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ABSTRACT
This research focuses on the influence of natural discontinuities and mechanical properties in
the fragmentation of marble by blasting. These natural discontinuities and mechanical
properties are the parameters which are difficult to control and which considerably influence
the fragmentation of marble after blasting. This paper aims at predicting the fragmentation of
the Bidzar quarry rock, the only marble quarry in Central Africa, while improving the
knowledge on it. This quarry has been facing problems of fragmentation of marble blocks for
decades, which requires secondary firing and incurs enormous costs. The Kuz-Ram method
was used for this study. The dip of the discontinuity planes, the compressive strength, the
distance between the discontinuities and the density of the discontinuities are the operational
parameters that were used to study the influence of natural discontinuities and the mechanical
properties of the rocks on the fragmentation after firing. This work consists precisely in
studying the pullability as a function of the dip of the discontinuity planes, then the
fragmentation as a function of the powder factor, the compressive strength and the drilling
mesh. The results of this study were compared with those of the other authors. Qualitative and
quantitative studies were carried out in order to highlight the influence of natural
discontinuities and mechanical characteristics on fragmentation. The fragmentation pattern of
the Bidzar quarry was examined and compared with those obtained in other regions of the
world, namely, Northern Europe, Central America, South-East Asia and West Africa. The
variation in the intensity of fragmentation caused on the one hand by differences in the dips of
the firing planes and their compressive strength, and on the other hand by the variation in the
drilling mesh was also discussed. The prediction test was carried out with seven plans of
existing discontinuities in the Bidzar quarry and at different mesh sizes in order to estimate
the distribution of the fragments of marble thatcan through the crsuher after being fired.
Several suggestions were put forward for the evaluation of the fragmentation. Three practical
tables were created to predict the result of the shot. The specific graphs, which were proposed
to analyse fragmentation in this quarry, made it possible to assess the quantity of fragments
passing through the crusher after firing. Predicting fragmentation by considering the dip of the
firing planes and the powder factor can effectively optimise the fragmentation of the rocks by

blasting and achieve the desired result.
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INTRODUCTION

The fragmentation of boulders by blasting has always been an important aspect of
mining and is the subject of numerous studies (Sang Ho Cho et al, 2004; Gheibie et al, 2009;
Stjepan et al, 2011; Biessikirski et al, 2019; Shaib et al, 2020). The size of the fragments
obtained should also not exceed the opening of the crushing plant for efficient operation (Jug
et al, 2017; Shaib et al, 2020). The presence of large blocks requires secondary fragmentation
to further reduce the material pulled to acceptable sizes, thereby increasing production costs
(Rustan, 1990; De Lile, 2012; Mohammad et al, 2018; Yahyaoui et al, 2018; Agyei et al,
2019). In general, when blasting, there is not always a match between the size of the blocks
shot and the size of the crusher mesh. In addition, knowledge of the properties of the rock
matrix is important in modelling a blast. These properties (natural discontinuities and physico-
mechanical characteristics) are fundamental for the optimisation of fragmentation and
constitute the uncontrollable parameters of a blast (Adebayo et al, 2007; Akbari et al, 2015;
Jug et al, 2017; Behrouz, 2018).

In recent decades, several researchers have conducted studies on the influence of
natural discontinuities and physico-mechanical characteristics on the fragmentation of rocks
by blasting. For the influence of geological discontinuities on fragmentation, Hustrulid (1999)
and Abu Bakar et al (2013) quoted Burkle (1979) on the fact that blasting results are affected
by the orientation of the rock mass structures and three cases are thus considered, dipping
blasting, blasting against the dip and blasting along the direction of the dip. Firing on slopes
oriented perpendicular to the direction of the main joints results in better fragmentation with
smaller rock fragments (Ash, 1973; Singh, 2005). Fragmentation of a rock mass occurs
mainly along discontinuities and its intensity is characterised by the distance between
fractures, their width and position in the rock mass (Ash, 1973; Fogelsen et al, 1958).
Furthermore, the spacing between fractures determines the dimensions of the boulders that
will be fragmented and influences the overall stability of the slopes (Devkota et al, 2009).
Discontinuity planes considered as firing planes allow the choice of the orientation of the
felling front which favours the best fragmentation of the rock, ensures the stability of the front
and minimises felling difficulties (Ash, 1973; Abu Bakar et al, 2013; Yahyaoui et al, 2018).
The choice of a free felling front that favours rock fragmentation is influenced by the dip of
the plane of discontinuity, while the family class of direction to which the plane of
discontinuity of firing belongs influences the stability, good alignment and security of the

front (Belland, 1968; Yahyaoui et al, 2018). The experiments of Worsey et al (1981) show




that the shooting results depend on the angle between the designed perimeter line and the
discontinuity. If this angle is less than 60°, the results of the explosion will be poor, whereas if
the angle is less than 15°, then the explosion will be meaningless compared to a normal
explosion.

With regard to the influence of physical-mechanical properties on fragmentation,
several studies have demonstrated the important effects of the physical and mechanical
properties of rocks on the results of blasting, and these represent the uncontrollable
parameters of the blast (Ash, 1973; Adebayo et al, 2007; De Lile, 2012; Mulenga, 2020).
Blast fragmentation is influenced by the physical-mechanical properties of the rock mass,
including compressive strength, tensile strength, rock density, Poisson's ratio and Young's
modulus (De Lile, 2012; Jug et al, 2017). Tensile strength is theoretically the most important
mechanical property of the rock mass for mining (De Lile, 2012). Compressive strength, on
the other hand, determines the behaviour of the rock in the vicinity of the detonation load
(Rustan, 1990). The density of the rock mass is also considered to be an important factor
influencing the fragmentation of the rocks caused by the explosion. In general, the ease or
difficulty of breaking rock is dictated by the density of the rock (Behrouz, 2018). Variation in
density has a significant impact on the performance of the explosion and the fragmentation
induced by the explosion (Behrouz, 2018). The significance of the Poisson's coefficient is that
rocks with low Poisson's coefficients respond more favourably to blasting efforts (Segaetsho
et al, 2019). Young's modulus is commonly used as a measure of rock rigidity and for blasting
purposes, as rigid rocks tend to produce higher equalisation energy early in the detonation
process (Behrouz, 2018; Segaetsho et al, 2019).

A discontinuity is an inetrruption of rock resulting from the formation of a rock.
Indeed, there are the areas of weakness through which the rock will break more easily as a
result of high impact energy. A distinction is made between natural and anthropogenic
discontinuities. Natural discontinuities are those which have been naturally established either
by geological or mechanical phenomena or by other phenomena whereas anthropogenic
discontinuities are the discontinuities which have been caused by human activities such as the
firing of mine. Stratification joints, tension cracks and fault are exclusively natural origin
whereas cracks and fractures can be of natural or provoked origin. The discontinuity in the
Bidzar quarry under study are the stratification joints which are the contact zones between the

alternating marble and schist layers in a vertical to subvertical dip.




The aim of this paper is to estimate the distribution of marble boulder fragments that
can be crushed, considering the effect of natural discontinuities and mechanical properties
using the Kuz-Ram prediction model, while enhancing the information on the Bidzar quarry
rock. The Kuz-Ram model is the most widely used prediction method in rock blasting and has
the advantage that it combines intrinsic rock properties, explosive properties and design
variables (Cunningham 1983, 1987 and 2005; Biessikirskiet al, 2019). This work it is to
study, on the one hand, the tirability as a function of the dip of the firing planes, then the
fragmentation as a function of the powder factor, the compressive strength and the drilling

mesh.

Consequently, an in-depth study was carried out to show the influence of natural
discontinuities and mechanical properties on the fragmentation of rocks by blasting. In the
following pages, the materials are first discussed, the data collection site is described, the
relationship between the discontinuities, the mechanical parameters and the consumption of
explosives is discussed. The next part explains in detail with equations the Kuz-Ram
prediction method, followed by the results and the discussion. Finally, the conclusion section

gives a brief summary of the findings.

MATERIALS AND METHOD
MATERIALS
Description of the study area and the site measurements

The Bidzar quarry is located by the geographical coordinates 09°55' and 09°56' North
longitude, 14°07'13" and 14°07'68" East latitude (Fig.1), and is situated in the Region of
North Cameroon, Department of Mayo-Louti, 25 km north of the district of Figuil, more
precisely in the locality of Bidzar, on a hill with an average altitude of 450 m (Wouatong et al,
2017). The Bidzar quarry is a marble deposit located in Central Africa between Nigeria, Chad,
Central African Republic and Cameroon. This marble is used not only in the manufacture of
cement but also for decoration. The annual production of the quarry varies between 1.100.000
and 250.000 tons per year.

The rock of the Bidzar quarry is a deposit of metamorphic type whose rock exploited
is marble. This marble alternates in some places with the schist layers in a vertical dip and
other types of rock such as dolomite, talc, granite and gneiss can be found in the quarry. There
are three varieties of marble in the quarry, white, pink and black coloured marble. But the
majority of the marble is white. The layers of marble and shale in this quarry have a major

northward direction and dip subvertically to vertically. Joints, fractures, folds and lineations




easily observable. In fact, this marble deposit originates from a varied volcano-sedimentary
phenomenon that prevailed in the Bidzar area and whose main tectonic imprint is the D2
deformation phase, characterised by a high degree of metamorphism that led to the
transformation of clay into shale, limestone into marble and quartz sandstone into green shale
(Wouatong et al, 2017). The tectonic history of the area is characterised by two deformation
phases that developed in the Neoproterozoic (Ndjeng,1998). The Di deformation phase,
which is globally NNE-SSW to N-S and the D2 deformation phase, considered as the major
deformation phase, is globally NE-SW with a subvertical dip. These two deformation phases
are responsible for the multiple fractures that exist in the Bidzar zone and its surroundings
giving several fracture directions N-S, NE-SW, NNE-SSW, ENE-WSW, ESE-WNW, NNW-
SSE (Ndjeng, 1998). The physical and mechanical characteristics of Bidzar marble are given
as follow, harness 3, an absolute density 2.77 g/m®, a bulk density 2.75 g/m?®, mechanical
fragmentation strength 32% to 31%, wear strength 33% and 25% respectively for the granular
classes 6/10 mm and 10/14 mm, simple compression strength 75 MPa and an indirect tensile
strength 8.9 MPa (Wouatong et al, 2017). The Young’s modulus is of 106 Mpa. The

Poisson’s coefficient is 0.28.

Two types of explosives were used in the Bidzar quarry, the Explus TSR type
cartridge and the Anfo type bulk explosive. The type of firing used was electric and the
meshes used in the quarry were 3 m X 3 m, 4 m x 4 m, 4.5 m x 4.5 m. Seven discontinuity
planes (or firing planes) taken in the field, of direction and dip NOSE86, N20E70, N40ESS,
N56E75, NSOE60, N120E90, N156E82 and respective compressive strength, 74 Mpa, 86.8
Mpa, 75 Mpa, 82.8 Mpa, 94.7 Mpa, 71 Mpa, 75.6 Mpa, are used to predict fragmentation
using the deKuz-Ram model. The holes are drilled with a diameter of 115 mm, an inclination
of 5° to the vertical and the depth of the holes is 10m. The overdrilling depth is Im with a
final head packing at 2m. Eleven measuring lines, 12 m long, were taken on the platform to be
shot for each shot, where the spacing and number of fractures and discontinuity planes were
measured, this made it possible to calculate the parameters including the linear density of the
discontinuities and the average spacing between the discontinuities (Table 1). Linear density
and mean spacing between discontinuities are given by Porokhovoi's (1995) formula
according to equations (1) and (2). The RQD (Rock Quality Design) which is the first index
for the evaluation of billing from core analysis and developed by Priest and Hudson
(Porokhovoi, 1995) is given by the formula (eq.3).

D =N/L (1)




D: linear fracture density (fracture/m), N: number of fractures intersected by the measurement
line, L: length of measurement line (m)

E=d/n 2)

E: mean spacing between fractures (m), d: sum of distances between the successive fractures
on a measurement line (m), n: number of distances between fractures.

RQD = (3}, xi/L) x 100 (3)
RQD: rock quality design (%), xi: the length of the ith segment free of fractures and greater
than 0.1m (m), L: total length d of the sampling line on which the RQD is calculated (m), n:

number of fractures intersected by the measurement of the sampling line.

Relationship between discontinuities, mechanical properties and explosive consumption
The consumption of explosives, on which the total energy reserve of the charge
depends, is a factor that influences the quality of rock fragmentation (Ash, 1973; Kamoulete,
2014; Singh, 2015). Djoudi et al (1997) even believe that with variation in the specific
explosive consumption, it is possible to have the expected fragmentation. The influence of
discontinuities on the degree of fragmentation of a rock is characterised by the distance
between the cracks, their width and their place in the rock (Fogelsen et al, 1958). The
academician Ashby developed an empirical formula between the specific consumption of
explosive, the properties of the rock including the frequency of fractures and the shear
strength (Ash, 1973) expressed in equation (4). Table 1 shows the data for the average
fracture frequencies collected in the field and the resulting specific consumption of explosive

as a function of the rock parameters, and allows the Ash curve to be plotted.

Qexpanfo = L4tan(® + i) /3/fracture/meter 4)

Qexp, Anfo: specific explosive consumption in Anfo (kg/m®), @: angle of internal friction of

the rock (°), i: roughness angle of the fracture surfaces.

The angle of friction (eq.5) is given by the relation (M’zonchem et al, 2006):
@ = arcsin ((Rc — 4R.)/(Rc — 2Ry)) ®)

The contact surface between the rock blocks being rough flat surfaces is evaluated by the
roughness angle of the fracture surfaces (eq.6) given by the following equation (Metftah,

2010):

i =0/3 (6)




@: angle of friction (°), i: roughness angle of the fracture surfaces, Rc: compressive strength

(MPa), Rt: tensile strength (MPa).

METHOD

The Kuz-Ram model is the most widely used approach for predicting rock
fragmentation by blasting and has the advantage that it combines rock properties such as
natural discontinuities and physical-mechanical characteristics, explosive properties and
design variables (Cunningham 1983, 1987 and 2005; Biessikirski et al, 2019). This model has
three key equations, the Kuznetsov equation (1973), the Rosin-Rammler equation (1973) and
the Cunningham equation (1983, 1987 and 2005) as indicated in the equations (eq.7, 15, 16).
The average fragment size that 50% of the material passing through the crusher is given by
Kuznetsov's equation (eq.7).

Xm = A X (Qle)o'8 X Q0167 (7

Xm: the mean size of fragment that 50% of materials passing (cm), A: rock factor, V: the

rock volume broken per blast hole (m*), Qc: mass of explosive in the blast hole (kg).

K is the powder factor or specific charge (Adebola et al, 2016). It is the mass of explosives
being used to break a cubic meter’s volume. The powder factor can be determined by

Equation (8) as presented by (Gadikor, 2018).

K=Q¢/V ()

K: powder factor (kg/m?), Qc: mass of explosive in the blast hole (kg), V: rock volume broken
per blast hole (md).

K (specific charge) also depends on several parameters, including the crack of the rock, the
volume of blown rock, the explosive charge and the degree of rock fragmentation (Belhous,

2016). It is also given by the formula (eq.9).
K = get X Kex X Kfiss X Kd X Kc X Kv X Ksd 9)

K: specific charge (kg/m?®), get: rock pullability (g/m?*), Kex: transformation index of the
standard explosive, Kfiss: cracked index which considering the cracking of the mass , Kv:
index which considering the influence of the volume of blasted rock for the steps, Kd: index
which considering the degree of fragmentation, Kc: index which considering the degree of
real concentration of the load, Ksd: index which considering of the arrangement of the load

and the surface number of the mass attracted by case in two free surfaces.




The pullabilty of the rock makes it possible to characterize the degree of this one. It varies
according to the mechanical properties of the rock and the dip of the planes of discontinuities.

It is given by the equations (10), (11), (12) and (13) (Belhous, 2016):

get = 0.02 X (oc+ otr+ 1) + 2p (10)

oc =100 x f (11)
otr = 0.33 X oc (12)
T=o0c/10 (13)

get: pullability of the rock (g/m?), oc: resistance of the rock to simple compression (kgf/cm?),
otr: resistance of the rock to traction (kgf/cm?), T: resistance of the rock to shear (kgf/cm?), p:

shear strength (kgf/cm?), f: slope hardness ratio.

Cunningham (2005) stated that the evaluation of rock factors for blasting should at least
consider the density, mechanical strength, elastic properties and structure (Table 3). The

equation of Rock factor is by the equation formula (eq.14):
A = 0.06 X (RMD + JF + RDI + HF) (14)

A: rock factor, RMD: rock mass properties, JF: joint factor; RDI: rock density, HF: hardness

factor

The distribution (Rosin et al, 1933) was used to evaluate the proportion of particles passing

through a specific screen size as given in following equation (eq.15).
n
P(X) = 100 x (1 — exp (- () ) (15)

P(X) represents the percentage of material that will pass through a screen of a particular mesh
size (%), n is the uniformity index, Xc is the characteristic size that 63.2% of materials
passing (cm) and X is the particle size (cm).

Equation (16) further established by Cunningham (1987) was used to calculate the uniformity

index (n) by incorporating the effects of blast geometry:

B w E L
n=22-14(2)) x (1 - (3) x (@ + (£)/2)°% x ) (16)
Where n is uniformity index, B is the bench (m), E is the spacing (m), D is the hole diameter
(mm), W is the standard deviation of drilling accuracy (m), L is the length of charging (m)

and H is the bench height (m).




The standard deviation of drilling accuracy is given by the equation (17) (Gaucher, 2011):
W =D/1000 + (0.03 x Lt) 17)
W: Borehole deviation (m), D: diameter of hole (mm), Lt: total length of hole of the hole (m).

And the total length of hole is given by the formula in equations (18) and (19) (Gaucher,
2011):

H
Lt = o T+ Ls (18)
Ls = 0.3 x Bth (19)

Lt: total length of hole of the hole (m), Ls: overdrilling of hole (m), Bth: theoretical bench

(m), H: height of the step (m), u: angle of inclination of the hole relative to the vertical (°).

The formula for the theoretical bench is given by the empirical relation of Langefors et al

(1979) in equations (20), (21) and (22):

Bth = 1.08 x /(Lf x S)/(Cin X Rt X (g)) (20)

Bth: theoretical bench (m), Rt: resistance to pulling, E/B: mesh ratio, W: borehole deviation

(m), Cin: stress factor, S: energy coefficient; Lf: linear load (kg/m).

$=1Q/Qo 21

S: energy coefficient, Q: explosive energy of Explus (MJ/kg), Qo: explosive energy of Anfo
(MJ/kg).

sznxdx(%)xxt 22)

Lf: linear load (kg/m), d: density of the explosive (Explus and Anfo) used (g/m’) et ¢:

diameter of the explosive (Explus and Anfo) used (mm), Kt: explosive settlement coefficient.

By using Rosin and Rammler equation (15), the characteristic size Xc is calculated from the
average size by substituting X=Xm, and y=0.5 into equation (15) which results into equation
(23) below:

X. = X;,/(0.693)/n (23)
Xc is the characteristic size of particle that 63.2% of materials passing (cm), Xm is the mean

size of particles that 50% of materials passing (cm) and n is the uniformity index.




RESULTS AND DISCUSSION
Rock quality

The simple compressive strength of Bidzar marble is 75 MPa, indicating that it is a
medium-hard, class II and grade R4 (Porokhvoi, 1995; Sing et al, 2007; Gadikor, 2018). The
RQD of the Bidzar quarry rock is 93%, showing that this marble is of excellent quality and
class RQD 1 (Aftes, 2001). The rock factor is about 10.455, confirming that the rock is hard
and moderately cracked (Ouchterlony et al, 2019). The average spacing between fractures is
1.08 m and the average spacing between planes of discontinuities is 80.53 cm (Table 2),
showing that the Bidzar rock is of class ES2 and the discontinuities are spaced (Aftes, 2001).

The average density of the fractures is 1.02 m™

and the average density of the planes of
discontinuities is 1.60 m™! (Table 2), showing that the Bidzar marble is of class ID2 and of low
discontinuity density (Aftes, 2001). Therefore, the rocky of the Bidzar quarry is moderately
fissured. The strong fracturing of the marble currently observed in the quarry would be mainly
due to the different blasting operations carried out over decades of exploitation.
Discontinuity plans

Major, secondary and minority management families are classified in terms of
frequency respectively, greater than or equal to 10%, between 10% and 5% and less than 5%
(Koudou et al, 2014). Fig. 2 shows three families of discontinuity direction in the Bidzar
quarry, the major directions (N30-40E, N40-50E, N160-170E), the secondary directions
(N10-20E, N50-60E), N80-90E, N140-150E, N150-160E, N170-180E) and minority ones
(NOO-10E, N20-30E, N40-50E, N70-80E, N100-110E, N110-120E, N120-130E, N130-140E)
with a dip of about 85°. This hierarchy of direction families corresponds to the one described
by Ndjeng (1998) and Wouatong (2017), translating that the Bidzar rock mass is fractured, a
fracturing acquired both naturally during the volcano-sedimentary process that prevailed in
the Bidzar area and also artificially by the multiple blasting operations carried out over
decades of exploitation. These discontinuity planes can be used as firing planes and influence
the fragmentation of the rocks through two parameters, dip and compressive strength. These
two parameters, respectively, influence the pulverability and the powder factor. Fig.2.a and
fig.2.b show the concentration of discontinuity poles and major discontinuity planes on the
stereonet in 2D and 3D, fig.2.c gives the hierarchy of discontinuity planes on the directional
rosette and fig.2.d shows the frequency histogram of discontinuity planes in number. Fig.2. b.
shows three planes, the NO28E69 plane with a westward dip direction (yellow in fig.2.b), the
NO66ES86 plane (blue in fig.2.b) with a dip direction towards NNW and the N289E88 plane
(brown in fig.2.b) with a dip direction towards SSW. The quarry planes which are dipping in a




westerly direction have a lower dip compared to the other planes, and are therefore favourable
for producing optimal fragmentation after firing. This is the case, for example, of the
NO28E69 quarry plan which dips westward, with a relatively low dip in relation to the
NO66E86 and N289ES8S plans (fig.2.a, fig.2.b), will produce a higher fragmentation in relation
to the NO66E86 and N289E8S plans. For efficient exploitation of the marble from the Bidzar
quarry, the western zone would be the ideal area to produce effective fragmentation after
blasting, as the firing planes that hang in this area would generate the best productivity.
Discontinuities, Mechanical Properties and Explosive Consumption

Fig.3 shows the influence of discontinuities and mechanical properties on the
consumption of explosives. The shape of the curve showing the evolution of the specific
consumption of explosive in Anfo as a function of fracture frequency is decreasing. This
curve varies in the same direction as that of Ash (1973) and shows that the consumption of
explosive in Anfo decreases as the frequency of fractures increases (Fig. 4). This can be
explained by the fact that the discontinuities generate a wave reflection leading to a
concentration of stresses in the fractured zone which act in conjunction with those created by
the explosive charge, resulting in a reduction in the consumption of explosive to achieve
better fragmentation. Equations (2) and (3) give for the Bidzar marble the internal friction
angle 49.54° and the roughness angle 16.51°, showing that the planes of discontinuity are not
very rough and the internal friction is low. In the Bidzar quarry, as the fractures and planes of
discontinuity are spaced (more than 1 m apart for fractures and more than 80 cm for planes of
discontinuity), it will be necessary to concentrate a large quantity of explosive charge in order
to have the best possible fragmentation.
Pullability and dip of the planes of discontinuity

Among the quarry discontinuity plans, some may correspond to the firing plan while
others may not be firing plans. Table 4 to 6 shows that discontinuity plans with a dip greater
than 60° are difficult to shoot, while discontinuity plans with a dip less than or equal to 60°
are very difficult according to the classification table of tirabilities (Saadoun, 2012). With the
exception of the 60° dip firing plane, which is very difficult to fire and equal to 32.056 g/m3,
planes with a dip discontinuity greater than or equal to 60° and with a tirability less than or
equal to 32. 056 g/m® are subvertical to vertical planes, and can be used as a firing plane,
whereas planes with a dip discontinuity of less than 60° and with a drawability of more than
32.056 g/m? are subhorizontal to horizontal planes, and cannot be firing planes. This result is
in line with the work of Worsey et al (1981), which shows that if the dip of the discontinuity
planes is less than 60°, the results of the blast will be poor. The pullability of the firing planes




increases with decreasing dip (Table 4 to 6). The dip of the quarry's rock is about 85° and of
average tirability 26,540 g/m?, showing that the Bidzar marble is of difficult tirability, class 3
and categories 11, 12, 13, 14 (Saadoun, 2012).

Powder factor, compressive strength and fragmentation resistance

Table 4 to 6 shows that the compressive strength is a function of the dip of the firing
planes and the slope hardness of the front to be fired. This compressive strength varies in the
same direction as the slope hardness and increases with decreasing dip. The dip of the planes
and the slope hardness are two dependent parameters that vary in opposite directions. Table 4
to 6 also shows that the uniformity index varies between 1.209 and 1.238, in accordance with
De Lile (2012)'s condition that it should be between 0.8 and 2.2. It is 1.238 for the 3 m x 3 m
drilling mesh, 1.209 for the 4 m x 4 m drilling mesh and 1.183 for the 4.5 m x 4.5 m drilling
mesh, reflecting that the distribution of block size after shooting in the bidzar quarry is
uniform.

Table 4 to 6 also shows that the powder factor is between 0.522 kg/m* and 0.658
kg/m®, which is comparable to that of igneous rocks according to Gadikor (2018), and
corresponds to the one where rock fracture is difficult (U.S. Bureau of Reclamation, 2001),
translating that more explosive should be wused during blasting to have effective
fragmentation. The powder factors for the Bidzar quarry (Table 4 to 6) are consistent with the
recommendations of Choudhary and Sonu (Ninepence et al, 2016) for medium-strength rocks.
This table also establishes that, as the average block size decreases with increasing powder
factor, this is consistent with the studies of Gadikor (2018). Table 4 to 6 also shows that
fragmentation increases with the increase in the powder factor, as does explosive
consumption. In other words, the increase in the powder factor leads to an increase in the
explosive charge, and consequently to an increase in productivity. This result is in line with
studies by Segaetsho et al (2019) showing that the calibration of the explosion occurs towards
the hardest rock, increasing the potential for damage to sections of the perimeter. The shot
pattern producing optimal fragmentation is the one with the highest powder factor. Table 4 to
6 show that the powder factor does not depend on the drilling mesh, a result that is consistent
with the work of Adebola et al (2016) and (Blair, 2015) which states that the powder factor is
not an integral part of the mesh design process and therefore does not depend on the drilling
mesh.

Table 4 to 6 also show that the compressive strength of the shot pattern has a
significant influence on the powder factor, explosive consumption and therefore

fragmentation. Indeed, the increase in the compressive strength of the firing plane increases




the powder factor and the consumption of explosive, which leads to an increase in the
intensity of fragmentation (Table 4 to 6). These results are consistent with the work (Blair,
2015), which states that as the free felling face becomes resistant, the powder factor increases,
and those of Mulenga (2020), which show that compressive strength has an impact on the
performance of the shoot, the quality of fragmentation, and dictates the explosive
consumption of the rock to be fired. Table 4 to 6 shows that the dipping firing planes (86°,
75°, 90°, 82°) have a compressive strength between 8 Mpa and 80 Mpa and correspond to
semi-hard fronts, whereas the dipping firing planes (70°, 75°, 60°) have a compressive
strength greater than 80 Mpa, indicating that they are hard fronts (Porokhvoi, 1995). The
result is that firing planes with hard fronts give a higher powder factor and generate the best
fragmentation after firing, which is the opposite for firing planes with semi-hard fronts. The
firing plane with a 60° dip and maximum compressive strength of 94.7 MPa, has a maximum
powder factor of 0.658 kg/m®, and produces optimum yields at different mesh sizes, 71.78%
at 3 m x 3 m mesh, 67.85% at 4 m x 4 m mesh, 66.46% at 4.5 m x 4.5 m mesh (Table 4 to 6).
The simple compressive strength of the Bidzar rock is 75 Mpa and 85° dip, which means that
Bidzar marble is hard and resistant, therefore it requires a high explosive energy to have an
effective fragmentation.
Dip of the firing planes, drilling mesh and fragmentation

In the Bidzar quarry, the recommendation about the size of mean fragment (Xm) is
that this must be between 150 mm and 550 mm and the crusher gape is 550 mm. The
maximum of block size that can pass through the Bidzar crusher is 550 mm. Fig.4 to 6 give
the percentage of blocks that can pass through the Bidzar crusher for different firing planes of
NO8ES86, N20E70, N40E8S5, NS6E75, N8OE60, N120E90, N156ES82 and of variable mesh size
3mx3m,4mx4m,45 m x 4.5 m and also show that the productivity varies between
60.08% and 71.78%. Firing with the 3m x 3m drilling mesh according to the 86°, 70°, 85°,
75°, 60°, 90°, 82° dip firing planes gives a Rosin-Rammler slope (X/Xc) greater than 1 (Table
4 to 6), showing a high level of fragmentation with the production of a greater quantity of
smaller blocks. Firing with the 4 m x 4 m mesh gives Rosin-Rammler slopes (X/Xc) greater
than 1 for the dipping firing planes (70°, 75°, 60°, 82°) and less than 1 for the dipping firing
planes (86°, 85°, 90°) (Table 4 to 6), showing that the level of fragmentation of the dipping
firing planes (86°, 85°, 90°) is low compared to the dipping firing planes (70°, 75°, 60°, 82°).
Firing with the 4.5 m x 4.5 m drilling mesh results in Rosin-Rammler slopes (X/Xc) greater
than 1 for dipping firing planes (70°, 75°, 60°) and less than 1 for dipping firing planes (86°,
85°, 90°, 82°) (Table 4 to 6). These results show that the Rosin-Rammler slope (X/Xc)




increases as the dip of the firing planes and the drilling mesh decreases. Then the slopes of
Rosin-Rammler allow not only to observe the variation of the curves of distribution of de

Rosin-Rammler but also to deduce on the fragmentation level.

Fig. 7 to 9 show the distribution curves of de Rosin-Rammler. They represent the
fragmentation curve and describe the distribution of the size of the fragments after blasting as
a function of the dips of the firing planes and the drilling grid. For a good visibility of the
dispersion of the fragmentation curves after blasting, the blasting planes of dip (75°, 60°, 90°,
82°) have been chosen. This choice is justified by the fact the shooting planes of dip and slope
of Rosin-Rammler close have almost identical fragmentation curve. They are shooting planes
of dip (86°, 85°, 82°) on the one hand and dip of (70°, 75°) on the other hand. The shooting
planes of dip (86°, 85°) have almost similar dip and slope of Rosin-Rammler and are closer to
the blasting plane of dip 90° compared to the shooting plane of dip 82° (Table 4 to 6), thus for
better observation of the dispersion of the fragmentation curves the shooting plane of dip 82°
is retained. Same observation is made with the shooting planes of dip (70°, 75°). The shooting
plane of dip 70° has a dip and slope of Rosin-Rammler closer to the shooting plane of dip 60°
compared to the shooting plane 75° (Table 4 to 6), then the choice is made on the shooting
plane of dip 75° for better observation of the dispersion of the fragmentation curves. Fig.7 to
9 also show that the greater the Rosin-Rammler slope, the greater the efficiency of the blocks
passing through the crusher, and the higher the Rosin-Rammler curve. Table 4 to 6 also show
that the Rosin-Rammler slopes vary between 0.930 and 1.209 for different steering and
dipping planes NOSE86, N20E70, N40E85, N5S6E75, NS8OE60, N120E90, N156ES82 and the
feed mesh. In this quarry, the firing plane producing optimal block yield after firing is the 60°
dip discontinuity plane at the 3m x 3m mesh, with a Rosin-Rammler slope of 1,209 (Table 4
to 6).

Table 4 to 6 also establish that the fragmentation of a block by blasting depends on
the dip of the firing planes, the compressive strength, the powder factor, the amount of
explosive and the drilling mesh. Indeed, for the same borehole, the productivity of the blocks
passing through the crusher increases when the dip of the firing planes and the drilling mesh
decreases and when the quantity of explosive, the powder factor and the compressive strength
increase (Table 4 to 6). In addition, for the same borehole, the quantity of explosive increases
with the increase in the drilling mesh (Table 4 to 6), and the powder factor increases with the
increase in compressive strength (Table 4 to 6). The decrease in the dip leads to an increase in

the compressive strength of the blast pattern and the hardness of the slope, resulting in an




increase in the explosive charge and the powder factor of the face to be shot, thus reducing the
average block size and consequently increasing productivity (Table 4 to 6). These results are
in line with the work of Singh et al (2015) and Adebola et al (2016), concerning the reduction
in block size with the reduction in the drilling mesh, and with the work of Belland (1968),
Worsey et al (1981) and Yahyaoui et al (2018), according to which the dip of the main joint
planes has a considerable influence on fragmentation. Table 4 to 6 and Fig. 7 to 9 clearly
show that the direction of the blast planes does not influence rock fragmentation, but rather
the dip of the blast planes influences fragmentation after blasting. This result is cited in the
work of Belland (1968) and Yahyaoui et al (2018). On the other hand, the direction of the
firing planes has an impact on stability, the correct alignment of the front and the difficulties
of felling. This result is in line with those of Ash (1973), Abu Bakar et al (2013) and
Yahyaoui et al (2018).

Table 4 to 6 show that fragmentation after firing in the Bidzar quarry gives a
productivity less than 80%, indicating that fragmentation is low because, the requirements of
the mining companies estimate that for satisfactory blasting producing an excellent
fragmentation, at least 80% of the blocks must pass through the crusher (Ninepence, 2016).
The model of the Bidzar illustrated fragmentation curves shown in Fig.7 to 9 shows that
100% of the blocks pass through the 250 cm mesh crusher with the drilling diameter 115 mm
(Fig.7 to 9). This compares with models obtained in other regions of the world, notably in
Northern Europe, Central America, South-East Asia and West Africa. Thus, Biessikirski et al
(2019) predicts 96.38% and 99.98% respectively of passers in mesh crusher of 100cm and
200cm using drill hole 105 mm, Mariz et al (2019) predict that 80% and 99.90% respectively
of passers in mesh crusher of 85.6cm and 200 cm using drill hole 88.9 mm, Shaib et al (2020)
predict 100% of passers in mesh crusher of 100 cm using drill hole 76 mm and, Agyei et al
(2019) and Ninepence et al (2016) predict respectively 96.6% passers in mesh crusher of 300
cm using drill hole 115 mm and 80% passing within the optimum size range of 100 cm using
drill hole 165 mm. Bidzar's model is reliable with 100% of the blocks passing through the
250 cm mesh crusher (Fig.7 to 9) because, according to Agyei et al (2019), all prediction
models produce similar distribution patterns with more than 90% of the blocks passing

through the 300 cm mesh crusher.




CONCLUSION

The aim of this work was to predict the fragmentation of the Bidzar marble considering the
effect of natural discontinuities and mechanical properties using the Kuz-Ram method, while
enhancing the information on the said quarry. The prediction test was carried out with several
different steering, dipping and compressive strength shots existing in the quarry. The
influence of natural discontinuities and mechanical characteristics on the fragmentation of the
marble was thus studied. The following conclusions can be drawn:

(1) The knowledge of the fracturing of quarries and mines allows the detection of existing
discontinuity planes. Among these plans of discontinuities, some can be used as firing plans.
These are mainly firing planes with difficult to very difficult drawability and with dips
between 60° and 90° with a 60° limit. Pullability is an important parameter that determines
which discontinuity planes can be used as firing planes. In the same way, fracturing makes it
possible to classify the discontinuity planes into families of direction and consequently to
identify the favourable zone of the quarry or mine generating the best fragmentation after

firing.

(2) Fragmentation is influenced by the dip of the firing planes and not by their direction.
Rather, the direction of the firing planes has an impact on the stability and the correct
alignment of the front, and helps to minimize the difficulties of felling. Fragmentation
intensifies as the dip of the firing planes decreases. The 60° dip plane is the limit plane that

generates optimal fragmentation over the entire extent of the quarry or mine.

(3) Fragmentation is a function of the powder factor, the compressive strength of the shot
planes and the drilling mesh. Fragmentation intensifies as the powder factor increases. The
powder factor increases with decreasing shot-plane dip and increases with increasing shot-
plane compressive strength. The firing plane with the maximum powder factor is the optimal
plane that generates the best possible fragmentation. The 60° dip limit plane has the highest
powder factor of the firing planes and produces optimum fragmentation. The powder factor is
therefore an optimisation parameter and is used to determine the shooting plane that produces
the best fragmentation after shooting in the operating area. The compressive strength of the
firing planes increases with the decrease in the inclination of the planes. Hard firing shots
with compressive strengths greater than 90 MPa produce the best fragmentation. On the other

hand, the fragmentation decreases with the increase in the drilling mesh.




Natural discontinuities and the mechanical properties of the rocks have a significant influence
on fragmentation, as do the drilling mesh, the quantity of explosive, the powder factor and the
drilling diameter. However, the drilling mesh, amount of explosive, powder factor and
drilling diameter are the controllable parameters and represent the most important factors
influencing rock fragmentation with a rate of 30-45% while natural discontinuities and
mechanical properties are the less controllable parameters with a lesser influence of 2-5% on

fragmentation.
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FIGURE CAPTATION

Figure 1. Location and the geomorphological maps of the study area
Figure 2. Stereographic projection and major direction of discontinuity planes of the Bidzar

quarry

Figure 3. Curve of explosive consumption function of the frequency of fractures and shear

strength

Figure 4. Percentage of blocks passing in the crusher for blasting planes of dip 86°, 70°, 85°,
75°, 60°, 90°, 82° at the mesh 3 m x 3 m

Figure 5. Percentage of blocks passing in the crusher for blasting planes of dip 86°, 70°, 85°,
75°, 60°, 90°, 82° at the mesh4 m x 4 m

Figure 6. Percentage of blocks passing in the crusher for blasting planes of dip 86°, 70°, 85°,
75°, 60°, 90°, 82° at the mesh 4.5 m x 4.5 m

Figure 7. Rosin-Rammler distribution curve following the blasting plane of dip 75°, 60°,
90°, 82°atmesh 3 m x 3 m

Figure 8. Rosin-Rammler distribution curve following the blasting plane of dip 75°, 60°, 90°,
82° at the mesh 4 m x 4 m

Figure 9. Rosin-Rammler distribution curve following the blasting planes of dip 75°, 60°,

90°, 82° at the mesh4.5m x4.5m
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Figure 9.
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TABLE CAPTATION

Table 1. Specific consumption of explosive and frequency of fractures

Table 2. Geometric parameters of the discontinuity of Bidzar quarry

Table 3. Rock factor parameters and rates (Mohammad et al, 2019)

Table S. Parameters of Kuz-Ram model prediction get, k, X/Xc, Q, Xm, n, Xc, P(x) with a

mesh 3 m x 3 m according to the dip and compression strength of the blasting planes

Table 6. Parameters of Kuz-Ram model prediction get, k, X/Xc, Q, Xm, n, Xc, P(x) with a

mesh 4 m x 4 m according to the dip and compression strength of the blasting planes

Table 7. Parameters of Kuz-Ram model prediction get, k, X/Xc, Q, Xm, n, Xc, P(x) with a

mesh 4.5 m x 4.5 m according to the dip and compression strength of the blasting planes

Table 1.
Fracture/meter (m™) 069 |1.06 |14 14 1.5 1.5 1.6 1.64 2.27
Specific consumption of | 3.566 | 3.091 | 2.817 | 2.817 | 2.753 | 2.753 | 2.694 | 2.672 | 2.398
explosive, Anfo (kg/m?)
Table 2.
Average Average Average | Frequency
Position | Direction/direction space of frequency of | space of of the
Lines (m) of Reading discontinuities | discontinuities | fractures | fracture
(m) (m™) (m) (m™)
X
:0404075
LI Y: NsOw 0.9429 1.5 0.75 1.5
1098460 W-E
Z:420
X: N6OW
0404104 WNW-ESE 0.7923 1.4 1.11 1
L2 Y:




1098425
Z : 420

L3

X
0404139
Y:
1098411
Z:426

N40E

SW-NE

0.6732

1.64

0.79

1.36

L4

X:
0404153
Y:
1098362
Z:423

N72W

WSW-ENE

1.0565

1.06

1.64

0.67

L5

X:
0404165
Y:
1098305
Z:425

NSOE

0.7348

1.5

1.17

0.93

L6

X:
0404144
Y:
1097822
Z :457

NoOW

W-E

1.64

0.69

0.7

0.13

L7

X:
0404215
Y:
109784
Z:439

NO9OE

W-E

0.4080

2.64

0.52

L8

X:
04042173
Y:
1097932
Z:432

NSOE

E-W

0.8488

1.4

1.25

0.87

L9

X:
0404270

NI16E

SSW-NNE

0.5027

2,09

1,83

0,64




Y:
1097984
Z 432
X: N6OW
0404270 WNW-ESE
L10 Y: 0.4702 2.27 0.92 1018
1097972
Z : 440
X: N140W
0.7888 1.42 1.2 0.92
0404239 NE-SW
L11 Y:
1097817
Z : 428
Table 3.
Parameters Sub-category Rating
Powdery 10
Rock mass Vertically 20
description (RMD) jointed
Massive 50
<0.lm 10
Joint plane spacing 0.1 m to 20
JPS) oversize
Oversize to 50
Pattern size
Horizontal 10
dip




Discontinuity 20

dip out of
face
Joint plane angle Discontinuity 30
(JPA) dip

perpendicular to

face

Discontinuity 40

dip into face

Rock density index | Density (t/m%) | 25-50
(RDI)

Hardness factor (HF) | If Ym <50 GPa | UCS/3

If Ym > 50 GPa | UCS/5

Note: Ym = Youg’s modulus, UCS = uniaxial compressive strength




Table 4.

Dip (°) | Compression
strength Spacing | Burden Qet K
(Mpa) (m) m | @m®) | *M L e | Qe | Xmem) | 0 | Xeem) | PoO%
86° 74 3 3 26260 | 0.539 | 1.066 | 48.537 | 32.766 | 1.238 | 51.594 | 66.11%
70° 86.8 3 3 29844 | 0612 | 1.155 | 55161 | 30217 | 1.238 | 47.581 | 69.77%
85° 75 3 3 26540 | 0545 | 1.067 | 49.054 | 32547 | 1.238 | 51.249 | 66.42%
750 82.8 3 3 28724 | 0589 | 1.282 | 53.091 | 30.953 | 1.238 | 48.747 | 68.68%
60° 94.7 3 3 32056 | 0.658 | 1.209 | 5925 | 2888 | 1.238 | 45475 | 71.78%
90° 71 3 3 25420 | 0522 | 1.044 | 46984 | 33448 | 1238 | 52.667 | 65.18%
82° 72.6 3 3 2718410558 | 1089 | 50245 | 32.057 | 1.238 | 50.477 | 67.11%
Table 5.
Compression
Dip (°) Strength
(Mpa) Spacing | Burden | 9¢ K
m | o | @md) [ %™ e | oke | Xmem) | n | Xeem) | Poo%
86° 74 4 4 26260 | 0.539 | 0.978 | 86.288 | 36.071 | 1.209 | 56.197 | 62.25%
70° 86.8 4 4 29844 | 0.612 | 1.061 | 98.065 | 33265 | 1.209 | 51.825 | 65.82%
85° 75 4 4 26540 | 0.545 | 0.985 | 87.208 | 35.86 | 1.209 | 55.821 | 62.55%
75° 82.8 4 4 28724 | 0589 | 1.035 | 94385 | 3408 | 1.209 | 53.095 | 64.77%
60° 94.7 4 4 3205 | 0.658 | 1.110 | 105.333 | 31.793 | 1.209 | 49.532 | 67.85%
90° 71 4 4 25420 | 0.522 | 0.958 | 83.528 | 36.821 | 1209 | 57365 | 61.33%
82° 72.6 4 4 27184 | 0.558 | 1.000 | 89.324 | 3529 | 1209 | 54.980 | 63.62%




Table 6.

Dip (°) | Compression
strength Spacing | Burden det K

(Mpa) (m) (m) (g/m3) (kg/m?) | X/Xc |Q (kg) Xm (cm) n Xc (cm) P (X)%
86° 74 4.5 4.5 26.260 0.539 | 0.949 | 109.208 37.518 | 1.183 57.897 60.97%
70° 86.8 4.5 4.5 29.844 0.612 | 1.030 | 124.113 34.6| 1.183 53.393 64.50%
85° 75 4.5 4.5 26.540 0.545 | 0.956 | 110.373 37.267| 1.183 57.510 61.27%
75° 82.8 4.5 4.5 28.724 0.539 | 1.005 | 119.456 35447 1.183 54.702 62.44%
60° 94.7 4.5 4.5 32.056 0.658 | 1.077 | 133.313 33.068 | 1.183 51.030 66.46%
90° 71 4.5 4.5 25.420 0.522 | 0.930 | 105.715 38.298 | 1.183 59.101 60.08%
82° 72.6 4.5 4.5 27.184 0.558 | 0.970 | 113.051 36.706 | 1.183 56.644 61.93%
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Figure 1

Location and the geomorphological maps of the study area. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.




(c) (d)
Figure 2

Stereographic projection and major direction of discontinuity planes of the Bidzar quarry
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Figure 3

Curve of explosive consumption function of the frequency of fractures and shear strength
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Figure 4

Percentage of blocks passing in the crusher for blasting planes of dip 86°, 70°, 85°, 75°, 60°, 90°, 82° at
themesh3mx3m
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Figure 5

Percentage of blocks passing in the crusher for blasting planes of dip 86°, 70°, 85°, 75°, 60°, 90°, 82° at
themesh4 mx4m
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Figure 6



Percentage of blocks passing in the crusher for blasting planes of dip 86°, 70°, 85°, 75°, 60°, 90°, 82° at
themesh4.5mx4.5m
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Figure 7

Rosin-Rammler distribution curve following the blasting plane of dip 75°, 60°, 90°, 82° at mesh 3m x 3 m
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Figure 8

Rosin-Rammler distribution curve following the blasting plane of dip 75°, 60°, 90°, 82° at the mesh 4 m x
4 m
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Figure 9
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Rosin-Rammler distribution curve following the blasting planes of dip 75°, 60°, 90°, 82° at the mesh 4.5 m
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