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Bor.rhål.en vid bergl:x>rming hamnar inte all tid exakt i planerat läge, 

där de ur sprärglingssynpunk skulle göra bäst nytta. Skillnaden 

mellan verltligt och avsett läge kallas bormål.savvikelse, ett begrepp 

san tyvärr är alltför välkänt i.ron branschen och betraktas san ett 

gissel sedan länge. 

F.gentligen är d:>ck förekansten av bon:hål.savvikelser inte speciellt 

förvånande - bergbormålens slankhetsgrad överträffar ofta med någcn 

storleksordninJ allt vad notsvarande mått brukar uppgå till i t.ex. 

ve:r:kstadsindustrin. Hål med 1~ notsvarande 100, ja till och med 

1.000 diametrar uppfattas san bekant inte san lätta att åstadkamla med 

precisioo. ens i de mest h:m:,gena material. 

Försök att minska dessa bon:hål.savvikelser saknas då naturligtvis inte 

heller i be:cgborrbranschen - från praktikerns "Jmep" och yrkes­

skicklighet till maskinella hjälpnedel, från råd och anvisniDJar 

till vetenskapliga avhandlingar finns en del att studera an ämnet. 

Problenet kvarstår d:>ck och ingalunda är alla ferx::men kända. 

Den i denna BeFo-rappart presenterade studien hade till mål att utrena 

an och i så fall hur bon:hål.savvikelsema beror på bergartens 

struktur. En intelligent och samtidigt billig metod att skaffa sig 

statistiskt underlag tillämpades och resultaten blev mycket entydiga -

an man tar hän.syn till hur oregelbundna bergarters naturliga struktur 

brukar vara. 

Ett vid avde~en för Bergmaskinteknik vid Högskolan i Luleå utfört 

och av BeFo finansierat licentiatarbete utgör bakgrunden till denna 

BeFo-rapp:,rt san i sanmanfattning presenterar studiens hwuddrag och 

viktigaste slutsatser. 

Stockoolm i mars 1988. 

Olaf Meyer 

f. d. adj . prof. vid 

Avd. för Bergmaskinteknik 

Högskolan i Luleå 



Drill h:>les in rockare rarely straight. Rock, h:>le drilling equip­

ment, drill operators, h:>le plans - are am:n:J the several cxntributing 

factors to h:>le deviations. Little is actually krx:Jwn about the h:>le 

deviation phenanena, but ecx:n:rnic oansequences in mining, oil, 

ocosb:uction, and exploration industries are undoubtedly ernrnous. 

In this thesis the results of a field study are presented, in an 

attempt to shed sane light on ene of the least understood phenanena, 

namely: rock dependent h:>le deviations. In order to reach a reasc:nable 

statistical OCXlClusion and still keep the oosts of the study limited, 

this study was carried out on h:>les that remain in rock walls after 

sm:x:>th blasti.IYJ in road-cuts, open-pits, and quarries. 

The i;ilerx:mena1 and statistical results of the study clearly indicate 

that rock structual properties oo have an influence on the annmt and 

direction of h:>le deviations in such a way that ane can actually 

predict the future deviations if the rock structure, h:>le plans, and 

drilling ccnditions remain the same in the area. 

Based on evidence fran h:>le paths in layered and jointed rock 

structures, a qualitative theory is finally presented to explain the 

"up-dip" and "cx,wn-dip" h:>le deviations phenanena. 

The BeFo publication hereby presented cxntains in essence a surrmazy of 

a licentiate thesis at Luleå University with registration rx> 1986:07L 

(140 pages). Aey reader wtx:> ~d be interested in further details, is 

kind.ly referred to this publication. 



1. ~04 

For rock handling operations utilizing drilling and blasting to 

fragment rock, the roa.in "external" !imitations en the sizes of cycles 

of operations are, in general: 

* geology (ooo.figuraticn of the orebody) 

* rock mechanics problems (stability of rock 

mass) 

* mle deviations (inability to drill mles 

aCCX>rdirg to plan) 

In many cases geology and rock mechanics are practically favourable. 

Hc:Mever, the obstacle remains mle deviations. 

In surface ooostructicn \«>:rks mle deviaticn problems give rise to 

e.g.: 

- multiple bench drilling/blasting 

- large ro.ilders 

- unevenly broken bench walls, in sane cases 

leavirg dangerously hal'YJing rock pieces 

'As for underground operations, mle deviations resul t in, 

e.g.: 

- excessive developnent due small stope sizes 

- ore losses 

- ore diluticn 

- minimized possibilities for autanaticn 

Drill mle deviaticn problems are also carm:::n in other fields such as 

exploraticn and oil-well drilling industries. 

In all these operations the erx:,:arous ecx:n::mic impact isa daily ache. 

l 



2 'lHE ll>LE DEVIATICN PlD3LEM 

There are basically three operaticoal causes of oole deviatialS in 

lCDJ oole drilling ( Figure 1. ) , viz alignrnent, oollaring and 

trajector:y ( path due to nature of rad/bit contact wi th rock) . 

l 
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Intended hole ~ , , 
estination -'- __ .,. _ 

_,,,_-~, 1 

a~ 
~ 

\ 

Intended collaring 
point 

Actual hole 
destination 

Figure 1. Diagramatic representaticn of aligrment ( d
8

), oollaring 

(de), and trajector:y (dt) deviatialS. 
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In this sense therefore, oole deviaticn can be defined as a departure 

of a oole fran its designad starting point, its designad path, and its 

designad destinaticn point. 

Since the operator/machine dependent causes, namely, "alignrnent" and 

"oollaring" are caused outside of ooles and hence easier to investi­

gate and understand, this study ooncentrates en the third problem, 

i.e. trajector:y oole deviaticn - by far the nost critical one, 

especially for lCDJ ooles. The source categories of factors ccotrib­

utinJ to trajector:y deviaticn include patteni of ooles, drill forces, 

equipnent ocmpooents, and rock properties [Sinkala, April 1987]. 



Once again, the study presented here, picks mainly CX10 aspect cnly, 

namely the questian of whether a10 can lean1 nore about the rock 

dependent part of trajecto:ry deviation and to sane extent, influence 

of oole patterns an the deviation. 

Sane autoors have described regularities of such deviatiCl'lS as sh:lwn 

in figu:re 2. This study shall also investigate if such observatiCl'lS 

are true, and if so, ~ 

Hole Ho\e 

I 

Fo\ iation 

( Layering) 

'' Up- d1 p" deviation 

• Oown- dip' deviation 

Figu:re 2. The observed oole deviation phen:mena in layered rocks. 

NJI'E: In this report the following expressiCl'lS are used: 

"slant layered rocks:" this is used for tlX>se bedded rocks wh:>se 

bedding planes are inclined obliquely to 

drill ooles 

"uniclirectianal: " this means c:x:rmnn clirecticn 

3 
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3 A FIELD S'lUlY OI VISIBLE SMXml BLAS1'ED HlLF.S 

3.1 CllOioe of field study meUDl 

This study was carried out en h:>les ch18 by percussive drill~. 

E'.cXxlanically, it was ooosidered cheaper and quicker to study the h:>les 

that remain visible in the wall after bl~ (ph:>to 1) rather than 

tryjnJ to measure actual drill h:>les insitu. An approach to the study 

included a suitable clx)ice of geological areas which would embrace 

both phencmena1 and statistical evidenc:e. 

Statistical sample variatiCllS were: 

DIRECI': - areas 

- rock types 

INTRINSIC: - dates of drill~ 

- operators 

- equipnent 

Ph:>to 1: Illustra~ the 

sno:rt:h blasted h:>les. 

Note the h:>les cross~ aie 

aoother. ( See arrc:MS) 



Phen:merx:>logical sanpling involved: 

* ph:>tographing of the blasted rock faces 

* measurements of oole deviaticos using sane suitable 

metlxxi(s) 

* rock hardness testinJ using a Schmidt hamnar 

* visual examinaticn of ooles and geology of the respective 

rock faces 

* oollecticn of rock sanples for further examinaticn 

To fulfill these requirements several sites includirYJ road-cuts, 

open-pits, and quarries were visited and examined for the variables 

mentianed above. MJst inp:>rtant was the requirement to oover a wide 

rcmJe of geological conditicos and acoordin;;Jly, a suitable route was 

coosen through Sweden and No:rway. Even thcugh machine parameters are 

missing in this study, oorrelating rock properties and pattems of 

ooles with oole deviaticos can be deerned as mt seriously violated. 

3.2 lt>le dev:iat:lm measw:erueuts 

3. 2.1 MeasurBtH1ls using thecxblites 
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Figure 3 illustrates the technique used to measure ooles and their 

deviaticos. The following assumpticos were made for the oole deviaticn 

measurenents: 

* oollar positicos at which ooles were found were 

regarded as acoording to intended plans 

* first straight porticn fran oollar of a oole was cx:nsidered 

as 1~ alang an intended directicn, and the first two 

measurement points were taken alang this part 

* fran the S0CXl1d measurement point anwards, it was cx:nsidered 

that 8rr:J deviaticn of a oole fran the directicn defined by 

the first two points were primarily due to rock influenc:e 

The procedure involved setting-up two theooolites (figure 3) and the 

distance between them measured. Reference cIDJles alang arrows LRA and 

RRA were taken. In order for the theocbli tes to measure cx:1111on targets 

alang ooles a laser beam was used to indicate the points. For every 

oole a minimum of four points were measured, and at each of the points 



both vertical and oorizcntal an;les were rnted. The data cx:>llected 

were later fed into a OCJtpJter for variOlJS analysis. 
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Figure 3. The field set-up used 

for measuring oole deviatiCDS. 

Wi th this metlxxi nore than 350 ooles fran 36 rock faces in 25 

different areas were actually measured. Eight nore areas were examined 

and recx:>rded by p-x>t.ographs auy. 

3. 2. 2 Measurermts using a tape and i:ods 

In certain rock faces where access was suitable, it was possible to 

manually measure h:>le deviatioos in planes appraximately parallel to 

the rock faces. 

The procedure involved linking the measuring rads together and 

aligninJ them along the first straight part of the beginning of a 

oole. A oorizcntal distance was then measured between bottan end of 

the oole and the rad string using a measuring tape to give a devi­

ation. The metlxxi is auy useful for h:>les that are severely deviated. 

It is also very easy and quick. HcMever, resul ts are appraximate and 

are in ene plane auy. With this metlxxi 46 h:>les were measured, 11 of 

them for a:mparisan wi th theoooli te measurenents as will be seen in 

sectic:n 4.2. 



3.2.3 P.ractlcal limitatlalS 

Ckle can always discuss oow nruch rrore measurements sh:Juld have been 

cble, rut practical !imitations such as the follc:MinJ had to be 

accept.ed: 

* sane holes were so braken as unneasurable by theoooli tes. 

}bwever their appearance still reSEITibled the general 

behaviour of the rest of the h:>les in respective faces. 

Therefare the few that were reoorded were deemed as 

representative of the faces 

* problE!ITB such as UilOCl1ducive cxn:litions for theooolite 

riggirg, rain, traffic, etc., sanetimes resulted in 

excessively 1~ periods to measure each h:>le 

7 

* the pheocmena was so clear that it was decided as sufficient 

to take auy a few h:>les and the rest taken in slidas 

* the pheocmena was so unique that even if a face had few 

h:>les it was OC11Sidered worthwhile to make n:>te of it 

3.3 Eval.uat:l.als of data obtained by thecxblites 

The calculations were d:ne usirg the x, y, z cartesian exx>rd:inates. 

With the left side theooolite {fig. 3) as origin, the x-axis was taken 

as lyj..DJ al~ the strike of rock face, the y-axis across rock face, 

while the z-axis vertical. This enabled loca:ting h:>le deviations in 

three-dimensiCX'lal space. Using this basis various sub-calculatioos 

were cb1e for different analytical observations. The details of the 

oollected data, mathanatical derivation, canputer programs and outputs 

can be found in Sinkala [1986, April 1987], and Easterling [1986]. 

The plots shown in the following chapter were perfonned by rxmnalising 

all starting points of h:>les for each rock face studied, to examine 

the general behaviour of the deviations in the respective faces. The 

plots are of deviations in the X- or Y-axis versus h:>le leNJth axis 

{e.g. fig. 4ii), and of plans soowing the deviations in the x-y plane 

(e.g. fig. 4i). For the fo:rmer plots the ooordinate (0.00, 0.00) marks 

the starting point of h:>les. Fran this point intend.ed directions of 

holes are made to run al~ (0.00, hole leNJth). The plan plots are 

assumed self-explanatory. 
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OYBAKKEN Norwoy PLAN VIEli 29.06.85 
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Figure 4. An example for interpretting data obtained by theodoli tes. 
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4 RFSULTS 

Results include direct observations in the field such as illustrated 

by ph:)tos, and observations fran analysis as de.m:nstrated by plots. 

The rock fonnations examined alorg the route included igneous, meta­

nnrphic and sedimentary rocks. ~ nnst of them were metam:>rph:>zed 

sedimentary rocks. No:rway has nnre geologically younger and layered 

rocks than Sweden. M:>st of the layered rocks examined outside ITO\IDtain 

ranges in Sweden are geologically older and the bolmdaries between 

layers are sm::x:>ther and much nnre strcngly bcl'lded. 

Apart fran Svappavaara ( un.layered rock) wtX>se h::>le inclinations lay 
0 0 bebJeen 59 and 63 to rorizontal, all other h::>les studied were 

bebJeen 73 ° and 90° to the h::>rizontal. 

4.1 Ch9el:vaticns en results ftan exarple plats and p:uoog.cqbs 

The l'x:>le deviaticn pherrmena has been identified mainly in four 

characteristic rock structual groups (figure 5) for the d:Mnward 

drilled roles studied, namely: 

- slant layered rocks 

- rorizontally layered rocks 

- vertically layered rocks 

- un.layered rocks, wi th or wi t:oout joints 

Slant Layered 
Rock 

Hor i zon ta 11 y 
Layered Rock 

Vertica11y 
Layered Rock 

Unlayered Rock 
- with or 

without joints 

Figure 5. The four characteristic rock structual groups identified as 

givi.nJ unique l'x:>le deviaticn pherrmena, for d:Mnward drilled 

l'x:>les. 

The followi.I'YJ sections describe the influence of these rock structures 

en h::>le deviations. Only ooe typical example of plots and ph:)tos is 

given for each typical rock structure discussed. 



4.1.1 Slant layered rocks 

In these rock types the following can be deduced: 

* the ooles are observed to deviate unidi.rectionally ( camon 

directicn), ( figure 6 and pooto 2), in a systematic manner 

10 

* the unidi.recticnal deviaticn generally appears to be up-dip 

when layering inclinaticn is less than 40° - 50° to the 

oorizcntal, and <bm-dip when otherwise 

* the magnitudes of oole deviaticns are observed to decrease 

with increase of the following variables: 

- layer thickness 

- oohesicn between layer boundaries 

- layer verticality 

- oole verticality (for steeply dippiIYJ layers) 

- oole diameter 

- rock hardness 

* the magnitudes of oole deviaticn are observed to increase 

wi th increase of: 

- oole lerYJth 

- grain fineness ca.ipled wi th layer boundary weakness 

* for slant layered rocks which are heavily jointed, the oole 

deviaticns resul t mainly in unidirecticnal deviaticns, but 

with a wide range of severity 

* ooles drillad through slant folded layers tend to deviate 

either rand:ml.y or unidi.rectionally, depending en the 

severity of the folds of the layers and the over-all average 

directicn of the folds. 



Pooto 2. Bulken ( Norway). Typical slant layered rock wi th up-dip 

unidirectiooal oole deviaticns. [Pooto Th:mscn Sinkala] 
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Figure 6. Plats stXMing unidirectiooal oole deviaticn behaviour in 

slant layered rocks. 
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Pooto 3. Slite Fl (Sweden). Typical ooriz.ontally layered rock sh::Jwin:J 
virtually ro oole deviations to the naked eye. [Pooto: 

Th:mscn Sinkala] 
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Figure 7. Plats showinJ rancbn oole deviaticn behaviour in ooriz.on­

tally layered rocks. 



Ph:>to 4. ~ (No:rway). Typical vertically layered rock with h::>les 

(see arrc:MS) following layer boundaries. [Ph::>to: Ttx:mson 

Sinkala] 
~AN YIEW 
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Figure 8. Plots ~ the behaviour of h::>les in vertically layered 

rocks. The h::>le straightness depends an the straightness of 

the layer boundary. 
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Ph:>to 5. Tranem::> ( SWeden) . Typical unlayered but jointed rcx::k shc:MirYJ 
virtually rx:> role deviations to the naked eye. [Ph:>to: 

Tlnnscn Sinkala] 
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Figure 9. Plots sh:,wing rand::m oole deviation behaviour in unlayered 

rocks. In the plan plot 9(i), intended role destinations 

have been rx:>nnalized in the centra of circles. 
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4.1.2 lbrizart:ally Layered arl<S 

The ooles examined in these rock types were al.rrost vertical (within 

1 ° fran vertical). The follCM.inJ can be obs&ved: 

* the ooles deviate rancbnly ( figure 7) al though to the naked 

eye they appear undeviated ( pooto 3) 

* the oole deviations have no dependence en layer thickness 
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* the oole deviations generally increase with increase in oole 

lergth 

* the magnitudes of oole deviatians decrease with increase in: 

- oole diameter 

- rock hardness 

4.1.3 Vertically layered :rocks 

In these rocks ( pooto 4): 

* the ooles are observed to follCM layer boundaries (figure 8) 

* the oole deviatioo magnitudes decrease with increase in: 

- layer thickness 

- layer boundary ba1dage 

- oole diameter 

4.1.4 thl.ayered :rocks, with ar witlnJt joints 

For vertical or nearly vertical ooles, these rock types induce 

essentially ranocrn oole deviations (figure 9 and pooto 5). However, 

the pattem of joints in the rocks play an important part and their 

effects are sunmarized in Table 1. 

In general, the magnitudes of oole deviations decrease with an 

increase in the follCM.inJ parameters: 

- rock hardness 

- oole diameter 

- oole verticality 
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Table 1. Influence of joint patterns an deviations in unbedded rocks. 

Joint Pattenl Deviation Pherx:mena 

Slant, hi.gh frequency Uni.directional hole 

(i) joints with parallel deviation 

planes 

Slant, lCM frequency Uni.directional to 

(ii) joints with parallel or rand::m hole deviations 

approx, parallel planes 

(iii) lbrizcntal joint planes Rand::m hole deviations 

(iv) Rand::mly oriented major Rand::m hole deviations 

or mioor joint planes 

The influence of hole length an the deviation magni tudes depends an 

the joint systern in the rock, and the follc:MiDJ have been observed 

(see table 1): 

CASE (i): In all cases of holes plotted the magni tudes of 

hole deviations increase with i.ncrease in hole 

length, and the pheocmena is similar to that of 

deviations in layered rocks. 

CASE ( ii) : The deviation behaviour ranges fran systanatic to 

rand::m, and sane holes are allrost undeviated. The 

deviation magni tudes are smal ler than those 

observed in case (i). 

CASE ( iii): Rand::m hole profiles wi th rather lCM deviation 

magnitudes are observed. 

CASE ( iv): Cross-sectional plots stx:,w gradual to rarubn hole 

profiles. The deviation magnitudes are lower than 

for slant layered rocks . 

...--,.----~-------,,,........,,-------~,---,--,-------:c.-_____,,,...-=---=-=~~--------- -- --
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For unlayered rocks a strong dependence of the deviatien en h:>le 

inclinatien was also observed. For the rocks that oo not have slant 

unidirecticnal joints, and when the inclinatien of ooles lies alcog or 

app:roxirnately alcog the y-z plane (see figure 2) and are inclined at 

no:re than 10° fran the vertical, the following observaticns can be 

made: 

* snall diameter h:>les deviate upwards towards the viewer (fig 10 (i)) 

* large diameter h:>les deviate cbwnwards (away fran the viewer) as in 

figure 10 ( ii), and alnost in the vertical plane. This observatien 

seems to be in ag:reement wi th that by Medda et al ci ted in Sinkala 

[1986]. 

lvertical 

Small diarreter holes (60mm) I.arge diameter holes (104mm) 
(Slender drill strings) (Stiff drill strings) 

(i) (ii) 

Figure 10. Illustraticns sh:Ming the influence of role inclinaticns en 

deviaticns for different sizes of roles in unlayered rocks. 

A possible explanatien for the ~ observaticns is that given the same 

role lEDJth, the slender drill reds used in snall diameter (57 mn) 

roles are li.kely to sag, therefo:re fonni.ng an upward concave shape 

alcog which the drill bit would be directed. 0n the other hand, weight 

of large bits used in large diameter ( 104 mn) roles would cause large 

drill reds to bend cbwnwards due to increased gravity effects. 

It has also been observed that practically all roles whith this 

phenanena have larger deviaticns alcog the y-axis than in the x-axis. 

(See coordinate definitien in figure 3). 

Due to role inclinatien alone, the phencmena just described ooes not 

seem well defined for rocks with slant beddings. 



4.1.5 other deducticns 

'As the oole becanes longer, the trajectory deviation dt is 

observed to be the greatest of the three oole deviation source 

canponents defined earlier in the introductory section. The general 

relation is illustrated in figure 11. 

i)eViat.ial 

negnitudes 
'a'f source 
(m) 

(not to scalel 

d 
--- · - · --- a 
- --- d 

Hole length (ni 

Figure 11. The general cx:mparisc:n of the magni tudes of source devi­

ations in relation to oole l&gth. 
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Figure 12 isa cx:mparisc:n of h:>le deviation magnitudes fran the three 

basic rcx:::k structures defined in figure 5. Clearly, slant layered 

rcx:::ks induce hi.gher magnitudes of deviations than other rcx:::k types. 

4 Areas (&..-eden and Norway) 

.. , 
,' , , 

••• 
••• ;;;; -

i ••• 
'tl 

[ ••• 
! ... 

--------- --·Av 
--- -----------· 

••• ••• 

Figure 12. An illustration cx:mparing oole deviations indifferent rock 

types: 0ybakken ( slant layers), B\uken 1 ( slant layers), 

Tranaro ( unlayered) , and Sli te Fl ( h:>riz.ontal layers) . 

( Average percentage deviation versus oole length). 



4.2 Cblplri.ng data obtained ~ i:ods aIX1 a tape wi:th those 

obtained using thecxblites 
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Hole deviation measurernent using a tape and rods can be a very useful, 

quick and inexpensive way of getting rough est.imates of trajectory 

oole deviations in an area, provided conditions mentioned in section 

3.2.2 prevail. Results can be reasanably accurate when greatest 

deviations lie alcog a rock face. This is illustrated in table 2 where 

manual and theodoli te measurements are cx:mpared. Remember that the 

x-axis lies appraximately alcog the rock face ( figure 3). 

Table 2. Coll)8riscn of manual and theodolite oole deviation 

measurernents. See Sinkala [1986] for m::>re results. 

Manual deviation Theoooli te deviation measurernents 
Hole measurernents 

Area No (alc:DJ face) x-axis y-axis Total 

B 6 1,9 1,69 0,22 1,72 
u 7 2,2 1,96 0,35 2,01 
L 8 0,97 1,10 0,28 1,14 
K 
E 9 1,6 1,58 0,30 1,62 
N 10 1,36 0,91 0,21 0,94 
1 11 1,5 1,27 0,32 1,32 

B 1 1,14 1,17 0,09 1,18 
u 2 1,1 1,07 1,12 1,56 
L 3 1,16 1,10 0,17 1,12 
K 
E 4 1,1 1,08 0,16 1,09 
N 5 1,6 1,47 0,27 1,49 
2 

It is observed that results of manual l1l0dSUrE!lll0Its are alm::>st equa1 to 

tlx>se of absolute total deviations measured by theodolites. 

Discrepancies for sane ooles such as 2 and 10 may be due to arry or all 

of the following: 

* planes alc:DJ which manual measurements were cbne may n::>t have been 

the same planes cx:ntaining total absolute deviations 

* manual measurements were n::>t as precise as measurements by 

theodolites, with help of laser 



5 (JJALITATIVE '1IIEXJ{Y R:m DEVIATICNS IN SLANr BEIDED RCXl<S 

The regularity of oole deviations with rock layeri..IYJ - obviously 

obs&ved in the field, raises a questien of whether there would be 

sane reasaiable explanatien of this oc:curence. The followi..IYJ, is an 

attanpt to find such explanatien by qualitative reascning rather than 

quantitative analysis. 

An attanpt is made to explain the progressive damage of rock material 

across oblique b:>undaries, based en clues fran field study observa­

tions en ooles through oblique joints and slant layers. EKaggerated 

figures are used in order to clarify the point. 

ReferrirYJ to figures 13 to 22, let: 

FA =axialdrill resultant force, initially ala,g 

C 

drill bit axis 

= height and diameter of bit body ( plus 

insert button) respectively 

= the first crack lerYJth to the boundary 

= lerYJth between initiatien point of first 

crack fran A and i ts hit of boundary 

= the length to a point en the boundary where 

edge A of the bit first touches the bottan layer 

of the boundary 

J\m, lnR = vertical lerYJth travelled by edge B of 

bit before touching bottan layer of boundary in 

up-dip and cbwn-dip cases respectively 
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A = the edge close to the bit where the first crack C 

to the boundary will be fo:rmed 

B = the other side of the bit opposite to edge A 



= layeri.rvJ angles induci.rvJ "up-dip" and 

"<XMn-dip" h::>le deviations, respectively 

= angles fonned between the bit and 

original axes, in an "up-dip" and "CXJWn-dip" h::>le 

deviations cases, respectively 

= angle be~ h::>le curvature and 

original axis in "up-dip" and "<XMn-dip" cases, 

respectively 
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.Assun'ptions: The beds have slant layeri.rvJ angle and their boundaries 

are srooth. The layer fabrics have unifonn grain sizes or 

grain aggregates. The propagation of cracks is unifonn 

and proportional to the applied force. The aperture of 

the joint or boundary is less than the bit height. The 

boundary is free, or the material filli.rvJ the boundary is 

weaker than the main :rock fonning the layers. 

5.1 "Up--dip" hole deYiatim 

Field obs&vations show that the first crack C will nm rorma1 to the 

boundary, and that the region in the vicini ty of the crack under the 

bit at A will be IIIUC'll no:re damaged than that 8Wfr:I fran it (at B) 

I 
I 
I 

Dit and ho lc axcs 
I coinciding 

' \ 
\ 
\ 

• I 
I \ 

:~G_...__,__.,__F_ lT 

BIT , 

Figure 13. Initiation of 

first crack in the vicinity of 

a boundary. 



Jlctlllll bit 111W1 c--=r--i bit ax1s 

._, ~- ou 

I 
J 
I 

F.igure 14. Bit tilt with 

~ en left cm. 

* edge A has rx> react:lng farce and the area is ocnpletely damaged 
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* region Dis chi~ off much quiclcer and is nore damaged, 't:h&efare 

reducing stiergUi of material far the regi.en 

* thrust will foroe bit ax:l.s to the left side of the original ax:l.s 

Befare edge A tooches the boundary two cases can occur 

* far 8i! < Hc the bit will ocntinue to IIDV8 torwards edge A 

af ter edge G of the bit passas I 

* far 8i! > Hc edge A of the bit will touch the boundary 

befare edge G passas I (see figure 15) 

Actual bit 
axis 

, , , 
: . . 
. 
. 

; 

G 

li 
\i 

Original bit 
------:.!::....-..--+---axis 

F1.gure 15. Ccnfiguration of 

the bit at first touch of the 

lower boundary. 

* edge A just touches the layer 

boundary 

* the :rock material in the 

lower bed belCM edge A is 

still intact 

* the damage extent increases 

as Cl18 noves fran edge B 

t.cMards region D 

Because of these a::ndi ticns and because the :rock material below edge A 

is just startiIYJ to get damaged, the bit axis will begin to regain its 

original direction. 



Original bit 
axis (CBI\) 

Curve 
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~ I / Actual bit 
_______,,.,.....:.+--- ---lr.z-- axis (ABA) 

, , . . . 

l'i hau 

• . 
rG__.__"----L.---4': 

F • 

F:igure 16. Olange of bit 

axis wi th «u en right side 

of original bit axis ( ~) . 

Figure 16 sh:lws the bit nove­

ment towards B in farm of a 

curved path. Note that edge F 

is also enlarging the oole in a 

curved path. The oooditicn is 

n:,w created where the rock 

material trappeci between the 

bit and the lower boundary will 

always be much ODre damaged than that in the lower bed, thus making 

the bit ocntinue to nove 1x:Jwards B. Cl::nsequently the bit axis will 

shift to the right sida of the original axis. 

Figure 16 also stx:,ws that eventually the bit will tilt, creating an 

«u towards the right. This will ocntinue as loog as 11 < 12 , and as 

loog as the area marl<ed by 12 has nnre damage than that marl<ed by 

11 . Mearwu.le the area in the lower bed in the 12 regicn 

will experience very little or IX> damage. When 11 is greater than 12 
the damage zaie in 11 will tend to be synmetric. This oooditicn, in 

additicn to the stiffness of the drill rod, will begin to reco\7er the 

bit axis tcMards the original ooe (i.e. leftwards). 

Fran figure 17 we lean1 the following: 

Original bit 
axis {OOA) 

CUrve 

; 
, -
-
--, -

11 
a ... 

1

- k 
u - I 

!1 
!1 

\ 
\ 

I 
\ 

\ 

Actual bit 
axis (ABA) 

Figure 17. A look of bit 

oonfiguraticn just after 

l\JR passing the boundary. 



* the bit has finally got into the lower bed 

* the bit axis isat an Sl'V1le a oo the right side of the 

original axis 

This oc:nlitioo would result in the follCMinJ': 
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a) If there WCA.tld be ro other boumary below the bit there WCA.tld be a 

~ to reoover the original bit axis due to the stiffness of 

the drill rad. 

b) en the other hand, if the bit encxxmtered arother bCAmdary before 

reooveri.IYJ its original axis, the same process of bit trajecticn 

WCA.tld be repeated, this tima inc:reasi.IYJ a even nore oo the right 

side of the original axis. This tilt WOJld create the "up-dip" oole 

deviatioo. The successiva process WOJld be as slrMn in figure 18. 

short 
curvature 

C 

Figme 18. The up-dip deviation in a layered rock where layer 

thickness 11 1 11 is greater than the first crack length "c". (Emphasis 

only an up-dip side) . 
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5.2 "Down-dip" ml.e deviat1cn 

MJst of the failure process is as described for the "up-dip" .tx:>le 

deviaticn case and the explanaticn will rot be repeated. In this 

secticn, cnly major differences are described. 

' __ ....__ ___ .... , 
F ~ 

! . 
B 

original bit:....__...rt----1 / Actual bit 
axis (ABA) ---"lf.c...-- axis (ABA) 

F 
CUrve 

B 

l_ 

Figure 19. Ini tiaticn of a 

crack tip in the vicinity of a 

boundary. ( Steep boundary 

anJle). 

Figure 19 s1'x:Jws the initial 

oonditicn of the drill bit, 

just as in the "up-dip" case. 

The roa.in differences are 

significantly larger q,
0 

and "oR as against 'u 
and 1\_m, respectively. 

Figure 20. Passage of a bit 

across a steep boundary. 

Beca.use inR is lCXY:J, 
figure 20 s1'x:Jws that the nore 

damaged and therefore weaker 

area marl<ed 12 will be 

greater than the less damaged 

area 11 in the lower bed, 

over a lCXY:Jer distance, than 

was the case in the "up-dip" 

path. Because of this the 

cw:vature of the lx>le marl<ed 

"curve" will also oontinue over 

a lCXY:J distance. 



Balndary 
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l\ctual hole 
&xis (All1\) 
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I 

Original bit 
axis (CBI\I 
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Figure 21. Illustratien 

sh:Jwing that ~D > a0 • 
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Because of drill rod stiffness, 

it is stnm in figure 21 that 

the bit is gaining nore area 

( 1
1

) in the lower bed. 

Even th:)ugh the bit axis has 

a
0 

en the right side of 

the original axis, it is seen 

that the axis of the ~ 

hole is en the left side of the 

original axis, 

and ~D > aD. 

Figure 22. Illustraticn 

sh:Jwing that ~D > 
a

0
, and that the 

"cuzve" is lcrger. 

Fran figure 22 we rx>te the 

following: 

* the bit is finally OC11Pletely 

in the lower bed 

* the axis of the hole and the 

original axis of the bit are 

both en the left side of the 

prevailirxJ bit axis 

This calditien will give rise to the following: 

a) There will be a tendency for the bit to reoover its original axis 

because of the stiffness of the drill rod, if no other boundary is 

encotmtered 



b) If the bit gets to arci:her boundary before the role :recx:,vers its 

original axis, the bit trajectien prcx:ess as described above will 

.repeat, therefore increasing 13
0 

en the left side of the 

original role axis. This process will give rise to the "d:Jwn-dip" 

role deviatien. The appearance of the trajectien will be as sl'xJwn 

in figure 23. 

wng 
curvature 
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Figure 23. Down-dip role 

deviatien in steeply layered 

rocks. ( Bnphasis cnly en up-dip 

side). 

Once again the thickness of layers isa big factor. Infact, it appears 

that when the layer thickness is very thin an "up-dip" role deviatien 

case is likely to c:x:cur for even fairly steep angles of r:ock layers. 

This is especially so in r:ocks with weak 1:xxlding between layers. 

This is because the first crack p:ropagatien nonnal to the lower bed 

w:)Uld be longer than the layer thickness, and therefore in general, 

no OCJWilW8rd curve in regien 11 (figure 21) would c:x:cur. 

In the theo:ry above, slip effects in both up-dip and d::Mn-dip cases 

were igrx,red. Events were observed where roles which were initially 

deviating up-dip, for instance, suddenly changed oourses to d::Mn-dip 

because of surface characteristics of layered fabrics. 



6 CDOll>IlG REM\Rl(S 

lble deviatioos are serious. They have always been a hassle and 

limitaticn to progre.gs, usage of blasting possibilities, {larger 

openings, etc). FurthentOre, deviatioos give rise to ore losses, 

diluticn, excessive beooi.IYJjbreakage/jamning of drill stens, uneven 

toe burdens in quarries, ugly road-cuts or openings, boulders, etc. 

Much has been dooe to improve machines, autanatien, educatien, etc, 

rut rcx::k is rcx::k and oot man-made. 

It is clearly seen, both fran field obs&vatioos and statistically, 

that the obs&vatioos of unidirecticnal { co111a1 directicn) h:::>le 

deviatioos earlier reported for rotary drilling in layered rcx::ks are 

the sane for percussive drilling. However, this study has further 

identified the deviatien pherx:mena as falling under foor main rcx::k 

structures, namely; slant layered, h:::>rizontally layered, vertically 

layered, and unlayered rcx::ks. 

28 

For given machine parameters, h:::>le pattern, and drill forces, the 

magni tude and severi ty of h:::>le deviatioos have a sb.ag deperxlence en 

rcx::k structure. 

Because of the cx:mplexity of rock structure and its interacticn with 

other drilling parameters, a sinple and universal mathematical theory 

for predicting h:::>le deviaticns ooes OC>t inmediately seem likely, and 

nore studies which sinrultaneously include data en all drilling 

parameters are sought. Based en the damage process of rock in the 

vicinity of layer boundaries, the auth:>r has so far given a 

qualitative theory expl~ why h:::>les are deviated up-dip or CXJWI'l­

dip in layered {bedded) rcx::ks. 

This less costly but reasonably effective study has revealed sane 

interesting results. However, future drilling operaticns ~ld be 

desired to ooncurrently record all drilling oonditicns and parameters 

if h:::>le deviatien interpretations are to be m::>re reliable, and hence 

possibly predictive. 

Inspite of obvious !imitations one can discuss if the findings of 

this study are applicable in their present fonn. If so, h:M can a 

"drillar in distress" utilize this krx:Jwledge in practice? 



~ at the results of this study, the relatioos of hole 

deviatioos to the various hole pattenls and rock oandi tioos can be 

used in the design of the drillin1 operatioos to reduce the 

severities of hole deviaticn. 

For sane operatioos such as open-pits and road-cuts, the followi.IYJ 

could be a ~le p:rocedure: 

(i) drill the first few holes and blast them 

(ii) observe the pattem of deviatioos due to influence of rock 

Slant Bedded lbcks (I) 
(A) Unsteep (B)Steep 

Angles Angles 

I I I 
I 

I I I t 

\ 1 I I I 
I I I 1 \ 
I I I I 

\ I I I I 

\ I I \ \ 

Horizontally 
Bedded 
lbcks (II) 

'cally 

(III) 

I: I; t f I 1 Il, 1',, 
: : Il I: I I I 111 I 

Il I I I I I 1 Il I It 
I' I 111 11,,1 
I I 11 I I I It Il I I pi 
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1
1, 

I I I I: Il I I 11 1 
I I I I I I 

1 , I I I 111 ', I,., I I I I Il I I I I 1, 
I I I I I I Il 1IlIII11, 
I I I • I 

Unbedded 
Rocks (IV) 

v 
r 

'\. 

I r 

y 
\. \.. 

Figure 24. Plann:inJ of hole inclinatioos with ooosideraticn to rock 

sb:ucture influence en hole deviatioos. 

(iii) adjust the drill pattem in the following manner (refer to 

figure 24): 
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* Asslunpticn: no or minimal deviatioos due to drill forces alone, e.g. 

by not over-thrusting drill strin1s. 

IA. UNSTEEP BEDDED ROCl<S 

If holes were drilled vertical (o.=90°) dc:Mnwards, up-dip 

deviations \«>Uld occur. 0n the other hand if holes were drilled nonnal 

to beddin;;1s (y > a), "practically" no deviations \«>Uld be expected 

due to layering alone. Rather, weight of the drill string \«>Uld 



initially induce d:lwnward deviaticns. After drillirYJ for sane length 

of l"x>le the d:lwnward deviatiai \'Olld eventually orient l"x>les to sane 

angle such that l"x>les \'Olld begin to gain up-dip deviaticns. 

If so, it \'Olld be reasc:nable to drill l"x>les at sane angle ~ between 

the two cases discussed above (i.e. ex<~<\') at which l"x>le deviaticns 

\'Olld break even ( ar closer), to give minimal l"x>le crodcedness. 

m. STEEP BEDDED ROCJ<S 

lbles drillad vertical ( ex=90°) d:lwnward \'Olld deviate å:Jwn-dip. 

To reduce l"x>le deviaticns, it \'Olld be advisable to drill l"x>les at 
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sane angle (~) greater than ex (i.e. ex<~). This is because the nnre 

oblique to beddings the l"x>les are, the lQXJer it \'Olld take before the 

l"x>les can orient themselves al<XXJ beddings. 

II. IDRIZCNl'ALLY BEDDED ROCJ<S 

Drill l"x>les as vertical as possible 

III. VERTICALLY BEDDED ROCI<S 

Drill l"x>les as vertical as possible 

I.V. UNBEDDED ROCI<S 

Drill l"x>les as vertical as possible 

Note h:Jwever that any change of l"x>le pattenl sh::>uld noreover cxnsider 

the over-all eccn:mic, technical, and safety cxnsequences of the 

resulting operation for the change to be effective. 

other measures for minimizirYJ l"x>le deviaticns include use of stiff 

rods and large diameter drill stri,nJs. 
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