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Abstract This work details how to estimate the Fracture Frequency (FF), ratio of a number o
fractures divided by a sample length. The difficulty is that often, agbahe sample cannot be
analyzed by the geologist because it is crushed, a characteristics of the rayth sa@must also

be considered for the Rock Mass Rating. After analyzing the usual practicpaptredescribes

the (geo)statistical link between fracturing and crushing and the resultifgpdntg obtain a
unbiased estimate of FF at a block or point support s8atee concepts are introduced: “True”

FF, “Crushed” FF, crushing probability and crushing proportion. The study is based on a real data
set containing more than 13,000 samples. An appendix gives a very general formal d¢imonst
on how to obtain an unbiased ratio estimation.

Keywords Geotechnical, Geostatistics, Mine, Fracture Frequency, Crushing, additivity, rat
estimation, RMR, FF

1 Introduction

One of the most important attribute used in the Rock Mass Rating (RMR) is ther&actquency
(FF), basically the ratio of a number of fractures counted by the geologistdliidthe sample
length. But the calculation is not that simple because it happens often thafiaagsigpart of the
sample is crushed, making the fractures counting impossible, and FF becomesotbé tvab
quantities which both change from a location to another one in the deposit, makiogltdifi
evaluation, whether at sample or block scales - in other words, thissravb additive (Carrasco et
al., 2008). To get around this difficulty, the usual practice consists in asirggdditive formula
which combines fractures number and crush length.

The aim of this paper is:
¢ Analyzing the geostatistical link between fracturing and crushing,
¢ Proposing a unbiased way to estimate FF,
¢ Introducing the concept of crushing probability.

2 Formalization

Let us scheme a sample to set the vocabulary (Fig. 1).

LC

____________

X E

Bl P Lo
Ly : total length of Non Cruhed part of the sample

L, : total length of Cruhed part of the sample
Ly +Le =15m

N;... : number of fractures (corrected or not) along L.

Fig. 1 Scheme presenting the useful variables, Crush Length and Fractures Number
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In the following, all the samples are supposed to have the same length (1.5).nfever
simplification, one will consider just one location “x” (center of gravity of the sample) for Lyc, Lc

and Nt . The quantities ke, Lc and N , counted by 1.5m length, are additive and can be
estimated by the basic geostatistical métteled “kriging” (Matheron, 1963). Nqac: plays the role

of a “fractures accumulation”, the equivalent of the “metal accumulation” in conventional mining

i.e. the product of the grade by the thickness of the vein.

The quantity:

— fract(X) 1
Frue (X)= 9 1)

is the key frequency as it represents the true fractures frequency in the stoedcpart of the
material. But it is not additive: when x moves in the spadg,.(X)and L .(X) change and the

average frequency between two measurements locatedradx; is:

fract (Xl) + N fract(XZ)
LNC(X:L) + L NC( X2)

This latter ratio is equal to the averagekf, . (x,) and FF, . (X,) only if L o(X) =L (X)) .

So a diret“kriging” of FF, . (X,) for anyx, using surrounding measuremelREs,. (X ) , is not
possible.

true (X U X2) -

This is the reason why practices consist in using the formula:

() +als(x)
1.5

In (2), the coefficient “a” represents an arbitrary quantity supposed to give more or less importance
to crushing in comparison with fracturing (a=40 in our case). By this waygdbtechnician
incorporates the information given by crushing. (2) has also the advantage to combiive addi
quantities that can be estimated separately and then combined:

. +al (X
FFcorregldo( )_ frau( )1 5 ( ) (3)

In (3), the exponent “*” denotes various estimates.

)

corregldo(x) - frac

To understand whakhe coefficient “a” represents, let us develop (2):

( ) NC( X) FF true (X) +L (X)a L NC( X) FF true (X) +L C(X) I:Fcrushed (X)
Feaneoa Lnc(X) +L (%) L X +L &%

(2°)
Presented in this way, (2°) appears as an additive formula combining two frequencies, “a” being

the one associated to crushing (now writtég,...)- This latter quantity must be at least greater
than any observablBF

e aNd we will detail this point in the following.
First, let us analyze the link between fracturing and crushing.
3 Observation of a natural phenomenon

We start by the examination of two samples:

Draft author. Final paper in: Proceedings of the Third International Symposium on Block
and Sublevel Caving, Raul Castro editor, Universidad de Chile, 5-6 June 2014



3R0 INTERNATIONAL
SYMPOSIUM

ON BLOCK AND
SUBLEVEL CAVING

! From 684.0 To 685.5
= Crushed length: 74 centimeters
e === Number of fractures: 16

Fig. 2 Two samples (a) Few crushing and fractures (b) Important crushing, numerous fractures

Fig. 2a presents a drill core where the crush length is only 11 cm witbn@dtacture in the non
crushed part; fig. 2b presents the contrary: crush length is important (d4eni.5 m) and 16
fractures in the remaining part. Is it a particular example or is theréisticthlink between N

and L.? Wehave analyzed 13,000 samples (1.5 m length) coming from an underground mine in a
1000x2300x1000 frbox along X, y, z. (Fig. 3).
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Fig. 3 Planes presenting projections of the data

The scatter diagram between,Nand L (Fig. 4a) leads to mixed conclusions:
¢ The correlation coefficient is important (0.75),

¢ 70% of the population lies inside the confidence interval defined by the conditionalatixpect
curve, the remaining part does not present significant correlation.

_3-
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Fig. 4 (a) Scatter diagram between crush length (Lc, horizontal axis) and Fractures number
(Niract). Line represents the linear regression of Niract against Lc, as well as the conditional
expectation curve. Red dotted lines represent the standard deviation around the conditional
curve. (b-c-d) Resp. Niract, Le, and Niract cross Le variograms. Points are experimental,
continuous curves the intrinsic model (all the variograms are proportional)

4 Truefrequency estimation

Fig. 4b, 4c and 4d present respectively the dirggt; Mariogram (Matheron, 1962, or a possible
alternative calculation given by Emery et al., 2007)yvariogram, and their cross variogram. All
these variograms can be modelled by a unique model, up to a multiplicative-facather words,
Nract and Le are in intrinsic correlation (Wackernagel, 1995

Two important consequences result from this experimental property
o |t is not useful to use cokriging (Wackernagel, 1995) for estimatjpg & L,
e The ratio of both estimates obtained by kriging is non biased (see Appendix)

This latter property leads immediately to the method for estimatengah additive quantitlFe
atablock scaleV located at coordinates

NK
FF:rue (\/X ) = ﬁ(\\//x)) (4)

In (4), exponenK denotes the estimate of the variable by kriging, using a set of around 50
surrounding samples which change when the locatirangeg ”moving neighbourhody
Chilés&Delfiner, 1999). The samples used for numerator and denominator must be the same to
preserve the non bias of the ratio. In other word, we must have isotopy (Wackernagel, 1995).

—4-
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Fig. 5a presents a map ?:flfli(v)whenvx is sized 10x10x9f Geotechnicians prefer the reverse

true X
of the frequency because it represents the average size of non fractured core. When this quantity is
small, the strength of the rock is bad and a low RMR rating is associated to the block. Another
consequence of intrinsic correlation between both terms of the ratio is thattestithe ratio or its
reverse is the same problem. Generally, this is not the case. For example, the reverse of additive
grade is not additive.

5 Crushing percentage or praobability

Formula (4) is a ratio of two separated estimations that can be used separately.e/dihadenthe
denominator by the sample length, we obtain an unbiased and optimal estimate of thmg crushi
proportion:

* LKNC (VX)
V)=l (5)
sample length
2000 5 2000 F 4
a
(a) 1750 1 1750 | 1 (b)
1500 . -l i
1250 . i85 | i
0 300 30 3800 310 Ze oo w0 %0 aneo
e x )
9250 | 2 1/FF_corregido_infered pocg | Z |
2000 2000 | 1
(C) 1750 1750 | E (d)
1500 1500 | -
1250 - 1250 | _
70 w00 @m0 @00 9780 ZE0 3000 a0 @00 avso
X (m) X (m)
Fig. 5 (a) Map of inverse True Fracture Frequency using block kriging. (b) Map of
inverse Usual Fracture Frequency that incorporates crushing estimate and arbitrary
frequency for crushing equal to 40. (c) Same as (b) but with crushing frequency inferred
from statistics and set to 80. (d) Crushing proportions at block scale estimated by kriging
_5-
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Fig. 5d shows a cross section of the result with important crushing proportionsvéeshef the
domain, which correspond to a well known damage zone due to a major falt.

6 Usual formulae improvement

The intrinsic correlation between crushing and fracturing leads to the opdinsalunbiased
estimate of formula (2) at block scale for example:

[\ +al®
Feorregidowx ) = fract(vx )1 5 € (\/X ) (6)
Fig. 5b shows a cross section ! , a combination of fig. 5a and Fig. 5d, with the
Fl::orregido (\/X )

result that the West damaged zone is reinforced by accounting for crushing proportions.
7 Crushing frequency inference

Development (2°) shows that the coefficient “a” used in (2) and (6) plays the role of a fracture
frequency associated to crushing and naRegsneq IN OUr case, for some reasons unknown when
writing this paper, this quantity was set to 40 and question is: ¢bisddparameter be obtained
experimentally?

Let us consider the scatter diagram betweesndFF, . calculated using the 13,000 samples at our
disposal (Fig. 6)

100 |

S0

FF_true

0.0 0.5 10 15
crushed
Fig. 6 Scatter diagram between crush length (Lc, horizontal axis) and
FFirue as defined by (1). Solid line represents the conditional expectation
curve; dotted segment represents a conservative extrapolation

WhenL. increases-F; increases, this is a consequence of the correlation between crushing and
fracturing (the number of fractures are in average more numerous when crushing length is
important). The increasing rate is not linear butdnyplic because we divideyl\; by a quantity

which tends to zero whdr: increase.

If we suppose that:

¢ The crushing phenomenon appears whekg . is high,

e FE

crushed

> FF,

true?

¢ On averagd-F

crushec

is independent fronk .,
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then FE

crushec

can be characterized by its average (reference to the conditional expectation curve)
and must be at least equal to the limitrd¥, ,when L .tends to 1.5m. Fig. 6 shows that
FE

True

= 4Cfor L .around 1m. There is still a part of the sample which is not crushed, in contrary
to the previous hypothesis atkd-, .
E[FF,

the curve we obtain, foL . =1.5m

must be at least greater than the maximum of
L.]we can calculate, here 50 lat. =1.14m. If we make a crude linear extrapolation of
C

true

FF,peq> FFoe= 8E

crushed true

As every extrapolation, this result is extremely sensitive to the hypothesis arorthénear
regression modeling. The mapping of the Fracture Frequency obtained when we repla& 45 by
in (2) is presented in Fig. 5c. Compared to the map using the traditiomallfo(Fig. 5 b), the
West damage zone is reinforced because the influence of crushing is multiplied by more than two.

8 Conclusions

Analysis of usual practices and properties of the two variables involved in gtarEr&requency

the Crush length and the Fracture numbeloes not require including both quantities in a single
arbitrary formula. Analysis of a data set showed that both variables are statisticajycbighlated

as well as spatially and they share the same variogram. This circumstakee possible to
estimate directly the real interesting quantity which is the ratio of fletommber divided by the
sample length really analyzed and shortcuts the lack of additivity of thés fdte resulting
estimate is unbiased, a basic requirement when evaluating a quantity.

On the other hand, the crushing phenomena must be estimated separately, giving a crushing
proportion (at block scale) or a crushing probability (at point support sdade)ntust be
incorporated in RMR in the same way as FF and other geotechnical attributes.

All these possibilities depend directly on the mutual behavior of Fracturdsenamd Crush length
and any study on the subject should start by the geostatistical analyséseofimo variables A
more detailed analysis of their link, and another case study, which will be publishieel next
future, showed that the present observed correlation is not due to hazard: frasbongigne
contributes to crushing, sometime not, depending on the mutual organization shdhees.
Finally, with such studies, we evaluate the mechanical properties of the rock.

Acknowledgements The authors would like to acknowledge Sergio Fuentes Sepulveda, Vice
President of the Projects Division of CODELCO, Chile, and his company, forstheig support
in the implementation of good geostatistical practices along the copper business value chain.

Appendix : Unbiased Ratio Estimation

e Consider 4(x) and 4(x), two unknown values to be estimated using a sh afieasurements
{Z1(%0), Za(x;), i:1,n}. Let*“*” denote any estimate andw; any scalars.

If

Z(X) &, Zi(x)
2 _gw 2 %) with ;W 1 (7)

then the ratio is unbiased on average if we assume its order one stationarity at the neighbourhood
scale.

_7_
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Proof;

SO WA M A e 2100,
HZ 000 2L ) L 2()12 2,0

o If “*” is Kriging (whether Ordinary or Simple, Rivoirard 1984), with the same variogram for Z
and % and same sample locations for both variables (isotopy), then the ratio is unbiased.

Proof:

As the kriging weightst, are identical for both terms of the ratio, we have

Z, (%)
AZ,
220y BAE0) 2AEOZ e, L)

AN (X) lezz(xi) Z/ﬁtjzz(xj) = Z,(%)

with

W:L(X')andZW 1
ZAZ (x) =

(7) is verified, the ratio is unblased.

References

Matheron, G., (1962). Traité de Géostatistique Appliguée, Tome |, Mémoire du Bureau de
Recherche Géologique et Miniéres, No 14, Editions Technip, Paris, France.

Matheron, G., (1963). Principles of Geostatistics, Economic Geology, Vol. 58, pp. 1246-1266.

Rivoirard, J., (1984). Le comportement des poids de krigeage. doctoral thesis, E.NSadede
Paris

Wackernagel, H. (1995). Multivariate Geostatistics. Springer, Berlin.
Chiles, J.P., Delfiner, P. (199&postatistics. Modeling Spatial Uncertainty, Wiley; 703 p. [1].

Emery, X., J.M. Ortiz (2007)Veighted sample variograms as a tool to better assess the spatial
variability of soil properties. /Geodermg *140***, 81-89. [2].

Carrasco, P., Chilés, J.P., Séguret, S.A. (2008) . Additivity, Metallurgical Recovery, and Grade. In:
Emery, X. (ed) Proceedings of Geostatistics-the eighth international GeostatisticesSomgr 1,
pp 237-246,http://www.cg.ensmp.fr/bibliotheque/cgi-bin/public/bibli_index.cgi?choice=1 - SEBUR

8-

Draft author. Final paper in: Proceedings of the Third International Symposium on Block
and Sublevel Caving, Raul Castro editor, Universidad de Chile, 5-6 June 2014


http://www.cg.ensmp.fr/bibliotheque/cgi-bin/public/bibli_index.cgi?choice=1#SEGURET

