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Abstract- A great drawback of the existing classifications functional A& the rock mass classification by its
of rocks by the rock drilling resistance is their dependence abrasiveness. Cumulative values of strength and
on drilling equipment characteristics. The proposed abrasiveness per classes of rocks are the dimensionless
method of rock classification makes no use of the data on characteristic of the rock drilling resistance. The
rates (rpm) or time (min/m) of drilling by a particular  classification is independent of the drilling equipment
machine or a tool but rests on the information on the performances and is invariant on that score.
structure of a rock mass and physicanechanical
properties of types of rocks the rock mass is composed of.
A drilled object, which is a rock mass, is identified by the
dimensionless set of the properties and abrasiveness o
rocks.

The authors compare the invariant classification of
rocks by rock drilling resistance with the rock
fclassifications by drilling rate that are in actual use in
mining.

Keywords i rocks, classifications by drilling, rock
_ resistance, hardness, abrasiveness, physioceechanical
functional ©- Ha( s .eR () , Where s is the properties
uniaxial compression limit; D is the characteristic of
dimension of structural blocks in the rock mass; is the
characteristic of the effect exerted by hydrophysical state |. INTRODUCTION
of the rock mass on its strength; are dimensionality

operators for rock properties, considering their influerce  4qyemed by drilling equipment characteristics. Understanding
on the rock drilling resistance. The functional B is f this disadvantage conditions the search for new approaches
constructed for every layer of rock types composing the 1 ey classifications to be independent of the impact of
rock mass and its weighted mean value is calculated yochnologicalaols. This paper focuses e development of
afterwards. a rock drillability classification based on the physice

Potential abrasiveness of lithology layers in the rock mechanical properties of rocks.

mass IS represented as the functional It follows from numerous experimental data generalization
A= { Ad), AR, B, (B (SE o}, where dand iyt the drilling tool penetration resistance of rocks depends
A are the weighted mean dimension of a rock grain and the on: (1) rock strength; (2) rock mass structure (jointing); and
coefficient of its shape (roundness), respectivelBmand  (3) rock abrasivity. The properties (1) and (2) describe the state
Sc are the weighted mean hardness of minerals composing of arock mass. The strength of a rock (as a solid) is governed
a rock, and the hardnessof cement (detrital rocks) and by its genesis, mineralogy, structure etc. Special influence is
glass (magmatic rocks)P is the porosity, %;r is the tensile exerted on the rock mass strength by the hydrophysical
strength; ;  are dimensionality operators for rock environment in the rock mass.

properties, considering their influence on the rock  The rock drillability evaluation meets the deage of
abrasiveness in drilling. aggregate estimate of a set composed of properties stated in
various units of measurement. As a wayt alternative, the
present authors suggest dimensionless presentation of
numerous mechanical properties on a canonical scale for their
aggregatestimate later on. The basis for this suggestion is the

The rock mass properties B are represented by the

Available classifications of rock drillability are greatly

Using the geometrical scale with the common ratio\/2,
in the real value range of the functionalB, we have
obtained the rock mass classification by the rock mass
strength characteristics, and in the real value range of the
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uniformity of laws concerned with hierarchy of rock blocks in According to the analysis of thealculation results, the

the structure of rock masses and the clustering of the strengtla | u e.sfoura ffromg(1) are independent of the values of

properties of rocks [1]. wet and dry gyaomncd & terseregrtay s/ el
have the same vahuodeds Fomrthedi f
calculation results:

dw= wil d=0.89U 69/78U 118/133U 107/120U
2.1. HYDROPHYSICAL CONDITIONS AND ROCK MASS 121/136U 44/50U0 exp(-W/PAs-) .

STRENGTH Such equalities exist for different genesis rocks. Sticking to

Out of characteristics of hydrophysical environment, we wifftandardized terminology [2], the water stability coefficgnt

only analyze moisture. Theoretically, of interestis arelation 6fS 0 f ~deeper me.a=nekpVg/PA) spatar en
t he t y=pf@V), ahere the rock mass moisture W rangegorrelatedmth the strengths of rocks but relates with the ratio

from a defined zero safation (airdried state) to overall ©f St r engt h swchadenzesapilitnotrocksyo, s

saturaipn Wi, (00 W U W,): Cwis the limit strength of rocks T Weakeno ~structural bonds at

at the moisture W. Weakening of rocks under influence 5f 2 t ut r "’; t. II N rl[.t' i T'Ph'e hd egree o ft bn we
moisture is usually assessed using a coefficient of rock m%@eren material onstitution. This pnénomenon seems 1o be
of Interest and needs further consideration.

resistance to water, or water sta@ilik,, (introduced in [2]):
U o Based on the analysis and calculation, we conclude that the
Kw=fwlfi g fiwl fia 0<KUT, hypothetic premise formally presented in (2) is well applicable
w h e ry & thé rock limit strength in the adlried state. to predictive estimation of influence exettby moisture and

The authors suggest to account for the influence gprosity on strength in rocks. It is found that for real rock

hydrophysical conditions on the strength of hard rocks usi asses ( tn P ‘f" r t wis wpresented by the Ku 2
the following relations: urth order canonical scale:

Gy O GBXpEW/ P AKad Gl drexptW/ PAo) (1) K, =K, (42) ., 0=1, 2, 3, &, r@
e

wher ﬁ P i's the pisthestangthofracks 10,6 kSog i?:/ e mitimum reference value betwater
at the moisture W MPa; & i@ clefliGehtchftGPht?h gV osmMll &

The ratio W/P in (1) is a characteristic of occupation ciccounting for (1) yields:

§
f

[I. ROCK MASS STRENGTH ASESSMENT

pores with water (W/B 1). Evidently, when W = 0 (ideal dry 05 77ALn 5w ) 7477 LSV( | ePx#TE08.
rock). W PAo = 0-wmPdo)acedar & ngly" " BWH Y (ePapes:) )
sw=1for any t and a&. When rocks are in the conditidh of

overall sat ur aisgowemedwythematevial {yffe \\ ahd R are the weighted means of the natural

coefficient a&. Presumably gfhyjd®physifal cBndifofdfdréck. " manner expo
the Rebinder effac which needs validation, so, the

expressions (1) are hypothetical and require respective prodf2. JOINTING AND ROCK MASS STRENGTH

Some_ of the deductions are (_Jbtamed on the static !evel, by th%ointing of a rock mass (rock mass block structure) is a very

experimental data on uniaxial strength of rocks in dry angnortant chaacteristic of the rock mass state under blasting

watersaturated state. or drilling. As a measure of a rock mass jointing, we chose an
ltissupp sed that & in (1) cardnnbsiprueseonrcked| askasfarcei 6nam]

connection & = f(x1, x2), aftherockmassiclassificationgdy bdockisteugilirecwe pepresgnt r

material constitution of rock and fluid, respectively. For lackeon the secathorder canonical scale:

of data, & is estimated wusing sgtagtistical calculation [

for each kindf rocks the moisture W, porosity P and wet rock D; =Dg Cﬁ/{) )

strepayrter Kinown. From (1), for & = 1, we calculate initia

approxi mation f or utThecalouated Wb & rkés Bareferencs size of@n in situ rock block. From

dwe is compared with the experimentally obtained values of tfige above expression, calculate the class of rock mass jointing:

wet rock strengtliiwe. On condition that: 5D 6

U= (1— Clwc / ljwe) < (01), (2) Jj =2.8854 @lg 0 9 1 (5)

it is assumed tha is equal to 1. If the condition (2) is not
fulfilled, we varyé until (2) holds true and note the-fmund
value ofé . All in all, 80 kinds of rocks have been analyzed, J;°2.8854@r( )D53, &OO0150 cm (6)

with the found range & as follows:0.1< a01.8. It has been o :
. : _ The range, of the natural block size in a rock mass depending
speci fied that o = 1 for 36 | s

Qb LRC
on the class of jointing Is Touh
€ <10f or 37 ki nd8 fororkinds af odks ;

A s s u mj=rOgm iee(5), obtain:

6236exp (D.3466A3) O s O 9.0Aexp(0.3466A%).
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I1l. ROCK ABRASIVITY ESTIMATE BY PHYSICO-
2.3. ROCK MASS STRENGTH MECHANICAL PROPERTIES

Selecting a type and dimension of a bit, or a drilling regime To estimate resistance mfcks to drilling, we need to know
is based on empirical relations including strengtéhe rock strength and another very important property that is
characteristics of rocks, such as hardness faftarniaxial the rock influence on the drilling tool wear, i.e. the rock
compressions ..; shearing strengtls . ; contact strength abrasivity. This property is not a simple technological
S o INdentation strengtls, , ; drilling strengths ,,, . These characteristic as compared to compresgi@msion etc. There

characteristics are also correlated. Therefore, for consisten@f,S a lot of indirect methods for estimating rock abrasivity

the characterigti of rock strength is accepted the uniaxiar ed on wear _Of an indenter mad_e of various materials.
- Incommensurability of the results obtained with these methods

compressiongUWsihg:dry rock, U O
_ impels the present authors to develop an abrasivity dgtima
S,= § @IE)“ and= GBwa to=55MPa, procedure based on a set of physgieechanical properties of
rocks.
obtain: As the backbone characteristics of rock abrasivity, we select
J; :2.8854[C"Jn$ s Ing m)] 3.9, @ the shape and size of a grain; hardness of a-foyoking
mineral and the mineral in whole,otd of grains, and
2.4. COLLECTIVE ESTIMATE OFRMASS CONDITION BY moisture
STRENGTHFACTORS

We omit description of the influence exerted by the above
The collective estimate is summing of (4), (6) and (7):  listed characteristics on abrasivity of rocks (a more detailed
information can be found in {40]) and only give the formal

Fa=dn 9 & ) description of these characteristics required for the aggregate
where Esis the dimensionless rock mass condition. estimae of rock abrasivity.
After appropriate transformations: 3.1. SIZE AND SHAPE OFGRAINS, HARDNESS OF

FswU2 . 8 (44 [n ( epln (o)fi- 1.3. (9) ROCK-FORMING MINERALS

Placing miniymunm.\Balq.gb.8Faf@s; OB a canonical scale these characteristics are collection
maxi mum val Les ggs350) & @) brings to wise presented in the relation:
Fstrmin= 6.5 and krmax= 30. Based on that, it is accepted that . L
the dimensionless rock mass conditionterms of strength _¢ 32D 00 D 10
varies from &o 30. This range governs the representation of Yz 82'8854@{1? dy 8 1331’ (10)
Fstr by the second order canonical scale with Rasad _ _
reference value &= 6. Quantization of the scale is bounded Ss= 0. 022 Aew,p (0. 5465 AR (11)

by a sequence numbey &t which Fstr from (9) becoesO30.  \yhere D and glare the average mean size of a mineral grain

The quantization resulere shown in Fig. 1 as the cuvesJ 54 s references value, respectively, miiska coefficient
f(Fsy) that illustrate the offered rock classification by Stre”gtlﬁccounting for the grain shape: is a relative measure of

The ranges of Fstr andare: influence exerted by grains of certahardness on rock
4. 24Aexp0F.BB8AE6AD (9. 346 6 A Rbrasivity; R is the average mean hardness of +orkning

[ 2. 8gFR)BAT7]U LU [2. 8 8IM)M.17]. mineral. So, hardness ofetimineral portion of a rock is:
Ry =001 M;R
10 Class of strength ) 16.l
9 where M and Rare an4th mineral content of the rock (%) and
8 2L 3" the Mohs hardnessgspectively.
7 OO« /f/ The values of k(10) are k= 1 for roundish grains and k
6 1 5 1.3 for angular grains, given the grains are comparatively equal
5 / < >l > in size. By taking that this relationship is linear, we have: k
4 1 for wellrounded grains; k= 1.11 for rounde grains; k =
3 f 1.18 for halfrounded grains;ik= 1.25 for halfangular grains;
) [ ki = 1.30 for angular grains.
1 //‘ : : Concerning the reference sizginl (10), according to [11],
0 10 20 30 40 grains with minimum size (0.008.05 mm) are typical of
Rock mass state factor chemical rocks. On the assption that grains smaller than

0.05 mm slightly affect abrasivity of rocks, we accept 6.05
mm. Insert this value in (9) and obtain the grarnildactor of
rock abrasivity:

Fig.1. Rock mass classification by strength: iery weak
rocks; D weak rocks; 8 medium strength rocks;d4strong
rocks; ® very strong rocks
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QeU [ 2. Gr8(53)ABk9 .6 4] As interaction zone. Hence it appears that with the stronger
s L cement, the rock abrasivity increases. This statement is valid
0.050D O8; 1.00k; O1.3. (12)  tor crystal rocks, as well. With the weak bonding strength of
3.2. POROSITY AND HARDNESSOF BINDING grains, abravise refresh getsensified. The bonding strength
MATERIAL of grains is estimatedMPap ter

Assume that rock abr agthenthe y g
Equally in magmatic and sa@diamanthamyi mgcissd r epgrtd i@ fod
may be composed of a material which has either close & 2 5 o
properties to the properties of the rock grains (crystal), or these\(B = é2.8854}l?@%§+ nG, (15)
properties differ considerably. e material abrasive tools é cSot =+
are made of, the hardness of grains is always higher than the _ ) )
binding material hardness. However, in rocks this relationshif€rett is the ultimate tension of dry rock, MPa.
is not always weiformed. In sedimentary rocks theroughness L et t he r ef er @312MP, thahi$ typealdf e G
and hardness of pore surface is greiaflyienced by a cement weak hard rocks. Placing this value in (15) and appropriate
type (in abrasive tool, a binding material type). In magmatigansformation yields:
rocks pores are formed in a ndacrystallyzed material that - o = S o
influences the roughness and hardness of the pores surfacgBU [ 2. 8B(HeHdA 3 6 P.3LDU O40. (16)
too. The genesis of voidage (no matter poresastdires) is The bonding strength of grains is affected by rock moisture
not important. What important is the hardness of thee pocontent, especially in sedimentary rocks. The quantitative
surface. estimates of the moisture and abrasivity relationship in rocks
: s are given in 9], where it is shown that abrasivity of water
ca-lr;or;isal sga?e ;Sof;%s\tg?p k abrasivity is preséted on thesaturated rocks etreases greatly (to 30%). This effect is
' included in (15) in terms of the water resistance coefficignt K
Y, :%_ 2.885@1%%@2’ (13) discussed above in this article.
¢ cho=s 3.4. AGGREGATE ABRASIVITY OF ROCKS BY THE
where Pand t0 ar e, he pomsitpd & rodk anel CQLLECTIVE PHYSICOMECHANICAL PROPERTIES
the porosity reference value, %takes into account the effect CLASSIFICATION

of the binding materialardness on the rock abrasivity. The framework of the rock abrasivity estimate is the set of

With the accepted range offPr om 0. 2 $=025,2 19, (B)nadd (16):
and using (13), we obtain: _
I == +0r¢ &sd

Ye © [-288540n(R }+1029.G, @ where t is the abrasivit y @

The coefficient sis relative but, unlike;sintroduced in (11), dimensionless units.

has the other meaning contentillsistrates relative influence | - T SN0 R

of microhardness of the binding material on rock abrasivity bU 2. 88b@BAMS ( RHMEUASH
rather than the relative hardnesstwé rockforming mineral. 9. 6MIAG.. 2D A%6 AS (17)

The values of sare found from test data on the binding The estimate (17) characterizes abrasivity of rocks

material (cement, glass) microhardness. We make use of ratj ; . 7. .
of the Mohs microhardness and microhardness found on t e8 pending on imechanicabpropediies. Ipthey s i

X . e conventionally measured abrasive wearing capacity of
PMT-3 microhardness measurement device. We are € indenters, abrasivity has unit measures but they are relative,
in not the absolute but relative values of hardness,,i.&€hs

. . andare only used in classifications the objective of which is to
following results were obtainedhe PMT-3 measurement fer thi h f rock table cl f o
microhardness: refer this or that type of rocks to a suitable class of abrasivity.

ltds the abrasivity classes w
= 8 Bk, 0 a rockcutting or rockdrilling tool, and nottheir quantitate

the Mohs hardness: evaluations.

With the accepted minimum values (D = 0.05 mmsK.;

2U 2. 3 28RP°Y, $.=0.065; P =0.2%5 O .8 @312 MPa) and maximum
w h e reasisithe microhardness measurechgshe PMT3  values (D=10 mm; k= 1.3; s = 1, P = 25%; 8= 1 5 40U
device; Rsis the Mohs hardness. MPa) of the parameters included in (17), we obtain the range

of lmin=F3.n&s 63. Quantificati ol

3.3. BONDING STRENGTH OF BAINS range is represented as the second order canonical scale, on the

The influence of the grain bonding strength on rocR S S UmMpt io® nhA30at |
abrasivity is poorly studied and for sedimentary rocks itis ) Jor1 B i
hypothetically based on the strength of a cement. With thel 9= Olcé‘ﬁ) ' J o= 1,¢€,9, (18)

strong cement, each grain at its place abrades a cutting tool
until the grain is detched and removed from the tool and rock
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Table 1. Classifications of rocks by abrasivity.

Abra- Aggregate Abrasivity by [12]
sivity abras!wty - Characteristic of rocks
class conventional Initial scale Canonical
units(range) scale
1 2 3 4
1 3.014.2 <5 4.005.7 Very low abrasivity
2 4.21 6.0 5110 5.7i8.0 Low abrasivity
3 6.0i 8.5 10i 18 8.011.0
4 8.5112.0 18/ 30 11.0016.0 Subaverage abrasivity
5 12.0017.0 30i 45 16.0023.0 Average abrasivity
6 17.0024.0 45/ 65 32.0045.0 Above-average abrasivity
7 24.00340 65/ 90 45.0064.0 Increased abrasivity
8 34.0048.0 >90 64.0091.0 High abrasivity
9 48.0'68.0 >91.0 Extremely highabrasivity
Table 2. Rock clasftation by drilling resistance
Rock mas strength factofF« by (9))
6i 9 | 9i 13 | 13118 | 18i 26 | 26i 37
Rock strength classes
1i2 | 2i3 | 3i4 | 4i5 | 5i 6
Rock abrasivity facto(d by (17))
3ia | 46 | 69 | 9i12 | 1217 | 1724 | 24i34 | 34i48 | 4867
Rock abrasivity clasgl, by (19))
12 | 213 | 34 | 4i5 | 5i 6 | 67 | 78 | 89 | 910
Aggregaterock drilling resistancégFg, + ¢ by (21))
8i12 | 12117 | 1724 | 24i34 | 34148 | 4867 | 67195 | 95135
Rock drilling resistance classes
i1 | 12 [ 2i3 [ 34 | 45 [ 56 | 67 [ 78
where Jis the class ofibrasive capacity of the rock. From the comparison of (19) with (20), the abrasivity

hndexes in both classificatiorexponentially depend on their
rock abrasivityclassification by Baroand Kuznetsov [12] in CE';\sses though have different units of measurement and
Table 1 different amount of classes._ The difference o_f the co_gffluents
' attached to the exponents in (19) and (20) is conditioned by
By the data from the second column in Table 2, we obtailifferent approaches to ranging the clasatfimn indexes in
the abrasivity ranges within a class: classes. As for the difference of the coefficients in front of the

- S Ao R - P - exponents in (19) and (20), this is because of the different units
2. 12Aexp0I00BAMLEPA(IY, I8 4.0.6(20) of measuremd used in the classifications.
It follows from (19) th‘at: . For the purpose of comparison, we present the classification
2. 8MF4317002. 8BMF4A +2. 17. by Baron and Kuznetsov on the canonical scale with the
8hosen reference value B = 3 mg (Fig. 2b).

The results of the calculations by (18) are compared with t

The sideby-side comparison of the calculations by (19) an
the data of the Baron and Kuznetsov classification (column 4The classifications are fairly close, and we can relate the
in Table 1) is possible using the plots in Fig. 2a, with the praggregate rock abrasivity index obtained based on physico
found: mechanical pr opeh the reck aboasivityr o ¢ k
2. 1Aexp OBOM II6AAEXH5 AY) : (20§ = ma§et§I F:)r:) sc;[eel |njdgnter wear by the Baron and Kuznetsov
where B and Y are, respectively, the value of abrasivity index2 . 8-8 @l 02 . 7-8.46l
(wear of indenter, mg) and the class ofeaivity by Baron and
Kuznetsov.
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the demominator The results of cl ust e

8 1 —p0 R i . S
% K / - 53 scale are given in Table 2 that is the classification of rocks by
P / 1 31’ drilling resisance based on physitoechanical properties
?0 P / A 6 @,S rocks. Using the data from Table 2, we have related the rock
2 7 /_,50 ES drilingres st ance iJndex | and
40 —& / - éi. % ) . R - )
30 ,.,// - I %g 5.93Aexp3]0()Q[.qx84.646AAexp1§ﬁ.3466A
20 ";’7 1 20 _‘g % { 2. 8B8(5MEA4}0J,O{ 2 . 8B (54HA4}.
0 = T <0 = 1,é, 8.
0 — 0 :
¢ r 2 3 4 8 B T 8 From the comparison of the proposed classification of rocks
Class of abrasivity by drilling resistance and the rock drillability classification
(@) suggested Y the Central Research Institute for Geological
Exploration in Figure 3, it is evident that the classifications are
% equitype.
(&)
>0
23
(@) &S]
E'c
=2
s 8
0n C
g o
QO ®©
<o

Class of abrasivity
(b)

Fig. 2. Classifications of rocks by abrasivity: (a) classification

by abrasivity (solid lines) versus the classificatiorirmenter

wear (dashed lines); (b) classification by abrasivity (solid

lines) versus the classification by indenter wear on canonical @
scale (dashed lines).

We have compared the proposed method of rock abrasivity
assessment by the aggregate physiezhaical properties of
rocks with the method of rock abrasivity assessment by Baron
and Kuznetsov because the latter is widely used in mining
industry.

The idea to apply aggregate physioechanical properties
of rocks for estimating rock abrasivity appeaprdductive.
This is confirmed by the fact of coherence of the classifications
of rocks by abrasivity based on their physmechanical
properties and based on steel indenter wear.

V. CLASSIFICATION OF RO&S BY DRILLING
RESISTANCE (b)

Rockdrilingr e si st ance | wtfs,ié e nlﬁ‘g.féomdarisgn of'%he rock drilling resistance classification

sum up the righhand sides of (9) and (17) and, after . ; . !
transformations, have: based on aggregate physit@chanical properti€s| ) wi t h

rock drillability classification offered by the Central Research

[ = 2 In8(85 A fhn ()& In ( D)AMksn ( B) Anstitute for Geological Exploration (D).

+In (DUAJs+ 9 . 641AG. 294 A SG A3

In (JUAJst 9 . 6MING. 2B AFERS  (21) The deduction above is confirmed by the functional
With the minimum and maximum values of the parametersine | at i onship | = f (DJ=089inh t h

(9) and (17), we obtain fr &igure@eThymethekestimationofaock delling resistangee  f
range: 8.4 095, accounting for rounding off. Based on thaby the aggregate of physienechanical properties of rocks
we set a clustering procedure for | in the canonical ser
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