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t n/c  th. - :, i i i s t 5 , or f i r  p -  : ‘ n m n i n ’ u s n n n n s i i ,ul . in ~~1 u n n f , n n ( n h i . n n  inn n t e n u I s . ‘\

(ln s t i r n .t  i~f u ’ l n i . i t : 5 i ’ is f f c s g:i ni , nu -  n i l  ecu ‘ ‘ : I n s t  pinnu ‘Ic’s hi nie,’uis of

t hcun r e t k . n i  or i’\ p - i  T i n - n iL ‘ - ih im m ik , l iii hi5 , t l i nn  u n t i e  ‘ i i i l i t  hi ’ pr. n c t n i . ’ I f ~
Iu - dsn b fc  inn  i ts  nnnrr e x t i u - n n n i - I - m n  ni

-

. 
ihet i ire nnnn r rie ron s clikiio t t ’ e ’ , i nn ,( t - ’ r n p t : r - -/ , ‘,tn n i t  s c k t i t i l i u  m f t i I O , n .it t i n  t h e

les igi n 1 n c k - i n n t t i n i e  nn i, f t l t i u ” . liii ’ ( u l u ’ s , n o t  in , m i n m t i c . i f  i nk  mec lu i n: ic ’  is I ikeI ~
- I inv i ls - n c , i nt r , s , n s i ,n I Ir, ictnn t - t i -  n i t ’ s  mind ( ,idn n ,  . : n t e q  i_ n i und lo u:.i ll E n  f u ’ t n n l e c f

mafu ’r ial nr m p ’ : - i in ’s t hu . m e  n i l  i n n  m,rfl ’~ . n s u i n , u h le t i  _ i ‘ 1  , hnn ie ufi’~. _ inin - [i n c- i t
i’spcr imcnts are i i i u r f v  e n n ui t :m ’ - -c n s n n n n in n g , and i’spin r nnc ’ n :.nI 1 . . nIl I r ui n the

l i t ’  n ’ - :  ‘nm’ he unsuit a ble f n r  i ’ u t i : n n ’  i la n i ’ u n , i-spu ’iu.t Il’, u’. i i y n t  (,is is s i iun:c  t i n I C s  lii

(- nil’ ) t in _ v  r i ’ ‘I. .~n ibe0 h’, : h . u : u ’ i nnsh h p s  l’ .’i s - i ,( l , utu ’ t In , - li,is nc p ins ’ ,n~ s u f  In i n u l ~
1cm ( i inn’ - f i u -n~i i& ’ mec han nc ,i f an , Iv ’ . ’ s  t n  r u  k - i n n l f ( n i g  ‘n n .u c l nnn ( t ’’, hase n i l  s i t
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Classification of machines and cutting tools for analytical purposes.

evolved , and while established design principles for metal-cutting machine tools
may be helpful, they do not cover all pertinent aspects. For example , there arc
usually enormous differences in forces and power levels between machine tools
and excavating machines , and force components that can be almost ignored in a

• relativel y rig id machine tool may be crucial desi gn factors for large mobile roc k
cutters that are highly compliant.

In dealing with cold regions problems where neither outright empiricis m nor
highly speculative theory seem appropriate , some compromise approaches have
been adopted. While simp le and practical , these methods have proved useful for

analysis and desi gn of cutting and boring machines working under a wide range of
conditions in diverse materials , and it seems possible that they might form the basis

for a general analytical scheme. The overall strategy is to examine the kinematics ,
dynamics and energetics for both the cutting tool and the comp lete machi n e
according to a certain classificati on , adhering as far as possible to strict mechanical
princip les , but holding to a minimum the requirements for detailed information on
the properties of the material to be cut ,

Kinematics deals with the inherent relationships defined by the geometry and
- motion of the machine and its cutting tools, without much reference to the prop-

erties of the material being cut. Dynamics deals with forces acting on the machine
and its cutting too ls, taking into account machine characteristics , operating pro-
cedures , wear effects , and material properties. Energe tics deals largely with specific
energy relationsh ips that are determined from power considerations involving forces
and veloc ities in various parts of the system , taking into account properties of the
materials that are being cut.

These mechanical princip les arc applied in accordance with a classification based
on the characterisfic motions of the major macnine element and the actual cutting

- ~-~~~ - .- - .  - —- - - -- c_ _
__ -

~~~~~ ~~~~~~~~~~~ - ,
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tools , as illustrated above. Machines are classj,h ied as transverse rotation, axial rota-
tion, or continuous belt , while the actio n of cutting tools is dii ided into parallel
too ion and normal indent at/or,.

Transverse rotation devices tur in about ati axis that is perpendicular to the direc-
tion of advance , as in circular saws. The category includes such linings as bucket-
wheel trencher s and escav etors , pavement planers , rotary-drum graders , large disc
saws for rock and concrete , certain types of tunneling machines , drum shearers ,
continuous miners , ripping booms, some rotary snowp lows , some dredge cutt c r~
heads , arid various special-purpose saws , millers and routers. A s/a l  rotation devices
turn about an ,i\is that is parallel to the direction of advance , as in drills. The
category includes such things as rotary drills , augers and shaft ’sinking machines ,
n, uis e borers , ful l - face tunnel boring niachines , corers , trepanners , some face miners ,
and cer ta iir types of snowp lows. Continuous belt machines represent a speciaf form
of transverse rotat ion device , in which the rotor has been changed to a linear dc-
rnent , as in a chain sass - The category includes “digger chain ” trenchers , ladder
dredges , coal saws , shale saws , and sim ilar devices.

In tool action , parallel motion denotes an active stroke that is more or less paral-
lel to the surfac e that is being adsanced by the tool , i.e . a planing action . Tools
w ’ urk ng this ss,iy include drag bits for rotary dr i f fs  and rock-cutting machines; picks
for mining and tunneling machines ; teeth for ditching and dred ging buckets; trencher
blades; shearing blades for rotary drills , surface planers , snowp lows , etc .; diamond
edges f o r  drills and wheels; and other “abnasi se ” cutters. Normal indentation de-
notes an active stroke that is more or hiss normal to the surface that is being ad-
vanced , i.e. one which gives a pitting or crater ing effect such as might be produced
by a stone chisel dr iven perpendicular to the surface. Tools working this way in-
clude roller rock bits for drills , tunneling machines , raise borers , reamers , etc.; disc
cutters for tunneling machines; and percussive bits for drills and impact breakers ,

A few machines and operations do not fit neatly into this classification. For ex-
amp le , certain roadheaders and ripping booms used in mining sump-in by axial
rotation and produce largely by transverse rotation, and there may be some question
about the classification of tunnel reamers and tapered rock bits. However , the
classi f ica r ium n is very satisfactor ~ for general mechanical analysis.

Comp lete treatment of the mechanics of cutting and boring is a lengthy task ,
and in order to expedite publication a series of reports dealing with various aspects
of the problem will be printed as they arc completed. The main top ics to be covered
in this series are:

1. Kinematics of transverse rot.~tion machines (Special Report 226 , M,i~ 1975)

• 2. Kinematics of axial rotation machines (CRREL Report 76-16 , june I J76)

3. Kinematics of continuous belt machines (CRREL Report 76.17 , June 1976)
- - 4. Dynamics and energctics of parallel-motion tools

5. Dynamics and energetics of normal indentatR~n tools

6. Dynamics and cncrgctics of transverse rotation machines

7. Dynamics and energetics of axial rotation machines

8. Dynamics and energetics of continuous belt machines.

~ 
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M E C H A N I C S  OF C U T T I N G  A N D  B O R I N G

I’ART 4: DYNAMICS AND ENERGETICS OF PARALLEL MOTION TOOLS

by

M,ilcolm Mellur

I NT R O D U C T I O N

Pa rallel m otion tools are used in a wide variety of cutting and borin g devices , f r u n t  hand tools to

gi, nnii m a c hines . Simple examples include knives , chisels , pl.ioi’s an d hand saws . Othen app l ic at i  iris
.tre found in woodworking and metal-working machines , suc h is s,usi s , lathes , millers arid drills. On

a larger scale , para llel motion tools are f i t te d tc ccin rstruc t io nm machones and agricultural machinic’s
t hat suork in soils. I lowever , in this report thc nhainn ii nicer ni is wi t h  tools that are used for c litung

arid borin g in rock , concrete , mineral deposits , fn,i,en ground and icc’ (I ug. I ) .  I he t~ pes of nti,ui hnirn e s
t hat carry the tools include rotary dr i l ls arid di nners , m ining machines and tunnel hi incu s , ss i tu -e i t r e n c h’
ens and ladder trenchers , chain sasvs and disc s,u\s s , mi l l i ng  arid plani ng drums , t r a c t ’  ii n ippc ’ is , u f r u ’dgn s ,

and exca’ i ,xtuir buckets . in these applicat ions the Cutt in g tools themsefves are usu ,i lhu- d un s um .ns
draq hits , picks , or cutting /cc /h. On a d i f be ren~ sca le , cutt i n g  dian monnds .ini, a lso para lle l .nru ’ m u on

t~ iu O s , and some gr inding abrasives ca n probabl y be included in the same t , i t c ’g u ( r s  -

The object of this re port is to examine the fo rces developed , an d the i’rti ’ rg s- cornsumed , ss hme n
parallel motion tools cut various types u r f  rock , taking into account modes o f ope rafi ui n , t i ’ ]  eu )nnc-

try, Cutting speed , wear , and comp liance. The first pant de .t bs us u th  genera l dim _ in nc t i n  u i l u c s  of cu t t ing
tools anmd relevant theoretical considerations; the sec m , nn i p.irt sumniari,i’s an d n ci ness s .uS ,nda blc ’ u’\-

pcninnental data on tool forces , and the final section c u ive r ’ , i’nieng\ du i~’sudu ’ r , uIu , mf l s  arid t~\pm : u i n u - n i t . m ]

data on variations of specific energy. No attempt is made to i nsider thc’ comp le ’s I to ]  nun ’  t n .  ‘ i n s

that occur when tools are fitted to various machines , s i nicc ’ t hesc- rn I n ’ iris , arid the m nit lut~ ~~i
- c  on

too l geometry, have already been treated in Parts 1 -3 oh this sc c~~.

A major effort has gon e into compiling as much experimental data is could hut ’ ohtj u r o’,f , much

,nf it from relatively obscure sources. A thorough compilatio nn us ,is f udged nlc’ iu-ss ,i’ s I i i  under sta n d-
ing of the interrelationships between the many var iables , and f or res , ) lut mmiii of sh r in e app_ In d m 1  c url-

tradictions between different sets of data ,

TERMINOLOGY

A kerf is the ri ios e or slot gouged I iut fu~ a c i t t  ing no, uI - Parallel kc ’ rf s sss cpt out li~ ,a m ,f acent

t m i (  iI~ may over lap, tin they nmay he separat ed by uncut pt / i ’ ,  - I nn br i t t le materials ,i ken $ usni ,nI I’, has

sloping sides result ing from oVen break ,

-
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i.1.
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c~~~nuaIl pu cks  I I rn in i,nq “n~in iu i ,u, -s , u/I t ipped it -Il / i  tu ngs ten c urb/dc ’ brut e/s.

- %

* ~~~~~~~~~~~~~~~~~~~~~

h, Is’ - 1 1 / 1 m m  un / In  it mrmonc ’trun 0/ tin, i/s / ‘ m m m i i i  n .ini’ ,uu i/n - ii ‘ ‘/nu,IIe t / ‘ u Is , ‘‘ ‘ ‘~u /u inr / t — I n uib
/ ‘ m / i, iii ,/ / ‘ n t  s , ‘ ‘ - ‘I ot t / I  a! lu/ti , ‘‘

~~~ ‘ m ,  min t n t/ I, I,- I ’m is . ‘ ‘ / /m , - tuInqstI ’~n ui I ’m !, m,i.

c u l t  ii set urn i u/m u /On uni m nnuru , ’i h i  i /nc ’ b ud of u pencil.

I uqmnn , - I. I amp / c ’s 0/ par uj /Ii’/-on ,itui,,r Im ,iu/s for cut I/m u n ‘ii I.’ nun n ’ ( I /h er l~-t i t / c  mm l i u p  i n / u
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- 
c , -t h ulium s u e  ‘‘parro t beak “p/c /t .s for ,nI,n I,ng and rock-c ut ting p/ nun / uu , ut - s .

~~~

d. (J ~e kcs/s r ’  f ro m nipper left : small /ma rd-f aced blade for a laddc ’r-ts ’pc ’ soil i r e / n  h im ‘

large toot/ I  for Out ’ on / nu clu - n auqe’ ~1rl l /c , buc ket iu ’hee/ Ir e/nc hers mi t  c ’s i m n n i/ mn hi/u /:i

heavy p/c A’ tom tu tmmn c ’ Ii,rg ,ncic ln im nes , h o/b ce rock -cutti ’ng pick fo r ‘ ‘s/ ’ m mjo i  ‘ ‘  r r ron/ /u/ ,ng .

F igure 1 (co,i/ uI) .
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I. Coal-c ’uter bit.s cc ’/ th n-en ’ high re/ / e l  a,rgh’ ,- /o in u -n t (e,tn t u a I/ink ’ (ru m tIne Inatir

of a s / l i d / I  coa l ‘,,ui, -

/ u~u,ru - I (co/n t ‘ci) . F ‘camp /es of parallc ’l-n nr,tiomn / m t m t l s  Ion c u / / l u / m g  rock I/ni! other hrm t t / e  m i n d /c - n / 1 ”
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PART 4: D YNAMICS A ND EN(RGE i/C’S OF PA RA L LEL MO i/ON TOOLS S

- - ,ac ~~~~~ ann-’ - “ - ‘,, —_ --., - ~~t. -

g. Chain-saw teeth, designed for wood-cutting and modified to cut ice.

Figure 1 (cont ‘d). 
- 

—

The difference between the width of a tool and the width of the kerf it produces is termed
overbreak . Overbreak usua lly gives sloping sides to the ken ; the inclination of the s ides lope to the
normal direction is known as the overbreak angle i~ .

Chipping depth 2 is the penetration of the tool into the work , measuring in a norma l direction
from the current surface to the tool tip (Fig. 2). It is equivalent to “ uncut chip thickness ” in
machine too l terminology .

Deep cutting involves penetration of the tool to a depth si gnificantly greater than the radius of
the tool tip r (Fig. 9). It allows tool ra ke to have some influence on the cutting process.

Shallow cutting involves penetration of the tool to a depth that is comparable to , urn less tha n ,
the radius of the tip r (Fig. 9). The apparent rake of the tool is largel t irrelevant to t hmc cutt ing
process in shallow cutting.

• Orthogonal cutting takes place w hen a strai ght-edge cutting tool moves in such a way that the
- 

i, cutting edge is perpendicular to the direction of m otion (Fig. 4). With a wide tool , orthogonal cutt ing
can be idealized as a two-dimensional process. Direct scrap ing with a bu ll do ier blade is art examp le
of orthogonal cutting.

- 

Oblique cutting takes place when the edge of a cutting tool is not perpendicular to the direc t ion
of motion (Fig. 4). Th.re may he more th an one cutting edge involved in this slicing action , as in a
V~face tool. AngJ e-~oz ing with a side-angled bulldozer blade is an examp le of obli que cutting.

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - - -~~~~~~~~~~~~ - ~
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6 ML CHA N/CS OF CUTTING AND BORING

a.

Figure 2. Cutting terminology, a) Deep cutting, in
which the chipping depth 2 is significantly greater tha,m

/ the radius of the tool tip r. Force components f (re-
sultant), f~ (normal) and f~ (tangential) are il/u.s/ rated.
b) Shallow cutting, in which the chipping depth is

b. Shallow Cuttln9 -

- - 
comparable to, or smaller than, the radius of the tool
tip, making the rake angle largely irrele vant. c) Wear

- f/at on the relief face (flank wear). Note that the wear
- - -

- - flat is not always exactly parallel to the tangential
direction; it sometimes inclines slightly, giving initial

negative relief angle of a few degrees.

- 

c . Wear

Width of
Wear Fiat

the utn~irn g tórce exerte d by a tool is the force required to actuall y cut or break chips. It does
riot inn c limchi ’ tin  c c ’, associated with chip clearance or with unnecessary friction of trailing parts of the
It (i l - I h~ rm -s n i / / , / t u t  cutt ing force [is inclined at some angle to the work surface , arid it is convenient
t t m  n c - si ‘ Icc - it rO ut cit nliponent s parallel and perpendicular to the surface , the tange,rt/a l component “~
and the ,nonmal ompo tnernt t~ respectively (Fig. 2a). The unqualified term “cutting force ” is used
Ins s ’ ore is n i t e m s  to cien rite the tangential component only. In this report , primes are used to denote

‘ n e  pu-r unit ss- idth (1’, f . f ,), and bars are used to denote mean values (t 1’ , ?~~) where force t luc-

I ~~ tuate s us ’ t h  tin mn c’.

• Sen- n u / un  n /te rm/ I b r  the cu t t i n g  process is the energy required to cut or break unit mass or unit
s’ulinme nit m.iteni,i l . In this report , specific energy E

~ 
is taken as energy per unit volume (it is a lum)

equa l t n m thc in i t t ing power divided by volumetric cutting rate); this gives a quantity that has the
dimensions of sI n  u’ ss . t rnlc ’ss s tate d otherwise , it does not include energy consumed in disp lacing
or ~icc e leta t i ng cu t t r uu gs . I hi’ reciprocal of specifi c energy, termed energy effectiveness , is used h~
ut ‘nne SSt t t n n s  ‘ t  e\ prc ’us enii’ rgct ic eff iciency.

- 
‘ the muuml/ , ‘ it  ( tn t  t mun n ~ in cutt ing theory is the ang le between the resultant cutting force and a

ni r nn,i I t m  thc n,i k~ t .ice , rf the tool (F ig. 6) ,  I t  is often regarded as being the fr ict ion ang le f o r

si i f ’  nt ~ of roc k (~ n , m im er nnatc r al ) against the tool face , hut this physical interpretation seems
duhut ti ns .

-

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ._~ii~ J
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P u

/ mm / u / / u ’ 3 liii,! / i m u r n n i / ’  - - m/u ’s/ u/ / mu/t/o/n i ,/ too l a u g /c ’s ,

lhc ’ mo n / /c ’ of i t r ic ’ntm a/ f r /e l !m , , u ‘,) is m c  i n c l i i , m t i i t n n  of - n I i im u ’,iu \ l m mi ~ n u ’ nm s m - lo pc’ to m rm i t  k t h,nt t a i l s  in

t u i n u t m , n  nln,lntcc ’ ~ it h t he ( r i n u l u i n u u t n — \ l i u i m u  c m n l t ’n i m r o .

l i re s/ ui -u, n//tn / /u ’ I) is lilt ’ int. l i t n a t i t m n n , mc- l a l i -  t to the sun t u t u  p l ioc ’ , i t t  a ins p t t t i uc ’ tmca l  shc’ ,un pf. muc ’

~t eseI i m p ed d u n n  imu ~ u n r n l ) ,n l jmt nm it c u2t t i f l~’, t i t  t i i I~~~ 
5, - c ’ f i~~ . sf

* 
Ihe n i / / - u - imn j /n - ‘ i f  .r c n m t t i n u ~ tm u o l  l~i 

is t i l t ’  ,nng lc’ hct cs c - m - u n  t ine lu ’ , m u l u u m - . t u tu  m l t i n y  l imu l  and ,u ninnrmal

to the s l um t u t u ’ o f lile u s m u n k  ( I  n~ . 3 ) .

l ine ii m u  l a u gh ’  m t .u t u n I t i n n ~ m u m ’ !  us the ,i n nm. ~Iu - hu t ss t ’u’ nn tilt’ u m c 5 e n s un l . m tu ’ ni l  the t in t , 1  ( the  . rnrk

in n n,uti line - n i l  i m m m n n : n n r t l , i i ~’, (  ,otd .u p i in lt ’ p . i n m l l c l  t i  l ue s m m r t , n t ( ’ m u l  t i m , - c o n k  (l ug. U .

l u  t ruc /ut~h-~/ i n - j i m  iii ,u c n n t t i n i g  tu , , i l  1~ 
is lit’ , uun - .~le 1 m m - I s o - n m  u p -  i ke act ’ t oil t Ine rc ’ l iel mci’ , i - .

03 ‘lii -

- - l int ’ su/ i  n i/- - u n r uu j /u  u s I n -  , itI~ ld ’ ii m u m  c nn t i r e  I u n t i n u g  f , u t e  of tint’ m u !  m u m !  .1 un in h u m  Ii’ t i l t -  t n ,ist ’I

u l i n c’ i. I u , t n n . n mmu ’ , n s n u ’ u m n - .i ‘ i n  , u p l o t .  p ,u u , t l t c ’i m u  t h u  ss o t k s n i n f a t u ’  (I ug. U.

- l ine  m n ~n’m n / n u I i ’ m - i ! ’  1 ,, m u liii’ nnn - ,iln - hetwc ’c ’tn the sid e ‘if tile l i t ’ n l  t ip! t int’ In ,i~ u’l i l u mu ’ t , t m  inn , n ’ m e m s n n n

inn ,m p I .unnn ’ p in  ml lu ’l nm m u - m,~, - u ’ k - . in i  - n  — ‘_ I u~_~_ I -

liii- / / ‘ ~ 
- mi/ u-/i ’, - ,~~ - us tint ’ ,i nn cl i ‘cl is u u ~ - I m u ’ It ,isu- t I  ‘ I n -  lc ’ , m d n r m n  m c i - ,m niul ti iu’ p I . rn n i - iii t in e i t ’  L s i m m

ru , - , ‘c  us : m r m n p n utu . t i m  n i  us mn- m i m i  t ’ ’  ‘Ire rr .u\” ! i i m m c u i m , , n n  1 ~~.
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til t I/-i \ / (  ~t OF ( I ll  l b \ n ,  I \ I)  / y ) / / / \ ( ,

line 11/’ r , /u !mi ts  i t t  .1 cu t tn i tg  tot il i is the n,it ltus m t t u n n m , u l n n n e  m u ?  the c u m t l n n n g  t - t f g - is i ut - n u  m m u -wed no
sr dt’ u -I c - s , t t u t t n n .

l ine tm / i  u p / - ott/c ’ of a c u t t inng tool is the shape i t t  (hi’ r , u ku ’  I , n t u ’  w i nc ’nn ~ n ct t ~~ul in f ou nt  t l u ’s , u t m u , n u

( 1 ig. 3).

.\ wear f/a t on a cdi  t t m nng too l us an abraded area , t~ pt c.u l  k al most pan .illc ’ l t i  the us t u r k  sun I nt t’

(Fi g. 2) . The term ‘‘wear l a n d ’ ’  is used in machi n e tool technology.

Tool speed ii is the linear speed of the cut t ing tool in a t linectio n paral lel tm ,  tlic’ w tm nk surf acc’ ,

The compliance of ,u tool Ill any given dir ect ion is tine tool dc~u lc ct io mi  divided b~ t int ’ app lied for ce ,
Comp liance is the reci proca l of st/ffness (force divided by def lect ion) .

PRINCIPLES OF CUTTING

Forces acting on a single cutter

Parallc’ l-nncition tools all work by some ki n d of planning imr ahnadinng act ion; in sonic materials thc’
action is more or less cont inuous , so that the cut t i n gs tc’ncl tc t he kmnig sii ,uvinigs on uni form powden s ,
w hile in other materials the .lction is t liscon iinum nus , and t he cutt ings tend to be d is c rete  chips us dli
associate d smaller fragrn ients. In a planing rllot ion , the tool is usuall y dn i c c-nm ac n ii ’ ,’, the s um in k in a
direct symmetrical way, suc h that its axes of symmetry are paralle l or normal to the dir ectim r n of

motion (Fig, 4). The a l te mnativt ’ is for t he tool to slice sidcw ,iys svhi le it thrusts for ss-a rd , s m  that
there is a lateral component of relative motion when reference axes ,unc ’ symmetrical us ith nespc’tt lu

t he tool (ri g. 4). For basic analytical purpm tses the direc t symmetrical action is the one that is usuall~
treate d, since it lends itself to two-dimensio n al idealization, This mode of action is ten mcd o r/ / n o  go/ / a !
cutting in the ,unn.mI ~ s in, of metal-cutting machint’ too ls (the al t ernat ic e mode is referred to as oh/ icjue
cutt ing).

~\ rock-cutting drag bit mmr similar tool c,unn perhaps be cur ’. is.ngt’d as ann in clined inderuc’n , or chis cI~
that is scraped cont i nuu mu i sls , ucr t t cs  the ac isarm citig surface while being held forcibly in to the work .

I t experiences a direct indentation resistan ce that is

Directio n Direction in clined at sirnl e angle to the advancing sunfat c , plus a
of Trave l of Travel friction al resistance that is more or less ta nn gentia l tu m

the tip tra (cctory. In orthogonal cutting, the for - cc’ irn-

Cutting ‘~~ge ~ge 
posed on the rock by the tool , an d the equal and up-
posite reaction on the tool itself , can be resolved i nto
a tangential component 1n and a normal component 1,,
(Fig. 2), directions bei n g taken us ith reference to the

Orthogonal Oblique plane of the ,ndvancnn m g surface, Bui ti n the absolute arid
Cuttin g Cutting relative magnitudes of t n ari d ~ t iny usith chipping

Plan V iews depth , roc k pninperti cs , .ind tool ang les , an d t i l eS a lso

change uvith time ,ms prcngr ess is-c ’ \s e ,nr changes the shape
Figure 4. Orthogonal cutting aind oblique of the tool ti p,

cutting. -- Tool forces ,uls, i fluctu ,ute m m ’ , un  sh u nt periods. In
t he cutting of br i t t le  matc ’ni ,nls this is ,nl us . n ss  the case ,

since the process is inherently one of repetit ive chi pp ing. With mitre duct i le materials , suli ntl i  ea rn
be cut continuously, force fluctuations are more directl y attr ibutable to tine ch ar ac ter is t ks of the
machines , i.e. to what extent it is compliant (‘ ‘soft ’’) or rig id (‘‘ s t i f f ’ ’ ). The comp l i .u n nte of tb1 tool
and the machine also influences the cutting mode , in that a very ri gid tool can~ rea dily nl,linltainl
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Tooi Forces t u t n l s t a n r t  c i t i~m~n mnn g du ’pth , m s l m c  m o  d hug i t t ’ ,
c ,munn p l ia ni t t I  n- imds t o  det l , -c t or ti rude

- n ip iii cup mi s c- t u m f lu i , tuna t i c ,os in Lotting
$ i u ’ ” i ’ , t .n muc I’.

- I heore ii cal i cleas on cut t i :ig

/ Finc m nt. ’ t u c , u t uc fu . ,us t Im cu t t ing wi th ~r .tn,nlncl -
I n i u ’ u t m i u n n  h u m ! ’ ,  m u m  ny mr m. m tc ’  in n the an na ls t i c , u l st- irk

/ t hat h , mu boo ( lu i f l c ’ in c m p r Int  I m m u n u  wm th  in~ u-

/ ~~~ 

- 

Cunnin g t’hmning tif rnct.ils. In o n t t m u u g m  nu n! metal-
Thor e u t t i u m g, t hrec’ m m d c - ’ ,  u m l  t n m t t i n i g  arc’ dm s tnn i -

- i’ guis he d , dept- nclt nig cnn nbc’ t~ Pc ‘ i t  chi p t iu, r
us fcunmnne d.~ inn I s- pc - I a uh scontunuous , on

~~1 5t~~ilic m i m i  ch np  is  l n , n i iu c d m t thc tool wh cr~
the material c’ lhdV cs inn ,u i-fl’ i t t ’ inn  lets hr ittle

/ P/il/i ~~. /ilc a//.-’i ’i! m / i . m t t n e j ’ n  tor i / p l u m tm ( m i l l - / m y ’ / i t -  a nna ni nen . In l~ pt- I I  a conn linuo us chip is
fni;mJ/ /n ’! f /no t/Wi  t uni, m . f ormed ; this is l ,tvc tnc’ d hc d uctile helm .iu i t

of t ht’ material annd by I us ft itt iu n betw ee n

hic~ ch ip a und line rake lat’c iii the tool, is pc
I ll .llsn) n mnc- i m !u- -u um t n n f l , u t mon n o f a c t u n b t m n b u u u m m s  chip, hut a bu d -up fl ut e  or - -ige of metal .hdl nc nc ’s t im  tine
n~~ku - t i c  ml the m m m l  rican t s  t ip, crc ’ , n t i ’ m ~ a t .nl s c ’ cut t ing ecf gc’ ari d gis ’ i nn e high chi p fr iction . In uk cit
t l b m ’st di ng m im i cs  it is c , i n i ’ , n u lc - c -mt t hat chips are I m i r r nin- d Ib m, shi n ’ rig ,nluing .i plant’, rn w ithnn a / m m n i c - ,

t hat y t i i ’nidt from the t i - mi t ip to t Ine ; i n c  stu n m _ t c c , t he pian~c or tone h~ m u m ~g a chanact c ’ n ns t t c  nnc l inat iu u n
I i i  Ilk nlm nt ’ c t n m t b  nil m i - i t  fl n , m t j u t n t  (1 ig, 51 . lhc’ main mub ject of thconctic,u l , i nn lu- s i s is h i m  re i,ltt ’ tool

m - :m s t ,n fllIti~’i u i propc ’ mt u c ’ u , t o i l g e i m n i n e t n c  - m d  oper , ut im e n m n m m d i i u i i n m ’ , .

Intl iui ,~t i t mn of the shun ,ni plane ( 0 ) ,  len ned the ‘ ‘ sl m c- , t m ang le , ’’ has been t tnmusu n lc ’ mc ’d in van , ‘us
m f b e m m rt’~~~a! ,/ mI,n~ys e s  u/ metal coning. Inn the p mt m mn c ’e n n-,~ 1 n - s t  ~dc ’ n c !n . umnt  thc trs ! l n  mus t  1 i23~ 1951 ,
\ !- : , j n .mm ’ t  1945), , ip~

m l ,  l t m u n ~ o f ,u nn m imxim u nb si n up ir ~t ecn ~~ in\- i n i i t m n c -s is led i n -  a v,nlune of ‘,b m m ang le l i n t

c u t  n lit’ u - \ pnn sseil us

(1 1 ,2 - n  2~~p~ 
- -  1 )

in n

/) 1 , 2 2-tar r t 11 , / f r ) 2 -

-. ‘.ti m c i u  u s ~n p i m s i m u e  r .u kc ’ angle of the c u t t i ng tool , is an ‘‘ an .g !c - of f r m ~ : m m u r n ’’ me t m u u y m the mt r . !
chip and t Ine - i  Lm l.it’e, and I~ uni d , , m c ’ l.lngc’nt ial and nl ’ mrn nPm Ci m m ~i p u u n le tb t S  m m ?  5 c n t t m n g  f i R e  be cur iu m

c’, -d t iil nt ’ . i ’ i.’ c i m t u k  (see I ig. 6). I l t n s  did not gnu u - g iu iut i .ugrc - c ’m nn c n n t  with c’\ pc - m m m n n i  I.e -J,nt.i , m ud

-“ic c i t  n i -u n I ! ’ ~ ! the d f l i h i u m ,nm1 m b~ nd mu p l in g a yie ld c u i i c ’ m t un h e q u i u t l c - u n t  t m i  thc’ t , m i m m u u i i i l i - ’\ l m , l n ’  !.tj !-

ure cr i ter ion:

it em ’ .m m l , n l i  ut ’t~us ml ,  uO:~ i n? ci n mi l unn rnatin n n mu d -  , u mmus i c l e r mc f  in u m r th  mg i m m m i !  c m  t m  ng m m ?  \ t m i u  ct is I Ii 11 ,1? ,tl.

t i umni t uri t u i c u l s  ) Kn u m ..ii i m P i l ; I cpc ’ I s n  m t i s o , n b m  n i m n n m U - - mnuc ’ c h m n -  s m n n  inv- - t u m n m g  c t ’.tu ,tge 1h .m dI~~t Ii’ i t t

I nc- . s u rl , icm - , I r - l lmu ’ . t c’cl h~ can t l u - c c — n  t a r l m , r c ’. i 5 p u ’ I I  m~ a cu in t t nnc i m ‘Us mm - t n , n nnmn ,~tn m m c m  ‘ 5 n t ’  c i u u m : l m n c ’s

st un and s h m . i - , tenmn nu i , n bn ’  1 a n!i - ? m n m m t c ’  s? bC.l ’ I- n e. Is pc I l l  also m n mu , t l vc ’ s tu , n n pr i ’ ss  mm .ind shear -

but l ineR is l m - s~ uu f .t p ’ - cbn mg n t t u - ~r m arid ‘ mn ~ u I- ’ ni !m ’ t uc y  ti m cyc lic - i’ i ne im t i on . -\s inn n’ u -m ,tk Is pe ill
c lmn p fnirmation in wm n ntd can u i -  m I s c -  .u h m n m ! t  if - m isc ’ tif mnateri ,l l ih .n ; c . i n m n u it  esc,ipe.

L~T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . __

.
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~

10 I lL C/h i m ’s ICS OF CUTTING AND BORING

~~~~~ 

~T
Re f e m e ’  to Ref erred to Referred to

- - ‘ ,i- . ~ and Face of Th om Shear Plane
‘no M-:, ’-m ”

/ L i/ i . !  e 6. / m I / i ,  iii tu t u for a cut ting tool, showing resolu t ion of
if fh imyi ‘,tUl lof t  c i  - m’rufno/iv ’t nt s u.’i three different sets of direction)

(3)

where t’ ,~ and are tangential and normal s nnc ’s n, t’s on the shear plane , T0 is the tangential stress when
o, 0, and k is a constant. The value i f  shear ang le de niued w ith this assumption can be expressed
us

U = I 2 (cot 1 k +~ 1 ~~ I (4)

or

O = 1 ; 2 l rj 2 - Q + i3 1 -~~) (5)

or I
0 = 1 -2  ( in/2- Ø—t a n”t (f / f ) ]  (6)

where ~ is the “angle of friction ” for the more familiar form of the Coulomb-Mohr criterion , using
the substitution tanm~ k . Merchant used the term “machining constant ” for cor 1 k. Later develop-
ments involved app lication of plasticity theory. Assuming that the metal behaves as an ideal rig id .
plastic material , Lee and Shaffe r (1951) obtained a value for the shear angle that can be expressed
as

(7)

or
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I hits c’la t i m ntn is nm bs - i t t u i s l ’ . Iim it t ’d tin c tm n dnt ions us-hc’ rc ’ I

the e em, I m uc -  she_m r anng lt ’ h_ is been ufetu ’ r n r nmn nc ’d e\per imenta l I’, Pt measc mn ing the ill mm . kness m u m

lc ’nn n~th ubl .n C u m n l l i n b u m t n i s  ~l mn p nc’ la t r s  c’ to t ine clt’pth cnn length mrf  c- ci t Ion a us ide tin th m t g u mn , u l  c ut tc ’ r . Re-
c n n  mug t o f igcm n t - 3 , t he shear ,trn gl c - is g n c c ’ in Pt

u = ~~~~ ( ‘ n ’ ’~~t )  (9)
I — r ~ 

s imm / m n

u’ In c’ it’

r
~~~

d -
~~ =I . ’ /

‘3 n ~ ti ne rake . nn ngle m nf the c cn tl i nn g tutu , f is uncut chi p t hickn m cs t , ‘ is chip thickness after cutting,
L is tool I n ,m uc ’l c list arncc ’, arid L ’ is the corresponding chip length .

kin - us n n g 0 m r uin experimental determination (e.g. eq 9), having a relat hin between 0 and
st ich as inn eq 2 . tn mr S , nnd knowing the y ie ld  strength of thc’ mater ial (ac -cc rding to some failure
c m te n ion), t inc’n u ~l nnc ’ s m u? f mind I’~ can he est imate d Iny resolving along the shear plane. For examp ic’,
ta k i n g  .u s i mm np lc ’ u ic’ld s tnc ’nigt h that is unaffect ed by normal stress , n esu n lut ion along tin e shear plane
C i s c ’s

m, m s m -  - f ,, ~inb I ~, sin O (10

~mnt 1 eq 2 gu s t ’s
I

i~ / = c- ni t  20 , ( 1 1 )

It antI I) are knu’ss n , t hen 1 and f~ can be dctennnincd from eq 10 and li t

= 2 d c- n u t (t 1 1 2 1

21 cm l  /) t m l  20 = (e m it 7 0—1 ), (13)

u r s imm - o s  ‘ ml the c \ p m m - ss i -  m n f i nn t is umsual ly c x p n u ’suc’ml inn .n mixture of mnnp l n c m t ls related variables

- ( 1-4 !
s u n ’  ‘/ t i n- , m n i  

~ 
— 1i1 I

I m i s  us  it t mm,i l lu I n m i m c . n i  I i  ~‘q 12 .

I t i c -  - i n k- , gc-iit ’ m a l g u i l t  th In  nnu’t’d Pc’ made .ubu’ut this n ,m t hc ’ m tontu mius sen n i- t hc ’i m r c ’ t m c , i l est i np i re
L i  ‘ c u t n c t s  J m n C c t  r n n m p u m n  n m i m m n , i l m t ’ ,  bm - t w c ’c ’ nm cut t ing l m u r c c - ,mncf the c - bu l b ulc ’pt in u .

‘~u m f i n , t i n t - - - n - - b c - n i  . t t ~~’n ‘ , t u  Inc ’ s has-c’ not prcnv idit ’ d a reli ,i lulu ’ basis for q O a nl t i la n iV c ’  m n , m lvuis  mu? cut t ing
‘ m m  c-u , m u d  si mn- cuuui a l e’ pc’c i nc ’ n h ’ in m h i m ’ t m ! - d n i t t i i g  an,n lss n s is t mn tduipt n ’ nn m pn m nc r t  edhnn , n t mu im n s  t i n a t  it’ -

- i t t ’ c u t i ming I ’ m _ u ’  I~ t m t  de pth m l  c - ut , fec-cf ru le . tot ul gc- cmme ln’, , ,mniul nnatcn ijl pn opertnes . ( l i m i t  t hc ’

- 
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-

_
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Wed ç e 
~ m c i , c’ i  be’ ,~tien - c c ,  and ~ edQe 

W eulçe 
- ?“ IL

- -

me ~ s m , - i m j L r ,  ‘5 Pm LQ , ’ o ) mnm A I

i imiu t te 7, 1m,’nc ’t ,atioiu / m m ,,- s/iUt[i ., mm n f l i ,  Pm  ‘if / /u J imf ~ -5 . / ‘i ’ m i~-~n i/i ’ mmn O n- m u hluutt p ~mi-

in / ‘ t i m \ m m / n m / i  to i s, L ,., n,/,i ’ m I,, e l i t ’  mmp0u] i ml! ‘ t m .  Ii i/n f n m \ j f ’ m l m n  Im ) U su c t L u i , ,i ml
il ls t/ im ’ imt icy / ien I , i , , I. - i nn ’  l Irc ’utj -

t , u mi - 4 emn i 0 cu mnl np c m r u enn t t n ‘ cumniu i c l t ’ n  em1 - i m m m . t : - n m m ’ m m m i n t !  c i r t n u n n : s t , m m m c i ’ -. . lb e s u , m u , m I n l s  i b m c , n c i s t ’  t in t  ni ‘ i n n :

cut m ptu mwn t I~ un,mk c s m u m  s tg nmu ? i m. . t n nt  c m u m  u t i n i t i m  nm t o  t in e  p. ‘ \ s cn  m . m m m n s c n m l m g t u m  - m , . um:- .l hu’tausm. ,ndc-t~uatt ’

n e, nc t ic mm n to c ur t be p i m t u u m l e n f  c. ns /u - ‘ P / m m n u e  s s m , l c l s  m k m  nmp n m m .,ul r e l , n t u m m i i s  ml b ums kin d , mn c

d luest ioina b lu’, s im u C u - t t u c ”, n n p i uu le , t i n m te m i s u t m i  n I ? . u t  ‘ t i  ii’.u i , m i e : . : - . I 1 m m  5 . , :  i nk - Ic ’ p m , ’, c  iS , , u m i c l d imimenm -

s ic una l mm m in im -~c’ n n e i t \  n u n s  n u t  bc ’ r n ) , nmm m n . m : i m t ’ ti . I I - sm cne r , ,m s P / i m i l ~c-,i m l  p u u i n m t  is t O u t  the enb np in i e d l  met ,u -

nimis re cm ng ni/e that m . u t t i r n t ’  m m m c c ’  ‘ , u~ t i - m t  nt ’m. m , s n n k t  rc ’ ! - i t i -c l tnm JP ’ t I ’ -  m l c ’ t i t l -  m uf  c c i i , o ? ‘ - s  t hc’

simp le ihc ’ m m n e i m c . t l  ,n i i pmms iJ ies  L L O c . m t c ’ t in,it t ’ c n t t u n n t ’  t uRd ‘ n ~~~~~~ ,
-
~ ‘! :  fur l’ , m f / , , f / j ,: t u -  c t m t ? ’:C depth

I ~~~~~ ( 10621 m L - s i u - , p e t f  ,i c n n t t : n u t ’  t h e n ’ - t  or n u t ? .  - ‘ 1 ’ - c k j c . m l l m ,  t , u n  t t m .iI) liv m . m n - ’ i t k r i n g  thc ’ n mi r n m ,ti

pc’iie tr .ut iunn ‘ ml  .u sli m p ‘s nlmnllt ’ I m i~ ,t l succ lge  m Im i the l u t e  m l .i s m ? m n , u m m c u  P l u c k  .nt a p u m s u i u o n  ibot Ian from

the c u m m i l e r  of t ! m e  L m i im, k ( F i g. 7). Ihe m \ m - cLL - pn ’ ; ’ i - m n u t e s  r i te n , t k  n m  ~I ~f n m u - s ,u t, -nn ~ i lc ’ c - - m c k .n l i m : m g .t

circular ,irc In oni thc- \sc ’c?~ u - tip ~u) ihe inc - c  s u nm !,u t e u- n u t  , i u i 5 P  I m i u t ’  ~‘‘1b~-C f r i c \ i u u n n , m l  m m  s:st,i u ~ m, ,nc n n n :g

perietr ~nt i m mn . lOmdcm cc ’ n l , i mun s i t l i p - H t \  i rn g  , n s s c m m f l p t u - m n i s , t i le  PCtlc ’ t r a t i m n u m e - -m ~~t ,u n m ~~e , ss l n i c i n  us m ,n I cnn ds

anna ltnguuus t ,j tine L i n i t  t .mmncc m u l ia l  c c i t t i n n g  f’m u n c c ’ 1 , i s

- 
2O~ k simm in I II -

~ 
-

I —s in  ci -

sc heme mm 1 is the tensile str c ’ngnh u t  Ibm r m m c  k , o m s ihc’ I t n t t - . mnm P/ c m t  hi’ uut ’dgn’, m u u ~ i t m u m ,  ‘ , ‘ ,t ’, m - i - I

f n i c t i u u n ’’ bc lwc’c-n t ine we l t ’ : ’  intl thc m n m m c k . Ihi s in i n nu , u l  t I m e - m n e m m , - ’ :  ,?, u o ’ ! m t m f b m i : e m m t  ku’ , ’, u n i t  - - S C  ,,

rea l is t ic  phc- s : c u I  mode l m u ?  ,i i’. p mc n l sim m ’ n m u n n g  m m m i  ( i t  is c’c luiu mle :  i t  h t m l  mu m m  .n ’ t ’ ’ ” ’ e  ‘ICt’,u/ u i n

re lief ,tn-t ls anti I t c s  scen t m m m l  t c u .m , n m s i t lcu hi ss m u l b l i q m m e  pt .nnet n i l m m m n i  n m mig imt  mm : k n i t  n ? - 4  u m u , n i  m e -

sti l ts . In a I nter re c n u nn ’ kdc ’ r ,u t ion mm ? the w i mu k , ta king m m l i , m t c m ’ n n m m  ~‘ P/ bm ’ n n n u ~- nnl .u l  us ’ m k k - s  , , t t t t - ’ ’ ,

( l c , m n s  anti i’un n i n e mtm v  19731 , an imt iu cn s m t m u p t n i iec l e \ p m c ’s s m m - P  1 m m  .n t u rns c m : t u - ’ m- u ’ shm c i  r I t C  I n s  m n n c

a sin,u il rc’ Iief anng le su ns .~:s cnn  as

- 2m i n ( s i n F l 2 I m m 2 - ? i i t~~i / j  -
I = ik

I -su n Ii , 2 m m m , k_ m it

It is wcr rth keep inig in mind th,tt l~ and f~ ~rc ,nn ih tt ,m n Is e i m m m s c ’ n n c r t rn nn p’ un n e nm t s  m m ?  ,i s m n m ~ Ie m m - sm : : . i n i

i t t  cc f; they un e not st -p un . m Ic and im ndepende m m t I’ urc es .

. . , 
,
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w hert ’ ~ is the rake .mn glc ’ of th e i i ’ ’ ’ ? .  k m u \ l i m u n m m n n g l i  ( I ’ )  ill sunn p Im t ut ’ t f  th is e \ p n t ’ s s n m u u t  fu r  t l m c -n ut

assunni m m g small  pent’tra h io mn of the tm nu u l  t i p ,m n i d gin in run t  km . I It’ tc ’st c ’ cl thu re l .u i i ntn s i i i p against e’.~uen i —

mem ital cutting d.mt,i fo r sanm dsti ine ,initl m u t t  nh it t ’ , f i t m c lmm n g c i n n . i l i ta tmvc ’  m gm t’crmit ’nnt m u ln e t nu l s  If c n n  m , u t m u u m u

w i th n_ ike angle ann ul e nu t t i nug  dept h , .t lt inon igi n nht ’ mui e t ic a l  s- _ u lLnm -s u u e n c - l t ts u c’ n t b_ inn m s p m - n m m n u c - m u t . u l m , i lmnes .

l s - .t in s ( i ’ 0u2)  JIs u m suggested an appnuu .tc h tnt  tine prc tb lenu nil s l nc ’ss u . u n i . I t t m u n n  urn  nbc’ u m c i m l m t t  m u ?  thu’
wc’tf gi’ ti p, puus tu mlan ing t h at stress varie s ak umug tine t l m u u m  ci if the l,olurc’ ,m m in n p ru ip m mm t ic ,fl Itt .1 pumus n- i

the dist ,unuce fronu tine tip, in being the exp im nent of tints power rt ’lati cun . lilt’ c- s i mm m - s s m m  ‘ mm i ,h l , t tnm e cl  f i nn

t~ w.us

= 
-lu~- t 

~~~~~~~~~~~~~~~ 
- 

‘ 
( 1 7 )

in ‘ 2 I — s u i t  (n ~ )

T h i s  ethuation is .mln nc m st the same ,ms eq I 5 , except t in,ut the c f  Ic - c  h u t ’ t c - nus m lt - s i n i- ing t li is t c’duced In~ a
factor 2 :itu 2 ).

Evans ( I  06~ ) considered the e t It t  t ci? h l m mm ut inng at tine tuunu l tip by ana iyi ing the pen etrat i c u nl mu? a
wed ge bas ing ,m fiat end of w id th  2h (Fi g, 8). lIne expression obtained f u r  wa s

= s i n (a+ ~~~~~~~~ 2ion- 1 I (°~~ (h \ ’ ’  l ’ u n~~~ u n f t t+~~j (1 ~2tJ T k 2 smni ~ c-os (~~-t c~ + 
~

) \ O T I \~ / 
tos Vy It ’

w here rn is a parameter that has values of app ntu \ inlat c - iy 0.5 to 0.7 , ami d o~ us t he compressive strength
of t he rock . The ang le y is cubtain ed from

c-os ( 2 y +o +  y) 2I~7n~1 I ~~~~~ c-os (
~~

+ n,!’ ). ( 19 )
1 — c - O5 2~ \u J ~~/ \~ /

• Nisinimatsu (1972) dc’veloped an other cutting theory for rock by taking a Ccuult,mb-Muuinr failur e

cr iterion for sheari ng along a plane , as in the Mercha n t theory, ,mn d by attemptin g to accou n t mr

stress concentration tac tuu n s and stress gradients n ear the tool tip i n much the same way ,is suggested
Pt I v anm s . His expressions for the nesu ltant unn it cutt ing force 1’ and the tangential unit cutl inl2 f turc -e

arc

f ’ s _2_ mm — i’,m,I ( 2Ilt
n t ]  ~ 1—s in ( ç t—)7 1 + m

~
u )

f~ -2~~ i0t cos(~~-~ n )  (21)

w here n is a stress distribution factor characteristic of the tool (a pnuwer law exponent for stre ss
variation with distance), mm 0 is the rock’ s shear strength for zero normal stress , ~ ms the slope of the
linear \lm mhr envelope , in I’, ra ke a n g le , amid i,!u is the ‘‘ ang le mu? friction ’’ for the t mm t l rc ick contact ,
as before . Experimental data for 

~ 
ami d I , as funct ions of f were ob ta m nn e d , and straight-line fits of

t he form I = ui + h( were adopted , Values of n and n,!m were deduced by somew h at devious prince-
dunes , bot h prov ing to he fu nct i uuns of the rake ang le ~~~~.

Ot her dcvcl t upmcn ts in roe k-cutting theory h ave addressed the problem of curvature andl blun t-
ness at the tool ti p.



~~~~~~~~~~~~~~~ ~~~~~ - - ~~~‘ - — —~~~~~~~~~ ‘ ‘~~~~‘ ~~~ ~~~~~~ ~~~~~~~~~~~

1- I 11/ (.1 IA N/CS Of CU! 1/NG AND BORING

~Ze r o Rake -

Effect ~f trailing surt oce subtracted Out

-e~r
Figure 9. Idealized tool geometry used as a basis for the analysis of App! and

Rowley (1963) and Nalezny (1971).

App I and Rowley (1963) , following on from work by Cheatham (1958 ), derived theoretical
expressions for the cutting stress es on a rounded-edge drag bit with zero rake angle (Fi g. 9). For a
wide tool cutting to a depth f that exceeds the radius of curvature of the cutting edge:

f ,~ = (r+t t tan n~t i )  ü~, (22)

f r r (Q_ r t a n - y ) o  (23)

where

______ 

r0/sin 2O 
(24)

* 11—r/c(tan n,i~+p 1)](cot0—tan~t)— tan mb (1+tan,~cot0)

and r = radius of the cutting edge
TO = rock shear strength for zero normal stress

0 = “shear angle ” (slope of shear plane)
= angle of fr iction for tool/ rock contact
= “ang le of internal friction ” (s lope of Mohr envelope)
= coefficient of friction for rock omn rock.

is the normal stress acting radially on the rounded cutt ing edge, amid it is assumed to be uni-
form around the cutting ed ge.

App I and Rowley (1963) went on to analyze th~ rutt ing stresses for wide ruiunded-edgc tools
cutting to shallow depth , with k < r . For this case it was necessary to consider radial variation of the
norma l stress o~ and the interface shear stress (a 5 tan m,~), and comp licated expressions fcnr I ,~ and f
resulted:

= expjr tan~~) 1 (2 tan~ + tan ~ )-A 2 ~ n 
~ 

j4 tan 2 u~-1’ 1 J

- t ’~
m ~~~~~~~~~~~~~~~~~~~~~~~~~~ I ~~~I 4tan 2ç~U-1

+ IA 1 (1 —2 p tan~ ) — A 2 cusp ( 2 5)
4 tan 2

~~
-f 1

-s

L 
— - - — —- - -- — ,,.

_
., . -~ • - - • - • -  - . - - - 

- - I
—5 -- - --- . .=d__-•_~~~ _~~~_ _
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70 -

— (
~~)

~~~~~~~~~~ti ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i:r
0 n O  20 0 .0 20

e/ r
0- StraIgh t Teeth b Round Teeth

Figure 10. Dimensionless cutting force as a function of Q/ r according to Na/ezny ‘s
analysis for (a) straight~’ tools (chisel edge) and (b) rounded base tools. Cutting

force is divided by tool width w, tip radius ,~ and rock shear stre ngth k.

f~’ = ~~ 
exp (in tanç!u) 1 (1- .. 2p tan n,i’ )—A 2
4 tan2 c5+l I

— A 1 F exp (2p tan
~

) (1-2p tan qi)-A 2 sinp
I 4 tan~~ç~+ 1

— A 1 [~~X~ (2p tan~~) 1 (tan ~i+2 tanç5)-A 2 tan n,7 cosp (26)
- - t 4 t a n 2 ç~± 1 I

in which

A = (I +si nc 5 \ (2 7 )1 \ 2sin~~ /

A 2 
(]~~s~n~~

5
~ (28)

\ 2s m n çS ,,

p = sin~ ( 1 - k / r ) .  (29)

In a later study on the cutt ing actio n of diamond tools , App l, Rowley and Bridwell (1967) ex-
tended the anal ysis to tangent ial grooving with a spherical tool surface. The resulting expressions
for t n and f ,.~ are very long and comp lex , suitable only for evaluation by computer , and it would
sc - r ue no use ful purpose to repeat them here.

The plane strain analysis of AppI and Rowley (1963) for wide tools was repeated later by
N,ilcinny (1971) , who also started from Cheatham ’s punch solution hut used a different expression
Our the normal stress o , and assum ed radial variation for both the case of t < r and ~ > r . The

S
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ti / u  / 1\ / i  ‘,H/ i t  l l / \ m i ,  I \ l ) / , ’Ul ’,’ l \ ( ,

.tliaI~ si’, .t lsm t t ,u ’ .ei m n 1  !c- n m ’ o . i k c -  lmtu ~ls I n m s m m m . .1 s u u n m m t m r c u u l , m n l i m e  pi t? mO tu rn  t i l t ’  i ,n?. c ? , t t u .  l i nt eu ln : .u
t n n i m m s  n it tint ’ ‘ m l , .ini ’ 5% ’ m t t , l 1  i mmc , tmn , - u t ? %  , huh t int ’ n t m. u h ) in m c , i I  m i  s u I t s  .qi;~m - .u n  m m  In, - u r n  u m r i lu ’ m - I hit _ S I . mc-
suI ts , um ln:ik n gu s t - tn m n t i i . i l  t n t , ? t _ m n m : t : - ’ i t : . i i u n n i t m m m u t  - m m c c ’s _ is f u n i t h i u m m n s m m t  dlu :~u~m : n m C u l e p t ln  urn m O n  m m , - ’ -  ‘ i , tnn
lc-s~ foi ni , ,m r u s In, sm mm mm I gun c’ I?

Rmm\ Ib, in ,  u i n gln annul k n s t m m n  u 1 1 1 1 7 t I m )  iuit t t ’ mf t h at us- u cha lk hehi,i~- m.’d di) i c - n m - n u t l y  t l m n m m  i .  ic _ i l hi n i t  Ic -
m m m c  ks , m m d  I, m m ‘m t imet o~ed _ i mt ’ la tn ’  inn t i ma t  had b u’v io usly I ec’ nn ,md,iptec l fm m t m nu  tile I nn sl - ’ult’ it l i _ un nt
nmc ’ t _ m l - cu t t im ig  i l m , ’ m m u - , ms l ’- ’ t t ~ .iniul Mr ut tlc wu m nt h (1959), who uvc’ nc - c m m n m c c n n n c i I um it h nIne c m i t i . t : : ~ m m ?

usu - ,m k cnn _ i l . l i nu s  nt ’ la t nu tm t  hi _ ms ,m t n t ’ .mmf ~ been gic- c ’ nn .ns eq I-i dun m ug thic’ discunssn u umn mm? ntct,ul - n m it t mu g

tbn u ’,’r u , .mn nd it h u~ s hc’t’m u sin ’ mu m n tb i.it it c - _ tin he’ c’xprc’ssed mmur e sinipl’~ (eq 12).

flit’ s i n  nuns n l m t l m i m g  t i nu ’uun it ’s fo r  mi ueta ls amicf i m t t k s  a rc’ useful in hniing imng c I isc i p hi i m u ’cI h i n , m u u ~ I nt to
bear on the prurb lenm , hot s m  f a n  they have nntut been c l i n t -c t  usable fu n prat t ic - uI m ies i gni . l ine al tm - inn, :  -

hu e , thenc’forc’, is to assemble experimental dat,i that c-ann tie used to dc’v elmtp .n ratiunnia l t ’mun pmn c-al
,ippr o,ich

EXPERIMENTAL DATA ON CUTTING FORCES

Effect of chipping depth on tool forces

i or a gis-en tool in a given t~ pe of rock , both the tangenti~u l cu t t i n g  I un cc ’ ‘n and tint’ niuu rm ,uI

cu tting force I,, incne ,usc’ ,ns the chipping dlepth increases (I ig. 11- 2 ( u ) .  Tine simplest cu t t i n t - g  the m uries
pret hict that 

~ 
ink ‘nu us ill Inc direct l y proportional tnt ~~, , mmu d h u m  some materials anti t mt t l b e n .mngc - s of

conditions this is Inucmnd ho be apprmux innat e by true , cspec i, mIly when I. is uc ’r\ small , hut ,tlso idmeni
me (thnec’dimensiuun ,uI cut t ing).  I louves-en , expcn inicnt,uI data mu c -eral l suggest that the more mtc ’ nn e n .nI

pattern nuf behavior is for 1n ant i f ,.~ to imncr e. nse mio mi l innearly with in two-dinn ienis ional cut t ing (mu C- I i ,
the rate of inc-re,use dropping of f  as I. inc -rc.mses according Lu) sonic ki n d of irregular pan ,n hnm l ic  relat ion;
this is n eflected inn tine more sophisticated tsvo-dim cni siomial cu ht it ig theories ’s sinnp le .n p h n r i t \ i n u , m t i m m m i

would make ‘m or I,~ propo ntional to sonic fractional power of I- .

The rate of increase of f ,~ wit h of ten fal ls off minune rapidly- tha mi thc’ rate of innc -rea se of I, w i t h

and in some cases ~ appears to ten d to a l imit i n g value svhilc f~ is still inicreasim ig. The e f f e c t  is O n

sa ry  t ine s ,iluc’ of the nahin ) t
~
: m’m t which represents the direction if the resultant c-lilting fmn nce (I np

27-29). When (is sc- ru small , f~ ami d l~ tend to be roug h l y  equal , i .e. the tool appears h u m  sc - rapt ’ .u l mmr n g
the rock sunI~lc-c with a friction coefficient approxi niatel~ equal tmu  uni t\ ,+ and tine resu ltant l u t r t e  is

- directed at ,ibout 45 ” to t he rt uck surface. As I. heconnes apprc ’ciab lv I,nrgcr th,m n tine radius of th u.’
too l tip, I ,, may ten d towards a limit svhile 1m con tinues to increase , so that ‘ u ’ ’ n drops hum fnact i n n m ua l
values and the direcn,iorn nit the resultant force moves ckuscr to the tangential direction. With sharp

pos it ive-rake tools , In n/ n can be as low as 0.3, bu t with vc ’ rc dull tuuo ls or with strung mn egati m-c - r,mke

the value of 
~~~~ 

is l ikely to be a bm uu e 0.8 or so (Fig. 27-30 , 50 , 67 , 71).

Variation of tine ratio f~ , - ’ /~ is one oh the pruub lem s in apply i n g sonic cu tting theories , si i n c c ’ I ,, /~ =

tan (r ,m — i31 ) , and both -km amid 
~ 

are consta nts in the theuunetica l ec luations .

It appears that a typograp hical error in the Roxhorough arid Rispimn pape r his m itt oduiced am in-
corre ct si gn in the expression f in n f (their eq 4).

Kenny and Jo h n son (1976) measured the friction coef? ic - ic - nit nun tei ngsten carbide ’ ruhining mmm i
san dstone. Values based on mean fnrce cc umpone mnhs were 0.5 tcn 0.7 , w hile values based tin me,tnn
peak forces were in the range 0,65 to 0.85.

~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~
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Figure 11. Components of cutting force as functions of
chipping depth, with tip radius and rak e angle as param-
eters (Leaders limestone, cutting speed 15 f l/ rn / n , relief

• angle 10°). (A fter Gray 1963.)
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0. W •t  Chalk b. Dry Chalk
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Figure 12 Cut ting force as a function of chipping depth for chisel-edge tools in wet chalk and dry
chalk. Data are given for two values of rake angle and three values of tool width. (From Roxborough

and Rispin 1973a, b.)

- The data given in Figures 11-31 are the results of laboratory experiments made under somewhat
idealized conditions , and they should be treated with caution. While they may be comp letely valid

for sharp new tools , they are not necessarily valid for the worn condition , which is the most corn-
• mon condition for tools on real cutting and boring machines. This matter is touched on later in the

discussion of wear effects. The picture may also be clouded by unspecified edge effects when com-
parisons are made between results for “wide ” and “narrow ” tools (the effect of ( should be different
for two-dimensional and three-dimensional cutting situat ions).
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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20

I mnjnl r c - / 3 .  Components of cutting lOrc e as functions of chippi tmy dept / i ,
us i t / i  rake angle as parameter . C’utting speed 5.2 or ‘ n u n  (1 7 ft ‘nn um n),  re-

miit~/ u.nrmmj/e 10 , tool width 30 ~nm (1.2 in.) (Adapted tram Ni~hirnatsu
( / 9  72) smi th tn/ru cs drums-cm 1pm- eye through original data points.)
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Figure 14. Cutting force as a function of chipping
depth for Iwo types of full-scale tools working in
Darley Dale sandstone . (Data from Barker 1964.)
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Tigure 15, Cutting force as a function of chipp ing depth in
quart/ ite , showing range of force fluctuations. (From Cham-
ber of Mines of South A In ca Research Organization 1971.)
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Figure 16. Normal and tarn gential components of cutting
force as functions of chipping depth, with rake angle u.s
parameter , for unworn bits in Leuders limestone (relief

angle 10°). (Alter Gray 1963.)
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Figure 17. Tangential component of cut- Figure 18. Components of cutting force as function
ting force as a function of chipping depth of chipping depth. (From Valantin et al. 1964.)
for a sharp tool working in hard coal (rak e
angle 1m30°, relief angle > 5°). (From Evans

and Pomeroy 1973.)
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Figure 19. Tangential cutting force as a function of chipping depth for
chisel-edge tools in anhydrite , limestone and sandstone. (From

Roxboroug h 1973.)

4 A 2nd Stage B l unting
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: Figure 20. Normal component of tool forc e as a
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function of chipping depth for three stages of
wear . (A fter Kenny arid Joh,nson 1976.)
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Figure 2/ . Force components as functions of chipping
depth for a tool work ing in sandstone. (Furumi, personal

communication.)

3000 -
~~~~~~~~~

2000 /
(kg f )  

-

I I I n I  t~_~ L_ — - u.. n
0 hO 20 30

~ (mm )

Figure 22 Force components as functions of chipping
depth for a tool working in andesite. (Furumi, personal

communication. )
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Figure 23. Compon ents of peak cutting force and mean cutting forc e as fun ctions of
hipping depth for us -ct arid dry sandstone. The regression ? lines appeür to have been

forced through the origin. (From Roxborough and Phillips / 975.)
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Figure 26. Tangential componen t of

/ cutting force as a function of chipping
- / depth for a too/ cutting cement mortars
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/ wit h different s treng ths. (Furumi, per-
/ /10 sonal communication. )

) k g f )  
•

1000 -.

0

0

Cemenm Mor mar

________ I c i i ~~iJ0 20 40 60e
00 I

80 ~~6m/

- 

/ 
Figure 27. A verage values of f~ and

60 3/! for three chipping depths (19-mm-wide
- : k N) // tool cutting quartzite at 30 mm/ s).
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Figure 29. Ratio of force components as ~ function of chip-
ping depth for a range of tip radii and for two rak e angles

(see Fig. 11) . (From smoothed data by Gray 1963.)
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Figure 30. Ratio of force comporuents as a function of chipping depth
for a ran u qe of rake angles .’ a) sandy tufi, h) cement mortar. See Fig.
/ 3  for cutting condition s. (A dapted from data by A ’/s/ui mais u 19 ‘2.)

Effec t of rake angle on tool forces
m (h um1~s urn (uno ls wor king It large chipp ing depths , t he absolute magnitudes of both I~ and t~,

m k t m t - a ’,e as neui,n m sc ra ke angle decreases , an d as positive rake angle increases (Fi g. 32.40). Another
nt Iu) ( mkin g at thu s us that cutt ing forces decrease as the included angle decreases , since the relief

angle u s usually small , an d only varies within narrow limits. The cff cch has been observed over the
uru lu -~ S h i u  ‘6 ( 1 ra ke for relat ively large chi pp ing depths , hut with small chipping dept hs nur w i th

u r n t u , nu I~ t he ra ke ang le does not have much effect on the cutt ing forces .

,t rnuunded tool tip and < r , it is obviousl y t he curvature of thc tip that determines the
c I f n c h m s c  r,mke ang le. Gray (1963) gave an expression fur the effecti v e r,ike of a rounded (circular
arc ) cutt ing edge, taking the ang le ol the chord of the circu l,rr arc as the effectiv e rake ang le during

i
~.

1.T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r 
_ _ _ _ _ _ _ _ _ _ _

28 MLC/I,INICS OF CU i l / N C  ANt) BORING

n —i——--- -----r -
~~

-
~ f T  ~~T m

~:::-:‘
0 000 2000 3000

000 2000 3000
:0: -m-~

--
~~~

-
~

~~~~~~~ 

-

( kg f )  400 - 
Sond y T uf t  

-

- ~~~~~ ( 6~2 8 5° ~Vf o 5 4
I I I I

0 1000 2000 3000
(f ~ ( kgf)

Figure 31. Maximum values of normal component of cutting force
plotted against maxininirn values of tangential component , for tests
in sandstone, andesite and sandy tuff . (Eurumi, pesonal cornrnu,ui-

cation.)

shallow cutting. Fur a rounded edge cutting with a contact depth of h during chip form atuo n , an

alternative express ion gives effective rake ang le l3 ’
~ as

- 

- 

)3 - coc’ (4a’)””

In this , Ii is considered to be less than ~ under typ ical cut t ung cond nhio ns .

12 u%IEClI, ’I ‘,m I( .’, 0/ (.1) / / It ’. (, -I A l)  IIOR1N(,
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Figure 32. Components of cutting force as functions of
rake angle, with chipping depth as parameter. (A fter Gray

1963.)

‘5

- 1 -20 ° -I0 ° 0 0° 20° 3~~ -20 ° - b ” 0 0° 20° 30°

a. Tonc~ent ioI  Comp onent b. Normal Component

Figure 33. Components of peak cutting force and mean cutting force as func-
tions of rake angle for wet and dry sandstone. (From Roxborough and Phillips

1975.)
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Figure 34. Normalized values of tangential cutting Figure 35. Components of cutting force as
force as a function of rake angle. (A fter Wagner functions of rake angle, with chipping depth

‘97/ . ) as parameter , for tools working in coal (
~2

5°). (A fter Evans and Pomeroy 1973.)

b i b t )

• Figure 36. Normal components
of peak cutting force as a func-
tion of rake angle, with chipp ing I I , I

0 10” 20” 30° 40” 50” 60”depth as parameter , for sharp Rake Angh e
- blades cutting coal. (Experi- I

mental data by ~t’hittaker ~ as Figure 37. Tangential component of cutting forc e as a function
• reported by Evans and Pomeroy of rake angle with chipping depth as parameter (sandstone, us

/ 973.) 1 in.). (A fter Roxhorough 1973.)
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1971).
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.3 2 1// ( I l - I  \JLS Of (. 1 /  I / S c ,  -l \l)  liHl ’.’ l .\ ( ,

~\ Iu e rn  a tool us cut t in g deep ls , i t ,s rio s u r p r I s e  1,, m m d  that i nu t tu n l i  t u u r r i s  u k i r u . u ~u as uk ,-  .Iun gln-
i uuinr ’,he’,, especia ll’1 Ira the t amn gem n i ial r u n up rIli ’ u l t  t~ . I he nil Iect u I  i , u ku 1 m m t u e m u ,r riial cnmpu~m k-urt
I ,, nra ’ . be a l i t t le nmore c l l t t i c u l t  to appr eci atc ’ im i tu i t i sc l ’ . , .n l : I nu r uu i ~(u iii Lu - c L u i m u u u /  ut s u u t  lu -I .urud ii r e
ductile mat e r ia ls  it is i’.ns~ lu Imag i n e  that .i r neg. ur ts e rake mns~ht teuict  t , u nrm , u~ th, b u n ) ride up ‘nut
ot the s ’ . uun k , t hus increasing hun ld— doss- n I . uu r -s , ss hil i ’  a tool ss u t lm s t ro n g p u n s i t usu - r .u ki’ mi ght 11:ud
pu ll it e It  d u w i u  i n to the wo rk , causIng /~ tn t  dci cas e u um i- s e r u  .Issumiur ’ nur ’ g , u tu s i  v,u lues.

In deep cu t tm ng the ne l ,u t i s i - niagnutu dc’s o f t 1 ,Ilmd t ,~ niug lit he r \p u r  m u 1  i u ’  S r I  V hilt the , u s , n u l n t ’ I u

ex pe r in me nita l data duu lot r ese, uI  s tnn u r 6 )  s~stc’ni,ttic (rinds h u m  5 .11 u . I t u u u r u  nu l ‘I ~ ss~t Iu  -
~ 

- K~- t ~- u u  u r u ~
back to rhi- unu s  c t . ccl I .um icl 2) , I t .nuu  

~~~
- - , ) , .nm~d it ~ s s e r u -  .u t uu c ’  c ’ , m is t a mm t , ss lu ic h cle, ,ml ~ i t s

not , t hen ‘ru ‘~ 
wou ld he expected t u u  dci I c, usc ss~ th ia n e. ns u ns r,nkc . nCIi- . I lien e .un ni dat ,u tc . i supt-

this expectation (e.g. I ig . 32 , ( f l , hut ((li-ui - are ,nlsuu nuther r i - suIt s t h,ut eut lnr ’ i I_ I l l  I’ , s l u - , ~ niunilr
el ect uur contra dict the r- \pect , u t i un u l .

If thc’ tool h,us dese luipect a si gn if ica n t svear Ilat n nu i  the relict l1nu. u : i.. nuk ) , t iui ru I i ke 1nnll) li’ i nn’ .

not hase much eI tec h un either ,,~ or ‘m ’ I his is probably hecaus u- the ssca r t la t  -.3 re. ut l\ u u u i r r - .usr -s
(vu adding a l ,urgi ’ fr ictiona l drag. Fhis i- I f t~ t u s i l lustrated by ihi , uu u , u l ss i s  ut \ j m p I u ru d K- - u ’ .  In  - ( 1) ) u ,

sv h ich includes I lank t u Fcc ’ ..

The henetic ial ni t lect s oI increasi ng rake arm gle , ss l i u c l u  t i n so m e ni \ t i-uu t  arc u i )  si-I by ur n i l

su .u l r re r .uhi l i ty tc) breakup and ss -e ,ur tend tu r  r r - ,udr a limiiit at Urge va lues r u t  punsi t i s i ’ r~ Le . Piisninut rid,-

i. ut uu um i s are that rake a n g les uI ‘2 ( 1 tu u  ‘3 1.) 
- I r e  proh alils su lt ici i- nt t u u  re,up muust u nI  t l u u ~ hcnu 1 ,i of

I , nsse r i ’d c uttung l uur ces .

Effect of relief angle on cutting forces

In the discussion of kinematic tac tuurs  .‘sli- I luu r  1975 , 1 97 6~ 1971,61 . the re li ct ang le rrciess.u r s lu

c lear the shoulder ol a ru) 1.ur 5 to~n I is .us calcu lated . I I, ’.’. s - -en , i’s e rr w hen ,i c u t t i r u g  tool is planhuui
along .u f la t surface , where the required ‘‘kinematic ’’ re l ie f  ang le us L ) uu ’ .e  to / e ruu , u t  is I - r u nd t h , u i
there are definite dynamic advantages to hi’ g,aimied from a fini~~ ucIieI .ung li- -

Gray (1963) shun s ’ . ed that both f~ and I ,, for his c\ pi ’ r i r r renr 5’. i- r i- si-r is u h i ’ .  cnunls t ,uult b r  re lict
ang les between 4~ and 10 , but that .u sharp inui rcas i’ in both cn rnpnu ncnts u rec ur red  w hen the relief
ang le dr opped below about 3

1 
( (  ig. 11). Thes e tests w e r e  made ru Ilat sur lac es. -\ s im i l ar result

w s obtained hy Vatantin et al . (1964) in a suu mi lesvI~.ut dil ferent experiment; resultant Cut li r n , min e
was constant for re lict ang l e a bove 5

0
, and there svas a sham p increase as the relict ang le duo pped l u u

lower values (Fi g. 42). Lv,un~s an d Pomemoy (1973) re pnurt much the san-c el ec t for in u . u l - i u t l I r i g

(Fig. 43), both f~ and I ,~ st, uv ung constant for 
~2 5

n , an d rising sharp ly w ith sm,ullcr rehef .nu:g li-s .
-\s far as can be .scc ntained from the available experimental d,ut, u , the limiting sn ,n lue I or an ii s i t  u S

‘dynamic ’ relief angle does nut appear to be sensit ive t uu chipping depth .

F rorn these results it seems that ,u relief ang le of about 5° is required to meet ds iambi needs .
Thus , in desi gning on setting a tool , ~ should be added to the required kinematic relief .nng )i- to n)h-

• t a m a minimum value b r  the primary relief ang le (keep ing in mund tile dist inct ion hets seen .upp.r r -

- . ent and e l l e c t i s  i- tool ang les svhen the cutters are set on a miiachine; see Pant s (-3). l iii’ l ina l v a l u e
of re l i c t  ang le might h.Isi’ t uu  hi- a it l usted Iurther as a resu lt oh sse ,u i ns ide r ,nt iu , ns , ss rich ,ir e h u b  I -

duce d later in this report.

Lui nn king at the bullet hi ts in I gore 1 h, it c, uur he seen that the large t u r n u l  in the cu-r i t ci  ru the to p

- 
- r u s s  ri- i’d’. Lu be milunted at an an gle ut 50° ur more I’  (lie tangential direclu ,nn , ‘uric t hi’ h u h  - .u r r - .)lu-

— of the tip us -IS . It can also be sc’e rl that the bit/ block cnumhinat iuni mi (hi’ ( u p  r i ght c u r  rn - u C o d - s icr,’
relief ,u rrglu - .

-C In wound cu t t i ng  wi th ra ke ang le s (0 20 m u ,  30~, 
~0 len ds t,r (lecu e, u sc .1’. k iric r i’ases , es eu itu ,, l ( s

becoming li- g u t  usc ’ . W n uuu d cutt ing data al s uu ir idic ,ut e lh,o u , uke .uu u g li ’ alt eut s tIle magnitude u u l the
exp ’ bu nt in a Pu ~wer re lation bet wee n land as u~ ilue I n ’.uses , t he i’x pu unleul t increases t n’.’. ,ur ils ( n u t \ -

a— . — — —. - ~.. _~_ - - - .~~ .- ‘- -I~~ .‘~
‘$ *._. n. . -‘  

. - .— *
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Re l ue f A ngt e Relief Angie

F igure 41. Components of cutting force as Figure 42. General trend of resultant cutting
functions of relie f angle with chipp ing depth force as a function of relief angle. (From Va/ant/n

as parameter . (A fter Gray 1963.) et al. 1964).
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Figure 43. Components of cutting force as functions of relie f
angle, with chipping depth as parameters, for a sharp tool cutting
hard coal (rake angle = +30°). (A fter Evans and Pomero,v 1973.)
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/ ‘ n / / / P t  - i - / . / l!~ u I ~~ s~ ,m uPr r , -t ,u n ni l  5 / u i ,  In/ i l’s - V lu/u , piu /- I.
( onipo/Ie/uts 0/ Om i t/ u i l l , ’ u/ I ’.’ 1(11(1 US / unr lions o/ 

~~ 
n u l l / i

uiui/ n(’ufuq dept /u ( . n i s  parameter . - IC p rri ,~/ u,,u,i I’m / l i ps
/ ‘/ N~)

Effect of side rake on toot tt ,r es

Most pract ical ro~ L-iutt ing t u uls are s . r luunet u .rI in plan , suu t hu.,;  s ide I n ‘u ang les nbc us uall~
edlild( I’. disposed about the center I rue , is cnn a V - t u e  ~ IC k, ~Vi r h su uh tu uuls , it ~s t nnund t hat h ‘ th u

1,, and t~ decrease as the equal side r ,u kc arm gliis ‘ ~ 
mar vase ( lug. -I- Il - fbi’ re la tuo r mshup s bet sic, r r I ,,

and 34,  and between f
~ 

and C4 .  arc -  . i pp rnnxu rn . n re l \  ( unrear s i r  the range that us of 1 1b . u i t u i . n I  I b u t e l u ” t
r ’ . un t hat f / ~ does riot v ,urv s ig r i i h i i . I uu t ls  s i r t h i  4

-\n asym m etrical j un i r l  with nun i ’ - ss. u\ s u c h- i n k , - , s , l l  desu m n n t u  a t , r rus \ c se iuur r l p u -nuc -rr b ut ‘ u r i s  / , ur is )
t here h,Ic been speculation that thus nuight he heur e b ii al ml . rC l u t. u i u rug rr  e l  k urt  t n n an ad iacen it ‘i.nra l -

ci ku -r I . k u n s h n u r u u n g h and Philli ps ( t 97~ ) iu lscsbug. n re i i  t he c i f ec t  ot - n r u , - - ss,i~ su u lr  r,tke on r n n t t u r i g

ri i -s  I u ur unri’ h ur ’su’J cut t ing (no ad (acent kin s i arid t u  e l u i - S i  d u t t u r r g  l p r r  ui le l  ker Is at s ,ur \  rig
dis tan ces I’ u either ‘ rd e )  - In neither i,~sc si cs there , urr ’ , s u g i u u b  ican i t  ii i’s on I~, m r  I

~~
, but mu but lu

iases the side t u u r cn ’  I5 urr i r e .ns i ’d w ith uncr ease of suit ,- r a k e 
~ 

(I 1g. 4~ , - ( tn . In the u r r r u I r e s i ’d -r tu ,n-
b r in / , should he Leru at /cr ’  side rake , hut in the relieved ‘ . it uatrun it appears that .i t u u u u l  is uth icr .
srdi ’ r,i K, - w ill actually ex pe r ience a finite s ide t , u n iu’  that ten ds to dr u s ,  the t - ‘ill i r is a rds I he r ‘i ri-s rig
cut . Looked i t  another w a y , t his rir,’.uru s t hat a chise l—edge t r u n u l  s i n  . r ku uug p .r r .u lel to a su uu g l u  r e h r e s u r u g
ker b cu uuld he stahili,cc l h’. gis log t .u pun i t i v e  side r ake  ot .1 n -si  ,bm ’g rees I puusu b  u s e lin i n g t he du ’ i - c tmon
t hat tends tu u plow materral  t -  w ards  the rc l re v r n g ke n

Effect of base angle or face profile on toot forces
Both tangential cut t in g force I . an d normal ci I t t  ung b u r r  cc f~ decrease nonflur,’ .tr ls is the lr ,nse anig li

06 of a V-base tool increases . -\ similar effec t can he cx pu’it r ’d as the radius oh curvature di- i r e i s i s
Iu ur  - u round-base h u r l - Experimenta l results vu Ruuxhoruug h and Phillips (1975) shun’. I ,., .irnc) l~ de-
creas ing as 

~6 incre,lscs (F ig. -( T i , hut te nd i r r ut tu >war ds a lower l imit for values of 
~~ 

in the r.iuige -1’ -
b u n 60°. The changes in / ,~ and / corresponded t r  u changes in the area of the ker b cru us’ . se ct  burn , si h i  h

re duced as 116 increased up to the point where the hi l t -ang le of the V-base became less than the us er

break angie of the rock , i .e. t here was not much change ru 
~~ 

,ind 
~ 

I nur 06 
- - (in ; 2 —ç ~). Thus i l  c i t  us

men tioned again in the discussion ot specific eune rg y .
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~~~~~~ tigure ~ 7. force componen ts us lunctions of

(In N I 

~ 

b a w  nUt/n ihippmg thpth In as paranm

V-Base An g le

Effect of rounding at the cutting edge

When the cutt ing edge of the tool tip is not perfectly sharp, but instead has a f inite radius , t u e
cutting forces may vary with the tip radius. The edge radius of a wed ge-shaped tool determines the
force level needed to initiate indentation of the rock , and it sets the lower limit of penetrat ion be-
low which tool geometry (rake and relief) has no si gnificant effect on the cutting process.

In  Fi gure 48 the smoothed experimental data of Gray (1963 ) have been replotted to 5(10w com-
ponents of cutt ing force as func tions of tip radius. Both and 1n increase nonlinearly with increase
of tip radius r , apparent ly tending towards a limit when r becomes of comparable magnitude to the
chi pping depth In, The variation of f with r is strongest in the range where tip radius r is small com-
pared with chipping depth In. Figure 49 gives similar data from Roxborough and Rispin (1973 a ( , but
in these cases tip radii never reach values comparable to the values of chi pp ing depth In . Figures 50
and 51 show the ratio 

~~~ 
increasing with ti p radius r , and Figure 52 imn piies a similar e f fec t .

Gray used ti p radius r to normalize values of chipping depth In , plotting 1’ aga inst dimensionless
chipping depth k r  (Fig. 53). This did not produce any obvious simplification of the plots , although
it indicated that the maximum curvature of each grap h might occur in the range 0.5 < k r  < 1.0.
Normalizing 1’ wi th respect to r for the data ot Figure 53 does not remove the effect of the param-
d i r  r , i .e . the data do not collapse to form curves independent of r .

The theoretical approaches of App! and Rowley (1963) and of Nalezny (1971) deal si-ith the

ef fec ts  of rounding directly, and show that tip radius r is a rational parameter for normalizing chip-
ping depth In . The numerical results of Naleiny indicate that there is strong variatio n of 1r ari d I~,
at dimensionless chipping depths of ~/ r < 1, but both f~ and f~ tend towar ds limiting values with

• k r  ~ 1. Thic is more om less in agreement with the experimental bindings of Gras , but most experi-
menta l results show i~ cont inuing to increase with In at large values of I n n , . In other words , tip radius
r continues tu , affect the tangential tool force even when chi pp i ng depth is large re lat i s-e to tip radius .

Evans and Pomeroy (1973) found that data for penetration of coal by wed ges gas- c a linear rcl,n- - -

tion on a log-log plot , leading them to a simple parabolic relation between penetratio n force and tip
radius , i .e . force was proportional to r ”5 .

Both Gray (196 3) and Roxboroug h and Rispin (1973a) used increasing ti p ra dius to simulate tool
wear . This may be somewhat unrealistic for drag bits working in hard , abrasive material , s ince most
r u b the wear tends tru take place on the relief face , or flank , torming a blat as shown in Figures 2i
and 65 .

t1

L~ 
. -.

~~~~~~

— .  , --- . .
- — 

-
- •1•

— - 
~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—-.- - -- --— --——



PAR!  -i; D YNAMICS AND LN(RGL f/ Cs Of PA RA L LEL MOTION TOOLS 37

400 t~ t T F~~ 
— f3 .0’

L( immch )
- — —  /3, —~5~ — — —r

_- — / 0.060

::: ::: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

030

- ~~~~~
“ }o.oo~ -

i 00 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

I I I
0 0.02 0.04 0.06

r, T i p  R a d ( u s  ( i n c h )

4 oc I -________

—/ 3 -0’  -— -t(unc h)

— }o .o6o

l ib f / i)

0 0 . 02 0.04 0.06

r , T u p Rod nu s  I nch)

Figure 48. Components of cutting force as functions of tip radius,
with chipping depth and rake angle as parameters. (From smoothed

data by Gray (1963) —. see Fig. 11.)
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Effect of too l width on cutting forces

In sonic n i t  the fu r rvr l uu i rrg ;rr ,uphs , cut t i n g forces for chisel-ed ge too ls are given as force per un i t

( r u n , 1  ss clt Ii , f oIl ’ 55 rvu ~ the pr - u C l i c - c n ut tile orig inal investi gators . This is often convenien t for ana ls— srs
, u trn l  desi gn , ,nnd it is .u r i ’ as nn r ’n.nh I~ v,u lid p r n u d c d L i r e  where wide tools are concern ed . However , It

unii p lie ’ r -~in1p!e pru por t iu r r u . i l i ty  he twec n vu t i  r ’~ Fn,~~v and tool width , arid this is riot s t r ic t l y c u m rr n ’ct ,
s m u t ’ the t n uu , I h,us : u u  n ieee me huuth nru in it a l I esktance arid edge res istance.

[ he n r t r i  In n O  v \ ( lnc t d t i o n  s that i I iusu ’7udui e tn u u r ls c u t t i r r g  at const ,nnlt depth in a g u s - c ub mate r ia l

would sp u - r i e nce I n n ?  Ui (‘-I  n n ( ’ u u u  t i n r f l , n (  to widi h . p lus a cnu nistant increment of tor ce u ’ p re s e f l t uu lu i  side
hre,nks - / t  th n~ ‘ n i ~~i’ 5 ‘‘I thc ’ b u r r  Is . [h is e \[u(’et. - I u u l b is hu r rne out by the exper iments of RoxI ’ -  urm ugh

In 
,inid ~~ p I r u  I l 97~ a , h i m d  of knixhorinugh arr d Phillips ( 1 ) 7 5 )  results of which are ul lus t r , u t i - d in ~
I e n - u S4 . i nuu l  5 / . In th ese -?r. ip hs , the sI cr,’ of the line guves the proportiona lits- C ,unS t , i r l t  r c ’ l . n t i n l r b

f u r  r it  I esIst, i uri i ’  m d  l u r u r l  ii 11111 , w hile the In nr cc intercept In n tero t u n ol svidth b c p l  n’sv l l t s  the edg e
burces . hi’ edgi- u r r i e  i s , m t  u.u uu nrsr ’, a f u r r t t r u u r ’  r n  the chuppu uug depth In , and the p r n u p u u r  t u , n l b . i l u t \

con stant should ,nls , / inicrv, ise iv ith ii .

1’- ‘ i r i te d b - n -  rh cut ii us V - t ic,’ picks , bul let hits , uur p\ ram id-tip hits ( might he expecte d t m  des elop
ciu t t uu l t ;  fr r t r ’s .n ppr - u x r r u r u t , ’ ls i’qlu,iI ( m u  the ,v r i r- nvu dth ” t m u u c c ~ of chis e l vdt~e too l s , provi ded that (up
ra d i i , r ,u ku .mnnglt ”~ ,,nd ri-I cf , uru g les are v u urnp. ir ,,hlc , and that s i d e ang les of t he cr mu nted tool pi ns u r I c
u.Ie,ir,mnci ’ Irnum t he ‘ n e -i hre,u In.

Toot - urn  p1 ianc C .1 nit I force ft uctuat i  (ins

When hr b I n - m.it~’ r ial s arc bein g c u t , d isc v - Ic chips r n c bn irm ed , .ini! c uurrsequen t l\ - tile i i  t t ing

In rn ie ~ Ilo ct oate a; nu.u g r u i t ude . [hi’ amp litude m t  these l m r r  in ’ t l uctu ,m t i u in s depends In) some extent

run the n n r r n p l r , u r r c u -  r u b  the c u t t i n g  b u r / .
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Figure 53. / and f , as a function of f// r  for four different
values of r arid two different values o f/ 3 1. (Front srnoothi ’d

data by Gray, 1963.)

Although effects of tool compliance do not appear to have been investigated systematically for
drag bits , some general principles can be deduced. If a tool is perfectly rigid (i.e. it does not deflect
under load) , then the force on the tool will drop abruptly each time the rock fails locally and under-
goes large displacement , since the tool speed is likel y to be two orders of magnitude lower than the
speed of crack propagation in the rock. By contrast , if the tool has large elastic compliance (i.e.
it has a low modulus , allowing large deflection under load) , then i t  is capa ble of spr ing ing forward
and maintaining the force level as the rock yields. However , in a real machine the tool comp liance
is unlikely to be great enough to allow the tip to maintain full loaded contact at large chipping
depths , since the chip-forming crack is likel y to be long compared with the elastic def lectio n rub the
too l,
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in et and Jr; chalk , m i mi / i  rake wig /i - s of i- 39 - and— I Y. (Roxhorough and Ri.cp/ n 1973 a, b).

In pr i nc ip le , comp liance may have the potential lor damping out fotc e fluctuations , but in
- 
0 pr ieb ict ’  the response time of a compliant tool is l ikel y ( m u be too slow for high-speed fracture to he

I n  I - u sc i’d - -S robust tool w i l l  prcsumab ln. ,il l ; us c- considerable force bluctuat ior ns , but it is Ii Inch b r  hi
re sI s t  rn ? t 1 m m defl ectio n . A highi m, e lastic tool may tend to damp force f luctuations , but it ss uu rd d Ire

more prurne to I mI grit ’ failure because u t its large oscillations.

Sn interesting case of icr v hi gh compliance is represented in the rotary flail principle , cc rich h~s
been applied to the cut t ing r u t  rock and pavement materials (Furby 1970). In this r , pt of mac hine
t he lAu d drag bit is rep l,iccd by .m pivoted tine whose cutting forces are contro lled by ti lt ’ rotat ion

speed nt b I m m ’  d rum . The t ine is capable of undergoing large displacements , svit h a restor i ng force
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t nur ntiu nuou cly applied by radial ,icct ’ ler b r i m  u r ic , and tIne t ,m nu ge nn ti ,m l tool speed is Ii kel m, to be ann murd e r ot
.ug ruu nun d e hig h er than for a I i xed toirl -

u h f  ,uit d rei n /f its gic ing data on the amplitude and trequenc~ ut lorde t luctua ni nu r ns ,u r e n/it er bin

pu u ’l ru ine d , except as brieb examples , bu t there is sunmc informatio n nfl relat is u magnitudes ob mean
m u d  pt. n K t u r u  U’ components. Terminology tends tin s,urs somewh at , hut n/cu/u /nnti t is usuaII~ tub-

I nnOl in. ru ;,-gr .ur u/l n ob the area under the trace , cc- hilc nuea,n peak torce is the .uc t’r .ngt- oI an un h ub r n r c

number - nt ,mrh it r ari ly chosen peak values.

I u - - l i nt (1955) gas e records for soft I inn lcs tm uric that show amplitude decreasing j s  mean ar id
I n c . ,  In - m i t  leve ls decrease , wi th tnnta l aniphitude roughly eqinal to the nican force level , Spit uu nv r r

tu~~t me cord s published bc Roxborough (19fn91 shr uw bot h I ,, an u d I , drui ppiu ng almost to ,ero at Snuuini.’
p or u u ts, presumably al ter Ju up ni-lease , SI) th at total aniril itumut- hr ,nungt- I rorn max inin ur ni to m i n l i n m u r r l ?  f
in. ’i almos t equal to peak lorce. By contrast , InIn agne-r (1971) gas - a rec urd I un quia rtLit e that ) 1 1n - mid

ma ximum amplitude ton f 0 f l uct o at io uus an order on rn,ngnitud c smaller Ihan tile r n u c , m r - t n m ~~e ‘rn ~~~
nn,n\irnum amp l i tude u n n r  / f luct t natirnn s ab m rut half tint- mean Iorc r- 

~~ 
- I .u r is a n tI I’ a n n u l ,  - h I m j ;

sli mu ni sonne is  put / I  records tam doal - cutting e\pt’u iments , alsn sl uuus ns big that Inn ’ Ui f l i t  n . m  n nit b mn

h u ce much smaller amp) itude Ihaun I orce fluctu ab nm Ins for L. t h i n -c .nls u  r give d . n b , u ccc I :g . 17 1 I

uhm nsc peak values of t n ahcuul 5 times hIgher t han rnearn ,~Iuru-s. lv tes ts  is lie-u - t i e r  n5 it nu t v / r i  v used

n , cu t sandstone on a rn,,csic- c test ri g, Barker n I tJ(m~I n found Ihat (bit- I , i t uun  ob peak I nur t t  I m f i n n , , ?

inu r e  for two dif lerent pick desi gns had ,n \s ’r,ugc c, il u ,v uI 6 2  and 7 .7 I r n u  1 , ,  nm d -1 ,7 and ii ..? nun t rm

Rurxb errough (1973), discussing cu t t inug tes ns in n,i l in lc i  m c , limesnun ni e J f n -  m u m  s In i t ,  - m i / c e  i / I L / c ’ , I n n ’

• the peak in mean ra t io  o f f 1 nha t ranged 1 m m  1 li tn ~ 2. mS n ann c niggesnt- 1 2 us .1 b (i n .I n v / au
would also he represen tatis e for coal cutting, I) .u ’,,u brinnn a mnnur scm vs nit  r ipen urn , : I u b s  i ’ ;  in - ; .mur , I
dr
~ 

sands tone by R uxhorough and Phillips ( 1 9 7 s )  t ’ n uiilurniic t l th ,ut a p - - k I, c’~c .umf r , u tu , r  m b  2 , mr

perhaps slig h t ly hi gh c u , isi s ru_’presern t.ative I nu r  both t~ and t ,r st e I u i 2 I , 53 , 551 .

In cuunsidcring force t luctuat ions , data records should pen haps be u e-g .n u dc, cc nth c,r u , t rnm ru , s i / f t  r
due cnuni pliance ot t h e  dynamometer used in th~ e xp eu inlents cj r t  n i  I,- ,.n ri m e n u l l Is l i n t ’ r u - sm u t ,

cvhich show i~ fluctuating much more tharn 
~ 

imply that the r a t n m  / , m~ luut r nu ,m te s , - r r (h i t  t hc
-‘ direction nu b the resultant cutting I m u r t e  is continually t luc tu nn ing.  I irvs  t - m l r t r . u s i  ,r. t i  b l u r ? re i n/ i s

that gus c in-phase fluctuations 01 t rn and /~, and nela live , .un n ns t .urr c m, n nb t nn 1 . ‘u / c l  - n I I

I n n s  In rr cou ld iron from dynaniometer character is t ics or b i b m ,  could rep u es eur t  ~I t i n - r e c u r  -s - ut i n  1)1

ph u . u r n t e  in different dirccniuins burr the tool nur its moun t ,
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Figure 56. Components of cult log forc e as functions of cutting speed. (From
Chamber of Mines of South A fr/c -a Research Organiiation , 1 971.)

The breque nicy of force fluctuations ought to be determined by chip length and tool speed U;

it the length ob major chi ps is of the same order ot magnitude .is the chi pp ing dep th h~, the corre-
sponding frequency for major peaks would be of the order mit

the si gn if icance of mean force or peak force in machine desi gn is related to the part of the
system under consideration . For desi gn of the tools or their mountings , peak forces have to be re-
s istec l , hut on a mu lt i -cutter machine the power requirements and overall machine forces are more
likel y to he related t t ) mean forces.

Effect of tool speed on cutting forces

‘s in sb invest i gators agree that the tangential cutt ing force 
~ 

is unaffected by cutting speed os-er
the usual mange of variation found on rock-cutting mac m ines. This insensitivity to speed has been
rioted t m n r  the range I to 1000 ft/ mini (0.005 ( n u S m/s) (Gray 1963 , Evans and Pomeroy 1973 ,
kunx h n n m n n u n g h  1973 , Rnuxboroug h antI Phillips 1975 , Va lant in et ah , 1964 , Chaniber ob Mines ob Sum uth
m\ t n ca Research ( ) r g . nmn iz a t i on i  197 1 , Cu m nu k Ct al , 1968). For the normal compone n t of cuuirig bm mmt e
1, ,  ( n u a s  ( I  ‘163) boun d some increase of nn,is/murn values for negative rake tools when speed increased
f run m I S to I SU t t min (0.075 t m 0,75 inn/ i) , bctt specula ted thiat this migh t be .m vibration et be ct  m,nt hcm
th,t n a reb li ’ct knn rb strain-rate st’ r n s i l i m , i  is in rock strength . Roxbor ough’s (1973) data Iii anh m,d r ite

4 .j ha m s hun w t ’d ,m 25 increase in the Im nn ’,un) s~ Iue of f~, w hen speed increased from 30 I n n 112 It mini
(0 .1 5 I nn  (1 . 57 n i  s ). hlnuw cvcr , in be - ,t’, on sandstone him , Rm ix hur r m uugh .mnd Philli ps ( I ~17 5) there was no
s ign nul ic/ nt c b nan gc in either the mean m r  peak sa tn ics n b  I~ w hen speed sc / s ra ised froni 311 to 90 In
mm ( 0.15 to 0.45 mn s) .  t _ m u cc speed It-it ’. ti~ th in ’  \ i i i u r ~~ Research l . ,n ln un r , n b u u t \  of the South -SI r In/bi

Chamber of Mcnt ’s ( F i g. 56) showed a sign ib kant r r u ~~n e o n - ub ,ir.er .1g m ’ Intl Ii - xinnuni n. , i t tn t ’s of ‘,n when
speed increased rum 6 nun 41 I t , n u n  (0 ,03 t n m  1 ) 2 1  m s ) .  Results ui I murk  et ,tl , ( I ‘165) sli nnic I ,, in-

. creasing signif icantly wi th speed urn the n ,inigt - 21) t n u  I S I ) It m i m i  (0 .10 tm I) . I r t n rn ‘.1, ,ms ca n be s te rn  in
Fi gures 57 and 58 ,

LT. _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- - ‘-

44 i / I  ( . 1 / - I  S I c .  S ( i l C I fl iNG ,t 5 / )  / i OR/N G

800 1’- Cu ri ng Speed
Im n/ s ec I
10 1 4

600~~ 1. 112 
• ‘-“~~~ ~

(0)26
Ii b t I 

I Io 002 004 ooe
.
~‘ (urn )

4000

Cu r rmng Speed 
—

• 0 002 004 006

-e On)

Figure 57. components of cutting Ior e (nnc ’a,n peak)
plotted against chipping dc-ph i f rsr lhrc ’c ’ c/ i l l  m-’rcnt m n / b -

ting speeds in shaly quar t/i t t- . (cook et aI. I 01) 5 .)

Cutting Speed
6000 — lmn/ sec l

F f 

~~~~~~~~~~~~~(I bf I

2000 - cr’~~

0 002 004 006
-e fOu l

1200 Cuttmn g Speed

• f lin/sec )

IIbf (

- I I
002 004 006

-e ( m l

I igure ~nS . (.o,flponenIs of cutti~ny force (mean peak)

plotted aqe/in.s /  c / Upping depth kmr three (1/ l /e ’rc ’nI spu n -nh

in hard p m ’/ ubtm ’ quarwite. (Cl ok et ul . I Otu 5 . i 

-.-~~ - - - -,-.-. . ‘  
• -

~

—~~ ---. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— 
.
~~—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PAR T4:  j) ~v-t P(J/( ’s AND ENLRGL TICs 01- PARA l L E l  61() I /O ’s  1001.5 45

1 he insensit iv i ty ob I~ to too l speed suggests that .tpparenl t rock stre ngth Jr nt’s not var y  much
wi th in tint ’ speed ua nnge s thiat have heet i u mnst ’ s tu p .mr t -d . It also nnn clicate s th at in ertial t n u u t t ’ ’ .  ri- lated to at -

ce lc r_ i t km nn ti n cut t  j um p s up tin s- i- lu n .m t y m m are srrr,tl I cm umpared with cut t ing I nun cc- s . l ine app /rebut speed-

dt’penndenuce ub I
~ 

that has been bound in some experirni eu its could he related to the dyniannit n t s p mt usc

c bm . ur , n c t t - n i s t i cs  of t he tool or the dynamometer , hut evt ’ n so this dependen ce cn,uld appear in a work-
ing machine. The impli cation of t he eb feet is that I n / t i could increase with cutt ing spec’ d , mc ’ . the
directioni of the resu ltant cutting force could incline nearer to the normal d i re c t in m n .

Effe ct of rock properties on cutting forces

The ef fec t  of rock properties on cutting louces has not been fully established by experimenta l
svur k , The simp ler theories of metal-cutting and rock-cutting predict direct propor t iona l i t s  hie ’ (wet ’ ur
cutt ing force and a single strength parameter , suc h as shear strength or tensile strength . The ni/m e
elabora te rock -cu tt ing theories also make c u t t i n g  force proportional to shear strength or tensile
strength , hut they inntroduc e an additional property, such as the “ang le of internal friction ” or the
rat io cut cnurn pres s is t ’ strength to tensile strength .

Roxboroug h arid Phillips (1975) made strength and cutt ing tests on sandstone specimens whichi all
came broni the sanie geolog ical formation , hut had strengths vary ing by about a factor of 5. The nie.ini
ta n gent ial cu t t i n g  force f~ was compare d with uniaxial compressive strength , uniaxial tensile strength ,
Shore rebound , an d resistance to cone indentation , and a linear correlation was obtained in each
case. Fine best correlation was with uniaxial compressive strength (correlation coefficient 0.92); (he
stra ight line relation , of the form 

~ 
= ao~ +b , had a force intercept b that was ver y small , and for

pract ical purposes the data could probably be represented adequately by direct propou t ionality.
However , it was found that wetting of the rock gave an anoma lous effect , in that strength decreased
and cutting force increased svith respect to values for the dry state. This last effect was noted for
both sandstone and chalk .

In studies of wed ges penetrating coal , Evans and Pomeroy (1973) found that results fc)r different
specimens could be unified by normalii.ing the penetration stress with respect to uniax ial compres-
sive strength . They also found a linear correlation between the mean peak value o f f 1 and the tensile
strengt h for coal (but the regressio n line implies existence of appreciable cutting force with zero
strength ).

Some investigators have considered the effect of confining stresses on cutting forces. App I,
Rowley and Bridwell (1967) gave a theoretical treatment for cutting with spherical diamond tools
and took into account the effect ob cunnfining stress. Their numerical results show cutt ing forces
increasing steadil y with confining stress; at 1 5,000 lbf/ in .2, bot h f 1 and 

~ 
were higher than the

zero confinement values by almost a f.nctor of 4 . Evans and Pomeroy (1973) made measurements
in laterally confined specimens of various types of coal , and found f~ for deep cuts increasing svith
t he confining pressure up to about 500 lbf/ in. 2 Above 500 lbf/ in. 2, 

~n decreased wi th increasing
pressure for some types of coal. At sniiall cutting depth (0 .1 in.) the confining stress did not appear
to have much effect. Roxboroug h and Phillips (1975 ) measured f~ and f 0 for a range of lateral con-
fining stresses up to 20 MN/m 2 (2900 lbf/ in ,2), but found no significant change for chipping depths
from 3 to 9 mm (0.12 to 0.35 in .).

• Tool inter action and kcrf spacing

Tool forces will obviously vary t u m  some extent with the transverse spacing of adjacent kerfs , m n n

cutt ing tracks. When the kerfs arc wide apart , eac h tool will operate independentl y, an d too l
in..

ii.

-- -‘-- ---~~~- - — .- ~~, .~~~ -- ,,—
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Lateral  Tool Spacing

Figure 59, Designation of dimensions for discussion of tool
spacing.
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Figure 60. Side force as a function of tool spacing for relieved cutting.

forces will be the same as for a single tool making unrelieved cuts. At the other extreme , when t here
is complete overlap of kerfs , a tool following in the wake of a preceding tool will experience zero
force if there is no provision for deepening the kerf . Between these extremes , tool forces w i l l  vary
wit h the degree of overlap of adjacent kerfs , decreasing as spacing decreases .

Transverse spacing of tools has already been discussed from a geometrical viewpoint (Mellon 1975 ,
l97oa ) , but it remains to be seen how tool forces sary with spacing. Referring to Figure 59, it w as
previousl y pointed out that the limit of interaction is the situation where x = 0, i.e . where (s— s i ) n~ =

I 
- 

2 tan~~, where ~ is the overbreak angle. For spacings wider than this , tool forces sh ould be iridepend-
ent of spacing , while at smaller spacings the tool forces should decrease , reaching zero at s 0. Thus
the general form of the relationshi p can be deduced , as in rigure 60, where the ratio of force (I ’) ,
at srac ing s to the force (fL at infinite spacing is plotted against (s— rc)/t . With overbre,ik ang les in
t i e range 500 

to 70 , the range of values for 2 tan n~ is approximately 2 .5 to 5 .5 , and these values
would be the limits for tool interaction. If there was no overbre ak at all , tool interaction would rio t

occur until s = Is- , or ( s — w ) / t  0.
According to work b~ Valantiri et al . (1964), the upper limit of spacing for tool interaction was

( s —c t  ) n m
~ = 1. F.vans (1972) gave data obtained by Pomeroy and Robinson , and these results indicate

that interaction was just beginning to occur at values of ( s—w )/2 ranging from 1.5 to 4 .1. Dat,t b~
4, -

- 
.,,-“ *. i,

-
, -  -

~~, - S .  - 
,
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Figure 61. Components of cutting force as functions of transverse
spacing for two types of picks cutting sandstone. The parameter is

chipping depth 2 . (A fter Barker 1964.)

Rock
( . ) We t

4 (o ) Dry  4

( k N )  

~~~~~~~~~~~~~~~~~~~~~~~~
_ _ Peak 

( k N)  ~ ~~~~~~~~~~~~~~~~~~eok

,~ :~~~~
— —/:~~~~~~~~~~~~~~~~~~~~~

Me on 

pf

~~~~~~~~~~~~~~~~~ Me:n

s — w (mm ) s— w (mm)

a. Tong. ntm ol Component b . Norm ol Compon ent

Figure 62. Components of peak cutting force and mean cutting force as functions
of space between adjacent paralle l tool tracks (is-el and dry sandstone). (Pox borough
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and Phi/lips 1975.)



- —--- - - -‘— -- - - - .  
~~~~~~~~~ ‘ ~~~~~~~~~ ‘

~~~~ ~~~~ ‘~~~~~~ ‘ ‘  ~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~~~~~~ —~~~~- - -- ,-- ..—--- ._ -_---- -.---- _..---- ‘

- ( S 11/. ( i l L’s / I  ‘u 0/ ( I I I  I /~V ( n AN!) BORING

‘e l mm ) -e (n -rn- I2~ • 1 01-t - 5 ru -
( k~~) . (5~~) ~~~~~~~~~~~ 2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~
S -w  mrn ( S -w (mun(

O~ Tan gen imar Compon’uent b. Normal Compcrnent

l iqure 63, Components of cuttin g force a~ funct ions of spacing bet cs -cell udjac ent
parallel tool tru/c /.~c, cs ith chipping depth us parameter. (Ro.s borough and l ’hillips

1975.)

(A)  Sondsrone 18) Sandy Tui t Barker (1964) show arid I ,~ vary ing strong ly ss- ith
3000 -~~ r~ - n--~r - - r—--

~ - — r--—~- -- -~-- - ——a spacing (Fig. 6 1) ;  the only t Ln r sc -s reachibig a max i-
mum s-a lue did sr i at ( s _ n v )  k = 3.75. Rnixborumu gh

/ 
(1973) found that the limit ml i mu t e ra t  t ion u u L t L/ r r e d

- 

/ 
at appruximatel s 2 t, tnç’u m i  his experiments , w here

/ ,_ —_.— - —__ __—
~
_____

~ ~ values for anh y dnitc , limestone and s , u u m c l s t u m i u e2000 
/ ~ / - -~ were 52 , 700 an d (n2 respect i v el y n’s s imilar result

~ J //~~~~~~~~~~~ T h ’~~~ (Fig. 62, 63) was obtained in further work on

~
- / /7 sandstone by Roxhoroug h and Phillips (1 9 7 5 ).

(k~ f ( ~ 15 A H Data by Furumi (personal communication I p. 64)
I000~ ‘I I indicate (lie limit of interactim an i muccur n ing at s/ k

uo ‘ma lues of approximately 4 1/u 5 , with ru sAu~-s pro b-
abby of (lie order of 1.

- 
j Effect of multiple pass cutt in g on tool forces0 2 4 6 8 ~

If a deep kerf , or groove , is cut progressiv e- Is b~
repeate d tool passes along the same track , t he c u t t ium p

Figure 6-i , Tanqentialconiponent of cutt ing for ces I~ ari d f~ become higher at each pass even
force usa function of spacing for tut u rock t hough the c h i pp in g depth is the came Ion each pass .
types : sandstone and sandy tuff ~ (Futum,, I v -nn tua ll y the cut t ing forces reach .u limit and t h ere-

personal communication.) after remain the same for eac in successive puss.
Limiting va lues mi ght be reached wh en the kerf

• depth exceeds the kerf width. Data for gi uovc deepening experiments are given by Rox boroug h and
Phillips (1975) and by Evans arid Pomeroy (1973).

V Effect of tool wear on cuttin g forces

,\ lthnnugh discussion of tool wear tends to occur almost as an ,il tert hiought , it could well lie the
most important aspect of the cutting process from a practical point u ml view . The result s of buuth

• thc’u iret ical and experimental studies for sharp tools Ci b l be modified almost beyond recognit ion sc-hen

-. 
wear is accounte d for  and the amount of wear needed t ru  bring about this transf o rniat ion can n n e t O n

st’r’u earl y in the l i fe  of a typical  tool .

4 
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Figure 65. Development of typical cttmear flat , show-
- ing ~‘wear angle.

In the usual mm dc ml fr ictional or abrasive wear , a flat develops under the tip of the tool on the-
re- lie - f face , or flank. The wear ( ( a t , or “wear land ,” is almost parallel to the tangential direction , but
in general it inclines sli ghtly in t h e  mm nposite direction to the relief face (Fig. 65 ). This “wear ang le ”
is typ icall y a fesv degrees , and it is said l~ be smallest with the hardest and strongest tool materials.
Other types of wear patterns earn occur , especially on soften tools and in weaker ground materials;
we -ar can take place on both the - relief and rake surfaces , producing general rounding on blunting
of t he t m n u n l  t ip.  [heavy wear can cad to breakage and detachrnennt of hard ti p materials (Fi g. 66).

As tIne classic wear flat develops , both f~ and f~ have to increase in uncle-n to maintain constant
chi pp ing depth k . In general , cutt ing force [ for chisel-ed ge tco ls increases nonlinearl y w ith thic’
width of the ~scar f la t  (Fi g. 67 , 68); the- relation may he representable by a simple funct Ion of the
Im u rn i f = us ,n where rn is a frac t ional power. In some cases data might also be i upnese nnted approxi-
mate ly b5 .1 strai ght line- , possibly one that has an in tercept on (lie force axis (I ig. (mO 70 , 71).  In
t he- case of a chisel-edge tool of constant wid th, the area of t h e  ss t -a m f lat is pnmi pontuo na l to the
width of the we-an f lat.

the normal ctnnipone-nnt mu ) c utt inng force 
~,m a lways incre,ises more rapidl y t han the tangential

compilneni t t r ’  abm d the - rat i u m t o j n atta ins values greater than tt b1 it~ after only sma ll amounts m u wear
(I ig. 72, 73 ) .  1 nder ex per imental conditions , it appears that development oh wear flats less than
I miii ss ide is suf f ic ient  to make- [ , . I

~ 
> 1.

Fi gure 7- 1 slim us es the in crease - (if f~ with the breadth of a flat that is norrn.il to the rake face  (cf.
t he blunt cst ’t lge of I s uns theory h ip. 8). The trend is similar to that observed for the classic

• ssea r f l a t .

T he - width or area mu F the wean flat , and hence the force components , must obviously increase wit h

V t he- distance - I traveled by the- b urr 1 . Figure 75 gives a direct exa mp lc- of sa r iat ion of 1n with L , while
I p/I . e 76 i l lustrates how ‘nm- ’n can incre,ise with I.. In experimental studies it is more usual to relate
r u m - m i  f - m m  c n s  ss ith \s e ,c r flat dimension , treating the d ependence- m u wear dimensions on other variables

i t t - I s  , us dnscu ssec l he-bmw .

- - •
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Figure 66. Progressive clevelopme,,t of ut-ta, in a rock-cuttin g drag bit, (/ ‘ho to r. o u t  t u m u of
D. Fourrnai,ntraux /, aborutoire central des Points et Chuusstes , Par is .)
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Figure 69. Components of cutting force as functions of
wear flat length for a chisel edge tool. (Fairhurst 1955.)
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Figure 70, Normal component of cutting force plotted
against area of wear flat. (Valantin et al. 1964.)
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• Figure 71. Increase of mean forc e
a n d  

2 - ~• components with wear fla t width .
(kNI 

- 

(A fter Ku-mmy and Johnson 1976.)
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m o  - / - Figure 72. Ratio f~/ f 1 asa
function of wear flat length.
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Figure 74. Tangential component of mean peak cut-
ting force as a function of wear flat width for a flat
that is normal to the tool ‘.s rak e face. (E vans and

Pnrnero ” 1973 .1
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I:igure 75. Tangential component of cutting force as a function of
distance traveled for a chisel-edge tool in two different orientations

(03 constant; 01, O~ 
changed,). (Va/ant/n et al, 1964.)
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p - n~~~~ Development of wear

200 L ’ / 40  m~ - Ihere is rIO standard method of measuring arid

/ repr inting tool we-ar, and i t has been given in terms

of wei ght loss , width of we-ar flat , area of wear f lat ,

/ 
and decrease of gauge length ~ h. For a chisel-ed ge

/ 
tool of uniform cross section , which is the typical

/ 
geometry hon experimental work , these different

80m measures can be interrelated as follows: *

I ~ H Width of wean flat = .SJi (cot 02 -tan 0~~
)

- / o 6 O m  I- m 
/ 

Area of wear flat = cs - .~h (cot 02 — tan
~q t) 

/ J Volume loss = -As (,~h) 2 (cot 02 - tan i3~
)

600’ Wei ght loss = i w( ~~h) 2 (cot f 3 2 - tan 01 )YT

- /20m where 
~T is unit wei ght of the tool material .

— / The width of the wear flat on a chisel-edge tool
- - / increases nonlinearl y w ith distance traveled L ,

appro ximately as L1
~ , where m is a fractional

qtiQm / power (Fi g. 77-82). After an initial stage of rapid
200H H 

wear , the wei ght loss , or volume loss , increases
almost linearl y with L (Fig. 79, 82 , 83 , 84, 85), and

New pm ck since wei ght loss for a chisel edge is proportional
m

m to the square of the wear flat width , there is an
/ ~~~~~~~~~~~~~~~~~~~~

0 200 400 implication that the power m is approximately ½,
kq f )  or perhaps somewhat lower. This is in agreement

- - , w ith the wedge penetration results of Evans andFigure 76. f p lotted against t for various . - -- 
- 

n 
- 

i 
- - Pomeroy (1973) , w hich showed penetration Ionce

trave l distances. Thus shows the increase in - -
- - proportional to the - square root of wear land width .

the ratio i~ - t~ as wear progresses. ( Va/an ti,n
et al. 1 1().1 ) Figure s 86 and 87 show a remarkable effect that

should he of great pract ical si gn ifica n ce: the volume
loss , or weight loss , from the cutting edge actually

decreases significantly with increase of ch i pping depth t . This imp lies that the ratio of wear s-o lume
to volume ml cut roc k decreases even more dramaticall y as (I increases.

A detailed study of tool wear was made by Kenny and Johnson (1976). In brief , the-v found
that the volumetric wear rate at the cutting edge was a) independent of 01 and 02 and of wear flat
width , b) proportional bum L (after the initial stage), and to ut , c) inversely  re lated to 1. and to too l

- ‘
~ hardness .

Wear rates can he expected tu) increase with tool speed when other factors remain unchan ged ,
s ince the hardness of the tool m.itcnial decreases with increasing temperature , and increased cutting

• s peed almost mnvar l. ihly raises the temperature of the tool tip.

A great deal of n onsense has been talked about ‘‘ se lf -shanp en im ig tools, ” It is an m ien edible fact
t hat many n ick-cu t t ing  tools , espm - e ia ll y bullet bits , arc set w ith an ap par em nt re - l ie - I  im/g it - of / emu u ,
which mearns le g / r u s e  m e f u c i  for f i n i t e  feed rate. The he-st that a ri gidl y moun te d too l can thur i~
gr ind itself so as t r u  maintain zero kinematic ’’ ne- l ie - f ang le.

m i :  f I ,t b area is related geometric a lls- to ~ /i for a va n iet ~ of too l t y pes b~ Linl e rb k r m ( 10 721 .

~ 

~~~~~~~~~~~~ _ _ _  j
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L, Dusnance Cut (ml

a. Enlargement of plo t for first 2 m.

I I I

~~~~~~~~~iii’i
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L, Distance Cut (m l

b. Complete plo t covering several hundred meters of travel.

Figure 77. Wear flat length as a function of distance traveled by the tool,
for three different grades of tungsten carbide working in sandstone (CPM-
3.5 j.nm grain size, 15% cobalt; CM-3 . S ji m grain 51Ze-m 10% cobalt ,- CH-3. S

ja m grain size, 7% cobalt. (Roxboroug h and Phillips 1975.)
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Figure 78, Wear flat length as a function of distance traveled
by the tool. (Fairhurs t 1955.)
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Figure 79. Development of wear with dis tance
traveled by a tool steel cutter (0

~ 
= 30°). (A fter

Kenny and Johnson 1976.)
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Figure 80. Wear flat width as a function of distairce
traveled for three types of tool tips. (A Iter Ken ny

and Johnson 1976.)
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L , 0- stance Cul (ml

/ iqminc SI , II car f/a t length and ~uorma/ component of cutting force as fu,nctiom-is of
dis tal/ce traveled /ot tut u tool widths . Note that wear flat length is independent of
too/ wiml t/ i tv while f 

~ 
is a function of w (or of wear flat area). (A f/ er Kenny and

Jo/n,uso,/ 1971’,,)
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Figure 82. hear I/al width and nol unnre los s as functions of distance trave led for various tool
angles. (, l l ter Kenny and Johnson 1976.)
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a. Enlargernuent of plot for first 2 m.
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b. Complete plot for tool travel of several honrdre u/ ,nt ele rs,

Figure 83. Weight loss from tungste,n carbide tips as a tune tio,n of dus t atit e
traveled by the tools (see Fig. 77 for I/lean ing of carbide gradu- u //u S ), (Ro.s -

borough and Phillips / 075 .)
— 

• 02 0  . Wem ghl Loss
A Toto r A
ft Wear Flat + Rake Foce + Sr d e Face
C Wear Flat + Rake Face B
0. Wear Flat

0 1 0 -

u , , , , , ,
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L, O s t a n ce  Cut (m l

Figure 84. Distribution of wear on a carbide tool cuu’ti,ng rock , ( - 1  I / m r

Kenny and / ohnsot r 1976.)
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- - m t -

L D m s t o n c e  Cut 1m b

Figure 85. Tip wear (measured in the normal dir-
ect ion) as a function of distance traveled, for three

different rake angles. ( Va/ant/n et al. 1964.)
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Figure 86. Volume loss from cutting edge as a function of chipping depth
for various tool angles and different stages of wear. (A fter Kenny and John-

SOfl 1976 )
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Figure ~S’7 , 1 / uutmt /oss tr ot/u cutti,uq edqe r. ci h unt //o/ n oi chip-
pOny dept/n [or carb ide (hull litre , le ft SCm//C) aund tool ste m- I (u/as/nc-il

line, right scale). (,l i/m m Ken/ny auud /o/n/iso/u 1 ) 76,)

ENERGLTICS OF CUTTING

Energetics of parallel-n iot ion tools
Since pnmthlems m nvolv i mmg tool u mr ct ’s on ro c k- cut t i m mg machines c /ni lie s um t u mnn np ( i t . ut e t l , it us mu Ot - u m

c a m s r um ut - nt to bypass the- cu implexi t ies and (lie uu nkn ursv m m s by r u m m m s u m l m r r mu ~ nhie m rem u e mit - : a~- m ft S ol
tIne cutt ing process . This appno,uch is p a nt icu l um I~ lisrI u i  (mum m,m ki m ng t’s ti nnatt ’s ‘ ml ast -rage 1 -  H i  I - m m

f iu m n i  simp le f ie ld mt’as ilrenients oh machine- per lorm a nice , as tvt~ll as I - m t  a~5t’ssiflg posse! u - p u r r  e mm i0 m ~ ~,

The r u ie r u( \ It’ t ’\pentht’d ln~ .1 cut t ing mom , l  in a my given m m p e : . u b u n is , in simp lt- te um s tine t uutr i ulg
I r r r c t ’ nru lt ip lied ( t s  the distance thrumugh us fiic h thic murc e moves . 5i -ue  prec iseI~ - in is tIne pm-  -uCa

uf ( r ict ’ ,imn d uJisp l.Ict - uint ’ int mu ( r u ~ .m( t ’ .l tb nnumug hi th u.- upm ’ m,ml i rm m t

5 
Il — l ,dv I ’ /~ c lu -  + l ’ f u J ~ I 0.

-

w he re- f 5~ ç ,  t , mum - the s u m ’ ,  mu g t ime-depm,- m nde nt C urce comp runem i ns inn mrn tfm tm g ona l d irect i r rm n s - m -

In the c.r .c r r f  ,i siniip lmi panaltcl nl i mn i m nn i tm nu ml  cutting no conist ,cnt depth m , the w u mrk dou se uu m l ( \  inns ur Is cc
mov ing nbc t i e / m m  iaunge nti ,i l cu un l p umu n ei n t  oI ct it t im ig ( uu r tc  I~ t hi r um ug h .u d i sb a m ’ t , ’ L , am nd it is sin i npl ’c

II - t~L 3 ( 1

sc hm ’re ( , is a me-an va lue t. uke n ms em ntumerot/s undivid u,n l clnipping st ’ ut uc rnces .

The results m m  the wu rk du m nu. ’ b~ the r I  can he m ’\picsse ( I inn t -r rns ml bhe i mn . r ss or s m ( u um e m m

rnat t -ni.il th in has bee-ni c ut . Inn tI nt’ r ust - oh a p a n . i l le l— m mm t i mrm m luol th,u ( motes -i di s t ,um icu ’ L aI tm mm ns ta nt
chipp i n g t lepth f , the mass (I anth ur( ume I - mm

~
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- I / u ,  ( 1 e u l 4 2 ~

-u us t hnc- m m mt - .m m n l-,e- nl -s m l b l u  arid p is tIn ,’ mi ( m Out C dcnnsl t \  rI the nn.ine n al th at b u s  b l u r - i l  c u / b .

5u m n m u t - mm tbn ~’ s c m  ft u t -mu m - lu~ lu, ’ i m m , r l  us m ’ \ ( m r l r u l m ’/ I  inn in np .uu I / rug k :nieh uc ,-! m , - mp - , ! - m  t b / c ’ u : b b C : - ,~—, f iat
cu.u ’ : m .It lit ’ mig h t-s t I m u  spu ’t’ths m o m - t I mu nric k c l i t t u m p  t bn j ~ IS .10 ‘ m s u p r m u l m c _ u : i t l s  s l u m ! m u m m I m m m ’ I u m - m I  ml 1mm ’

tmmt ,I I m n ,  : p5 im i put

In n , m m , t u ’m Iou  l, u m , i C t e m u / t ’ th e s f  lu ’ , b r , c m u m ’ss ml ,CHm - : r mb t r u t t i r m g  p r - c u - s s t - s  m u  ,n g u s m - ! -  m m -H a l , - m m
a l t er  mm , u l u s - - - I \  to rb i,I r aC Im - m ic’ tbn t ’ m u - b r _ u ,  u r n  m > t  s u m  I m mr / s nl. mb tl u r i s  Un_ i t- u thu, , I e - t u -  tn m m f  a P _ i m i  ,rI, jr c u t b m l - 4

prum e t - su , t he s t r u m  ft dru r it - In~ t Int ’ Ir u uu b t , m t m he uu -l,uteri to  th ic ’ r U t ( u : u p  
~ 

- -Jo , I r m u m u . I he u - m m ,  m ~ . m - sb i r - : u uIr - rb

by t he tool inn pm -Jut up r , m u u t  m m ! , /ss  - m m  u ln it smm lu : i i n t ’ r u t  c u m t : u m r u , ,l~ l i : u m  s ,t s p r t i h i t  u mm - m e - -, I

= II 1/

mu m

= II ’ I - ( 33 )

-\ Ith t mugh p i m K h t / t t m c f l  us / f  t b !  Ille,IslL ,- _i m m ( c i  mn : s ml m u s s , tlt’I i n u u t i m m t i  - m l  spu - t u l  mc - - - - ,~ ; u m . m, - r Ins
t ’ ru t - :gs per 1 / 1 m b  s - - i r u ’ m u - .s p m , l c m , u Hm - 0! mli m s t  ,in,Js bu ,, al pu rpmms t -s m s p u ’ t i.ill~ as it b u s  th e d !n m , I l s I m  - l us
01 a 51 1 m s 5  I he m e t i p m m m c ,Il ml sp- ie lu t  m ’ m ieIt i \ us “ u mn in / ,utm niCS /1s t’ ) as ,inn u _ i t  \ ml m 1c - m eI ,- b ! ,  e bb r t l m ’ u m t  s~
the tv’rbns rj~~

- ,1 - m t  m b m j s  p l Lu lu ( i ( \ -  /5  i m , - m p \  m l  m r b i s t - ! m u ’ss . ’’ Ior a s u m :u~~Ie p~~,/ lt -I m n m m b u -  m u l u - m m l  that
n i m m u t ’ , .5 u f r s l , m m u , ’ L .,b 4 m m m m s I . m m u b  dt- pthn I

I_ s - ~ ~~~~~~~~I ~/ r m - p1 ‘t k

• s p e _ u l  It ,‘ t nvm -,
~\ 1. can ,cls um he let unt ’tl mi te rms of the time dcn iv ,ut is -e s of energy and Cm m l u u m m m u , i c .

in tm- r n / s  m l the ‘,ut, s at s c i r u t h  eiierg’, is t m ui s mm m e d arid cu tti nigs are produc e-cl:

L ~~ =
a l  mI t I 1

w he m e P is pm -us- e m consumpt ion . m m  many practical purposes this al ternat ive - is prt- fer ah i le , s ince thit’
tu uu l t b Hbc u m i  t ’ b lu ’l ~i\ Cmmti sUnilpti m in can he- tsse u sum rm ’d by the power supplied , and s-o lumet nic c ut t ibng
rate is us erm his tool se - I -  m r _ i and serf cross section. For a parallel-motion tool cutt ing a C u m ; s b , u m u t
dept h

= 
/ t 

- )~~h m
I- ( m’ iO 

~ ~~~~ 
1-~~u<

W hen L~ is u’~ p c - s~rJ us It - 1 un I’ , V it has the dime nns irnns oh stre ss , an d Irmum eq ~-t arid 36 it
ca in he seen t h a t  burr ,r paralle l ni nmiti o fl bm m m ‘I this c ruld bc interpreted phn v si t  .111 5 a~ mean t a nng e n nt ial

m m m l force divided hr.- t Ine ftc ’ : I (tm ’s’ , set t i m un which lies normal t r u that fur ce - . u Whein gt’ um r n e n r i t , c l l m,

* In a na lyt ical ~~u mm ft m m b i  niet,nl-ctntti nig niachirne ( m u _ i s , / for ort hogonal cutt ing is sm mnnn etirn e s I e l u ’ m m u d
b - us t he ‘‘ spec i ut cu l t - r i g  pressure . ’’

- .— — — -  0 - .. - 
~
.. , ,‘ 0_fl ~~0’ — •‘ -. -
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Figure 88. Specific energy for drag bit cutting plotted against un/ as ia!  corn pres-
sive s trength. The lines drawn across the p lot denote fixed values of the ratio

Es /0c~

similar chips are being sheared on sp lit ahead of t h e  tool tip, it wou ld seem that the stu css rcp tesu - m ube ub

by E5 could be directly proportional to the shear s tress or tensile stress required to fornn chips. W h at .

ever the physical significance of E5 in terms of st ress , there has been a longstamiding em pm nica l p m , u t b r t -

of normalizing E
~ 

with respect to the uniaxia l compressive strength of the material o~ in order (u s oh-
ta m a dimensionless performance index for a part icular type of tool or cut t i n g process , In t ru s s ml

the foregoing comments , this is not too unreasonable , s in ce the un naxia l compression test is a s t .c mm J

I •-~ ar d procedure that app lies normal force to a cross section so as tu fragment the specimen 1st lou m-
ing internal tensile cracks and f inal ly shearing across surfaces that are not parallel ( mm t Ine app lucd
force. A more formal justification of this normalizing procedure has been given elsewhere Sic 1 1 m m

1972),

Fi gure- 88 gives some ranges of values of specif ic energy that have been obtaine r) in !~/ h m u m . c t m  mr\

experiments with drag bits. T h e  ranges for eac h type of rock , frozen s m _ i  or c t - represent resu lts Ion

di f ferent  t5- pe c of tools and varying operating conditions. However , being plot ted against unias ,ial

• compres sive strength they do give order oh magnitude indications of the dimcnisionn)s’ss ride- mt I,, um ,.
Frur friable bri t t le materials that are acted on by ef fect ive l y applied tools , it appears bh , uI l~ Hr us ni

t he order of 0.1 or less. There is some indication that for tougher or more duct i le rr i , i tu ’ I m ,u is , I - 
mn~

- - 
nn,ty hc somewhat higher , say between 0.1 and 1. 0. (The ef fec t  rul r)Ck properties m m m i L~ is du~ nu tt e d

Iurt he- r in a subsequent section see p. 71 .)
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II t h e  spe c i l  it e nmc ’ rg 5 of ,u drag hit i nn a cert a in r m m t k  is known or can be estimated , and it it is as-
sllinn u .ich that I. , is riot s tnm ngly de-pen ic let it on cutting spcc’d, the- r i the mean tangential cutting force f~
can he- est imat ed In onn the pro.~. en ccmnns umpt hun and tht - tool ’s ‘ c ’ x c , Is - a t l m urn rate - ’’ v, inn accordance
st i th eq 33 ,

It niight Cu.- rnc ut c’ d in passi n g that tool speed and tangential tool force are inversel y proportional
ssh e-n pu 55 en is c urnstarnt  s mu that , for a given niachinie- operating at consta n t power , the mean tool

mm cc decreases as the- t m m m r )  speed increases.  I or machines overal l , t here is a correspond ing tcndencs-
for tool for cc’ to decrease with tool speed , since available power tends to stay w ithin narrower
limits than does tool speed when all types of devices are considered .

The mean ke- r I width ~~‘ that occurs in eq 32 , 34 and 36 can be expressed in ‘erms of actual toot
width cs , chipping depth I., and overbre ak angle 

~ 
as can be seen from Figure 59:

ci = w + I_t,cnçiu, (37 )

Substituting for w in eq 36 then gives

f
E = —~ (38)

~ I_ (cv -f ktangii )

in which tan~ mi ght be in the range 1 to 3 for typical rocks and typical cutting conditions , Actually,
the idea that Q is invariant with I_ seems questionable - .

6 ’  Root Variation of specific energy with chipping depth
( 0 1  D ry  for a single tool

4 - 
Experimental data usually show the specif k energy E,

(M.J/m 3l 
for a sing le tool decreasing as chipp ing depth increases ,

3 - but tending to some- lower limit (Fi g, 89-94). Ilur ste ser ,

some data for “deep ” cutting suggest that specific encrg’,
2 - reac hes a minimum value - and then begins to increase

- 
again as chi pping depth is further increased (Fi g. 93).

In assessing these trends , it is interesting to recall that
I I I I I

0 3 6 9 2 15  

F = (39)
I-’igure 89. Specific energy as a function ~ (w/ I_ + tan~~)

of chipping depth for wet and dry sand-
stone. (Roxborough and Phillips 1975.) arid that the empirical relationship between t~ and I_ i s

• represe ntable approximately by

= k I_ ” (40)

w hiere P is a proportionality constant and n - I . Thus

• k
- 5 

- 

~~~~ (us 1 I _ + tanm ~~)

~~~~~~~~~~~~ -~~~-‘~~~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- -~~~~--
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Figure 92. Specific energy as a func tion vi

chipping dept/ n for four different ,ynatc ’rials .
(Whittaker and .Szm +milski 1973.)
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Figure 93. Specific energy as a functio n of chipping depth for six dif-
ferent tools work ing in wet and dry chalk . (Roxborough and Rispin

/ 973a, b.)
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Figure 94. Specific energy plotted against
chipping depth for two different too/s in
wet and dry chalk . (Roxborough and Ris-

pin / 973a.)
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Figure 95, Specific energy as a function of
rake angle for chisel edge tools in wet and
dry sandstone, (Rox borough and Phillips

1975,)

2000 -
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~ (Rake Ang le)

Figure 96. Specific energy as a function of rake angle for two
types of coal. (Evan.c and Po,nero v 1973, )

9~uth u.c ,~~ ~- > t .inçp this implies that F5 is approximatel y proportional to I_ m m~~~, while ss- it h us- ,t ‘ -

t .u rm m :u , L 5 is approximatel y proportional to I_ ”~ , assuming in both cases that ~ is invariant s s - i t h P
Th c- f i rs t  case represents two-dimensional cutting, for which n is probably fraction al , while the
seco nd case represents ‘‘ deep, ” -a three-dimensional , cut t ing Im n i which n seems to lie close tn unity.
In both cases there is am i approximation to inverse proportionality between arid I.. ihe observed

• minimum in 1~ Ion some deep cutting experiments c mu u ld be expla i ned by a decrease - in the e lfe c -
-

‘ 
tive value of ~ as k increases. The latter might well occur , jud ging b~ the results of Roxborough and
Phillips (1975) for kerl de-c’pen ing experi m ents , in wh ich I_ was inert-a s - u  by multi ple tool passes .
making the- effective valu e- of ~ ole-crease with increase of P

• Effect of rake angle on specif k energy

The rake angle of a tool affects the cutting I rmrc c , hut it does not dine - ct l r, a f le ct  the volume m m )

material cut out by the tounl . Hence , specific energy ought to vary with rake- ,inigle in emt . m t t l ’, t Int-

- -•

•
.
~~~~~~~~~~~~~
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/ iq u iru - ci’. variation of specific energy with side Figure 98. Specific energy as a function of
ru i/ , ’ t -s for a cynirnc- tri t al (V-face) tool, with chipping side rak e for a tool with one-way side rake.
dc ’pt I, as parameter . I tu r u. ’h ic ’ic d cutting in sandstone. The graphs show the effect of distance from

(Rox borot.mqh and Phillips / 975,) a parallel relieving kerf, (Roxboroug h a,nd
Phillips 1975.)

same w ,us as Ihe mean tangential cutting f orce f~ var ies. In other words , for an unworn tool cutting
deepl y ( I_ - r ) ,  specific energy ought to decrease as the rake ang le increases , tending to a lower limit
as the rake ang le rt-ac hes +2(1 to ÷30° (see p. 32).

l igun c-s 95 ,unnd 96 give dine -ct examples of the variation of with rake angle 
~ 

-

Effect of relief angle on specific energy

the relief angle of the tool ,iffecns the me-an tangential cutting force f 1, but not the volume of
material that is clI t . Ihus specific et iergy f ’~ ought no vary with relief angle 

~2 in exactly the same
w,iv as s-nm it’s us ith 

~2 - This means thn,it L 5 should he constant for values of t h e  ‘‘dynamic relief
anug le gre - at tn th ,tn about ~~ , hut it ca i n he expected to increase sharply after the dynamic relief angle
dn ups bc- I- m u’, S mr s um . It ch m uu ld be me - cal led that ‘‘dynamic ” relief ang le is the difference between
actua l t u u u l  m e - l i t - I a n g le ,innd (he ‘ k ine matic ” rel01anglt’ needed to prevent scraping of the tool flank
( i t - , the nn,ixinnum .im mg le u~kt ’ m n Ct the too l trajectory ).

Effect of siu.fe rake on specific energy
Wi th ss n nnn nn ’ t n ic al side rakes , ,ts on a V ’I,tcu.’ pick , t Ine mean tangential cutting force f 5 decreases

line-ark su.dFn inicnt ’ ,ise of t ine- side - m a ke .ing les 34 (set ’ I ig. -I-fl. I hinwever , according to experiments
~umm s . i n ic fs lr mc ’  Ins- R mrx bui rumog hi and F’b nlll ups ( 1975), the - k&’rf cross section , or mean ken width is ,
.ilsu n t l etme , u s c ’ s us mth i ’ mtr t -a s e of the t ide rakes 13,~ , 

and tine net e l fec t  for unre lieved cutt ing us that
t pt - c if in. e- ncng~ ~ incus- usn-t w ith rim . rt’as in ng s ulu j es u I  ~i4 (Fig. 97).

9’ t b m m mut - -ss iv side mike and unrelieved cu tt i n ng tine - re is  no si gnni f icant variation of L~ with 134 mrs m m

t he pract ical  n .nnge- of ~~ - I hurts t-s ,‘r , su. h ue - mi  the tumo l is traveling par,Illel tu i an existing ken , t he - mt us
snn,n ll but sig rni l cant dt - t me,tse in L~ us  134 increases. The vari a tion of I:~ with 134 become-s more pro-
rnu uu nc e d ~s the s p u t  m g  between the t m m ol  and line- r e - l i t - su n g  ken decreases (Fi g. 98). The- absolute
s .ilue-s oh I 1 m m  l ) ru t !  se sid e- rake - (i.e. plowing tn iwards the relief) are lowest for of fsets in the range
1 - ’ s—u ’ ): ( .,- 3

L1~~~~ 1:. T~~~~~~~~~~ ~~~~~~~~~ _ __
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~~~~ 6 Figure 99. Specific energy as a
fij nctiot, of hose angle wi/ h chip-

~ ping depth as parameter. (Rox-
I S  borough and Phillips 1975.)
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000 — 
Figure 100. Specific energy as a

I t t  l b / l b  - 
function of base angle for three

- 

types of coal. (Evans and Porn-
eroy 1973.)
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Figure 101. Idealized
DI A ’ °’/2 (2 man $~i-L~— i~ w tanP5 )2 ton4’ ~e -e kerf cross sections , shocs--

itig area for dii erent bas c

- - - 
angles and differe,nt chip- 2

~e € p ing depths. (A fter
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Effect of base angle or face profile on specif ic energy

— 5 ’~ tiit’ base ang le- 136 tu l a symmetrical cutt ing tool inncre -as es , t lìe specif ic energy increases ( l ug .  99,
100). Althoug h the nnean tangential cutting force ‘n decreases with increase of 

~6 (see Fig. 47),  the

F kerl cross sect on decreas es , and the net ef fect  is an increase m l l~~.

It is not altogether clear why specif ic energy does not tend to a steady value wIne-n the half-angle
of the V-base drops be- how t lte overbre ak angle cu (u .e. when 136 > 7r/2 —4 ’ ) ,  since 

~n stabi l i ,es in this
m ange and tine area of the kerl cross section A k should also stabiliie if 4’ is a constant . As a matte - n uf
interest , t he kenf area A k is give -t n by the following relations for various cutting situations (Fig. 101) ,
following Roxboroug h and Phillips (1975):

a. Blu tnt-base tool chipping to shallow depth

(nT /2-çfl ; Q < f~wtan 136

I_ 2 /tati f3~

b. Blunt-base tool chipping deeply

< (in/2-4’); t >  V.mw ta nj36

A k = (w/2) 2 tan136 +( Q_ m/tw ta nl36) 2 tan4’

c. Sharp V-base tool chipping to shallow depth

> (im/ 2-Ø); f < Awtan j3 6

~
4 k I_ 2 tan4’

d. Sharp V-base tool chipping deeply

~6 > (ir/2-4’); t >  /.zwtanj3~

A k = (2 t an 4 ’ .

If A k cont inues to decrease with increase of 
~~ 

when 
~6 > (ir/2— Ø) , then there is an implication that

the tool tip is partl y embedded as shown in Figure lO le.

Available data for variation of E5 with the radius of curvature of the face profile show a some-
• what different trend (Fig. 102). These results from coal-cutting experiments suggest that E5 may

have a minimum value with a base radius of approximately 0.07 in.

Effect of tip radius on specific energy

Tool tip radius r is another parameter that affects only the tool force , so that specific energy ought
to vary with tip radius in the same way as ? varies with r . Thus L~ may be expected to increase non-
linearl y ssith r , tending progressively towards a limit when r becomes greater than the chipping depth
( (see- p. 36 ). F igure 103 gives a direct example of the variation of E5 with r , although in this ease r
never approaches the same- magnitude as ~ (cf Fig. 49, which gives the corresponding relation s be-
I we -en t’

~ 
and  r)

-‘I -- - - 
. - . ,

-
- - ,- -

-
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0 u b/ i b )  / igure 102. Specific c-,nergy as
a function of hose m e/u.’ - - fr,r

fli rts 9 ~~ of coal, (I u uurms arid
/‘omer’oy 1973 ,)

~~~~~~~~~~~~~~ ~ ~ I -

~ 
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r Tmp Ra dmus (rn ,n)

Effect of tool width on specific energy
knol width ,uffect s both the mean tangential cutting force f 1 and the excav ated ~‘ must sm.’uJ i m m m l

Tool force varies linearly with tool width w, the relationship being of (he fonnn

= a0 +a~w = f0 ( f l ÷ 1 1 ( ( ( mm ( 4 ’

where 00 and a 1 are depth-dependent constants. The effective kc rf width ~m- is ofte n taken as

w — w + ( t a n 4 ’  (-I )

assuming that 4’ is invariant wit h I. over the range of interest , If these mel a t ions ,mrt - accept ed , the
specif ic energy E5 can be expressed as

Pun - ( t a n q f

.5 ,h ,.um rs t, In t chipping depth 1, and with ovcrbrcak angle 4’ either constant or some Iun ct immni oh 1,
I -• - - - .0- ; ’  i _ u — / s is mm ) the - Im urm

— 1____ _
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0 +0 W
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(- 1 5)

wher e- b0 and b 1 are con stants. [hus / could in-
c ieasc ’ with us- , dec rease with us- , on rema in almost inn-

- dependent of w , depending on the relative values of

— — 
Wet • 

the consta nnts 
~~ 

a1, b0, b 1. Figure 104 gives an
• . example of experimental data thna t show E varying

~ 
~~~~~~~~~~~~~~~~~~ only s lightly with us’. This is not too surprising,

lMJ/un~I s ince- I~ is likel y to vary inn direct response to changes
2 - in i.- , i .e. 

~ 
may be directly proportional to nv

- Effect of tool speed on specific energy
I I ~~~~~~~~ As Pr as is currently known , tool speed a does0 20 40 60 - - - - -

( rn m( not significantly alter the effective kerf width when
the cuttiung pr m mces s involves only britt le fracture.

Figure 104. Specific energy plotted aqainst Furthermore , (( appears that tool speed has no sig-
tool width (un-C t and dry sandstone), (Rox- nil (cant effect on the mean tangential cutting force

borough and Phillips 1975,) over the range of speeds applicable to rock-cutting
mac hines (see p. 43). Thus there is no reason to
expect that the specific energy E5 wi ll vary with tool

speed as long as there is no question of ductile y ielding, on of duCtile/britt le tran sition , in the cutt ing
process. The kinetic energy imparted to the cutting does increase with u2 for w ide tools , but this
appears to be insignificant in typical rock-cutting conditions. *

Variation of specific energy with rock properties
The- mean tangential cutting force f~ increases almost linearly with rock strength; to a first ap-

proximat ion, 7~ is directl y proportional to uniaxial compressive strength a~, 
which is often the only

known strength parameter . However , according to theory there might be a better overall correlation
with tensile strength . If this is so , the expression for f~ could be written as

~ 
=k o ~/ R (46)

where k is a proportionality constant and R is the ratio of uniaxial compress ive strength to uniaxial
tensile strength .

The mean kerf width ~ also depends on rc’~) properties , in that the ovcrbreak angle 4’ for any
given dept h oh cut is a variable:

us us-+h/ tanØ. (47)

For very britt le or friable materials , 4’ is expected to be relatively large at moderate chipping depth ,
w hereas for ductile materials 4’ is likel y to he small .

* The situation is very different with wood-cutting machines , which can have tool speeds above
20 ,000 It /m m (> 100 m/s) .
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Figure 105. Specifi c energy as a Figure 106. Specifi c energy plotted against lateral con-
function of tensile strength. (Whit- fining stress for three values of chipping dep th in sa,nd-

taker and Si wi/ski 1973.) stone. (Roxborough and Phillips 1975.)

The net effect of rock properties on specific energy can perhaps be deduced from the- relation

f k o / R
E =~~~.=~~ ____~ 

- (48)$ (~ f l (w+ Qt a n4 ’ )

Applying the foregoing arguments to this relation , E~ 
can be expected to increase as R decreases and

as 4’ decreases. Ot herwise , E5 w ill be directly proportional to compressive strength , The data sum-
marized in I igerc 88 are consistent with this supposition (the rather skimpy data of Figure 105 are
not quite in agreement ).

When the rock to be cut is at considerable depth , as in a tunne l, a m ine, or a bore hole , the confin-
ing stress mi ght be expected to increase the cutting forces , and hence the spec ific energy, since the
relevant cutting theories usually assume failure in accordance with the Coulomb-Mohr criterion . 1 his
has been discussed earlier (see p. 45). However , Roxbonough aund Phillips (1975) have shown experi-
menta lly (Fig. 106) that the effect of confinement on E~ is insignificant in sandstone subjected to
con fining stresses up to 20 MN/m 2 (2900 lbf/ in. 2 ).

Effect of kerf spacing on specific energy

- -- 
When tools are spaced so that adiacent parallel kerfs arc very wide apart , there is no interaction

between tools , and spec ific energy E5 does not vary with spac ing. As adjacent kenfs are set closer
together , a stage -s reached at wh ich a tool obtains relief from all existing kenf. As this critical limit
of interaction is passed and kerf spac ing decreases , specific energy decreases to a minimum and there-
after rises aga in to high values as the tool moves out into the existing kerf. The highest values of
occur just as the tool moves into the center of the existing ker f, w here it is running exactly

- - in the track of a preceding tool .

Prev ious discussions of kinematics and of tool forces have brought out the point that too ls can be
expected to begin interacting w hen the overbreaks of adjacent kenfs just begin to touc h, i c .  when x

in Figure 59 drnps to ,ero. This means that the critical lateral spacing betwec n tools would be-given
by ( s— w) /k  = 2 tan4m , where S ~S center-to-center spacing of adjacent kcrfs , w is toot width , and 4’ is
the overbreak angle of the roc k. With overbreak angles in the range 500 

to 700
, t he crit ical spacing

between tounls wou ld be in the range 2 ,5 < (s - ns - ) / l ’  < 5.5 according to theoretical prediction.
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rigure 108. Specific energy as a function of dimensionless kerf spacin g for
an/n y c/ r i / c, limes/one and sandstone. (Roxboroc-gh 1973.)

Direct experimental evidence on cri t ical spacing is in reasonab ly good agreement wit h such a pre-
di ct i uun , Roxbo run ug h and Rispin (1 973a , I,) found that critical values of ~s — u e (/ k were approximately
3 in wet chalk (predicted value 2 .9 ) and between 4 and 5 in dry chalk (predicted value 5). Experi-
menta l res ults .ire- shu uwn in f igure / 07 . Rmnxh orough (1973) showed a critical spacing of about 4

fu mi .innh’ dr i t e (Fi g, I lh~) - which w ,m s higher tha m n the pred icted value of 2.6. His exper imental data
for liniestmine showed cri t ical  spacing of about 6 (predicted value 5.5), and for sandstone about S
I mm m d i m tcch , m li uu 1 )-h , l’uj r c m il - I vanns and Pomeroy (1973) lound interactimun starting at a spacing

hO uI ( s — w ) , ’( 3 ,
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s—w (m o m )

Figure 109. Specific ~‘nergy as a tunic/ ion of
kerf spacing in ms -c’ ! and dry sandsto,nc ’ . (Rox-

borough and Phil//p s 19 75.)
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Figure 110. Specific energy as a function of kerf spacinq, us-i t h
chipp ing depth as paramet er. (Roxborough and Phillips

1975.) 
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b. Dimensionless spacing.

Figure 111 . Specific energy as a function of kerf spacing for two types
of tools cutting sandstone. (A fter Barker 1964.)

In a previous discussion on the geometric aspects of tool spacing (Mellor 1 976a ) it was suggested
that optimum spacing in britt le - materials might be found near the positions which give complete

overlap of the side breaks , i.e. w hen ( s — w) / Q  tan Ø. In the Roxborough and Rispin study mentioned
above (Fig. 107 ), the optimum spacings found experimentally were i t o  1.5 for wet chalk (tan4’ =

1.43) , and 2 to 2.5 for dry chalk (tancs = 2.48). In the Roxborough work (Fig. 108 ), specific energy
was a minimum at spacings of appr-,ximate ly 1.5 in anhydrite (tan Ø = 1.28), 3 in limestone (tan4’ =

2.75 ), and 3 for sandsto ne (tan 4’ = 1.88). Roxborough and Phillips (1975) tested a sandstone in both
wet and dry conditions (Fig. 109, 110) and found that optimum spacing lay between 2 and 2.5
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lt .itim,(i ~ I 73 IoI th e - dry t l t_ l t ctu,I l ) .  l~Ii kcr ’s ( I’)(m-l ) t u- ~ ne - s t I l ts  h i u r l,ingc picks inic l icat u- l1~It uupt imUn 1
‘,.IkIcs mm ) ( s — u t  (!( werc’ in the range- I no I .7 h u n  a d ike-I u-d gc - pic k .mnd ill l i l t ’ ratigc 1 5  1mm 2 for a
‘ po i mut u - ci ’ Puck ( I  ig. 1 1 I).

It u~ i n t tpmu rt in lt to I imm tc  that t hl c ’sc sp.ic inng s . ,um c’ d iti icn s ii innlcss nunihens mu ht ,i ined by dividin ig t h e
ic 11.1.11 distance between tool edges (~ — ms - ( by the chipping de pth u - Wl~u’o t i mols ire f ixed to a multiple-

t u iu , l  mac hitie , t heir spacing wi l l  bc mIpt irnum kin only on mc ’ value’ of f in ,m n m v gi s i _ - i m material .

Et lec t  of multiple pass cutting on specifi c energy

WIt _ t i  .i single isolated kent is pr 1gm c-~s uvc l’ ,- deepened by m ult i ple p isses of a cutt i ng tool , the
c u i t tum ig IorC c - l~ at f irst itucreases with each pass e-sen though the chipping depth is cmmnt5 t , i tu t  for each
pass . .-\ t the same time , t he- area ol the- ker l i.ioss sect ion swc -pt out by the tool at f i rst  decrea ses with
eac h pass , since the m u s e - i  bn e~ k us gradually suppnc-ssed . 1 he-se t s s u i  c l l e c ts  combine to produce a large
iiicre- ,tsc in sp ec i f i c  cne- rg~ f uur  c’ , i c h i  ~1IctmflO.l5L ’ pass in thi- c’ ,Ir(~ s n. ugc ’s , Spec if ic er ic - u gy eventuall y
s t , i l m ul i,es at a ste,uh~ ~a l ue , perhaps alte r the kc rf  depth has become grc -at er than the ki_-rI width .

I gut e 1 I 2 shosv s some cc -su Its of ker l decpeiiing experim e-t its by Roxborough and Phillips (1 17 S j  -

Fh~ cumu lative specit ic et iergy needed to reach a cert a in depth by multi-pass cutting is compared
w ith the- specilic energy needed to reach that depth with a siuiu1 e cut ,  It can be seen that the multi ple
p,ms~ procc-dure is extremely inefficient, ibis could be of great prac lica l importance in the desi gn of
.1 tll lCh inC’ .

Effect of t ool wear on specific energy

Development of a typ ic ,tl wear f lat  that is almost parallel to the tangential direction results in
increase of the mean tangential cutt ing force I~, but there is no si gn ificant effect oil the cross sect ion

m l the ken b r  1 chisel-edge tool . The increase of f~ with wear f l a t  width .s is of the form ‘ =

‘ i_ he re ,n is .1 t rac t iona l  posvc- r . Thus specific energy E5 is also expected to increase in proportion to
v
~ 

as uim/,It desel uu ps . The direct exp e rimental results of Roxborough and Phillips (1975) support
this idea (Fi g. 1 1 3 ) .

W it h  a V-b ase tool or a rounded-base - tool , t he area of the- wear flat increases wi th the square of a
linear dimension for the wear f la t .  It is there- lore possible that f~ might increase more rapidl y w ith -s
possibl y in a way that makes 

~ 
proportional to x 2” . If this were so, t hen E5 wou ld also he propor-

tuun ,ul to ,~2n

GENERAL SUMMARY

In reviesving the avaj ldb le information on rock-cutting t u m u ls  it is not always easy to reconcile
f i n d i n g s  from different sources , espec ially where some variables are left uncontrolled or arc ignored .
I luwever , once the information has bee-n compiled and digeste d, a reasona bly co herent picture
m ’ ntme r gc-s , [ he fol lowing summary is tntentded to bring out general patterns of behavior , w ithout
dwell ing too much on comp lications and apparent anomalies.

//i c ury. Theoretical studies bring a disci plined approach to the- problem , and provide guidance
f u r  t he interpretat ion of experimental data. There •ire st ill tuajor shortcomings in rock cutt ing
(lit- m It 1 5 , s u m  th,it experiment .i l studies re- main essential . Comparisons with theories for metal cutting

I ~~
‘ ari d 5 5 1 m m  ,d cutti ng are instruct ive.

f ./tippinq depth , BoIh 
~ 

and f ,, increase with - W ith ‘ wide ’’ e m i t te rs  (Is - - . > ), h ’ m ru .,c is Ipproxi-
niate ly proportion~iI Ii) some fract ional power of I - When is of comparable magnitude to ms the

II

- 

-
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c 1 L t i m m g  is th nee - - c hin ie’t i s i ,u nal , m i d  uttdci the-se c ut c U r l i s t . I i u ce s  i t  appears that I~ at id l~ niay he opp m mu \I -

tti.ite l~ pr upui rt i m mit a l tm m t.. l~/ hti’ ii I m m i c e ’ is i t lcr c’asiIlg nmin lini c ’a i ly sv it h I , 
~ 

irlctc.lsi ’ S tlliirc ,upidly t im a rm
t ,m ~Itic I t licrm ’I,itc t Ite rat i o t~, 1~ dcc i  e-,l~cs  svi ihi i l ic ri-ase mA I , IV luc ’mi l ,~ .ini_ I I~ ,~rc- huu(h , u p p t m m \ u m m t m u t c - l s
pto p(it t imni, i l  t u i I , thc ’ I , I t i m m ‘ , m -

’
’ l i” i i t sc ’ i l — i t i s ’ c’ 1mm u_ I i , i t mg c ’’~ in I,

lV hiihc I
~ 

i-~ ti er c,Isit lg ss ibm I , t h e  ~trea ob t he k i r t  cross sc- c t i l u t u  is also uric r u- m s u m l - g, and t hic ’ net result
is th at spc’c iI ic c’t letg~ /~ ~ 

ulCi_ c’.lsl”, t lm ) t l l i t lc ’ .It l~ ss ut li i l_ i  ease of f and it tends to a I mwc -m l imit ss utli
ss uc ht ’ Cl i t t e t s . ii sot lic’ c.Isc ’s I 

~ 
t ppc ’ .Ii s Imi p.is” throug h a nlitiitltiltui and th e- t i u m m c i c - ,m~e u g u j u u  .15 1 d u O ’

t i nues to i mmc ie , is c , se - u ) m . i p’. lmc -c. iusc ’ mmvc - r ht c- ,uk ( tmc’ i_ mt t i d ’ S lc’ss il fc ’ c t uvc ’ .

Ralcc’ ang le. ~ uinl~ at f e c t s  per l ortnancc wlieti I is s igt iif ic ,mt it ly greater than tool tip i ,iduus r . It
doe’s not has- c much influence when tools ,ure badly worn . Bmuth t~ and /~ dcx m e .usc nm m n l ine cm r ly as
,3
~ 

increases , i .e . as t he included .Ingbe p3 decre,ises . f ,~ ani d I~ come c l mu s e m m  reac h umm g .1 litiiit ing mm ii

s-a lue when e-~ re-ac he- s +20~ to +30 - 1 lie- re does mt appear to be- a strong or consistent s ,it .1

of the ratio ‘mm t t ~~~~~ varies.

~ 
has virtual l y no ef b e - ct  uti ke- rl width , and the - ref mre - the- speci f ic  energy L decreases is tb iii-

cre ,use of ~ iii ex.ic t i ’, the same ss ,uy as I~ decreases with I~-

Rc ’/ /e - fa , i q le, 02 h,ts no perceptible - ef fect  on f~ and f1 for va lues greater than 5 wheti the 1 1 m m  m l is

unworn . When 02 drops be low 3 _ 5 °, t he- re are sh arp increases in both i,~ .mm i d ‘m - These - cm ,mt nemUs

app ly to “dynamic ” va lue-s of 02 , which h.is-e to be added to the ‘kinematic ” va lues that ,ire required
to prcivic lc- lh,tnk clearat uce in ,tccordat ice with the penetratio n t ra)ectory .

F5 ought to v,ur~ with 
~~ 

in t he same w,u as f 1 var ies with 02.

Sic/ u ’ ru/ce. With symt net r ica l side- rakes , both f 0 and I~ decrease - approximatel y l ine - s r I ’, as ,(~ it s-

creases , and the ratio 
~~~~~ 

doe-s Pot vary si gnif icantl y with 
~~~~

. With one-svay side rake a tr a nsverse
) mm r ce component 

~ 
is d~ve lopcd , hut j3~ has no signif icant e f fec t  on f ,~ arid f~ for e ither relieved mr

unre lieved cutt ing. f~ increases nonlineanl’u w it h ~4 in both relu c - ved and unre Iic-ved~~~~,u( iuu ns , tend-
it i g towards a limit in the- range 04 >

With symmetric a l side - rakes , mean kcrf width sm decreases approximatel y linc ,mr l y w ith incre ,usc
oh p4 . With otld’-wdy s id e -  r.uk c , F5 does not s- ,iry w ith 04 in unre lieved cutting, but them c- is a s lig ht
decrease in F5 .15 

~ 
increases whe n the- tool is plowing towards an existing ker) -

Base- any /c’. I~ and f 1 du-cr c ,ise nonlirtearly as 06 increases , ten ding to reach a m u s e - u  lunmut  si_ bc-n

p6 > (~ 2~i0.
The cross-sectional ard- ,u of the ke-rf also decreases nonlinearly as 

~~ 
increases , and t he net e - l l e c t

on spec ific etlergy is increase of F5 w ith increase of 06.

fmu~ I tip radius. h3u ,th t ,~ ,‘itic l ~ 
increase nonlinearl y w ith increase ml r , piussi bls in pm o pm m r t i m m n II -

t
’l

. Curvature of the grap hical relation appears greatest in the range- 0.5 < I- i - - . I t ) , an d line ,ur
pno x im , i t io m is may be acceptable tor the range-s r -“ I. ,Itid r — >  k . The latter conditi cun represents

i_ er ’ , shallow cutting, w here operation is very inefficient and tool ang les mire largely irrelevant. r can
he used .ns a normaliting parameter ) m l r  chi pping depth I.

~ i m1du ~ r affects f~ hut not the- area of the- kerf cross section , F5 ought to vary wi th r in the same
ir is is v ,i rud - s wi th u~,

Tool width. [ ‘or a c hisel-edge tool , / ,, and f 1 incre asc- linearl y w ith is . In a grap hic~u ) re lation , the

forc e- intercept , w hich represents edge cit c’cts , increase -s is t b increase of I, an d the propo rt ional i ty
constant should also iticrcase- with I -

Ihe- ef fect ye- kent width uu is equal to tool width iv plus a depth -dependent co nstant :  us us

i,- I t,tti~~. I or any given value ot I, E~ 
cou ld either increase or decrease with mm , but it is l ike ) ’ ,  t m be

rat her insensitive to chit iges t m is - ,

- - . - a- —— -— _ — — - — 1 % -  —1, - . - 
. ..— . .— 

—
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-
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I m m / l u ’ h u t  110/1/U/i_s. I uric ’ l c s c l ~, f luc tuate ’ duritug tI me d l t t t u t u g  c m l  mm it t hi ’  ni.IIc- i s Is in ucs p m , t is c ’  to
tCpt ’ t i t ivc ’ f um rt u, mt ion m)t discr ete chips , The aniplutudc ul l u m u c u  f l u c t t I , I t u m m i m ’  us rcrl ,ite-d ( I ,  thi tine-an
I m u t c u , and t m m  the cottipli.m t icc’ of the tool and it s t l iu m c i t t tu t i g ,  I est ie - c u m tds , i s l m uc lu in summe cases may
I mc u ii I I ui tic cci b’, t h e  i_ i_ mn i p I i ,mti cc m it thi c’ dy na tourue (cc , i t u if ii a te tfi,i t the r a t i m u of t ilC.I ri t)d~i k fm i n c  tm )

t l t c ’,it l ( I m m c u ,’ niight be t ’ ,-pic.i l l’ ,  i t t  t h e  ratigc 2 to 6 for I~ , but tm , r  t ,~ t he- var ia t im mt i  ,Ipp car s t o he niuch
k~ss t i sm ut lie c . u scs . II the .mnip litllde of forc e fluctuations is d i f f erent  fo r t~ a nt d I , ,  ml i f b luctu a t im in i s
I m m r thti- ( s i m m  cumuii p u ) ime - il t s are t imi t in phase , t hen the direction ol the res u lt ,mit t  c u t t u n u g  ) u  t i _ i ’ is
I luct ima ti ng ,

I~io l S[) i ’c ’d , b
~ 

is t iot signi l icat it ly affected by tool speed u in the ran ge’ 1 to 1 000 ) t m m m u m m  ( t> .liU~
1’ m 5 lii 

~
) b r  I i pie-al t tic ks. In s mut l uc ’  expe riments f 0 has been found to utmc tm d , mi m w i t h  su : i f  t i tu s  ci I c - c l

Ii, t cal , m t inipl ic -s t hi, ut the dit ection of the resul tanit cu tting Ii rcc moves c Ii user t ,m the null t im.tl dum u -c I m m

.15 I/ i t iu, m c’ ,isc S . In duc t i le  rrtater ia l , both b’
~ and f’ ., might be m-x pectc -d tim s- m i ‘, wit h ii.

I is lot like - Is to s , m t s  is tb ii when cuttit ig involves bri t t le fr acture , but it could do imm in duct i l e ’
m,mtcr ial , ot ssl t c ’ri ufoc t ile , br it t le tratisitior is are caused by c hange of u .

Roi /,‘ , t fmm p , ’f t /m ’s , I i l t t i t s g  f ui rces increase , ap proximatel y linearly, w ith increase - of rock str e ngt h .
I.: tc r .n l c mun l  ining st rc ’1 su -~, are- expected to cause an increase in cutt ing forces , hut sortie expet merits
indi cate th t .i t co i it i nie mcnt does riot have much influence on c’ ither ft on f 0. Tool forces art’ u,uall’ ,
corre lated with uniaxial co mpres s ice stret sgth , a lthough correlation with tensile strength might he
more appropr iate , For materials that ,tre ,inom,mhous with respect to the ratio ut comptc ’ssi sc Sri e t m g t b u

to tensile - strength (R) ,  it migh t  be usd’Iul to account for this d i t f e renc e by a suitable factor .

Mc’,mn ken ivfthth is I - u  some c \ te m l t  dependent on rock properties , in that the overb : eak angle ~
var ies sv ith material type , I oi typ ica l  br i t t le rocks , a linear correlation between specific etmd -t g ’ ,  at id
c mn t ’nprc-ssive strengt h 0e ca n be expected , hsut decrease - of R or ç (perhaps indicative of increasing
duct i l i t y )  w m mol d miii e lse for any given value - of tie

Aerf spa iuuj , Tools th ,mt ed i t  pa r, i( i-l ker f s operate - independently of eac h e it h er is lien the space-
between tI ne- rn is suff icient to se pdratc the m u iu r bm e~ Ls , ic . wh e-t i ~s’_ mm ) j ut u. 2ian~~. As kert spacing
decrease -s r u m  this cr it i c al  i,ulue , I

~ 
,uit d t~ dcci ease , fa lling to iero when a tool tracks d- \a c t l s  be-

huind a p r i c e d  u mug t o mu l -

Specific etle - rgy L~ d ecrease - s ,Is kerf spacing decreases from the crit ical value , passes t hrough a
minimum mt t he umptinmum sp,Icing, atid the - n m is_- s to relatively high values as the tool tumm ie s out into
t hc- t r i ck  cut by a preceding tool . Optimu m spacit ig is given approximately by (s— mu )

~ 
I t~ill gi. I mum

too ls I ixe-d m m  ,i tui ic hiine , lateral spacim ig can be optimum for only one value of I in a gui e l m i m u c k .

( h i / / u p/u ’ p uss d a t / / n y .  Progressive deepening of .i kerf by repeated passes of ,u tool alot ig the
s,lmc t r a c k results in t icrease of I~ ,ntid ft wi th each successive pass , until a limit is reached af ter  the -
depth s of the ker b exceeds its wid f th .

the incr e ment. sl area u m l  the ken cross sccti nm n at lus t  decreases with each successive pass , due- to
p rumg r c-ss i v u - suppress ion of os-e - rh reak , This effect combines with t h e  e f f ec t  of increasirt g tool l uu m Ce
1 m m pm uiduce large increasc - s of specific energy L

~, a l in n it  beitig re-ached after the depth of the ken
e\ u ,deuts the - width . t h e  cumulative specific etv - i g ’ ,  for cutting to a ce - rtait i  depth by multiple passes
is much higher than I hor ,i sing le cut to the same depth .

loot mt-cCr , Development of a wear f l m t  beneath the tip of ,m tool leads to increase of f~ and ft ss ut hu
f l C t  else of the see -a t f la t  dimensions (assuming I is maint,nined constant). I~ increases more rapidl y

than 1~ - s~ t hat the rat i o l
~

/ f
~ 

increases with increase of wear blat dimensions. For a chisel-edge
- 

- 

. 
1 u m l , in w h ic h the area of a we-ar I lat is proportional to ‘ lie- length of the wear flat s , force compo-
ne-nh increase ,t pprmmxi n-tate ly in proportion (mu a f rac t i ona l  power of x . Also , r is approxim ate- I’,’

~ i 
-~~~ _ _
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dept h I, .mnc f isith m u m  m use m l tool bi ,ird ne-ss ,
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APPENDIX A. ADDITIONAL DATA FOR ICE

Sonic additional results lroni icc ’ cutt ing experiments si-crc located af te r  this report si_ ms pre-
pared bun publication . M,nct m in iim tg tests wc ’ re made with l,m Uie anch a mmll ing machint’ at the
N,itiotial Research Council of Lmnuada , and results s i -etc  give -ti its an m ute - m a) report m u b the - Div i s imumi
of Mech,mnnic ,n l l.ng ineen inu g (cutting o f / c e aund u . s spec / I /c  resistanc e by 1 ,51 , Mar u n , LI R-L ’i’.53 ,
October 197- I).  The- ice- was cut by a “wide ” too l, an d results were gRe-n as specif ic cutting re-
s istance p lotted agait ust cutt ing cross section on Iogaritb imic scales ,

Specific cutt ing resistance - is equivalent to specific energy for this type of operation , as noted
on page 6 1 . Cutting ct muss sect ions for a wide - tool of constant width is proportional to chi ppung
depth C Mean tangential tool force - f

~ 
is equal to F’. multi plied by tool width and ch ipping dept h,

as indicated by eq 36, and I~’ is equal to E’. C The results have bee-n transformed according ly, and
they are summarized its Figures Al and A2 ,

was apparently insensitive to temperature and cutt ing speed for temperature -s of —5 to — b C
and speeds of about 300 to 700 ft/mm . It decreased by a factor of 50 as chi pp ing depth increased
from 0.008 to 0.8 mm.

~~~ 
did not show much systematic variation with k ton chipp ing depths less thian 0.04 mm. Even

at the upper end of the range , f
~
’ onl y increased with about the- 1/3 power of C
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Figure A 1. ~~~
‘ as a function of ~ as deduced from

machining tests on ice. (Original data from Mazur ,
1974.)
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APPENDIX B. CONVERSION FACTORS: U.S. CUSTOMARY AND
METRIC (SI ) UNITS OF MEASU REM ENT

Multiply By ro obtain

inch 25.40 rni f l ime ter

millimeter 3.937 x inch

meter 3.28 1 foot

millimeter 2 1.5 50x 10~ inch 2

millimeter 3 6.102 x l  0~ inch 3

in./s 2.540x 10 2 rn/s

rn/s 1.968x 10 2 ft / mm

pound-force 4.448 newton

newton 0.2248 pound-force

lbf/in. 0.1751 N/mm

kgf/cm 0.9807 N/mm

lbf/in.2 6.895 kN/m 2

MN/rn2 l.450x 10 2 Ibf/ in.2

lbf/ in.2 = in.-lbf/in.3 (specific energy) 6.895x ~~~ Mj/ m 3

MJ/m 3 1.450 x 102 lb f/ in . 2

kgf-m/cm 3 9.807 Mi/rn3

gram 2.205x 10 3 pound

ft-lbf/ lb 2.99 x i0~ Jfg
j / g 3.35x 102 ft-lbf/ lb
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