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representative sampling of ore in the
mining industry
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Synopsis

Thepaperdiscusses some theoretical aspects of ay's sampling
theory and provides reasons as to why it has found limited use in
the mining industry, particularly for ores with low concentrations
of valnes such as gold. These types of ores are referred to as low-
grade ores in the paper. IUs shown that the misuse of the a priori
liberation factor proposed by Gy is the main reason for the imple-
mentation limitation. of ay's model for low-grade ores. In addition,
results of a case study done at the Gencor Geostatistics Department
based On the neW implementation of Gy's theory are provided.

Introduction

The subject of ore sampling has received some
attention lately in the South African mining
industry!. Following Lotter's review! of eva-
luation models for the representative sampling
of ore and a sampling course presented by the
Mineral Resources Development Consultants
(USA) in Johannesburg, it is felt that the sub-
ject should receive further attention. Signifi-
cant work relating to a new look at Gy's
sampling theory, which is summarized in this
paper, has been done by Francois-Bongarcon2,
who has kindly permitted the use of some of
his material in this regard. To the author's
knowledge, the new and more practical
implementation of Gy's theory in South Africa
has not been reported in the literature.

Gy's theory of sampling

As correctly reported in Lotter's paper!, Gy's
sampling theory, which was developed in the
mid-fifties, is the only sampling theory general
enough to be used in mining practice. What
Lotter did not mention is that the theory has
not attracted many practitioners. The reasons
for this are two-fold. The first reason is that
the presentation of Gy's work in textbooks and
journals has always been complex. Secondly,
in spite of its renowned theoretical validity,
Gy's theory has been found to have some
limitations in its implementation, which are
due mainly to the misapplication of the model2.
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The latter requires particular attention. This
paper provides some of the main reasons for
the implementation limitations mentioned.

Possible sources of error in the
sampling of ores

One can possibly classify sampling errors into
four main groupS3:

~ fundamental error, which is due to the
irregular distribution of ore values in the
particles of broken ore to be sampled

~ segregation and grouping error, which
results from a lack of thorough mixing
and the taking of samples

~ integration error, which results from the
sampling of flowing ore

~ operating error, which is due to faulty
design or operation of the sampling
equipment, or to the negligence or
incompetence of personnel.

Gy's theory of the fundamental sampling
error

Based on the equiprobable sampling model,
Gy's original general model for the variance of
the fundamental error (a2R) can be expressed
as followS2-5:

2

(
1 1

)
3

aR = --- fgcldn.
Ms ML

The parameters are defined as follows:

dn is the nominal size of the fragments in
the sample. This is the maximum
particle size in the lot to be sampled. In
practice, dn is taken as the mesh size
that retains 5% of the lot being sampled,
and is measured in centimetres.

f is the particle-shape factor, which is an
index varying in most cases between

[1]
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Representative sampling of ore

0 and 1. In practice, most values are between 0.2 and
0.5, the actual value depending on the shape of the
minerals and the degree to which the sample has been
comminuted. For most ores, a value of 0.5 is used.

g is the granulometric factor (or grain-size distribution
factor), which takes values between 0 and 1; low
values ofg denote a large range of particle sizes, and
high values denote a small range (g = 1 denotes that
all particles are of identical size). For most ores, g is
taken as 0.25.

c is the mineralogical-composition factorZ.5:

1 -a [ ]c=- (1 -a)Pm +apg,
a

where a = decimal proportion of the mineral

Pm = density of the valuable constituent
Pg = density of the gangue.

For example, for zinc occurring as sphalerite, an assay of
5% would have a decimal proportion of mineral (ZnS) of

a = 64+32 x~ = 0.075
64 100 '

also, c'" Pm/t, where t is the grade of low-grade ores, e.g.
gold (Note: the grade should be relative to the same units,
e.g. for gold, the grade units should be in grams per gram
(gig) not grams per tonne (glt).

Ms is the mass of the sample measured in grams.
ML is the mass of the material from which Ms is taken,

measured in grams.
t is the liberation factor of the mineral constituents. For

unliberated particles, Gy assumes that

1=
g

~dn'

where do is the liberation size for the mineral particles, Le.
the maximum particle diameter that ensures
complete liberation of the mineral; do is measured
in centimetres.

In most practical cases, Ms is much smaller than ML.
Equation [1] then takes the simplified form

Z f g cl d~
(J'R= .

Ms

Gy has proposed an approximation for the estimation of
the liberation factor, t. This parameter is one of the key
unknown parameters of the model. Gy's empirical estimate
for the liberation factor is as follows:

[2]

1= g.
~dn [3]

However, this empirical liberation formula was calculated
experimentally on ores that are not low-grade ores2. (Examples
of typical low-grade ores are those of gold, nickel, and copper.)

Results obtained with Gy's formula, including the
corresponding sampling nomograms, are very sensitive to the
liberation factor. However, most practitioners, including
Lotter!, use this empirical formula (Le. equation [3]) as a
general rule when applying Gy's model (Le. equations [1]
and [2]). The general use of this a priori liberation factor in
some cases provides practically meaningless results, and has
led to many practitioners abandoning Gy's modelz. The
following demonstrates this important issue.
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Example1

Take, for instance, the use of Gy's model (based on Gy's
empirical liberation factor) in the calculation of a minimum
sample size for a typical South African gold mine in production.
Assume a top particle size of 13 cm. With a gold grade of
5 g/t and a gold density of 19 glcm3, the mineralogical factor
is

c =
density

= 3.8 x 10+6 g/cm3.
grade

Note that the grade should be in gIg.
For a gold-grain top size of 7511m (Le. 7.5 x 10-3 cm),

Gy's empirical liberation factor is

1= g=~7.5XlO-3 =2.4xlO-z.

~ dn 13

At a relative precision of 10%, Le. a variance of 0.01
based on equation [2], the use of the above computed para-
meters gives a minimum mass of 2507 t. For a typical pro-
duction rate of between 1000 and 10000 t per shift, this
minimum sample mass is practically unacceptable. In apply-
ing Gy's sampling theory based on the empirical liberation
factor, Bartlett and Hawkins6 reported similar unacceptable
results for a South African underground gold mine. Although
the authors questioned the results, they did not provide any
reasons for the unacceptable results (see also Francois-
BongarconZ) .

The solution: a new effective model for the liberation
factor

Current research (Francois-BongarconZ,7.8) has shown that, if
one ignores Gy's empirical liberation factor

1=
(~:

fS

and uses a more general form of model for the liberation factor,
better results would be obtained. The proposed model is as
follows:

I =(~:J, [4]

where b is an additional parameter of the model that can be
'calibrated' to a particular ore. Exponent b in equation [4] is
often found to have a value close to 1.5 in most gold oresZ.
The calculation given earlier, when repeated with b equal to
1.5, gives a minimum sample mass of 1.4 t, which is in full
agreement with mining experience (for a lot of 1000 to
10 000 t). In addition, the use of this new model for the
liberation factor results in sampling nomograms that are
realistic.

General form of Gy's formula

If use is made of the general form of Gy's formula but
ignoring his approximation of the liberation factor, his
formula can be written asZ.7.8

f d 3-a d a
Z c. .g. 0 n

(J'R=
M 's

where IXis a parameter for specific deposits that can be
'calibrated' to a particular ore. Current research has indicated
that a is about 1.5 for most gold oresZ.

[5]

The Journal of The South African Institute of Mining and Metallurgy



u,

.
~~fill"""

......
Ln (k) _I -. . . . - ~'fI'"-~

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

~I
I-' I
.
.

J
.

I I, I I L!1(d)

~Ln(de) O. --

Representative sampling of ore

Since c,f, g, do, and a are constant for a particular ore,
equation [5] can be simplified as follows:

K = c.f.g.d;-a .

Thus,

2 K d::
(JR=-'

Ms
[6]

By use of equation [6], the following three basic problems
of sampling can be solved effectively.

~ What weight of sample should be taken from a larger
mass of given ore characterized by the constants K
(and a), if the maximum size of the particles present
(dimension dn) is known, in order that the sampling
error will not exceed a specified variance cr2R?

~ What is the possible error introduced when a sample of
given weight, Ms, is obtained from a given ore having a
constant K and a known maximum particle size dn?

~ Alternatively, before a sample of given weight, Ms, is
obtained from a given bulk of broken ore characterized
by a constant K, what is the degree of crushing or
grinding required to lower the error to a specified value
of variance crzR?

Experimental calibration of Gy's formula to avoid the
liberation factor approximation

From equation [6],

2 K d::(JR =-.
Ms

[7]

If one takes the logarithm of both sides of equation [7] after
transposing,

U = Ln (crF~E. Ms) =

Ln (k) + a .Ln (d)

----------------------

Ln (k') + 3 .Ln (d)

Figure 1-Fitting a model to the fundamental sampling error
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In ((J~Ms) = a Indn + luCK).

The experimental plot of the left-hand side of equation [8]
against In (dn) can be fitted to a straight line (in the form of

y = mx + c) on log-log paper, as shown in Figure 1 (along

with the model for dn < do, Le. below liberation). This shows
the line of slope a and intercept In(K).

Therefore, a and K can be 'calibrated', thus providing
estimates of these parameters for a particular ore (rather than
the use of Gy's approximated liberation factor).

Once In(K) has been obtained, do can be computed since

K =c.f.g.d;-a .

[8]

The practical calibration exercise can be done by use of
the sample-tree experimentZ,s. This involves a series of ore
splitting and assays at different top sizes.

Nomograms based on 'calibrated' constants

Sampling protocol charts or nomograms based on 'calibrated'
constants for a particular ore are built as follows.

As shown previously,

2 K d::(JR =-.
Ms

[9]

If the logarithm of both sides is taken,

In ((J~) =In(
~s J

+ In(Kd::) and

In ((J~) = (-1) In(Ms) + [aln(dn)+ In(K)).

[10]

[11]

Equation [11] shows that, for a given stage of
comminution (Le. a fIXed value of particle size dn), the term
In(k) + a In(dn) is a constant, say C(d), and
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In(}~)=-ln(Ms)+C(d). [11a]

Equation [lla] is such that, on log-log paper, the graph
of the left-hand side against In(Ms) can be fitted to a straight
line, Le. for a given size dn, this is a line of slope -1.

It should be noted that Gy's formula changes for dn < do
(Le. below liberation size2).

Importance of sample nomograms

With regard to equation [lla], the operation at each stage of
any sampling operation (Le. mass reduction at constant rock-
particle size dn) can be plotted on a chart as a path along a
straight line of slope -1. There is one unique line for each
comminution size. In Figure 2, (A)-(B) demonstrates such a
path. Point (A) represents the mass of the initial crushed
material. Point (B), however, corresponds to the mass of the
crushed material split out for the next stage of comminution
(Le. for grinding). The difference between the respective
variances at points (B) and (A) represents the relative
variance for the stage. The latter assumes an absence of
segregation error. The vertical lines in Figure 2 represent the
crushing and grinding stages, which are not supposed to
contribute to the variance. The entire sampling-preparation
protocol can thus be displayed graphically, showing the
contribution of respective stages to the overall precision
variance. Such charts based on 'calibrated' parameters of
respective deposits constitute useful tools for the design,
assessment, control, and improvement of sampling
processes.

Case study based on the new approach

Based onthe newapproach to the implementationof Gy's
sampling theory as summarized in this paper, the calibration
experiment described earlier was carried out for a gold ore-
body by the Gencor Geostatistics Department. Chip samples
from reverse-circulation drilling were used. The aim was to
calibrate the parameters a. and k for the orebody (a. and k
being as defined earlier).

Based on these calibrated parameters and Gy's model, a
suitable sampling protocol was recommended for the evalua-
tion drilling (a theoretical description is given earlier). So far
the results have been very encouraging.

Table I shows the calibrated parameters, as well as the
gold-liberation size estimates, based on the model for three
prospecting areas; the a. values ranged from 0.76 to 1.15.
These a.values can be compared with the research values of
about 1.5 as observed by Francois-Bongarcon2 for gold ores.
Gy's empirical estimate2 of a. is 2.5. This a priori a. value of
2.5 gave significantly different results (including the
corresponding sampling nomograms) for the gold orebody
that featured in the case study.

Conclusions

The earlier theoretical discussion and the case study show
that the implementation limitations of Gy's useful model for
ores with low concentrations of values such as gold is due to
the unfortunate generalization of his empirical liberation
factor made by many practitioners.
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Figure 2-Example of the use of a sample protocol chart (after Francois-Bongarcon8)
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TableI

Summary of calibration parameters (a and k) and
gold-liberation size estimates for a gold orebody
based on a modified form of Gy's sampling theory

played a significant role in the calibration study. Thanks are
also due to Professor D.G. Krige for useful discussions and to
Mrs S.C. }ackson for typing the manuscript.
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parameters of the modelfor individualdeposits.
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Discussion

The design of tunnel support in deep hard-rock
mines under quasistatic conditions *
by C.R. Speers and A.J.S. Spearing

Contribution by W.D. Ortleppt

In the Journal of May 1994, the authors first presented the
concept and analysis that formed the basis for a design
approach for deep tunnels, now expressed more explicitly in
the present paper (MarchJApriI1996).

In a contribution in the Journal of March/April 1995, I
expressed a certain disquiet about the validity of their
original approach. The authors responded to these criticisms
in the same issue.

It is apparent to me now that both the contribution and
its rebuttals were written, probably for different reasons, in
such an obscure and pedantic way as to further confuse the
reader rather than provide enlightenment.

My concern still persists. But in order to avoid further
confusion I will attempt to pose my uncertainties and
difficulties in a much more direct way.

Onpage 98 (topof 2nd column)in the earlierpaper,an
important statement concluded as follows: '. . . the horizon-
tal ellipse requires 140 per cent less force for equivalent
stability' .

In Figure 3 of the present paper, the square tunnel is

shown to require 250 kPa of support pressure to prevent
instability, whilst the horizontal ellipse requires 84 per cent

more (460 kPa) to stabilize. The graphic comparison is
repeated unequivocally in the first 'bullet' point at the

bottom of page 50.

Since the term 'stabilizing pressure' is used interchange-
ably with 'horizontal force' (top of column 2, page 98), the

statement of the first paper appears to contradict the

conclusions of the second paper in a way that is not simply

a matter of the imprecise use of units. From the sentence

'These pressures are the critical pressures at which the
factor of safety of the excavation is assumed to be unity', a

reader can easily gain the impression that it is easier to
support a square tunnel than an elliptical one. The whole

thrust of the authors' intention is surely the opposite? Their

essential thesis is that the elliptical tunnel is preferable at
great depth because it is cheaper and easier to provide

effective support than is the case with the square tunnel.

Immediately after making the statement that 'The critical

pressure that just stabilizes the grid . . . can be referred to as

the pressure at a factor of safety of unity, or the critical

pressure' (column 1, page 50), the authors offer a reserva-
tion that almost amounts to a disclaimer, viz 'The critical

pressure at which a tunnel "collapses" is probably dependent

to some extent on the fineness of the grid and the boundary

conditions'. I would suggest that it is probably even more
dependent on the assumed rock properties and the physical

behaviour of the rock material and rock mass. It appears

that the authors then ignore their disclaimer and go on to

The Journal of The South African Institute of Mining and Metallurgy

use a model-dependent value as the basic design
criterion! To use such a criterion as the basis for a rational
design procedure seems to me to be a fundamentally flawed

approach. It offers a morass of potential confusion and
misinterpretation. For example, if the design pressure of 460

kPa represents a safety factor (SF) of 1,0 for the elliptical
tunnel, does the applied pressure of 700 kpa (column 2,
page 51) mean an SF of 1,5? If the same pressure (700 kPa)

were applied to the side wall of the square tunnel, it would,
according to Figure 3, permit 37 per cent more displacement

but the SFwouldbe z:s:£ viz 2 8.
250'

,

Again, viewed simplistically perhaps, the square tunnel

appears better! The reader surely requires enlightenment

concerning whether or not the factor of safety can be used in

the conventional way.

I hasten to say that I totally support the idea that the

cross-section of highly stressed tunnels should be shaped, as

far as practically possible, to best control the fracturing that
will inevitably occur. However, at this stage in the develop-

ment of our knowledge, the procedure for support design

should be empirical and logical, rather than based on

numerical analysis and flawed rationale.

I suggest the tendon support, indicated in my Figure 1,

which is based on such a rational design procedure!, would

be considerably more effective and much cheaper than that
in Figure 1 (b), which is the pattern recommended by Speers

and Spearing in the May 1994 paper on page 99.

With a desire to promote constructive dialogue, which, it

is hoped will lead to better understanding and improved
practice, I encourage the authors to challenge this submis-
sion.
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Discussion: Design of tunnel support

a) 2,5m long 25mm dia. cone-bolts, 240 kN cap.,
with 40mm thick shotcrete I

Figure 1-Possible support systems for a deep quartzite tunnel

had hoped would be forthcoming. Also, his contribution

refers mainly to another paper which was published in May

1994, rather than to the paper published in March/April

1996. Nevertheless, our reply is given in a positive spirit to

encourage further developments in the field.

There seems to be some misunderstanding based on Mr

Ortlepp's interpretation of Table I and Figure 3 in our later
paper. Table I is an expanded version of Table IV of the

previous paper. If one calculates the ratios of support

pressures (between the two tunnel shapes) and takes an

average of the calculated ratios, a value of 1,57 is obtained.
Similarly, a value of 2,40 is obtained if the ratios of force are

calculated and then averaged. Hence the statement of' 140 .

per cent less force'. Pressure and force are used synony-

mously in the paper, which should not be a problem as long

as one knows which is being referred to.

It is not necessarily logical to suggest that a reader might
gain the impression from Figure 3 that a square tunnel is

easier to support. Although the critical pressure is less, the

deformation at that pressure is so excessive that the tunnel

would be rendered unserviceable. The ellipse provides a

better control on deformation than the square tunnel at the

'ic:
c:
.a
'0
E
Z
'"
'"

+
16,1mm

+

16'1m

b) 4m long locked-coil cables, 800 kN cap.,
(35mm. dia?), with shotcrete 200mm. thick

\

levels of deformation that would be tolerable in a real

tunnel. Thus, it is meaningless to consider 'factors of safety'

without due consideration of deformation as well.

It is naive to suggest that the results of numerical

modelling would be used as a sole design tool. Sound rock

engineering calls on all the available methods, which include

in situ monitoring, empirical design, and numerical model-
ling, as well as good precedent practical experience. The

value of numerical modelling is that it offers a quick,

relatively inexpensive procedure of exploring the ramifica-

tions of new untested ventures, such as deeper mining,

before one embarks on more detailed, but much more

expensive, trial excavations. Numerical modelling will never

be the end chapter in rock engineering design. The problem

seems to be with persons who do not use or understand the

procedure or, more seriously, who misinterpret the results of

these analyses.

Mr Ortlepp's reference in Figure 1 (b) to the paper

published in May 1994 is somewhat belated as contributions

to this paper and the reply were published in March/April

1995. The comment does not apply to the present paper. .
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