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Abstract. The purpose of research is the study of stress-strain state of marginal rock mass around the stope
and predictive assessment of ore dilution with regard for changes in ore body thickness in mining thin ore deposits
on the example of the Zholymbet mine. Study of the specific features of the stress-strain state development
was accomplished applying the methodology based on numerical research methods taking into account the
geological strength index (GSI) which allows considering the structural features of rocks, fracturing, lithology,
water content and other strength indicators, due to which there is a correct transition from the rock sample
strength to the rock mass strength. The results of numerical analysis of the stress-strain state of the marginal
part of the rock mass using the finite element method after the Hoek — Brown strength criterion made it possible
to assess the geomechanical state in the marginal mass provided there are changes in ore body thickness
and to predict the volume of ore dilution. It was ascertained that when mining thin ore deposits, the
predicted value of ore dilution is influenced by the ore body thickness and the GSI. The dependence of
changes in ore dilution values on the GSI was recorded taking into account changes in ore body thickness from
1 to 3 m. Analysis of the research results showed that the predicted dimensions of rock failure zone around
the stopes are quite large, due to which the indicators of the estimated ore dilution are not attained. There
is a need to reduce the seismic impact of the blasting force on the marginal rock mass and update the
blasting chart.
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Introduction. In the world practice, mining of thin ore deposits is increasingly accomplished
by a system of sublevel drifts [1-3]. The main advantage of such mining system is its high
productivity, and among the main disadvantages are high losses and ore dilution. A high level
of ore dilution leads to a growing cost of ore transportation and processing, and the cost of the
mineral increases accordingly [4-6]. Research in the course of this work is aimed at establishing
the dependence of ore dilution index on rating assessment values of the rock mass.

Various sets of measures and recommendations are used to significantly reduce ore dilution.
They are associated with choice of the mining system in accordance with geological structure of
the deposit and its stripping method, improvement of mining technology, changing the main
parameters of mining systems, introducing additional elements to the technology used, separate
mining of part of reserves, etc. There is a large number of methods for determining and accounting
for ore dilution. Over the past decades, researchers such as S.Korigov [7], H.D.Jang [8],
I.Masoumi [9], E.Villaescusa [10], A.Papaioanou [11], M.Marinin [12], S.N.Fomin [13],
V.M.Lizunkin [14], I.N.Savich [15], S.M.Tkach [16], S.A.Batugin [17], I.V.Sokolov [18],
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A.M.Pavlov [19], M.Mohseni [20], E.Topal [21], M.A.Hefni [22, 23], D.P.Cordova [24],
T.R.Camara [25], and others, made a great contribution to the development and improvement of
the methodology for calculating ore dilution.

The problem of ore dilution in mining of thin deposits is urgent. A specific feature of the technology
for mining thin deposits by a system of sublevel drifts is the above-plan ore dilution due to entrapment
of adjacent host rock strata. For example, in the course of stoping at the Zholymbet mine, over-plan
ore dilution occurs — the actual indicators reach 70-75 % whereas the approved design values dot
not exceed 38 %. Based on the mining and geological occurrence conditions of ore deposits and capa-
bilities of the mine, a system for mining sublevel drifts was adopted.

The purpose of the study is predictive assessment of primary ore dilution based on the study of
structural features of the rock mass taking into account changes in ore body thickness during mining of
thin ore deposits at the Zholymbet mine.

At the Zholymbet deposit, two gold-bearing areas are geographically separated from each other:
Central and Southern. The Central area has the largest reserves, is most productive and offers a high
potential. Two morphological types of ore bodies were identified: gold-bearing quartz veins and stock-
work zones. The length of veins along the strike is 100-150 m, downdip to 100-150 m, thickness of
veins ranges from 0.5 to 3.0 m, dip angle usually steep varying from 45 to 80°. Hardness factor f after
M.M.Protodyakonov for quartz veins is 12-15, for stockwork ores — 10-15, and host rocks —
10-16. As for drillability, the rocks belong to category XVI. Volumetric weight of ores and rocks is on
average 2.7 t/md.

Methods. Ore dilution level is determined by the morphological structure of ore deposits,
the applied mining system, ore breaking parameters, structural and strength properties of the
rock mass, the impact of blasting force on host rocks, the use of artificial support of mined-out area,
natural stress field of rock mass, geometric characteristics of the vein, thickness and dip of the
ore body [26].

The above indicators are classified [8] according to characteristics of drilling and blasting
operations; design factors of the stoping face; mining and geological factors; human factors (mistakes
of miners during drilling and blasting operations, incorrect prediction of the ore body outlines
by mine surveyors, etc.).

In world practice, there are several methods for determining ore dilution. Two of them, according
to research by R.C.Pakalnis [27], are most common:

* Ore dilution = Tons of rock mined x 100 / Tons of ore mined.

* Ore dilution = Tons of rock mined % 100 / (Tons of ore mined + Tons of rock mined).

The term “rock” refers to external dilution or unscheduled diluting rock mined, and the term
“ore” refers to the material estimated for mining, i.e. drilled and blasted. L.M.Clark and R.C.Pakalnis
proceeding from the volume of overbreak and dimensions of the working face, determined the
Equivalent Linear Overbreak Slough (ELOS), which is an indirect quantitative indicator of ore
dilution [24, 28]. ELOS and ore dilution indicators are determined as follows:

V
ELOS: overbr , (1)
stope
where V.., — is the volume of caved rock mass, m*; S — surface area of the stope, m?;
r, = EL9S 100, @
m

r, — ore dilution, %; m — thickness of ore body, m.
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J.G.Henning and H.S.Mitri [24] developed a method similar to ELOS for determining ore dilu-
tion based on a 3D numerical model, where the dilution boundary is represented by an isoline of the
minimum principal stress equal to zero (3 = 0 MPa). The term “ore dilution density” (DD) was used.
It is determined by the ratio of the unscheduled volume of dilution to the stope area,

V,

DD — ;nsch.r ’ (3)

stope

where V — is the unscheduled volume of dilution, m?.

unsch.r

An important factor to consider in managing ore dilution is an adequate design of mine operation
as regards rock mass stability. Host rock caving from the roof and sides of workings associated with
poor stability conditions of the mass are not only a threat to the overall safety of miners, but also
contribute to an increasing volume of ore dilution. To reduce dilution, a series of studies of the struc-
tural and strength properties of rocks, stress-strain state of the mass, seismic impact of drilling and
blasting, etc. are required.

Among the traditional tools for assessing and managing the rock mass condition is the empirical
stability diagram drawn by K.E.Mathews [29], which proved to be useful for an early assessment of
the stability of an open stope area. Graphical stability method by K.E.Mathews is based on the calcu-
lation and mapping of two values:

« stability index N characterizing the ability of the rock mass to remain unaltered under
the given stress state, structural pattern of disturbances in the mass and orientation of the stoping
area;

« hydraulic radius which accounts for the geometric interdependence of outcrop dimen-
sions,

S
HR — stope ’ (4)

stope

where P, .~ is the detection perimeter, m.

Stability indicator is calculated from the formula

N = —RJQD j— ABC, (5)

n a

where RQD — is rock quality [30]; J,— number of fracture systems; J,. — fracture surface roughness;
J,— alteration (adhesion) of fractures; A — ratio of strength to stress state of rocks; B — fracture

orientation; C — dip (inclination) angle of the outcrop.

Over time, for making the stability diagram by K.E.Mathews more reliable, it was updated with
major alterations and modified by researchers such as Y.Potvin [31], S.D.Nickson [32], C.Mawdesley,
R.Trueman, W.Whiten [33], A.Papaioanou [11]. Thanks to these modifications, it became possible
to determine the volume of ore dilution using stability diagrams. The papers by A.Papaioanou and
F.Suorineni [11] deserve special attention, since the generalized schedule which they developed for
determining ore dilution on the basis of the rock mass stability is applicable to all ore deposits regard-
less of the ore body thickness.

A.Delentas [34] gave predictive assessments of the marginal mass failure and ore dilution
using numerical simulation. Software for numerical simulation allows predicting the stress-strain
state of the rock mass outside the stope, which could potentially collapse. In the conditions
where ore and rock have the same specific gravity, ore dilution factor is calculated from
the equation
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Comr =10 = % (6)

stope

where K., — is failure factor; K, — dilution factor; S, ,— area of collapse zone, m?.

An underground mining method was adopted at the Zholymbet deposit with levels of 60 m
and the use of inclined ramps. Quartz veins are mined by a system of sublevel drifts. With such a
system, the vein is divided along the strike and downdip into blocks with the following parameters:
length of block along the strike of the vein is 120 m, height of block along the strike through the entire
height of the level downdip the ore body with breaking-down into sublevels is 15 m. Mining is carried
out from the flank to the centre of the vein up-dip in descending order. Schematic diagram of the
mining system is shown in Fig.1.

Stoping of ore in the block on sublevels begins with driving drill haulage drifts of cut raises with
cutting of slots on them. Ore mass is broken onto a cut-out raise driven earlier (compensation space).
Stope advancing step in the upper sublevels in relation to the lower ones is 20-30 m. The scheme and
parameters of ore breaking are shown in Fig.2. Main indicators of longhole ore stoping are: type of
explosive used — granulite AS-8; initiation method — by DShE (detonating cord); specific consump-

tion of explosive — 1.75 kg/m?; hole diameter — 130 mm; burden of hole — 1.6 m; distance between
the ends of holes is 1.75 m.

When breaking thin ore bodies, numerical simulation of the stress-strain state of the rock mass was
performed for a predictive assessment of ore dilution. Key source data are tensile strength of rock samples
for uniaxial compression (ocompr), Ore body thickness (m) and the Geological Strength Index (GSI) of

Ore pillar

’ C Haulage roadway

B Drift ore pillar ’ A Ore pillar

M 2

|
UL

|
L Vent raise

|
‘Lhainpillar' - Cutraise / J &

™

% e Sublemdrift’\ ‘n‘:
L

sl T

I B

A-A B-B C-C
—_— Haulage roadway —
Haulage roadway

60 m

D
incline AT
Oy

H H
Haulage S !—iau_lage g Haulage L
incline /Ty incline 3

" )

Haulage roadway Q’»
&

Haulage roadway

Fig.1. Schematic diagram of mining system
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Fig.2. Scheme of borehole ore breaking
1 — actual mine workings 800 m; 2 — projected drill rings; 3 — ore contour;
1-5 — well numbers in a row

rocks [35, 36], which makes it possible to take into account rock fracturing, water content,
lithology and other strength indicators, due to which the transition from rock sample strength
to the strength of the rock mass occurs. The Hoek — Brown criterion [37] was chosen as
the failure criterion. Numerical simulation to determine possible zones of rock failure was
performed using the finite element method [38]. As a result of simulation, areas of possible
failure zones around the stope are determined. Areas of marginal mass zones that are expected
to cave are calculated using AutoCAD software. This software allows a quantitative
measurement of areas of possible caving zones. Further, ore dilution is calculated from
formula (6).

Calculation of predicted values of ore dilution using this procedure is accomplished based
on ground survey which includes field studies to determine the GSI and numerical simulation of
geomechanical processes occurring in marginal mass. This procedure is most applicable to the
conditions of the investigated body, since at the Zholymbet mine ore and rock have on average
the same specific gravity. Reliability of numerical simulation results mainly depends on the ac-
curacy of the input data. Preparation of source data for numerical analysis was accomplished
using “RSData” software which allows determining the strength parameters of the rock mass
based on the Hoek — Brown [37] and Mohr — Coulomb [39] failure criteria.

GSI is a vital component of the source data. The GSI parameter is the result of research by
E.Hoek and E.T.Brown on the structural features and properties of rocks. The classification is con-
stantly updated depending on the needs of designing practice. In one of the latest studies, E.Hoek and
E.T.Brown proposed to determine the GSI index as follows [40]:

GSI =1.5JCondy, +&2D, (7

where JCondg,— is the parameter of rating classification of rock fracturing determined

in accordance with the methodology of the International Society of Rock Mechanics
(ISRM) [41];

JCond89 :'JA4 = JA41+‘]A42 +‘JA43+'JA44 +‘]A45'
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J,,— indicator of the quality of contact along fractures: J,,— roughness, J,,,— length,
J as3—Opening, J,,,— filling, J,,.— weathering of fracture walls.

When assessing the geomechanical state of the rock mass, data from the Geological Survey of
the Zholymbet mine were used [42]. According to characteristics of the core from these boreholes,
rocks were divided into three domains:

 weathered rocks to a depth of 30-40 m, RQD = 12-34 (rock category “weak”);

* slightly weathered silty sandstones, silicified with a massive texture, RQD = 50-72 (rock cate-
gory “medium”);

* gabbro diorites greenish-grey, dense, massive, RQD = 72-78 (rock category “strong”) [42].

At the Zholymbet mine, thin ore veins occur at a depth of 800 m. Thus, for determining the GSI
indices, RQD values are taken from 50 to 80. As a result of research at the Zholymbet mine during
fracture surveying, rating indicators that make up the indicator of the quality of contact along fractures
according to the ISRM method [41] were determined. Point values are given in Table 1, where
JCondsy = Jas = Jaar + Jag + Jaaz + Jaaa + Jas ==5+2+1+2+5=15

Table 1
Rating assessments of geological characteristics of fracturing
for conditions of the Zholymbet deposit
Parameter Value intervals

Very Slightly Smooth Slip
Roughness rough Rough rough surfaces marks
Jaa1 6 5 3 1 0
Length <1lm 1-3m 3-10m 10-20 m >20m
Jnaz 6 4 2 1 0
Opening none <0.1 mm 0.1-1.0 mm 1-5mm >5mm
Jnas 6 5 4 1 0
Filler None Solid filler Solid filler Soft filler Soft filler

<5mm >5mm <5mm >5mm
Jnas 6 4 2 2 0
Weathered walls None Slightly weathered Moderately Strongly weathered Crushed
weathered

Jnas 6 5 3 1 0

After a series of ground surveys, geological strength indices were determined from formula (7)
for different RQD values, and data for simulation were prepared (Table 2).

Table 2
Source data for numerical simulation

Rock type ROD | Gsl Rock s't/rltlaangth i \\/I;);:Jé?]ftor:(c Rock mass d_isturbance Parameter of undisturbed Young’s

a rock by blasting D rock m; modulus
Silty sandstones 50 48 82 2.65 0.8 17 2,800
Silty sandstones 55 50 82 2.65 0.8 17 2,800
Silty sandstones 60 53 82 2.65 0.8 17 2,800
Silty sandstones 65 55 82 2.65 0.8 17 2,800
Gabbro diorites 70 58 103 2.76 0.8 25 3,000
Gabbro diorites 75 60 103 2.76 0.8 25 3,000
Gabbro diorites 80 63 103 2.76 0.8 25 3,000
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For numerical analysis of the stress-strain state of marginal mass and predictive assessment
of ore dilution, 21 models were implemented taking into account changes in the GSI (48, 50,
53, 55, 58, 60, 63) and ore body thickness from 1 to 3 m. Numerical analysis of the stress-strain
state of the mass was accomplished in accordance with actual mining level and the following
stope parameters: mining depth 800 m; stope height 45 m; sublevel height 15 m; width 1-3 m;
ore body occurrence angle 75°. The main predictive indicator for assessing the stability and ana-
lysing the stress-strain state of the rock mass around the stope is the Strength Factor — ratio of
possible rock strength to induced stress at the considered point.

Discussion of results. It is not possible to evaluate the results of numerical simulation of
21 versions of models, so it is advisable to analyse the stress-strain state of the mass around the stope
and give a predictive assessment of ore dilution for the minimum and maximum GSI values. Further,
the results of numerical simulation will be presented at the GSI = 48 and 63 for ore body thickness
from 1to 3 m.

When mining thin deposits at the Zholymbet mine, the lag of the underlying sublevel from the
overlying one reaches 20-30 m. Breaking of the overlying sublevel is accomplished by blasting the
blasthole rings and loading the broken rock mass using self-propelled equipment. The stoping space
remains open, i.e. there is no backfilling. Consequently, in numerical simulation and predictive
assessment of ore dilution of the underlying (unmined) sublevel, the influence of the stoping space
of the overlying mined sublevel is taken into account (Fig.3).

Analysis of the distribution pattern of isolines based on the strength factor showed that at the
GSI = 48 (siltstones) there is a uniform distribution of the safety factor along the contour of the stope,
minor deformations along the roof are recorded as well as a redistribution of load on the sides of the
stope, caving under its own weight is predicted due to structural weakening of the mass, weak adhe-
sion of rocks to each other caused by blasting, and further rock mass caving is possible. Area of a
possible caving zone varies depending on ore body thickness — from 85.2 m? at m = 1 m to 77.8 m?
at m =3 m, correspondingly.

At the GSI = 63 (gabbro diorites), uneven distributions of safety margin isolines are recorded,
and the contours differ from the previous version; possible zones of rock mass failure are predicted
in the sides of stopes. Areas of possible caving zones vary depending on ore body thickness — from
29.1 m?atm =1 mto 25.1 m? at m = 3 m, respectively. Compared to the previous case, areas of
possible caving zones are reduced three-fold. Thus, at the GSI = 63, there is an increase in the safety
factor and a decrease in the volume and area of possible caving around the stope. This is due to
changes in strength properties and structural features of the rock mass.

The experience of mining thin deposits at the Zholymbet and Akbakai mines shows that the
dimensions of possible failure zones around the stope are not strongly affected by the thickness
of ore bodies [43]. Presumably, the size of the failure zone depends on parameters of drilling and
blasting operations and seismic blasting force on marginal rock mass.

As a result of simulation, areas of possible failure zones around the stope were determined for
all model versions (Fig.4). Using data of numerical simulation on the area of a possible caving zone
around the stope the predicted values of ore dilution were determined from formula (6) for each model
under study taking into account changes in the GSI (48, 50, 53, 55, 58, 60, 63) and ore body thickness
from 1 to 3 m (Table 3).

Fig.5 shows the summary and comparative diagrams of changes in the predicted values
of ore dilution depending on the GSI when mining thin ore veins. According to predictive
calculations, when stoping 1 m thick quartz veins, the predicted ore dilution indicators average
78-84 %, while the actual dilution indicators when mining ore bodies of the same thickness
reach 65-70 %.
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Fig.3. Areas of possible failure zones at GSI = 48 (a, c, e) and GSI =63 (b, d, f):
a, b — ore body thickness 1 m; c,d—2m; e, f—-3m
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Fig.4. Diagram of changes in thickness of a possible caving zone depending on GSI
1 —thickness1m;2-2m;3-3m

Table 3
Predicted values of ore dilution in thin deposits at the Zholymbet mine
Ore body thickness, m
Gsl 1 2 3
Area of possiblezz Dilution, % Area of possiblrza Dilution, % Area of possibl(ze Dilution, %
caving zone, m caving zone, m caving zone, m
63 29.1 70.6 29.3 51.7 25.1 40.1
60 36.2 74.3 33.9 55.2 30.2 44.3
58 46.2 78.1 41.6 58.6 394 48.4
55 59.7 82.3 54.4 65.4 51.7 56.5
53 70.8 84.5 66.5 70.1 63.7 60.2
50 80.1 86.8 76.1 735 72.7 65.8
48 85.2 87.5 81.6 74.9 77.8 67.3
100
90
P ® =
80 B L S|
S [ W] o y'=-0.0444x2 + 3.7448X +10:39
s e R?=0.994
2 60 ,
&) bl
50 y=-0.0192x? + 0.4406x *98.872,
R%=10.9831
40 y= -0.0292x2 + 1.2562x +75.438
R?=0.981
30
46 48 50 52 54 56 58 60 62 64
GSl
1 2 3
Fig.5. Diagram of changes in predicted ore dilution values depending on GSI
1 —thickness1m;2-2m;3-3m
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Results of the study show that the predicted values of ore dilution are influenced by ore body
thickness and the geological strength index, which takes into account the geological features of the
rock mass, its structure and fracturing. The dependence of ore dilution index on the GSI index was
recorded at different thicknesses of the ore body.

It should be noted that in numerical analysis, the seismic influence of blasting force on marginal
rock mass was not taken into account in detail. However, when performing numerical simulation, the
indicator of rock disturbance by blasting D was applied; its value corresponded to blasting of good
quality. In future, it is planned to determine the pattern of changes in the indicator of rock mass
disturbance by blasting depending on the category of rock stability. This will allow adjusting the
geomechanical model in numerical analysis, assessing the geomechanical state more correctly and
predicting ore dilution when mining thin ore bodies.

Conclusion. General review of the methods for determining and accounting for ore dilution
showed that in foreign practice, the calculation of ore dilution is based on the studies of the stress-
strain state of the rock mass and a predictive assessment of the marginal mass caving using rating
classifications of rocks and numerical simulation methods. A comparison of the predicted values of
ore dilution with actual indicators confirms a good convergence of the research results, which was
about 83 %.

Based on results of the accomplished numerical analysis, it can be assumed that in mining thin
deposits, the predicted ore dilution values are influenced by the ore body thickness and the GSI.
Analysis of the research results showed that with a decreasing GSI index, there is a decrease in the
safety margin and an increase in the area of possible caving around the stope. Accordingly, the
volume of ore dilution increases due to entrapment of adjacent host rock strata. Further direction of
research is to improve the methodology for determining the parameters of drilling and blasting
operations taking into account the GSI rating for the conditions of mining thin ore bodies by systems
with caving of ore and host rocks.
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