through the bit is approximately wD2U/2, which does not include spillback.
For a coring auger, the corresponding production rate for cuttings is
m(p? - Di)/4, where D 1is the core diameter.

When auger flights are conveying near full capacity, the vertical
speed of the cuttings, U,, is approximately

Ua ~ nDf tana ~ Pf

where D 18 the outslde diametar of the flight, a 1s 1ts outside helix
angle, P i{s the pltch, and f 18 the rotation speed. If the A Ls the hori-
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zontal cross-sectional area of the annular space occupied by the flights,

then jamming can be avoided by having

D U
A 2 2tana f N
\ or 2 .
| ropu
| A->— P £ ¢

The area A is
Awg (0% -ad

where d 1s the inner diameter of the flights (stem diameter).

U/f is the axlial penetration per revolution; an increase in its value
tends to Lncrease the chance of jamming, but if U/. is too low, the cutters
will not work properly. Within limits, an increase in the pltch of the
flights, or an increase of d, will tend to lower the chances of jamming,
but other problems arise if o {s much above 30". The condition for free
flow of cuttings has to be met for all flow paths, and for all points on
aach flow path.

When fluid circulation is used, the processes of cutting and chip
clearing are essentially independent and, in principle, chips can always be
cleared fast enough to keep the bit free of cuttings. In practice, there
are various factocrs that can reduce the effectiveness of the Eluid stream,
allowing local accumulation of chips. Potential problems include:

(1) inadequate fluid velocity (insufficlent flow rate for the uwize of

bit and/or drill stem annulus)

(2) poor locatlon of discharge ports, leaving "dead zones" that are not

swept by high velocity fluid

(3) unsuitable orientation of discharge ports, giving inappropriate

flow directions

(4) constrictions or sharp bends in flow paths for the fluid/chip
l stream
(5) warm clrculation fluids that can heat bit surfaces and tend to melt

ice-rich chips

e . 2.

(6) ineffective cuttlng by the bit, leading to very small chips and
excessive frictional heating (e.g. blunt cutters, or rotation speed

too high for the prevailing penettatlon rate)
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Keeplng these things in mind, it is usually possible to diagnese prob-
‘. lems and develop solutions. Expedient solutions might include such things

as:
E%% (1) bigger pump or compressor
.:ﬁ (2) enlargement of discharge ports, drilling of extra ports and/or
Y grinding of exit channels
. (3) grinding the bit to remove flow constrictions or smooth out direc-
‘t tion changes
?ﬂ (4) increasing fluid flow by reducing the number of required flow pas-
: sages
. (5) cooiing the circulation fluid, if necessary by heat exchange 1ia
l%l winter or refrigeration in summer
fﬁ (6) producing relatively coarse chips by proper choice of bit, good
kg‘ maintenance of bit, and appropriate combination of rotation speed
= and penetration rate
E$ Figure 10 shows an internal-dlischarge coring bit that was bullt for use
sd with air circulation in fine-grained frozen soil. It was succeassful be-

o cause 1ts enlarged passages channel maximum flow across the entire cutting
faca. A similar bit with bottom discharge was unsuccessful, presumably be-
e cause the small central ports did not give optimum streaming of the cilrcu-
- lation fluid.

Figure 10. A saw-tooth bit with
{aternal discharge made at CRREL.
The bit has tungsten carblde tips.
This combination proved success-
ful in coring frozen sediment.
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Fleld experience suggests that, when using compressed alr, coring bits
that have fewer cutters (5 to 6, compared with 8 to 10) are less likely to
be blocked, at least at the flow rates avallable with typical equipment.
With fewer cutters, chip size 18 increased for a given combination of rota-
tion speed and penetration rate. The location of discharge ports on the

bit is very critical if all cutter areas are to be flushed properly.

Stability in the hole

The stability and smooth running of a drill can be influenced by a num-
ber of factors, including symmetry of cutter placement, number of cutters,
stablility of the drive unit, an) hole size compared to bit body diameter or

auger diameter.

Stability problems are probably most noticeable on auger drills that
are hand-held; the operator experiences excessive lateral shuddering motion
with an unstable bit. Lateral motion tends to increase the hole size,
since cutters are often set with some overhang and this permits scouring of
the hole wall. There is then a tendency to produce a hole that cannot be
contacted by stabilizing elements. If lateral motion occurs, it can usual-
ly be restricted by: (1) reducing external overhang of cutters, (2) balanc-
ing the forces by assuring that cutters have similar distribution and the
same depth of cut on opposing wings*, (3) using bit designs that include
pllots and step configurations, (4) providing bit shoulders for hole wall
contact, (5) assuring hole wall contact by drill string stablilizers or aug=-
er flighting. If the shoulder area of a bit is increased to improve aole
wall contact, it should not compromise cutting transport, since luncreased
shoulder area can reduce the size of flow paths for cuttings.

Precise holes with little variation in dliameter can be produced with
auger drills. This can be achieved by machining all components of the
drill bit and the auger flighting to the same diameter and allowing only
slight overhang of the cutters. Precisely dri.led holes are sometimes
called for when small-diameter geotechnical devices have to be installed,
usually at relatively shallow depth. In more routine drilling and samp-
ling, a drill system with a uniform OD would cause some problems, since
eventual wear of the cutter head would produce an underaized hole for the
rest of the drill.

*Systematic procedures for balancing forces are discussed in Mellor (1976).
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x*
: &
E Examples of frozen ground bits and drills :§;
Several drills have been modified and constructed at CRREL for use in y

frozen fine-grained soil. Most of these were for research and engineering .

N. applications, such as making shallow, small-diameter holes for instrumenta- ?

s tion and for obtaining undisturbed core samples within 10 m of the ground
surface. Others have been developed and utilized by drilling and engineer-

ing firms. Also, some commercial bits originally intended for use in soft ;5
! rock and dense soil have been used with little or no modification. ﬁ’
) These drills can be grouped into several categories on the basis of 3‘
} size and application, e.g. small-diameter drills, large-hole drills, coring M_
" augers (including hollow stem drills), and rotary coring tools (requiring ;’
y circulation). Examples of some of these tocls are illustrated in the ﬁ
f Appendix. ?
‘: Conclusions ﬁ
ﬁ The performance of drills intended for use in frozen fine-grained soil @»
: can be improved significantly by Lncorporation of some specific drill bit i
2 design features. Optimum design and efficiency of operation are extremely .%
: important when bits are to be usad with drilling units that are hand-held, a
: low-powered, or lightweight. 'These things are also important in coring op- N
: erations, where minimum disturbance of the core is a requirement. Selec— ﬁ
v tion of an inappropriate or poorly designed bit can make penetration almost E{
§ impossible, even with very large drills that have high torque and thrust -
! capability. A bit that does not cut the material has to penetrate by abra- lﬁ
: slon and frictional melting. &
' The ductile nature of warm frozen silt requires that bits be construct~ ﬁ‘
3 ad ‘'to cut the entire surface or face of the hole. This i8 necessary be-~ a

- il

cause very little overbreak occurs in these materials, and ribe of uncut

=

a2 XJ -
e

SEEEE
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material tend to prevent penetration by rubbing on non-cutting parts of the

bit. Sharp but durable tungsten carbide cutters are necessary; they have

22

to stay sharp as long as possible, and they have to resist damage from im-

! pact with any coarse-grained material encountered during drilling. ﬂ
¢ )
: Bit clearance angles must be large enough to allow penetration at the ﬁ;

- Y
¥ maximum feasible design rates. Lack of adequate clearance angles is a com- 3
t

mon problem. Best performance is achieved when cutters have a positive

rake angle. A step configuration is advantageous, since 1: Improves cut-~ >

o e
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ting efficiency and stabilizes the bit in the hole. Cuttings must be able
to flow freely away from the bit in smooth, open €flow paths that are free
of obstructions.

Bits that successfully embody the above characteristics work well and
can provide very lmpressive performance, even with lightweight drills that
have limited torque and thrust, assuming adequate consideration has been
given to transport of the cuttings away from the bit.
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APPENDIX A. EXAMPLES OF FROZEN GROUND BITS AND DRILLS

<~ Connector

<= Reaming
Stabilizer

@ Locking
Bowl

e Bit Shank

j v Bit Blades

Figure Al. A commercial bit that has found direct application in frozen
fine-grained soil is the old Hawthorne Blue Demon bit. This style of bit
1s now marketed by several companies. It has been used for many years in
Alaska, including the period of early oil exploration on the North Elope,
commonly with compressed air circulation for seismic shot-hole drilling in
permafrost. It has replaceable blades that are hard-faced or armored with
tungsten carbide cutting surfaces. The hard-faced bit has good self-
sharpening characteristics and has been used in frozen fine-grained soils.
These bits range in size from 1-7/8 1n. (47.6 mm) to 16 in. (0.4 m). A bit
of this type with carbide cutters used in ice-rich frozen silt near Fair-
banks, Alaska, with chilled compressed air for circulation, produced 660 ft
(200 m) of hole with little apparent reduction in performance. The last
teat hole, 60 ft (21 m) deep, was completed in a total of 20 minutes drill-
ing time (Delaney, in press). (Illustrations courtesy of Hughes Tool Co.,
Houston, Texas.)
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1

Figure A2. Two-wing auger intended for use on the Alaska
pipeline project. It has large replaceable carbide-faced
cutters similar to those in Flgure 2e. This auger appezrs
well suited for use in frozen fine-grained soils if the
diameter of the pilot bit is great enough to allow cut-~
tings to flow past the centrzl auger shaft onto the flight
without packing (see Sellmann and Mellor 1978).

Figure A3. Small two-wing carbide-
tipped auger drill. The flight used
for this drill is from the standard
CRREL ice thickness auger, which is
normally fitted with mild steel cut-
ters. Carbide bits were constructed
to expand its capability to frozen
fine-grained sediment. The carbide
cutters were placed in pockets milled
in the standard ice bit. Turned in
frozen silt with a 650-rpm, 1/2-in.
(13-mm) electric hand drill with a
10-amp rating, short-term drilling
rates ranged from 81 to 138 in./min
(2.1 to 3.5 m/min). At Prulhoe Bay,
Alaska, 30 shallow l-m—deep holes
were drilled in frozen ground before
the bit was dull enough to replace.
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Flgure A4. Large auger head for use in "soft ground” and weak
rocks. The auger is fitted with large wedge style cutters simi-
lar to those shown in Figure 2d. (Photo courtesy of Calweld
Division of Smith International Inc.)
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Figure A5. A commercial auger bit that appears to
have features that would make it suitable for dril-
ling frozen fine-grained soil. We have not yet

had an opportunity to evaluate this tool. (Photo
courtesy of Ugine Carbone, Grenoble, France.)

o a. A l4=in. (0.36-m) ~diameter lightweight prototype
?: auger constructed for making very shallow holes in fro-
f}' ven fine—-grained soil with a hand-held drive unit. Holes

. of this size produced with hand-held equipment require a
well designed drill. Maximum penetration rates achieved
with this unit approached 6 in./min (15 cm/min).

Flgure A6. Hand-held auger.
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b. A more finished version
of this large hand-held
auger. This drill has a
stepped pilot bit and stag-
gered cutters on the wings.

Figure A6 (cont'd).

Figure A7. This 1.5-in. (38-mm)
auger was made for drilling shal-
low holes for a variety of appli-
cations, including placement of
instrumentation. When driven by
the electric drill described in
Figure A3, the augar produced

the following results. No no-
ticeable effort was required to
counter the torque and no thrust
was applied other than the weight
of the drill, for an average
short-term penetration rate of
10.6 £ft/min (3.2 m/min). Two
carbides were set on each wing

of the auger. The inner cutters
were set with zero rake and a 35°
relief angle. The outer cutters
had 4 positive rake of 13° and a
10° rellef angle. 'The center of
the hole was left uncut.

b
s

L meabrm Ab Rre by B & vt anl we  dn VA0 A A Y PINAA ! SRR AT 1L AT RN { AL SRR LRI AP ALV IIY M FASOMACTA DA AP AL
nobioAvbiebeane 0 ! ikttt dituthebuieldhcbli et detidi e el ot S i it i Noiiriia ot A



L
o

P

2

L
Ty

I3
.-

. fm oo

S BT e -

) Figure A8. A modified 9.5-in. (241-mm)

; ~diameter commercial/tungsten carbide

pilot or full hole auger bit that worked

’ well in frozen fine—grained soil with

i short-term penetration rates as high as

., 5 ft/min (1.5 m/min) (from Sellmann and
Brockett, in press).
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a. The blade-type cutter head of the Mobile
Drill's 8-in. (0.2-m) hollow-stem auger, showing
its flight cutters with carbide inserts. When
sharpened, these perform well in frozen silt.

The pllot is a modified version of Mobile's hard
formation bit. This pilot is normally only avail-
able for their larger-ID hollow-stem augers. The
pilot offered for this auger (Fig. A9b-1) was
thought to be less than ideal because of the very
large uncut center, and therefore a larger hard
formation bit was modified for this 3-3/8-in.-ID
auger. The unmodified pilot is shown in Figure
AS9b=3 and a modified verison is shown for compar-
ison in Figure A9b-4. The carbides ware removed
from the pllot bit and 1its diameter was reduced
by turning it on a lathe. The cutters were then
replaced and sharpened, and the bit body reshaped
to increase the relief angles and smooth out the
cutting flow paths. After modification of the
flighting just above the cutter head (Fig. A9c)
to prevent cutting build-up and packing, which
stopped penetration, this new conflguration al-
lowed short-term penetration rates that ranged
from 4.4 to 5.5 £t/min (1.3 to 1.7 m/min) in
fine-grained permafrost.

Figure A9. Mobile drill.
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Figure A9 (cont'd).
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b. Pilot bits for
the Mobile hollow-
stem auger shown in
Figure A9a: (1) the
pilot provided for
this auger, (2) pi-
lot made at CRREL,
(3) hard formation
pilot provided for
the next-larger-1ID
hollow-stem, and (4)
pllot modified from
a bit like number (3).

c. Segment of flight and rectangular
housing (dashed) for a wedge-lock
that was removed to improve cutting
transport. In the original form,
cuttings accumulated and compacted

in this zone, blocking the bit and
repeatedly stopping penetration after
0.2 m of drilling. Removal of the
small segment of flight allowed the
cuttings to move up and out of this
congested zone between the double-
start flight on the cutter head and
the single~start flight of the auger.
This was an expedient field modifi-
catlon. A betfter solution might be
to shorten the flight on the cutter
head that feeds up under the single
auger flight.

Mobile drill.
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a. Example of a commercial spear-style bit with a fish-
tall point, referred to by some as a clay bit. This bit
used with a small auger rig was unable to penetrate frozen
fine-grained soil. A core taken from the bottom of the
hole (shown on the right) helps to illustrate part of the
problem. The only part of thia bit that might be capable
of cutting is the fishtail segment with its carbide cut-~
ters, provided they are properly ground. The remainder
of the bit only polished and caused melting of the hole
bottom. Bright surfaces seen on the bottom of the top
wing and in the bit center are bearing surfaces that con-
tacted the frozen material and prevented penetration.

The nub in the center of the core is one of the uncut
surfaces. Material melted by contact of the spear seg-
ment with the hole bottom can be seen refrozer on the bot-
tom of the bit. With this bit, application of maximum
thrust from a small to moderate size drilling unit would
only lift the machine off the ground without penetration.
Bits of this type have been modified successfully for use
in frozen ground. They are most easily converted into
step bits with carbide cutters (Fig. AlOb).

Figure Al0. Bit examples.
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Figure AlLO (cont'd).

Figure All. Auger bit ured for

b. Drawing of a step bit construc-
ted from a fishtall style bit simi-~
lar to the one shown in Figure AlOa.
This bit performed well in frozen
fine-grained soil. It has the fea-
tures considered necessary for work
in this material; the step configu-
rvation provides lateral stability
in the hole and for starting. Cut-~
ters on following ateps also work
on material with a free face. The
bit alao cuts full face except for
the hole center, and the face isa
smooth and alopes back to meet the
auger flights, allowing free cut-
ting flow. ‘The steps were made by
turning the body in a lathe. The
pockets for the carbide cutters

and the open center were cut with

a milling wmachine.

BLt examples.

i A
, 4!,, "('.':‘-',“‘ “ .

drilling frozen soil on

construction projects 1n Siberla. The bic 1is approximately
0.4 m in diameter with wing cutters and spear point faced

with tungsten carblde inserts.

The cutters probably do not

overlap, with uncut material removed by cutters on the fol-

lowing wing.
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Figure Al2. Drill rig and coastructlon auger used {n Siberia, 1In this \
“ case the entire bit Ls a spear point. ::' ‘
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