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CUTTING FROZEN GROUND WITH DISC SAWS
by

Malcolm Mellor

INTRODUCTION

lnrecent years large diameter drag-bit dise saws have been deseloped in the US. tor
cuting concrete, asphalt, trozen soils, and the weaher tocks. They have tound appheation
i precise catting of utithing trenches iy pavements and i seasonally teozen ground, and m
WY of expansion jomts m concrete slabs. So tar they have not won general aceeptance,

lareely because o tapd wear on the cutting teeth in the harder and more abrasive matenals,

In the Soviet Umon g number ot dise saw attachments have been devele ped fo: heavy
tractors,and it appeans that cutting of trozen ground has been a poman motivation
Mashiokov etal (1973 and Vedeney et gl (1973) descnbe some o the more recent desel-
oprients tor trozen ground. One model consinted of a 2. 2-m-dinmeter saw mounted on an
FTU3SS dhtch digger i had g depth capabiliny ot 0 8 m (qudged to be too hittle ) and o
working rate of 12,5 1o 87,5 m b (0.7 to 8 1 nunym frozen soal. A bigger type of
machine was developed by attaching 3-m-diam saws to FTR-44 1 and FER-T61 ditchers
place of the usual bucket wheels, two ty pes ot miming machime teeth were tried at ditterent
spactings, and the better yiraneement of the two gave working rates of S410 266 m hi (3 1o
LS 1o trozen sl wath g depth of 1 3m (4.3 1) and g slot width ot .16 m (6.3
m ) Lmear tool speed was X8 mosec (1732 10 nun), which is hagh by companson with
typrcdl drag-bit machimes. A doable dise saw was mounted onan  TU-3S3 excavator be.
tind 4 T-100 tractor ars dises were 2.3 mom diameter and cut two paraliel stots, each
Ol mdd )y wide and T m (3.3 1) deep, at a speed ot 60 mhe (3.3 10 nun).

Pohesbaesy (1974 gave some mechanmical detals o1 a dise saw mounted ona T-100 tracton
tor work in trozen ground. Masimom cutting depth was 1.2 m (39 11) and cutting width
win O T m (S5m0 The machine was apparently capable of advanamg at 3w e (2.2 1
nnn ), and cutting cost was estimated a8 0.6 ruble/mn®.

Volkova (1974) desenibed a cable-lay er dise saw consisting ol a sepatate umt towed on
tubber tires behind a crawler tractor Cutting depth was given as 1.3 m (3.3 1), wiih a cut
width ot 0.25 to 0.26 m(10n.) Cuttmg rate in trozen soil was 1RO m/hr (9.8 tt/0an).
The cutting wheel appeared (trom a photograph) to have relatively few cutters (about 20),
hut cach cutter appeared to be a massive chisel.

It trozen ground can be cut rapidly and economically by large saws, many engineering
tashs will be greatly snaphtied. it of all, there are direct tequurements tor slots or naison
trenches, e.pon the Llaying ot cables or small-diameter pipes. Deep, narrow slots can also be
used for emplacing hnear charges ot bulk explosive in granulated. polled or slurned tomm,
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and they can be ased to control expiostve excavation, ¢.g. i avordmg lateral overbreak
dunmg trench blasting For general-purpose excavation, specitic encrgy consumption can
be mnnnzed by cutting parallel stots and breaking out the mtervening nbs ot uncut
matenal with blades, nppers, buckets, or explosive. In the Soviet Umon, tienches ase
sotietitmies excavated i trozen ground by sawing paraliel stots with eather dise or cham
saws and then breahing the ket with explosives (Rozichov 1973),

The object of the CRREL test program was to evaluate US. commeraial dise saws, to
consider explotaton development tor better pertormance, and to mvestigate operating
procedures tor use of dise sawsan general-purpose excavation ol frozen pround.

TEST MACHINES

At the e the test program was imtiated there appeared to he only two manutacturers
of large disc saws i the U S. both making tauly small maclimes adapted trom conventional
boomeand-chain trenchiers. The heaviest model oftered by cach manutacturer was selected
tor testing. The heavier of the two machines, the Vermeer 1-600, mounted g 7-tt-dram
wheel ona crawler carnape, the whole ng weighing shout 17,000 16 (Fig. 1). The other
macane, the Ditch Watch FS30 Farth Saw (Fig. 2), camed ¢ wheel of approxnimately 7 1t
drameter ona small tubber-tired RO0 or R6S tractor, the wheel attachment weighing about
2300 1 One madhine of each ty pe was ired trom an authonized dealer atter pror dis-
cusston with the manutacturer, and o qualitied operator was hired with each machine.

Fhe Vermeer aperated i the tinst test season (1972)was i used T-600A machine that
was i very good condition. The operator mechame was expenenced and highly competent,
and he was accompanted by an expenenced techmcal representative trom the dealershap. In
the second test season (1973) the Vermeer machine was an almost nev. T-000B. 1t was
opetated by g semor representative of the dealeship. Although the Vermeer T-600 1s oftered
with a “teost cutter™ wheel. thns version was not seniously considered as a contender tor
cveavation of deephy trozen ground, and both Vermeer test machines were equipped with
the “rock cutter” wheel. The speatications ot the tested machiies are given in Table 1

The Dich Watch, which was used ondy an the 1972 season. was o brand new machine
consisting of the FSI0 P arth Saw mounted on the ROO tractor (the R6S s a shightly more
poweriul optional carnery 1t was doven by a new dealer who was highly expenenced as a
Ditch Witch mechamic, but who had not previously operated large dise saws. Specttications

tor the machine aie given i Pabie 11

Both the Vermeer and the Ditch Witch were fitted with the standard hullet-ty pe roch bus®
athe 1972 tests (hip 1,4, 5), and every effort was made to clean and grease the bit blockst
saas to pernut easy rotation of the bits, which are claimed to be selt-sharpening. The Ditch
Witch had bits made by a major U.S. manufacturer, while the Vermeer had siimlar but more
competitively priced bits made by a smaller company. In view of the poor durability shown
by these bits, a completely new cutter system was developed for the 1973 tests, as described
in a subsequent section of this report.

Neither machine was fitted with gauge shoes to control cutting depth and minimize vibra-

tion.

¢ Replaceable rock-cutting tools that work by shearing or chiseling are veriously referred to ss “*bite,”
“picks,” “teeth,'” o8 “cutters.”

1 The holders for replaceshle teeth on mining machines are known variously in the industry ss “‘sockets,”
“pockels,” “boxes,” “bosses,” or “*blocks.”
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Table 1. Specifications of Vermeer T-600 Roch Cutter.

Model

1 6007 Rock Cutter (vhanges tor T 600K shown in parcatheses)

Manufacturer

Ve neer Manufactunng Company, Pella, lowg S0219

Supplier

Vermet Sales and Service, Inc, Castleton, Sew York 12033

General dimensions

Working length
Warking heght
Wiath

Weght (approvd

Engine

Tyvpe

Hussepover at governed rpm
Iasplacement

Torque
Fuel capacity

Cutter whevel

Wheel Jameter
Rated cuthing depth
Cutting width
Bheel thichness
Cutting teeth
Number of tecth

Drive for cutter . heel

Type
Controls

Wheel speeds at full rpm

Trach system

Ivpe

Track pads

frack length

Heanng pressure

Creep specd with no load
Travel speed (wheel not
operating) at full rpm

R 4 |

X2t

TUltt(es )
17,000 1b (19 500 1)

GMCO 393 diesel, 3 cvhinder
TN G 28 rpm

15940 °

180 Ibt ty 0 2328 spm

2N gal. (30 gl

7 Mt

2.6t

IS tod S (4o Sin)

10,

Bullet type rack bits (special bits used on T-6008)
[R1Y

Chan dowve trom 122 (15 ) gpm, 1500- (2000-) psi hydraulic motor
Two hitt ovlhinders, controls and wheel shift operated from 6-gpm,

1200 pst hydraulic pump

Iat gear Srpm( 7 rpm)
2nd gear fSpm (14 rpm)
I geat 200pm (26 cpm)
Ath gear W rpm (33 rpm)
Reverse Srpm( 6 rpm)

Gardertized cramler track with semi-cleated pads. Codl spring ten:

son, 9 or L rollers per track.

120r 1S an. (1S o 18an,) wide. 34 (37 or 43) pads per track

X117 A8 or K.7S 1)
THor6 2 pul60ord?pa)
O ta 26 tt/mun, hy draulic dine

It gear 4K ft/min
2nd gear 100 ft/min
3ed gear 184 ft/oun
ath gear V10 ft/mun

Reverse 19 fr/min
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Table 11. Specifications of Ditch Witch ES30 Earth Saw.

MM‘ ‘I

FS30 Farth Saw mounted on R60 Trencher.

Manufacturer

Charles Machine Works, Inc., Perry, Oklahoma 73077

Supplier

Mitch Witch North, Bethel, Vermont 05032

General dimensions

Waorking length
Waorking height

Width

Approx gross weight
Carner weight (approx)

Attachment weight (approx)

Engine

Type
Horsepower
Fucl capacity

Cutter wheel

Wheel Jiameter
Rated cutting depth
Cutting width
Cutting teeth
Number of teeth

Drive for cutter wheel
Type

Conteol

Carriage

Type

Creep speed
Travel speed

17.3t0 180 1
7.78 f1
£.3M

8500 b

6000 Ih

2500 1b

Wisconsin V460
60
1S gal.

71t

2.7 1t

4in.

Bullet-type raock bits
1o

Belt and chain drive, 4 forward speeds plus reverse.
Two lift cylinders driven from 13-gpm, 1 750-psi hydraulic pump.

Four-wheel rubber-tired tractor with four-wheel drive
C to 36 ft/min, hydraulic drive
Up to 15 mph
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a. T-600A.
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Figure 1. Vermeer T-600 Rock Cutter.
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o - 3 g ¥ ‘ v,
Figure 3. Cutter wheel of Vermeer T-600A. Note radial scour-
ing bars for cleaning cuttings from slot.
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b. Replaceable perimeter segment.

Figure 4. Bullet-type teeth on Vermeer T-600. The bits on this machine were
fitted to 10 replaceable perimeter segments.
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Figure 5. Cutter wheel of Ditch Witch ES30.

TEST SITES

Two types of ground material were required for the basic tests: frozen fine-grained soil,
preferably silt, and frozen gravel. Each material had to be we'l bonded by ice that was at,
or near, saturation content. Finally, the depth of the frozen waterial had to exceed the
maximum cutting depth of the machines so as to simulate permafrost.

The selected test area was in West Lebanon, New Hampshire. on the property of Lebanon
Crushed Stone, Inc. This area had a variety of natural soil types and reworked materials, it
was conveniently located close to CRREL, and support facilities were available through the
courtesy of the owning company.

The prime objective was to prepare a site representing the most difficult type of ground
condition for excavation, i.e. a compact, coarse, cobbly gravel completely frozen at satura-
tion water content. A suitable site was found at the bottom of the main gravel pit, which
had horizontal surfaces on two main levels. At that time the pit was deep and relatively
narrow, <o that the base received little direct sunlight in winter, and cold air could accumu-
late with stable thermal stratification in calm weather. The base of the pit was at about the
lowest elevation of the entire property, so that it received ample inflow of drainage water.
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To accelerate frost penetration, the test site was kept free of snow by bulldozing after each
snowfall. The winter of 1971-72 was abnormally warm, and by late January 1972 the
gravel was only frozen to about 10 in. depth. However, onset of colder weather improved
the situation and by late February the site was frozen to more than 28 in. depth. Test
condidons in 1973 were similar, the gravel beiig frozen to a depth of 30 in. by the end of
February.

No special preparations were made for testing in frozen silt, as suitable conditions existed
on a haul road where snow was either cleared or compacted by traffic. At this place the soil
was a light sandy silt, well compacted at the surface, with a water contert that was probably
close to saturation (the main freezing period was preceded by rainfalls and intermittent
snowmelt in both years). The silt was frozen to a depth of 25 in. in 1972 and to almost
30 in. in 1973.

Two additional sites were used in 1973, A stratum of bouldery gravel in the West
Lebanon pit was used iur a “torture test,” and a bed of fine-to-medium gravel in a pit near
CRREL in Hanover, N.I , was used for demonstration cuts. The Hanover site was also
used for measurements o. traction force.

TEST PROCEDURES IN 1972

Both machines were taken first to the gravel site, where they began operation with new
teeth. The operators were invited to familiarize themselves with the conditions before
starting the tests.

The tests in gravel were intended to determine the tollowing:

1. Maximum effective sumping depth

to

Maximum traverse speed at difterent cutting depths
Most effective wheel speeds

Approximate specific energy consumption

0 ST L

Tool wear

After preliminary tests in gravel, both machines were taken to the silt site, where they
operated with partiy worn teeth. After a few test runs in silt, the Ditch Witch had to with-
draw from further testing as its teeth were worn and no replacements were available. The
Vermeer had its teeth completely replaced, 1nd then underwent further testing in silt before
it was transferred back to the gravel site for final tests there.

TEST RESULTS, 1972

Maximum cutting depths in frozen silt were 33 and 32 in. for the Vern.2er and Ditch
Witch respectively. In frozen gravel, thie maximum depth of cut achieved by the Vernieer
was 28 in. and the maximum depth achieved by the Ditch Witch was 12.5 in.

Results of the cutting rate tests are given in Tablec [{1-VI. These tables also give
volumetric excavation rates and overall specific ensrgyv consumption.
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Table {11, Performance of Vermeer T-600A in frozen gravel (1972).

Machine Vermeer 1.600A Fogine 3 S Detrond diesel rated at 7K hp
Wheel Jrimeter 7 1t Fngine speed 2300 rpm
Cut watth 3 2850 Piepth of trozen laver - 28n

Nominal

Norrnal Vol tra overall

whedol Draverse  cveavation speailu

speed \peed rate cnerg

Coerdr irpen UL T 1’ omin, rn thyoan. O Kaemarks

3 NI kR 1.9% Wle o 10" hine diy cuttings
3 1< P ] 142 126+ 10* batte dey cuttings
A NU 14 096 LAS = 0% Bine diy cueos
3 20 B .24 143> 10 bLaine dry cutung
3 20 " 2.4 St e 10 bane dry cuttings
3 20 R 2.1 Ao+ 10°  bine dry cuttings
Y 0 IN 2.4) S8 5 100 hine dry cuttings
A 20 kR 20 %362 10 Line dry cutings
3 20 a4 ¢ SR 6340« 10" e diy cuttimgs
1} NT 31 SR 69% s 10" bane dey cuttimgs
R} 20 42 NE Y] 664 5 10" Jeeth badly worn by this stage
} 20 66 1.948 wae 10" ) Water rucmimganto shiecwheel cut
i 20 <0 1 4n 120+ 10* } ung wet, Bigger cuttings, with
B} < N2 242 S A s 10" ) some pebbles conung out intact
4 is sy .28 794 ¢ 10" Cutting dry again
3 as an (IR 9.6 2 10" Cutting dry apam
3 34 204 o) €93 + 10°  bresh teeth
3 20 63 442 404 10" Teeth badhy damaged by previaus
3 20 <= ('R ] 468« 0" run 33 replaced

Table IV, Performance of Ditch Witch in frozen gravel.

Machine Thech Match ES 30 on Fogine  Wisconsm Vet rated
K& trencher 4t 60 hp

Cutwedth  34.5n Depth of trozen Laver 2R,

Nonnnal

Volumetric cnerall

Cutting Trdverve evedvation specti

depth speed rate energ

fn tae dr  fin nung (!I' mon (odbg s s Remarks

NS 3 10 047" 1.40 s 10°
12.¢ ) LR 1.208 1.14 - 10*
b 3 36 117 117 =0t
12.¢ 3 o 1.17 117 10
12.6 3 R 1.24 s ot
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Table V. Performance of Vermeer T-600A in frozen silt (1972).

Machine:

Wheel diameter 7 ft

Vermeer T-600A

Engine: 3-53 Detroit diesel rated at 78 hp

Engine speed: 2300 rpm

Cut width: $in, Depth of frozen layer- 28 in.
Nominal
Nonunal } olumetnc overall
Cutting wheel lraverse  excavation specific

depth speed speed rate energy

., Gear (trpm {in.'mmn) (71* runy findbfan ) Remarks

338 4 3s 93 9.02 1.98 X 10° Teeth badly worn before test
started

33 4 38 67 6.40 2.79 X 10*  Teeth badly worn before test
started

3 3 20 65 6.21 2.88 % 10° Teeth badly worn before test
started

33 3 3s 64 6.11 2.92 % 10° Teeth badly worn hefore test
started

33 4 3s 6$ 6.21 2.88 x 10> Teeth hadly worn before test
started

10 4 3s 166 4.81 3.72x 10’ New teeth fitted

10.5 ) 3s 147 4.47 399 x 10°

17.% 4 is 218 11.03 1.62> 10’

17 a 3s 153 7.53 231 x 10°

328 K} 3< 144 11.55 1.32 X 10°  Rather dry sandy silt

3 4 s 1S 19.30 9.25 X 10  Rather dry sandy silt

328 4 3s 228 21.48 8.32x 10?

32 4 38 216 20.00 893 x 10°

Table V1. Performance of Ditch Witch in frozen silt.

Machine. Ditch Witch 1530 on Engmne: Wi.consin V460 rated
R60 trencher ut 60 hp
Cut width. S.4m. Depth of frozen layer: 25n.
Nominal
Volumetne overall
Cutting Traverse excavation pecific
depth speed rate energy
{in.) Gear  fin./min) (e i) {m.-lhf/m.'; Remarks
20 4 14 0.87 1.58 x 10*
» 4 20 1.99 6.90 > 10°
n 4 14.5 1.44 9.51 » 10’
» 4 18 1.79 7.68 ¥ 10’
32 4 20 1.99 6.90 x 10°
32 3 3 3.09 4.48 x 10°
20 3 91 5.66 2.43 x 10°
20 3 108 6.72 2.08 x 10°
20 3 80 498 2.76 X 10°
20 4 27 1.68 8.18 x 10°
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Machie operators were soon able to deselop a “teel™ tor the best wheel speed. It the
wheel speed was too fow . cutting became jerhy and the wheel tended to bounce, putting un-
tavorable loads on the cutters and beanngs. This eftect was rataer more noticeable on the
Ditch Watch, which was the ighter ng and which was also mounted on preumatic tires. At
vreater cutting depths, both operators selected the lowest wheel speed consistent with
sooth runnmg, and this appeared to be 3id gear 1or both machines when working i
sravel Onthe Vermeer, 3rd pear s supposed to gve a wheel speed of 20 1pm. The corre-
sponding conversion was not avatlable tor the Ditch Wateh, but wheel speed looked higher

than that ot the Vermeer.

torshallow cuts i pravel. the Vermeer operator selected dth gear, whichas supposed to
eive a wheel speed of 35 rpme 1t maght be noted that there are hinematic reasons torin-
creasiny wheel speed with decreasing cutung depth (Appendin A). The Vermeer operator
was able tocut trozen silt toany depthoin dth gear, and thas gear was his chowee for cutting
st However, pertormance ot the Ditch Watch in ailt nnproved sigmticantly when it was
dropped trom th 1o Sed Apain it should be noted that the Ditch Witch seemed to be some-

what hagher geared than the Vermeer.

Tooth wear in trozen gravel was vers severe, with damage occurnng atter just a tew
revolutions of the wheel Duning the first grave] tests, teeth on the Vermeer were tor all
practical parposes worn out atter 45 11 of cutting at 2425 . depth, e atter about 18
mntes of operation. At the start of the seeond set ot gravel tests. the Vermeer made u
tastoshallow coancycut tor one minute, ond during the course ot this cut struck a boulder.
cauning the wheel to bounce. As a result ot this 44 teeth had to be replaced. The Ditch
Witch tecth had bigper tungsten carbide caps on the end. but wear and breakage i gravel
were at Jeast as bad as on the Vermeer many teeth were broken and worn atter 17 1t o
cutting at 12% . depth

Tooth wear in trozen st was chietly by abrasion, The sott outer body ot the tooth was
ground away  sometimes i curtous patterns, and the projecting carbide core was thus left
uwisupported. Cutting tests m frozen st were not suttficiently protracted to establish g
weat rate, but 1t seems hhely that g set ot teeth could go without replacement tor at least
several hundred teer,

Patterns of tooth wear cdearly indicated that some teeth were domg virtualls no work,
while others bore the brunt ot the attack. “Scalloped™ abrasion patterns on the ade of
some teeth seemed to mdicate mcomplete cutting coverage. Many teeth obviously taled
to rotate i therr sochets, cansing unssmmetncal wear, wath hittle potential for selt-
sharpening.

The Vermeer men considered the frozen gravel to be i taugher cutting proposition than
almost any matenal they had previousls encountered. including remtorced concrete,

TEST PROGRAM FOR 1973

The 1972 tests showed that existing disc saws had usetul capabilities tor cutting frozen
ground. but the durabality of standard cutting teeth appeared to be completely inadequate
tor heavy work in trozen gravels. Thus the goal for work in 1973 was developmient of better
cutung teeth.
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Figure 6. Heavy drag bus fitted 1o Vermeer T-600) in second rest season. Pick
boxes were welded to 10 replaceable perimeter segments.

sin
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Figure 7. Detail of Hov parrot-beak pick as fitted to Vermeer
T-6008 for 1973 tests.

The mining rescarch hterature was surveyed, LLS. and foreign manufacturers of mining
tools were canvassed. and the problem was studied analytically. This resulted in the selection
of a particular style of heavy -duty parrot-beak pick, the Hoy bayonet pick number B200/
2/H3144, and 1in the design of an appropriate tooth-setting pattern. A set of  >rimeter
segments for the Vermeer T-600 were made up with the new tecth, and tests were arranged.

The first test for durability was made on two sections of road near Catskill, New York,
where the local traproch aggregate had previously made sawing of concrete economically
unattractive. Tests were then made on frozen gravel and frozen silt at Hanover and West
Lebanon, New Hampshire. Test procedures were broadly similar to those employed in 1972,
but additional measurements were made to determine the tractive thrust, or drawba: pull,

of the carner vehicle.

The machine was also taken to a lake north of Hanover for a demonstration of ice cutting
(Fig. 10).
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Figure 8. Vermeer disc saw operating in frozen gravel.
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Figure 9. Vermeer T-600B cutting concrete and asphalt. Note that a cable layer
is fitted to the wheel.

Figure 10. Vermeer T-600B cutting floating ice. The machine was able to cut

18-in.-thick ice at maximum crawl speed (26 ft/min) with no perceptible effort.

A contractor recently made long cuts in lake ice with a Ditch Witch saw, aver-
aging 6.7 ft/min.
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TEST RESULTS, 1973

The cutting performance of the Verineer T-600B with the new teeth is given in Tables
VIIIX. These results show that the production rates were not much affected by the change
of teeth, but the machine was able to cut to greater depth in frozen gravel with the new
tecth. However, the durability tests showed a dramatic improvement in tooth life.

In the road-material tests at Catskill, the saw sumped-in to its maximum possible depth
(3 in. greater than maximum rated cut depth) and began cutting very hard material. The
machine operator end the dealer estimated (on the basis of past work in the same material)
that the standard bullet-bits would last for a hinear distance of 15 ft + 3 ft under such
conditions. After cutting for 28 ft, the machine was stopped and the new teeth were in-
spected for wear and damage: no significant deterioration had occurred by that stage, but
the relief faces of some of the carbides were showing wear. After 150 linear feet of cutting
the teeth had developed definite wear-flats on the relief faces: the machine was still per-
forming well, but maximum cutting speed had dropped by 307%. The machine was then
moved to another section of road, where it continued to make demonstration cuts at
shallower depths, slicing through the asphalt and concrete pavement but not penetrating
the gravel base. Atter about 1600 linear teet of cutting, four teeth had been broken and
the remaining teeth were well worn, although far from the stage at which a contractor
would discard them.

In the frozen gravel tests at West Lebanon the machine was deliberately pushed at maxi-
muni speed through a bed of bouldery material, and under these conditions 13 teeth were
broken over a linear distance of about 25 ft. However, with the bullet-bits used in 1972,

Tabie VII. Performance of modified Vermeer T-600B in road materials (1973).

Machine: Vermeer T-600B with Hoy Engine: 3-53 Detroit diesel rated at 78 hp
parrot-beak picks
Wheel diameter: 7.2 ft Engine speed: 2300 rpm
Cut width: 3.7 in. Material: Road pavement consisting of 4.5-in. surface layer

of asphalt, 7.5-in. layer of lightly reinforced concrete (trap-
rock aggregate, "/. in. rebar), deep base course of coarse
frozen gravel.

Nominal
Nominal Volumetric overall
Cutting wheel Traverse  excavation specific
depth speed speed rate energy
fin.) Gear  (rpm) (in./miny  (1t* /min)  (in.-lbf/in.* ) Remarks
34 4 a4 52 3.79 4.72 X 10*  New picks
34 4 aa a9 3.57 5.01 % 10°
34 3 26 45 3.28 5.45 X 10> Machine jerking, tracks scuffing
34 2 14 not measurable Very jerky, frequent halts
kT ) 4 44 35 2.55 7.01 X 10  Steady rate after 30 ft of deep cutting
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Table VIII. Performance of modified Vermeer T-600B in frozen gravel (1973).

Machine. Vermeer T-600B with Hoy parrot-beak picks

Engine: 3-53 Detruit diescl rated at 78 hp

Wheel diameter 7.2 ft Lngine speed: 2300 rpm
Cut width: 3.7n. Depth of frozen layer: Approximately 30 in.
Momnal
Nomunal Volumertrio overall
Cutning wheel Traverse  excarvation specific
depth speed speed rate energyv
fn.,  Gear (rpmy  (in.muny (1 ;oun)  din-bfan’) Remaris
3 3 44 79 §.24 341 x 10°  All-out test in corpact gravel with
boulders of 10 in. diameter ur more.
Almaost equivalent to cutting sohd
rock. 13 teeth broken in a few min-
utes of operation.
Mototal 4 44 ss 3.53 5.06 2 10°  Operating with broken teeth in cobbly
(25 gravel. Some trach shp.
gravel, §
we and
fine soil)
30total 4 44 ss LR ) $.06 X 10°  Sccond test under same conditions
Qs produced identical results.,
grravel, S
ice and
fine suil)
30 4 a4 61 3.92 4.56 » 10’  Broken teeth seplaced. Cobbly gravel.
kL) 4 a4 48 3.50 S.11 x 10°  Good teeth. hine gravel. Some slip
drive belts.
33 4 34 .0 4.37 4.09 ¥ 10°  After ughtening belts.
34 4 44 12 3.06 S.8S ¥ 10" Line gravel with ice topping. Some

track shp.

Table IX. Performance of modified Vermeer T-600B in frozen silt (1973).

Machine. Vermeer T-600B with Hoy parrot-beak picks

Lagme  3-83 Detront diesel rated at 78 hp

Wheel diameter. 7.2 ft Engine speed: 2300 rpm
Cut width  3.7.n. Depth of frozen layer: Approximately 30 in.
Nomunal
Numinal } olumetrec overall
Curting wheel l'raverse  evcavation specific
depth spred speed rate energyv
fin.} Gear (rpm)  (in.;oun;  (ft/mun)  (in-bfling ) Remarks
38.5 4 a4 151 1.s 1.5 x 10°
3s.s 4 44 168 12.8 1.40 x 10°
3 4 44 19§ 12.9 1.39 X 10°
n 3 26 120 7.97 2.24x10°
3 4 44 129 8.56 2.09 x 10°
30 4 a4 164 10.§ 1.70 x 10°
3o 4 44 138 8.86 2.02 X 10°  Some crushed stone 1n top foot of soil.
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Table X. Drawbar pull of Vermeer T-600B on various working surfaces.

Machine  Vermeer T 6008 (short track) Engine  3-S3 Detrant diescl rsted st 78 hp
Machine weight 19,500 1b Fogine speed 2300 rpm
Dy namometer B H electnical resntance load cell wath Track speed O to 15 1t/mn

Rethley dptital voltmeter readout

Liraw bar pull Towbar codflicient
Corovannd sl fdee Jz (o twbar pull grosy wiy Kemarky
Thin snons cover over troazen sannd S.910 030}
Thin snow covet over frozen sand 6,570 03y
Thin siow (over over frozen sand %,760 0.43y
Thin snow coner over trozen sand 1., 560 0.562
Thin stiam cover over e K. 830 0434
Thin stiow cover over aee 7480 (VIR Y. Tracks shpping
Thin snom cover over e 7,450 O N2
Thin snow cover over e 7.670 0.393 Tracks shpping
Thin snow cover over e 6, 80 0326
Minture of snow and Jdirt 260 0270
Mixture of snow gned dart S.690 0292
Minture of snow and Jdat S9ly 0 M}
Slush over thaving e 7.670 [LIRTRY
Slush over thawing e v, 200 0472
Slush oser thawing e 9,630 0.493
Slush over thawing e 7,450 0. IN2
Slush over thawing e K110 0416
Slush over thawing we 06,790 [IIREE}
brozen sandy wilt hghtly thawed on surtace 10,080 0s?
beozen sandy wilt hightly thawed o. surtace 10,960 V.56
brozen sandy wlt hightly thawed on surtace 12.0%0 W 61N
brozen sandy wlt bghtly thawed on surtsce 9,860 0 S06 Tracks shipping
Frozen sandy silt hightly thawed an surface ¥,630 0.494

44 teeth had been destroyed by stnking g single boulder. Under less severe cutting condr-
tons i trozen gravel there was no senious detenonation atter SO 1ot cutting, although the
carhides showed some wear and nunor capping.

In trozen alt there was no signiticant wear, and it appeared that the teeth would last
mdetintely. g

Results of the traction tests are given n Table N,

GENERAL PERFORMANCE

Both of the saws tested i 1972 had good capabilities tor cutung frozen fine-grained
soils (salt, sand, clay ), and tooth durability seemed adequate tor these matenals. Both
machines were capable of cutting frozen gravel at useful rates, but cutter durability was
judged to be completely inadequate in this material.

On the basis of the hnuted tests that were carned out, the heavier and imore expensive
machine, the T-600, demonstrated significantly higher capabilities than the lighter F$30.
It was able to cut to more than the rated maximum depth in both trozen silt and frozen
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gravel. whereas the FS30 could only achieve about 40°% of its rated cutting depth in frozen
gravel. When cutting at the same depth, the T-600 progressed about 80% faster than the

1 S30 1n frosen gravel, and it was more than twice as fast in frozen silt. The installed power
ol the 1S30 was only 807 of the installed power of the T-600. but this did not appear to
be the limiting factor. The limitation scemed to be more a matter of force and stability.
The 1830 wheel, having open segments cul in it, was obviously lighter than the T-600
wheel, and while this probably made it more compatible with a light carrier vehicle it did
reduce the desirable flywheel effect.

The performance of the T-600 can be used to establish an interim standard of compari-
son tor sawing of frozen ground. At approximately 33 . cut depth, traverse speeds range
from S to 19 ft/min in frozen silt and from 3.5 10 6.6 ft/min in frozen gravel, variations
vccurnng with tooth condition and the strength cf the frozen ground. In terms of
volumetric excavation rate (i.e. cut width X cut depth X traverse speed?, the range is from
about S to 21 1! /min in frozen silt and 2 to S 11* 'min in trozen gravel.

CUTTER DURABILITY

Ihe bullet bits fitted to the 1972 machines did not have adequate durability. In frozen
gravel the T-600 wore out a set of 130 teeth in 45 hinear feet of cutting at 80% of maximum
depth. this is roughly equivalent to one tooth per square foot of sawcut, or nearly four
tecth per cubic foot of excavated material. According to operator reports, the wear rate in
hard-aggregate concrete can be as high as three teeth per square foot of sawcut, or about
mine teeth per cubic foot of excavated material. Depending on the amount of tungsten
carbide in the tip. teeth of this type typically cost $1.50 to $4 each (1973 prices) when
bought in bulk, so that the cost of sawing fTozen gravel can be prohibitive.

A bullet bit may be likened to a pencil. with the hard but brittle carbide analogous to
the lead of 2 pencil and the soft steel body corresponding to the wood of the pencil. The
bit works well as long as the resultant cutting force is directed along its central axis, but
when the cutting force is angled away from its axis the steel abrades and allows the carbide
to be snapped off in flexure. In other words, it is well adapted to “'stahbing,” but vulnerabie
to side forces. Much of the research on rock-cutiing tools (which tends to be done with
ideal sharp tools) indicates that the normal and tangential components of cutting force are
approximately equal, so that the resultant cutting force makes an angle of roughly 45° with
the tangent to the tooth-tip trajectory, and bullet bits tend to be set accordingly. However,
more obscure research investigations that take into account realistic tool wear indicate that
the ratio of normal to tangential companents of cutting force increases as the bit wears,
reaching values as high as 4 after a modest amount of cutting. Bullet bits are designed to
avoid development of wear flats, their self-sharpening characteristics being provided by
rotational symmetry and rotational freedom of the bit in its socket. However, in actual
operation bits often fail to rotate, even when the sockets are cleaned and greased frequently.

In seeking an alternative to the bullct bit for the disc saw and for other experimental
machines, six U.S. manufacturers of carbide-tipped rock-cutting tools were contacted and
their product ranges were considered. However, the industry is heavily committed to the
production of bullet bits in varying shapes and sizes, and the available fixed drag bits
appeared to be mainly very small tools that lacked any kind of design sophistication.
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Technical representatives ot bit makers concentrated exclusively on bullet bits, and were
reluctant to consider alterative designs. Other developers of speciali ‘ed machines have
apparently experienced similar industry response. Since there was no domestic source for
suitable manufactured teeth, and since special fabrication of experimental teeth would
have been prohibitively expensive, new bits were purchased from a firm in England, where
there are three manutacturers of mining tools with highly varied product lines.

The new bit was a Hoy bayonet pick, type 200/2/H3144 (Fig. 7). This tool is a sturdy
parrot-beak pick with a high-impact carbide. The gauge length (projecting length) is 2 in.
and the width overall is | in. The design relief angle is approximately 12°, but the tools
supplied had a primary relief angle of approximately 8° and a secondary relief angle on
the carbide of approximately 18°. The design rake angle was approximately +6°, but on
the tools supplied the rake angle was zero or very slightly negative. The carbide had a
maximum width of 1 m., and maximum dimensions in the normal and tangential directions
of 0.75 in. and 0.5 in. respectively . A total of 60 bits were fitted to the wheel, replacing the
130 bullet bits previously used. At time of purchase each bit cost $2.87, su that the cost
of a complete replacement set of teeth tor the wheel was about equal to the lowest known
cost for a set of bullet teeth, and about one-third of the cost for a set of high-priced bullet
tecth,

The cutting tests in road materials suggested that a set of the new tecth might have a
working life two urders of magnitude higher than a set of bullet teeth, and the Vermeer
dealer immediately reacted by obtaining a U.S. franchise for these tools. The tests in fro-
sen gravel were not sutficiently protracted to establish wear rates, but they did demonstrate
the superior impact resistance of the new teeth and they suggested that wear life would
exceed that of the bullet teeth by more than a factor of 10.

Frozen ground is highly variable, but in trosen gravel that has few cobbles and no large
boulders it might be expected that the T-600 wheel with the parrot-beak picks would have
a wear rate of no more than 0.1 tooth per square foot of sawcut, or 0.4 tooth per cubic
foot of excavated material. In monetary terms, this is equivalent to about 30 ¢/1’ (saw-
cut area) and $1.10/f1® (excavated volume). In | hour of operation with actual cutting
going on for 60% of the time, tooth costs might be around $140 in frozen gravel, so that
total operating cost lor the machine would be dominated by tooth cost.

TOOTH PATTERNS

Tooth layout in 1972

On both of the machines tested in 1972 the layout and spacing of the cutting teeth
(Fig. 4, §) seemed less than ideal. Apart from the question of bit angle, which was touched
on above, some teeth were set directly in the wake of others so that they were doing no
work, while some teeth were having their sides scraped by uncut material. There was
clearly uneven coverage of the cutting face, and the bits were being loaded unevenly. In
considering the last point, it is instructive to consider the chipping depth of the teeth, i.c.
the depth to which each tooth penetrates into uncut material during the course of its sweep
through the work.
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Chipping depth for 1972 Vermeer teeth

In considering the effective depth of bite taken by the teeth, it is somewhat difficult to
decide on the number of tracking cutters (n). The 1972 Venmeer wheel was fitted with
10 Wdentical perimeter scgments, and on cach segment every tooth has a different setting.
However, on each side of each segment there were five gauge cutters, and there was very
little difference in the setting of individual teeth for each of these groups. There were also
three center cutters on cach segment, and again there was little difference in the setting of
cach individual tooth in these groups. The minimum value that can be taken for nis 10,
but this s too low for most of the cutters. It would be more realistic to say nn = 50 for the
gauge cutters if they were all uniformly spaced, but in fact there was a gap between each
of the 10 groups. In the same way n = 30 would be realistic for the center cutters if they
were unitormly spaced. but they were actually clumped at the leading end of each segment.

Thus tooth arrangement means that the lead tooth in each group took a relatively large
bite, while the ones tollowing in its wake took smaller bites. Approximate calculation of
the bite taken by cach ty pe of tooth can be made by assuming the following values.

Center-cuttng teeth: Lead tooth nx 13
Follower teeth n > 100
Gauge-cutting teeth Lead tooth n = 40
Follower teeth n = 65

Calculations will be made here for two cutung conditions:

Cutting depth d Kin. (32in))
Wheel radius R 4)in. (42 in.)
Wheel speed f 20 rpm (35S 1pin)
Traverse speed U 60 in./min (200 in./min)

The first set of values 1s supposed to represent cutting in frozen gravel, and the second
set of values in patentheses represents cutting in frozen silt.

The maximum chipping depth € 1s given by*

U i(;ﬁ )""
bmax m e R\ d I

and the calculated values are

Center-cutting teeth lead tooth 0.22in. (043in.)
Follower teeth 0.028 m. (0.056 in.)

Gauge-cutting tecth Lead tooth 0.071 in. (0.14in.)
Follower teeth 0.044 in. (0.085 in.)

These calculations lead to a number of questions. First of all, it is hard to see why the
tecth were set with an irregular spacing when this results in uneven loading or working of
the teeth. Secondly, when the machine was cutting frozen gravel or other strong materials

* See Appendix A for derivation of this and other cquations used in the discussion.
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Chipping Sequence o 3 | 2 4 6
t:35 rpm
U 120in/min
n:10
d:30n
LAY %10

Left R-gnht

Middle Inner Quter
Outer Inner Middle
066 066’ 066"
- —-— T - -
0 BE (o] 1

3

-

Trovel Direction

14

- 3 0“ -
S nent Width

5
-——— 37" =
Initiot Gauge

re 35" -
Nominol Gauge
b Tooth 1acing

o] | 2 3in
b 1 i ! x6

¢ Gouge biock setting ongles and o) ain
tracks of pick tips . . . 6 o

Figure 11 Cutter arrangement for 1973 tests with Vermeer saw.

the chipping depth was very small for all teeth except the lead teeth ot the center-cutting
groups. In principle, bite could he increased by dropping the wheel speed, but this pro-
cedure on the Vermeer would result in unduly large bites by the widely spaced lead cutters
of the center tecth, with consequent vibration. There is also a matter of vibration ansing
from inhomogeneity of the material when a *'soft,” or compliant, device 1s run at low speed.
If the bite is too small, the machine is grinding the rock instead of chipping it. bven in
frozen silt, where the machine was traversing at fairly high speed, the bite taken by the
follower teeth was small.

Tooth layout in 1973

Original plans for layout of the new teeth in 1973 called for 1 three-track arrangement
with only center cutters and left and right gauge cutters. This seemed reasonable in light
of research findings concerming cutter spacing, but after discussion with the Vermeer dealer
it secmed safer to adopt the six-track arrangement shown in Figure 11. Nominal gauge was
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Chipping Sequence

1238 cpm. Us120 in/min ,:5:*:‘:'::
ns12,d230:n, R+ 431n ¢ s
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Inner Inner
Outer Center Outer
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F r -te A -t
[ 4
2
12 g 1]
o
4 )
d »
S
== ,Overcut | v
with new bits
13
Mas mgm ‘
Wear ling
Segment Width 14
- 35" -
Block Width
= 4"gouge -
4% ga.ge i~y
(o] ! 2 3
s 8 L 1% b Tooth lacing

0 Gauge blochk sefting ongles and O I 2 % 4 %n
trachs of pichk tips 1 . .

Picwre 12 Modificd cutter arrangemont aldopred atter 1973 108t seaven

reduced to 3.5 0 withoan ot panpe (iew prchsh ot 2 7 Actually a nmbor of
crrors were inade dunmy the weldimg of prck blocks 1o the wheel nimne sector plates, and

sene teeth were set ot of sequence or at angles other than the planned ones

The test wheel and o copy were used by the machine dealer subsequent 1o the trozen
pround tests, and on the basis of his expenence m cuthing concrete he recommended an
incredse of gauge and a Change from g J0sepment to g § 2sepment arrangement (the latier
change bemg largely tor reasons of cconomy and convenience i stackimyg spares). The
tive-track design shown i Figure 12 was then drawn op tor the use of the dealer. and it
18 helieved that it proved satisfactorny s concrete-cutting operations,

Chipping depth for 1973 experimental teeth

lgnonng the crrors that were made insettimyg some tecth, the 197 2 es wheel had 10
trachiag cutters (n 10) Taking the same two sets of cutting conditiions used i the
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calculation of maxiwm chappang depth for the 1972 1eeth, the caleotated values tor the
1973 srrangement ar -

All tecth 0.2% 1. (0.055m.)

However, the 1973 ischine was geared Ingher than the 1972 machie. and it was operated
most ettectively at the lnchest wheel speed. e, 44 tpu 1 was glso capgble ot somew it

ereater operating depth. The cuttung conditions for caleulation can therefore be revised

to.
Cutting depth RENT] (33m)
Wheet radins R 3. 43
Wheel speed 7 44 1pm (44 1pm)
Traverse speed { o0 1n. nin (200 . mn)
No.of tracking cotters n 10 (10}

With these changes the calculated values tor manimnn clapping depthm the two matesals
become

All tecth 0.13 . (034 1n)

Forthe tive-track arrangement showsn Frgure 12 the chuppaing depths are 2007 lower e
O11and 0 374n.

POWER AND SPECIFIC ENERGY

Specific energy for sawing

Power output of the machime divided by volumetnic cutting rate gives the overall specihic
energy of the saw 1ecthe energy expended per umit volume ot matenal cut. With power
expressed in bt mim and volumetne cutting rate expressed b mm, specthic enerey
tsaven i bt in ' or bt Averages of the overall specific energy values measured m
1972 tor the Vermeer are 8.8 % 10* Ibt/in.2 for gravel and 2.2 X 10" Ibtin? tor il
Corresponding values trom the 1973 ests are 4.7 X 10* Ibt/m.? tor gravel and 1.8 x 10°
Iht an.? for silt, ve. improvements over the 1972 results by about SO and 207,

The above values give ov rall speatic energy tor the machine. The process speific
energy tor the saw itself is the actusl net power consuimed by the saw divided by the
volumetnie cutting rate. Perhaps the simplest way of detiming net power is to take the
thtterence between the total power consuimption tor coting and the “windmilling” power
tor whirthing the disc and propeling the machine. Windnulhing power was not measured.
but st can be roughly estimated  the belt and chaim dnive to the wheel probably dissipated
gbout 1077 of the available power, while the track dnve system may have accounted 1or
another 10r¢. Thus process speaitic energy values ought to be 209 or more lower than the
vilues given above tor overall speafic energy.

A dimensionless performance index tor the cutting process can be obtained by normal-
g spedific energy with respect to the umiaxial compressive strength ol the matenal being
cut (Mellor 1972). Taking average values of bulk compressive strength as 1500 and 1000
Ibf/in.? tor the gravel and silt respectively . and taking estinated values of net process
specific energy, the performance indices for the 1973 wheel are 2.5 for gravel and 1.4 for
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silt These are not particularly good values, as very ethaent rock dolls can pet down 1o
about 0 3, while the bect modern tunnel bormg machines can achieve values as low as 0.1
under ideal condiaons However it should be recognized that the value tor frozen gravel
idecoptive i that it redlly represents g certam amount of rock cutting i matenad that
could have compressive strength i the range 15,000 to 20,000 Ibt/n?

Once drealistic voane of speatic energy has been deternuned tor g dise saw imva certam
hind of matenial it cec mes possible to caleulate the power requirements torany new saw
ahter the pertormance spectfications have been deaded. The required power issimply the

speatte energy muttiphed by the volumetne catting rate.

Specific energy for bulk excavation

While the speaitic encrgy tor sawing o not outstandingly attractive, a saw has the
capohty of achiesing much better spearic enerpy values far certain 1y pes of bulkh excanva:
ton 1t saw s used toocut suntably spaced parallel Rerts, the interveming nibs of uncut
matertal can usually be broken out with almost neghipable encrgy consumption, |t the width
of the saweut s soand the centertocenter spaaing of adjacent kerts s W the eftecine

speaticenergy tor bulk excavation £ s celated to the speatic enerpy ter sawmg /-y
/ /\ S 1t

mowhich the encrpy required tor hreakine ot the uncat nb s neplected. There s, however,
a practical Tomt to Woas the uncut nib lias to be suttiaently narrow to snap ot easily and
rehably atats base  Tohelp deternine an optimum value of Wosome model tests were made
with trozen silt tsee Appendin By and it was Geaded that o workimg vatue o (v vy d

0% Could be adopted. where o s the depth of the sawaut

Tehinpw 37 andd 320 as representative vabues for the 1973 test . W Ton

and ettective values of speatee encrpy tor bulk excasation £ could theretore hase been

Fabine overadl salues ot £ based on pross imachine power

17 5 \ b 3
! 037 2 10 AM3 o 107 Ihtan toreranel
¢ |(,7
R A I (A R TN TR R

Process values based onnet cuttmg power could be taken as about 2000 lower than the
ahove values

These values ot 1 are taarly attractive although they are not yet compentive with the
best values of specihic energy that liave been attamed by Laree nppers workimg in tavorable

conditions.
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TOOTH AND WHEEL FORCES

Forces acting on individual cutting teeth and on the cutting wheel as a whole have pre-
viously been analy zed { Appendix A), and values for the Vermeer saw can be esumated
from the resulting equations.

Resultznt tangential force acting on the rim of the disc

Whee! torque can be estimated from the shaft power and the :otational speed. and from
the torque a tangential nm force F, can b obtained. If shaft power is taken as 80 7 of the
rated power at the governed engine speed, F, for a wheel speed of 44 rpm is 2070 Ibt.

Tangential tooth forces

The grosy rim force F 1s distiabuted among the working cutting reeth according to the
lay out of the teeth on the wheel and tu the positions of individual teeth relative to the
work. The maximum tume-averaged vawe of the tangential tooth force. fy 15 reached
as the individual 100th takes its deepest bite on exit from the work.® Neglecting ditferences
of loading between gauge cutters and center cullers.[{m“ for the 1973 v heel can be esu-
mated as

0.133F, 0.75

275 Ibl for d/R

,"mu

= 0336 F, 0.15.

n
n

Heman 696 Ibt for d/R

It should be noted that 1ooth torce increases as cutting depth decreases when tull power
is being supplied to the wheel (£ has to be shared among tewer teeth at smaller cutuing
depths), so that there 1s more danger of breaking teeth when the wheel 1s imaking shallow
cuts.t Caution might dictate a reduction of power when the saw 1s sumping-in for the stant
of a run.

Radial tooth forces 2

Within the normal range of operating conditions, the radial component of tooth force
can be taken as proportional to the tangential component at any given time. The ratio
of radial to vangential force components X 1s typically about 1 for a sharp new pick with
adequate rehief angle, but it can nise to values as high as 4 when the pick has become blunted
by wear.

Wheel axle forces

The axle forces on the wheel can be expressed as horizontal and vertical components
H and ¥ respectively. For a given torque level, # and ¥ depend on the ielative cutting depth
d/R and the 100th characteristic K. Some calculated values of H and } for “upmilling™ are
given tn Table X1.

® Time-averaged velues are probably realistic for a very compliant cutting system, but with a “rigid"
system peak forces could be almost an order of magnitude higher than the mean values.
1 This sssumes s compliant system and the potential to draw full torque.
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Table XI. Estimated values of axle forces for various cutting conditions.

Relatne Tooth Dimensionlesy Dimensionless H por b for
cutnng sharpocss hornzongal force verfical force by 2ot Iy=2070
Jepth d R faccor A component H Fy component V' 1y (b (ibyj
[TIRA 10 134 0.09 2780 191
078 20 2.06 0.53 4260 1100
078 0 349 [l } 7230 3600
018 1.0 1.28 0.7 2650 1180
01s 20 1.64 1.49 3390 3090
018 4.0 2.38 334 4870 6920

The important things to note here are the change in relative unportance of horizontal
and vertical components with cutting depth, and the general increase of toree levels as the
bits wear. When cutting deep with worn bits, the wheel has to exert a ngh downthrust,
and at the same tme the tracks have to provide high horizontal torce. According to
Table X, track shp occurred on some surtaces (snow-covered ice) at a drawbar coefficient
ot 03K Taking a somewhat simplistic approach and subtra: ting the verucal axle torce V
trom the vehicle weight to obtain an effective weight (i.e. neglecting the moment), this
mweans that with 1= 3690 Ibt the vehicle could reach the limit of its tractive thrust at
6000 Ibt. winch s below the required honizontal thrust # = 7230 Ibt. Thus the tractive
capabilities of the velucle could set a performance limst under some circumstances.

I might be noted that the operaung practice of increasing wheel speed (selecting higher
gear) tosmooth out jerky cutting amounts to decreasing the value of /| at tull engine
power, thereby lowering tooth and axle forces.

CONCLUSIONS

A large disc saw «3\7 adequate strength and ngidity 1s capable of cutting most types of
frozen soils at reasonably tugh rate< when fitted with suntable teeth. Thas capability
could be usetul where precise control of excavations is necessary or desirable. Some exist-
ing vimnaercial dise saws are satisfactory in general mechamcal design, but the cutting teeth

normally fitted are unsuitable for work in coarse frozen gravels, concrete with hard aggregate,

or other high strength materials. The latter problem has been fully overcome by develop-
ments at CRREL, although further optim:zation scems possible. In terms of performance,
energetics and economics, development of disc saw attachments for engineer tractors might
be justifiable.

On the basis of tests performed so far, process specific energy for sawing is around 4 X
10% I6f/in.2 for well-bonded coarse frozen gravel, and around 1.5 X 10 Ibf/in.? for well-
honded compact [rozen silt. Overall specific energy based on gross power depends on the
details of machine design, but for a reasonably efficient machine using a mechanical trans.

mission, overall values would probably be 10% to 20% higher than the numbers given above.

For bulk excavation by the kerf-and-rib technique, effective specific energy can be reduced
appreciably ; with a sawcut depth/width ratio of 8, effective specific energy 1s lower than
the sawing encrgy by a factor of 5.

ol i
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Existing commerical saws are capable of cutting slots 30 1. o1 more deep at linear specds
around 15 1t/mmin frozen salt, and around 5 to 6 1/min i frozen gaavel. Performance
lemts on cutting rate tend to be set by torce hnntations rather than by power inadequacies,
and foree levels are in turn strongly mtluenced by the design and condition of the cuttng
teeth. As the teeth are blunted by wear, the honsontal force requirements may exceed
the tractive capabilities of the carrier vehicle on certain kinds of running suitaces.

The standard cutung teeth used by all makers of commercial saws at the time ot the
CRREFL tests gave acceptable cutting performance in terms of rate and specific energy . but
their durability was judged to be completely unacceptable for work in frozen gravel. Wear
rat* in well-bonded coarse frozen gravel appeared to be equivalent 1o loss of a complete
set of teeth in 40 11° of cutung. Moditications developed at CRREL duning the course of
the test program produced a dramatic ingnrovement in cutter durability . wear rate for the
wheel dropping by a factor greater than 10, and possibly by a factor ot 100, without any
increase in cost. This development, which might be considered the magor achievement o
the progect, hnings cutter costs to a tolerable level, although cutter cost could still domimate
the total machine operating cost for continuous working in coarse frozen gravel.

It necessary, disc saw attachinents for nulitary engineer tractors could be developed.
Operating characteristics, power requirements, and torce levels are probably compatible
with an attachment mounting one or two discs and driving through a mechanical trans-
mission from the power takeot? of a crawler tractor that has hy draulic track dnve.
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APPENDIX A. REPRINT OF CRREL TECHNICAL NOTE
“MECHANICS OF TRANSVERSE ROTATION CUTTING DEVICES™

The tollowing document was produced dunng the course of tests on dise saws and milling
drums in order to facilitate data analysis and to provide a scheme for sy stematic design of
new experinental machines 1t has now been superseded by a more detaded and compie-
hensive mechamical analysis. but the latter is not yet ready tor publication. and theretore
the ongial work is reprinted 1o flustrate the thinking underlying the dise saw program.
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MECHANICS OF TRANSVERSE~ROTATION CUTTING DEVICES

by

Malcolm Mellor

Introduction. This note explores simple basic relationships for the

mechanics of rotary cutting devices that advance, or traverse, in a
direction that is normal to the axis of rotation. The immediate
motivation for the work arises from interest in the design and operation
of disc saws and rotary excavators for cutting rock and frozen ground,
but the same principles apply to a wide range of cutting and milling
tools, including certain types of rotary snowplows. The analysis does
not attempt to cover the mechanics of devices that advance in a direction
parallel to the axis of rotation, as in typical drills and full-face
tunnel boring machines.

In the first section, kinematic relations derived from tool geometry
and drum velocities are considered. In the second section some simple
dynamic relations are derived. In the third section some relevant energy

and power considerations are outlined.
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I. KINEMATIC RELATIONS

Per formance limi*s for rotary excavators and tunnel boring machines are
commonly set by dynamic or energetic limitations, but when such machines are
working in relatively weak materials it is quite possible for per formance
limits to be set by kinematic factors. For example, at a certain mine
visited by the writer a boring machine was achieving high driving rates in
a rather weak rock, but the cutters of the machine were suffering excessive
wear; a simple calculation showed that the inherent geometric limits of the
machine were being exceeded, and consequently the whole body of each cutter
was being forced into uncut rock. The primary purpose of this section is to
examine kinematic relations and limits for transverse-rotation cutting
machines. The secondary goal is to explore the effects of various tool
arrangements on the cutting process.

This analysis is applicable to machines that have a cutter drum, bucket
wheel, or disc saw that rotates about a horizontal axis set normal to the
direction of travel. The direction of rotation is usually such that the
cutters move upward on the forward face of the drum. In normal operation
the base of the drum is set at some fixed distance below base level of the
running wheels or tracks, and the machine travels forward as the drum rotates.
The first problem is to develop relationships between machine travel speed,
excavation rate, drum speed, drum diameter, cutter height, cutter spacing,

and cutting depth.
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Chip thickness or 'depth of bite"

Consider a cutting tool (drag bit) at position A in Figure 1. The drum
is rotating at f revolutions per unit time, and if there are n cutters
evenly spaced around the periphery at a given cross section, then the cutter
at A will be replaced by the following cutter at the same angular position
after a time interval of 1/fn. The whole drum is moving forward horizontally
at velocity U, and therefore in the time interval 1/fn it will move a
horizontal distance U/fn. Thus a cutter newly arriving at A will extend into
uncut material a horizontal distance U/fn. The radial penetration into uncut

material, i.e. the theoretical radial chip thickness Jﬂ is

A - ‘-g; sin © (1)

and the maximum value of chip thickness for a given set of drum conditions is

U -« U -1
-17max = = sin Omax = sin Jcos (1 - d/R{}

n
b
d (2R _
- <%I 1.> (2)

where d is cutting depth and R is overal drum radius (measured to cutter

"
[

tips).*

In practice, maximum chipping depth p

ak is limited geometrically by

the projecting length of the cutters (from the drum face or from broad shanks),

* This i{s really a simplification for a rapidly rotating multi-cutter drum,
A more exact analysis is obtained from consideration of tooth trajectories.

i
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by the radial extent of carbide tips or hardfacing, or by some similar
factor. If the maximum working e¢xtent of the cutting tool in the radial

direction is h, then a kinematic limit is set by the condition

nax € D
i,
h 2 %H sin {;os-l a - d/R)}
or 3)
u 4 (2R )
h =2 Tk (

Condition (3) is shown in dimensionless form in Figure 2, where Jgax
is plotted against d/R with (U/fnh) as parameter. Since in normal practice
d/R € 1.0, it can be seen that the kinematic limit for machine performance
1s only likely to be reached when U/fnh > 1.0. For example, 1f a machine

is being run with its drum set to a cutting depth equal to 25% of the drum

diamcter, d/R = 0,5 and from condition (3) the limiting value of U/fnh (for

V4

max/h = 1.0) is 1.15. If f ~ 30 rev/min, n = 24 tracking cutters, h = 0.1 ft,

the limit of forward speed set by kinecmatic factors is 83 ft/min.

For one machine of current interest (the UMM Mark III planer) the
following values might apply: ﬂnax = 90 rev/min, R = 19.9 in., G 9 in.,
n= 3, hmax = 0,5 in, or 1.0 in. (depending or. the cutters used). Thus, 1f
there 1s adequate drum power, the maximum forward speed at maximum < utting

depth 1s 16 ft/min or 32 ft/min, depending on which cutters are used.
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Excavation rate as a function of cutting depth

It is also interesting to consider the relation between maximum excavation
rate and cutting depth, Excavation rate per unit drum width, ﬁ, is
V = ud (4)
The maximum excavation rate at any given cutting depth is given in dimension-

less form by

I A W I 4
v fnh ik R sin {cos'1 (1 - d/R)} R

Y
2R
- <T - 1) (5)

where 01 is the volumetric excavation .cate at d = R, Eq (5) is plotted in

Figure 3.

Lateral tool settings

On wide cutter drums, the teeth are not usually set in straight lines
along generators like the vanes of a paddle wheel, but instead they are set
in helical patterns. One important reason for this is that serious vibrations
would be set up by simultaneous impact of a row of teeth. It can also be secn
from a coun-ideration of tooth trajectories that vibrations are caused by
intermittent action. Another reason is that helical setting can provide
scrolls for lateral transport of cuttings. However, from the standpoint of
cutting efficlency it seems that one of the most important reasons for

staggering the teeth is formation of an extra free face for breakage.
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Suppose that m teeth are spaced uniformly across the width of a drum
along one single wrap helix, and assume that the effective cutting width
of cne tooth is 1/m times the drum width. Since each tooth lags behind
its neighbor, and the drum is moving forward horizontally, the face of the
cut will be stepped, with m-1 'steps,'" or new free faces, in the vertical
plane and along the direction of travel. If there is more than one single
wrap helix on the drum, the first steps cut by one helix will be chipped
away by the following helix while the last steps are still being cut, and
thus the number of steps in existence at any given instant will be less
than m-1.

The time interval t, between successive passes of tracking cutters
through a given angular position O {is:

t, = l/fn (6)
(note that n can now be identified with the number of helices). The time

interval t, between passes of diagonailv ad jacent teeth through angular

position @ {is:

- P - 5 tanex 7
2 IMRE IR E )

where p 1s the peripheral distance between diagonally adjacent teeth, s 1is

the lateral spacing between teeth, and OC is the helix angle (measured from
a gencerator of the drum surface). If t) = ty, no step will be formed; in

general, the number of steps in existence at any given time, N, is:

2Mm
E t1“2 = & ns tanoc L ®)
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A fractional step means one smaller than the full step depth for a single
helix, while a negative result means that the steps form in the opposite
direction from the steps formed by a single helix. If the helices are
"single wrap,'" i.e. each helix makes one complete revolution in the width

of the drum, then

(m - 1) s tan o< == 277R (9)
and
N = o) (10)
n

More generally, if each helix makes M revolutinns in the width of the drum

N = (o] 11
i (11)

The approximation in these equalities relates to the exact disposition of

the outermost cutters.
It seems important to design the drum so that there is always at least
one full step in the positive or negative direction, i.e. so that

(m-1) 21
Mn

or (12)

2 R
ns tan

)

1f one or more steps are formed, the radial height of the step between

the tracks of diagonally adjacent cutters .1; is

A . 55U tanOCsin @ (13)
5 297R £

e it i il
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It is probab., desirable to have the step height at least equa. to
the chipping depth for the following tool (as given by e¢q. 1), i.c.

1l 21

>

or
s n tan ¢x
2ITR z ! (14)
or
Mn
pon, 1
=i

It is also likely that there is an optimum ratio of step height to
step width (step width is the effective cutting width for one tool, assumed
here to be equal to the lateral tool spacing s). However, while step width
is a constant for a given drum, step height varies with angular position of
the tool, so that the ratio must vary from zero at @ = 0 to a maximum value
at 9 = cos'l (1 - d/R). Sincc brittle materials tend to break into equant
fragments, an intuitive guess might boe that step height should be approximately
equal to stuep width, i.e. .}& Z s. This condition satisfies the requirement
for minimum specific surface is s is allowed to vary (in the design stage)
s0 as to keep the swept volume for cach tooth constant (the consideration
changes 1f s is fixed), If it is assumed that Aﬁ -,f{ and also that the
maximum values of }@ or.jyshould be greater than or equal to s, then eq.(2)

gives the condition

3 u_ -1 -
5 £ = sin gzos (1 d/R)}

or - u d (= , ) (15)
"X fn "R \4q
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Comparing condition (15) with condition (3), and recognizing that it is
unlikely that h would be greater than s, it appears that compatibility is

most easily established by taking h = s (a result that can be deduced directly
from the assumption that step height equals step width). Thus it seems that,
for a suitably designed drum, maximum traverse speed is also optimum traverse

speed for most efficient cutting, and the applicable criterion is

2
g .<Q ) (16)
R d

When cutting tools are arranged on a drum in helical patterns, one-way

-nl(:
=

~ = = U— '-1 - =
s h T sin {cos (1 d/R)}

Lq. (16) is plotted in dimensionless form in Figure 4.

wrapping of the helices will almost certainly give risc to a net lateral
force on the drum, and this will have to be resisted by the drum mountings
and the carrying machine. The cutting tools will also tend to wear prefer-
«ntially on one side. If there is a continuous web between pick boxes, the
helices will transport cuttings to once side of the drum and there will be

a concentration gradient across the width of the drum. For all of thesc
reasons it seems desirable to concider setting the cutting tools in chevron
patterns, {,e. along two sets of helices wrapping in opposite directions
from the center section of the drum. In this way there would be zero
lateral force, cutters could be interchanged periodically to balance the
wear, and material could be transported laterally over a shorter distance,

vither to both sides of the drum or to the center.



Tooth trajectories

In calculating chipping depth as a function of angular position it is
convenient to use an origin of coordinates that moves horizontally with the
wheel at velocity U. If the trajectory of each tooth relative to the rock
i1s of interest, then the origin must be fixed relative to the rock.

Consider the motion of a single tooth after it enters the work at a
point directly beneath the axle of the wheel. Take as origin the point on
the rock where the tooth starts its sweep through the work. After the wheel
has rotated through an angular distance 6, the tooth has progressed vertically
through a distance R(l-cos 8), and has progressed horizontally a distance
(U@/w+ R sin 8), where w (= 2rf) 1s the angular velocity of the rotor.

If the upmilling rotor is more than axle deep in the work, i.e. d/R » 1 and

] 7'900, the value of R sin O decreases progressively as 8 increases in the
second quadrant. Horizontal extent of the tooth trajectory reaches a maximum
when cos © = -U/WR, and the trajectory starts to loop back against the
mac.iine's traverse direction when @R cos © is numerically greater than U.

If the wheel 1s climb milling, i.e. rotating in the opposite sense to that
shown in Fig. 1, and d/R < 1, then the tooth trajectory is the same as the

last part of the trajectory for an upmilling rotor with d/R = 2 (slot milling);
1f the point of exit 1is taken as origin, the upmilling expressions hold with
(180° - @) substituted for 8. The equation of the locus for the tooth tip

on an upmilliag rotor (taking point of entry as origin) is

- %;?» + R sin @

a7
y = R(l - cos 8)
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Fig. 5 shows tooth trajectories for a range of values of U/2 ¥TfR, for
both upmilling and climb milling. When the value of U/2Y7f is high, the tooti
tends to make a long forward sweep, but when U/2 77f is small the tooth comes
close to sweeping through a circular arc. Typical values of U/2/TfR for
rock-cutting machines are in the range 0.01 to 0.1, so that the tooth sweep
is almost circular,

If @ 227/n a complete tooth trajectory can be traced out by a

max
working cut, but if O, < 27/n the trace left by one tooth is being cut by
the next tooth before the complete sweep is finished. 1t is easy to see that

serious vibrations would be set up with 8 2277/n if some damping arrange-

max
ments were not made. Probably the simplest way of smoothing out these potential

vibrations is to set laterally adjacent cutters along helical paths.

Tooth relief angles

When a tooth is cutting the surface left by the previous tooth pass it
follows a path that is not perfectly parallel with the surface to be cut.
This effect can be seen by taking two IYc¢utical tooth trajectories from Fig. 5
and setting them apart by a horizontal distance equivalent to the horizontal
travel of the machine in the time taken for successive passes of tracking
teeth through the same angular position.* If the shoulder of the cutting
tool behind the cutting edge ic exactly tangential, it will grind against

uncut material and impede penetration of the cutting edge. Thus the shoulder

* This cxercise illustrates a theoretical shortcoming of eq (1), as it shows
that #is finite at ® = 0 and © = 180°,



behind the cutting edge is usually cut back to give a relief angle, or
clearance angle, that keeps it clear of uncut material.

The minimum or theoretical relief angle/ﬂis given by the difference
between the slope of the tooth trajectory and the slope of the tangent to

the rotor. The slope of the tooth trajectory is obtained from eq. (17):

(_jl = sin () (18)
dx U/RW + cos 8
and therefore
Vi
/A = - -l Sin 9
/) ° can U/Rtw + cos © (19

The critical value of © whercﬂ rcaches its maximum value for the swing,
7 -
given by a/d/ae = 0, is cos 1(-U/R(J)). This is in the second quadrant,

and is never rcached when d < R. If d €R, the maximum value of / occurs

at Omax' i.e. 0 = cos'l(l - d/R). The following are maximum values of ﬂ:
Maximum for complete 180° cut / = cos'l(-U/Ra)) -77/2 (20a)
in @
- } -1 S max
Maximum when d R / Pnax - tan U/R o ¥ cos gmaxl (20b)

in which @g,, = cos™1(1 - d/R).

An example can be worked for the cutting drum considered in the discussion
of chip thickness, i.e. taking f = 90 rev/min, R = 19.9 in., dmax =9 in,,
and U = 32 ft/min. With these values th¢ minimum required clearance angle
is 1.6°, to which should be added a further allowance for irregular chipping
and intermittent tooth penetration. The machine is actually built with a 780

clearance angle.



II. SIMPLE DYNAMIC RELATIONS

In the preceding section, kinematic relations pertaining to design and
operation of drum cutters and disc saws were developed. It is also important
to consider the dynamics of these rotary tools, since tool force usually
sets the upper limit for the strength of material that can be cut economically.
Instrumentation of cutting teeth to provide force data is awkward and expensive,
since some telemetry is usually required. However, a few useful relations can

*
be developed from very simple dynamic considerations.

Torque Resistance

The main requirement is for estimates of time-averaged tool forces,
and their variation with cutting depth, tooth spacing, etc. Other require-
ments include investigation of the forces acting on the axle of the drum or
wheel.

The torque of a wheel or drum has an upper limit, the stall torque, T

max’

which may be preset by some torque-limiting device on the machine. The

absolute upper limit of Tmax is set by the peak power of the drive, P

and the agular velocity of the wheel or drum,

P

max
Thax * " (21)
T can also be expressed in terms of the maximum time-averaged value of

max

* A paper on the cutting of rock or frozen soil with disc saws has been
published by Nalezny (1971), but since its results are based on unconfirmed
assumptions concerning the fundamental cutting mechanism a simpler approach
is followed here.
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the resultant tangential force acting on the active segment of the periphery
of the wheel or drum (F¢):
Tmax = Ft R (22)

where R is the radius of the wheel or drum (see Fig.l‘'l1). Hence, F, can be

written as:

K P x%“
e —_Max —max 23
Fe w R 2N R (23

where N is the wheel or drum speed in revolutions per unit time and K {s a
factor which gives the percentage of peak power at which stall occurs.

To get an ideas of actual magnitudes, calculations can be made for some
machines that have been used in recent tests. For the Vermeer saw, Pmax
can be taken as 78 horsepower, N as 20 rev/min (3rd gear), and R as 3.5 ft.
For purposes of illustration, K can be taken as 0.6, i.e. stall at 607 of

installed power, since some of the installed power is used for vehicle

propulsion and there are losses in drive trains. Thus,

F. = 9.6 x 78 x 3.3 x 104 = 3,510 1bf
t 2 x 20 x 3.5

On some tests of the UMM Mark lII plancr, limiting drum torque was measured
from the hydraulic circuits as 9,400 1bf-ft with a drum of 1.64 ft radius.

This indicates a value of Fp = 5,730 1bf.
The next step is to estimate how Fe 1s shared among the teeth that are

cutting.

L aea e
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Tooth Forces and Axle Forces

As a first approximation, assume that the active teeth are all equally
loaded, i.e. the tangential loading of each tooth remains constant throughout
its active sweep. The length of the active perimeter that is involved in

cutting, S, is determined by the drum radius R and the cutting depth d:

S = Recos”! (1 - d/R) (24)
If all active teeth are equally loaded, the distribution of F, over the

active segment is

F K P e
£ - —— (25)

S 29N R cos™! (1 - d/R)

If there are n tracking cutters on the drum or wheel, and tangential force
is uniformly distributed across the width, the maximum value of the time-

averaged tangential force per cutter, f,, is

¢ i} 2 TrFt K Pmax (26)
t mn cos~! (1 - d/R) mnRNcos 1 (1 - d/R)

where m 1s the number of rings of tracking cutters set across the width

of the drum or wheel (i.e. mn is usually equal to the total number of useful

cutters on the srum or wheel). There is a restriction on eq. (26) for wide

cutter spacing and shallow cutting depth, i.e. 2 M/mn écos'1 (1 - d/R).
From eq. (26) it can be seen that the peak (stall) load per cutter

decreases as the cutting depth increases, and also decreases as the number

of cutters on the wheel or drum increases., Actually, it is somewhat

unrealistic to assume that all cutters are uniformly loaded, but the resulting
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calculation is so simple that it provides a reliable estimate of the general
magnitude of tooth forces. The next step in calculation is to account for
systematic variation of tangential tooth for:e through the length of the
working stroke.

For the second approximation, ignore the high frequency repetitive
force fluctuations that correspond to discrete chipping stages in the cutting
sequence, and consider only the systematic variation of tangential force
with position in the active sector. It will be assumed that tangential tooth
force is directly proportional to chip thickness at any given cutting stage.
Since there is virtually no radial, or normal, stress on the uncut material,
this is equivalent to assuming that the area of shear surface for each chip
is proportional to chip thickness, which is merely an expression of geometric
similitude for a two-dimensional situation. The assumption is supported by
test data by Barker (1964), who tested full size picks in sandstone.

In the preceding section, where kinematic relations were analyzed, it
was shown that an "upcutting' wheel or drum takes a bite that increases the
chip thickness from zero at point of entry to a maximum at point of exit
(provided that cutting depth is less than the wheel radius, as 1is usually
the case). Thus, under the current assumption, tangential tooth force ft'
would vary from zero at point of entry to a maximum at point of exit, with

f L)

¢ Proportional to sin @ at intervening positions. When tangential force

is averaged across the width of the drum or wheel, tangential force per unit

angle, p,, 1s proportional to sin @, and the proportionality constant is
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/sin ®___. The value of can be determined by integratin with
P tpax e Pe y 8 8 Py
respect to © from 0 to @,  and setting the result equal to Fo:
max
F, = p, /sin @, sin 6 d@
0
ptﬂl& -3
X
- = 1 - cos 6 ) = 2R/d - 1 27
sin emax ( max ptmax ( ) ( )

In considering the distribution of p, among the cutting teeth, the tooth
pattern has to be taken into account. If adjacent rings of tracking cutters
are staggered relative to each other, they can be considered as equivalent
to a single tracking ring provided that there is uniform angular spacing
between the teeth. Rings of tracking cutters that run parallel with
synchronous teeth (i.e. teeth in different rings lie along common generators)
can be assumed to share the tangential force equally. For these reaso.'s,

F, is assumed to be partitioned between m' equivalent rings of parallel
cutters, where m' is an integer representing the number of lateral repetitions
of synchronous teeth. If there are n cutters in each equivalent ring, one
cutter accounts for an angular distance of 2Y7/n, and the maximum value of

ft' is achieved during the final cut from (@ - 20/n) to 6p,,:

max
Smax ]
P
tt;ax - = :mlxax sin @ do = %'nﬁ [;os gmax (cos 2Wn-1)+sin2"ﬂn]
(Bpax-2Yr/n)
F
= m_t'; ER/d - 1)(cos2MWn-1) + (2R/d-1))s sin277/n] (28)

Eq. (28) can only be applied when © Z2Mn, i.e. when d/R » (1 - cos2Mn).

max




This is because the equation does not account for intermittent tooth contact,
Figure @ gives the trends of eq. (28) in dimensionless form.

Even before any numerical results are calculated, eq. (26) and eq. (28)
have some interesting implications. Of particular interest is the indication
that teeth are most vulnerable at shallow cutting depths, where the entire
stall torque can be thrown on to one tooth if the material being worked is
sufficiently resistant., By contrast, when the drum or wheel is cutting deep,
the torque resistance is shared by many teeth. Thisis perhaps only a common-
sense deduction, but it does conflict with the intuition of some equipment
operators, who are afraid that deep cutting will be more likely to damage
the equipment. While there could be other practical considerations, such as
bearing problems or drive-train weaknesses, practical experience tends to
support the view that cutting teeth are most vulnerable in shallow cuts
tin tests with the Vermeer saw, tooth breakage was most severe in the shallowest
cut). The practical lesson is that a drum or wheel working in strong material
should "sump-in" under reduced power; full power can be applied when the wheel
has been sunk to adequate depth.

Actual tooth loadings depend on the resistance of the material, the
radius of the drum, the cutting depth, and the number of teeth. Some idea
of relative magnitudes can be gained from Figure 6 . To get some idea of
absolute values, assume that a disc saw of 3.5 ft radius has 100 teeth
arranged in a staggered pattern that effectively forms a single ring (m' = 1),
If the saw is cutting at 6 in. depth, R/d = 7 and so the maximum tangential

force on a tooth, f.' , is 21.5% of the tangential stall force, Fp, which

Cmax
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might be about 3500 1bf for a saw like the Vermee¥r. Thus fémax could be
about 750 1bf,

As another refinement to the analysis, it would be desirable to consider
the high frequency force fluctuations that occur as discrete chips are
formed in brittle material. Barker (1964) looked at this question experi-
mentally, and found that when cutting sandstone at constant chipping depth
with heavy picks the ratio of peak tangential force to mean tangential force
had values of 6.2 and 7.7 for two different pick designs. Thus, in the
numperical example given above, the transient peak force reached during chipping
pulsations might be about 7 times higher than the mean maximum value, i.e. the
absolute peak force could be 5250 1bf.

Other forces that are of interest are the radial components of tooth
forces, and the horizontal and vertical components of the force on the axle
of the wheel or drum, To make a simple investigation of these forces,
another assumption 1s introduced. This new assumption is that the ratio of
radial and tangential components of tooth force remains constant throughout
the working stroke, 1.e. the ratio is independent of chip depth for the range
of chip depths considered. From the results of Barker (1964), this assumption
appears to be justified for chip depths up to 0.5 in. when V-face picks and
chisel picks are cutting rock.

On each angular increment of the cutting perimeter there acts a force
that can be resolved tangentially and radially and expressed as:

Tangential Py do = K, sin@ do

(29)
Radial Pr 4@ = K, sin®@ do
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where K| = ptmax/51n 8pax» and Ko/K; is the ratio of radial to tangential
force. The incremental forces can aiso be resolved horizontally and
vertically and summed to give the horizontal and vertical components of the

force on the axle of the wheel or drum:

max
H = (Kysin@cos® + K, sin‘9) de

(30)

V = (-Klsinze + Kysinecose) de

Evaluating the integrals, substituting for Kl from eq. (27), and denoting

Ky/K, by K

3:
fe T R Y
H o= = |2 -d/R+Ky3 6 - Ky(1-d/R) (2R/d-1)° }
] (31)
o [ L R
Vo= o | (-d/RYQR/A-1)F - 3 6y + Ky (2-d/R)]

in which Om = cos'l(l-d/R). The trends of eq. (31) are shown in Figure P
for two different values of Ky.

It appears that for an upmilling whecl or drum the horizontal axle force
H varies within fairly narrow limits as d/R varies. The vertical axle force
V decreases continuously as cutting depth increases, and it becomes negative
when a certain cutting depth is reached. This is a very interesting feature,
as it means that, for a given value of K;, there is a value of d/R at which

no vertical thrust or reaction is required. 1t might be mentioned that in

o
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some tests with the UMM Mark III Planer, the operator reported that he had
reversed thrust on the vertical travel actuators when the 19.5 in. diameter
drum as set at a depth of 9 in. (i.e. d/R = 0.46).

Fo: a wheel or drum that is climb milling, the horizontal force is a
forward driving force rather than a resistance when d/R is less than about
0.64. At greater drum depths the horizonital force is a resistance to
forward motion. In climb milling the vertical force is always positive,
and comparable in magnitude to the horizontal forces that are experienced
in upmilling.

According to the assumptions made here, the time-averaged values of
radial tooth forces are proportional to the corresponding tangential forces,

K, being the proportionality constant. Barker (1964) measured peak radial®

3
forces relative to time-averaged radial forces, finding ratios of 4.7 and
6.2 for different pick designs.

The tooth force calculations for the disc saw example considered in the
discussion of tangential tooth forces can now be completed. If the maximum
value of time-averaged tangential force is 750 1lbf, the corresponding radial
component is K3 x 750 1bf, where K3 might have values between 0.7 and 1.0,
Taking 5.5 as the ratio of peak fluctuating force to time-averaged force
for the radial direction, the absolute peak values for radial force would

be K3 x 5.5 x 750 1bf, {i.e. Ky x 4125 1bf., The time-averaged resultant force

is 1060 1bf for K3 = ], and 915 1bf for K3 = 0,7. The absolute peak resultant

* Due to a difference in terminology, these were called normal forces in
Barker's paper.
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force !s 6680 lbf for K, = 1, and 5990 lbf for K3 ~ 0,7, assuming that peak

3
values of radial and tangential components coincide. These are very substantial
forces, but they are well within the range of forces that heavy picks with-
stood during Barker's experiments.

The value of the horizontal force H is important in determining the
traction requirements for the carrier vehicle. On a firm surface, where
the tracks or wheels of the carrier vehicle do not sink appreciably, most
of the external tractive resistance is imposed by the cutter unit., According
to the analysis made here, the¢ maximum horizontal cutter resistance for a
machine like the Vermeer T-600 might be around 5000 1lb: (assuming stall at
607 of installed power). This machine weighs nearly 17,000 1bf, and on
tavorable ground (firm but penetrable by grousers) it might have a maximum
drawbar coefficlient of about 0.4, i.,e¢. it might be able to overcome a
horirontal resistance of 6800 lbf. However, on icy, muddy, or other unfavor-
able surfaces the drawbar coefficient would drop considerably, and performance
would then necessarily be limited by vehicle traction, This kind of probiem

is likely to be more acute with carriers that run on wheels rather than

tracks.
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I11. ENERGY CONSIDERATIONS

Power Distribution

A rotary cutter such as a disc saw or a milling drum consumes energy

in overcoming torque resistance, and the power required to supply this

encrgy, P, is

RI

P, = T = FtRu) = 27TNR Fp = Up F (32)

R t

where T is the torque on the wheel or drum, (D is angular velocity, R is
the radius of drum or wheel, N is the number of revolutions per unit time,
Ft is the resultant tangential force on the perimeter of the wheel or drum,
and Ur is linear tool speed. If there is an independent drive on the wheel
or drum, Pp can be measured or estimated from the power of the drive.
Energy is also required to move the rotary unit forward horizontally

against a resistance. The power reqiuired to furnish this energy, P,, is

Hl
Py = HU, = L'” Fe 9(d/R) (33)

where H, the horizontal resistance, is the horizontal component of force
acting on the axle of the wheel or drum, U“ is the horizontal advance speed
of the machine. In the previous »vction it was shown that H = F, 9(d/R),
and the function @(d/R) was derived and plotted.

It is interesting to know how power is partitioned between the rotary
drive and the horizontal thrust:

UH
PH/PR = U— @ (d/R) (34)

R

e o e ot sl
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Values of #(d/R) are given in Fig. J of Section II; Kgpreifntative values
for d/R < 1 might lie in the range 1.15 to 1.:3“5[_ fTo‘o.lepeed-UR is typically
in the range 300 to 900 ft/min for drag bits, while traverse speed Uy is
typically in the range 2 to 20 ft/min. Thus Py is likely to be less than

9% of Pp.

There are other resistance forces that have to be overcome by the
carrier vehicle, whether the rotary unit is cutting or not. The first is
the internal rolling resistance of the vehicle, i.e. the resistance that
would be measured in towing the vehicle on a hard surface. For a tracked
vehicle in ordinary working condition (some dirt in the tracks), a resistance
coefficient of 0.1 is probably realistic, while for a wheeled velicle the
c orresponding value is probably about 0,02, The power needed to meet this
resistance, Pl' is

P, = C WU (35)

1 H

where C. is the rcsistance and W is the gross weight of the vehicle. For a
17,000 1bf weight tracked vehicle traveling at 20 ft/min, 1 horsepower is
needed to overcome the rolling resistance, and thi - is not likely to be much
over 1% of the installed power.

1f the vehicle carrying the rotary unit has to climb, or to overcome
sinkage resistance in soft ground, then additional power demands are made.
The power required for slope climbing can be calculated by substituting
into Eq. (35) the sine of the slope angle for C.. For the example just
worked, the same result would be given by having the machine climb a 6°

slope.
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The effective resistance created by soft ground is much more variable and
complicated to assess, but if cutting equipment is being used on the surface

layers it seems reasonable to assume that the ground will be firm.

Efficliency

The specific energy of a rotary cutting unit, E;, can be expressed as
the energy used to cut unit volume of material, which is equivalent to

power consumption Pp divided by volumetric excavation V:

, = -R (36)

S

<

When consistent units are adopted, e.g. PR in ft-1bf/min and V in ft3/m1n,

the resulting value of E; has the dimension of a stress, e.g. ft-lbf/ft3 = lbf/ftz.

It is to be expected that E; will vary with the properties of the material
that is being cut, and some method for taking account of material properties
is required. In the filelds of rock drilling and tunnel boring it has been
found that there is a good correlation between specific energy consumption
for a given cutting process and the uniaxial compressive strength of the
material being cut, and so there has arisen a practice of normalizing
specific energy with respect to compressive strength. A rationale for this
cmpirical procedure has been given by Mellor (1972). Thus a dimensionless

per formance index Ip can be expressed as
Ip - Es/crE (37)

where ©7, is the uniaxial strength of the material being cut. It should be
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understood that 1p is not a highly gxact number that can be used for close
critical comparisons of machines and processes, but rather a broad index
that is useful in making performance estimates and general comparisons.

Low values of Ip indicate high efficiency in a machine or a cutting
process, In rock drilling and in laboratory rock cutting tests, values of
Ip of the order of 0.3 are regarded as very good. Modern tunnel boring machines
sometimes achieve slightly better values that approach 0.1,

Some care has to be taken in calculating and interpreting values of IP'
In eq. (36), only Pp 1s used as input power, whereas Py should also be used
for an exact calculation or in cases where high traverse rates prevail.
Sometimes, values of E, are calculated on the basis of total machine power
rather than power utilized for cutting, and this inflates the values of Eg
and Ip. Major problems can arise if inappropriate values are taken for o,
Poor testing technique and inadequate sampling procedures often result in
incorrect values forcré. Furthermore, the bulk strength of some materials
is an unsuitable strength index; e.g. when small cutters are working in a
coarse conglomerate they tend to be affected more by the strength of the

cobbles than the overall strength of the rock, which may be only weakly

cemented.
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Figure 1. Symbols used in Section I.
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Figure 2. Dimengionless plot of chipping depth as a
function of drum depth.
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Figure 3. Dimensionless plot of maximum excavation
rate as a function of drum depth.
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Figure 4. Dimensionless plot giving optimum ratio of
traverse speed to drum speed as a function of drum depth.
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Figure €. Dimensionless plot of maximum tangential
tooth force as a function of drum depth.
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APPENDIX B. MODEL TESTS ON KERF-AND-RIB EXCAVATION

There are a number of rale-of-thumb guides covering the depth and spacing of adjacent
cuts when herf-and-nb breakage 1s being used w rock, but some simple model tests were
made m order to check the requied geometry

The models were made by casting blocks of trozen silt i mould boxes. using spacer
staps to ot slots at vanous spacings. The silt was compacted by vibration while sull dry.
distilied water was added to brng it to saturation water content, and the block was frozen
at  10°C. Lach of the stots was 3in. deep and 0.375 m wide. pving a 1/10 scale model of
s typrcal samcut. Ribs between the slots had widths of 1.0.1.5,20and 3.0m The blocks
were brought temporanly 1o 1°C 1o relax any possible treezing strans. and were then
couled slowly back to 10°C for testing.

Lachi b was broken by applying an impulsive force along one top edge na direction
appronimately parallel to the surtace plane. A st of alununum, 0 S i, X 3. in cross
section, was set i contact with the edge of the nib, and the nud-pont ot the aluminum bap
was then struck by a swinging hammer,

The 1.0-and 1.Sa1:wide nibs broke consistently at the base The 2.0-in.-wide 1ibs some-

tnes vtoke ot the bas. but somnetimes hroke along planes inclined up trom the base. The
3an wade nhs nevecbroke ceandy at the base.

These rde tests indicated that a width/depth ratio of 0 S wis about the maximum
value tor consistent bicahage along the base of the nb.



