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A B S T R A C T 

 

Rock fragmentation is one of the desired results of rock blasting. Therefore, controlling and predicting it has direct effects on operational 
costs of mining. There are different ways to predict the size distribution of fragmented rocks. Mathematical relations have been widely used 
in these predictions. Among three proposed mathematical relations, one was selected in this study to estimate the size distribution curve of 
blasting. The accuracy of its estimates was compared to that of the RR (Rosin-Rammler), SveDeFo (The Swedish Detonic Research 
Foundation), TCM (Two-Component Model), CZM (Crushed Zone Model), and KCO (Kuznetsov – Cunningham - Ouchterlony) 
relationships. The comparison included assessing the accuracy (Regression, R) and precision (Mean Square Error, MSE) of the best possible 
fit between the mathematical relations to estimate the cumulative distribution of fragmented rocks that result from rock blasting in open pit 
mines (Miduk Copper Mine, Sirjan Gol-e-Gohar, and Chadormalu Iron Mines) using image analysis techniques. The results showed that the 
power hyperbolic tangent function can estimate the size distribution of hard rock fragmentation with more uniformity in fine and coarse-
grained sizes (unlike soft and altered rocks with the non-uniform distribution in these regions), more accurately and with higher precision. 
In addition, unlike the KCO, the absence of a second turning point for the largest block dimensions (Xm) in the proposed function, can 
guarantee the accuracy of estimations related to any range of inputs. Finally, due to the ability of the proposed relation to accurately estimate 
the rock fragmentation distribution caused by blasting, the uniformity coefficient required for the relation was provided by a linear 
combination of the geometric blasting parameters, where R=0.855 and MSE=0.0037. 
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1. Introduction 

An explosion is a very rapid physicochemical phenomenon that 
releases very high amounts of energy in the form of light, heat, and 
pressure in a fraction of a second [1-3].  Generally, because of blasting 
operations, several phenomena occur such as fly rock, ground, and air 
vibration, back break, fragmentation and pile movement whose 
prediction and control have an effective role in reducing the operational 
costs of mining. The main function of each blasting operation is to break 
a rock into dimensions that the largest fragments would not create any 
problem for the hauling and loading systems and the finest particles 
would not cause any disturbance in the mineral processing plant. This 
range of size distribution minimizes the total cost of production [1, 4]. 
Due to the inherent heterogeneity of rock masses and the creation of 
complex fractures during blasting, describing the process of rock 
breaking that takes place through a blasting mechanism is a complicated 
task [5]. In any explosion process, the sudden change in the distance 
among the molecules of explosives from a few angstroms in an 
unburned explosive to a few millimeters in exploded gaseous products 
applies shock waves to the rock mass adjacent to the blast hole [1, 6]. 
The initial energy of the explosion, generally, in production blasting, is 
so high that a certain range of the blast hole wall will be powdered. Due 
to the attenuation caused by severe deformations and with an increase 
in the distance, an area of plastic deformations, which is called the 
cracked zone, appears around the blast hole outside the powdered zone. 

These cracks develop when gaseous products of an explosion leak [1, 4, 
7]. Outside the cracked zone, the blasting longitudinal (or 
compression) waves strike the free surface and are reflected as tensile 
waves, creating another type of fracture called spalling [1, 4, 7]. Since 
the speed at which cracks are generated around a blast hole is less than 
that of the blast waves, the reflected waves create a route that connects 
two groups of cracks (radial cracks and spalling) and the fragmentation 
process is completed [7]. In addition, studies conducted by Yang and 
Rai (2011) showed that increasing the collision chance of the flying 
blocks in a V-pattern blasting could increase the intensity of 
fragmentation [8]. Generally, the parameters that affect the results of 
rock blasting can be divided into two main categories of controllable 
and uncontrollable parameters. To achieve optimum results in rock 
blasting, a designer must define the controllable parameters while at the 
same time taking the uncontrollable parameters into consideration, so 
that the interaction among all these parameters maximizes the efficiency 
of blasting operations [9-12]. Accordingly, researchers have tried to 
include these parameters in mathematical and experimental relations in 
order to predict rock fragmentation caused by blasting. Such relations 
could be divided into two general categories: relations that predict the 
special size of particles (x50, x63.9 and x80), and relations that predict size 
distribution of fragmentation. Larsson (1973) estimated the average size 
of fragmented rocks taking into account the geometric parameters of 
explosives, powder factor and the strength properties of the rock mass 
in an exponential relationship. Although in the relation proposed by 
Larsson (1973), multiple parameters of rock blasting were taken into 
consideration, parameters such as the bench height and the length of 

Article History: 
Received: 22 November 2016, 
Revised: 09 August 2018, 
Accepted: 09 August 2018. 

https://dx.doi.org/%2010.22059/ijmge.2018.221013.594642


188 H. Bakhshandeh Amineh and M. Bahadori  / Int. J. Min. & Geo-Eng. (IJMGE), 52-2 (2018) 1-6 

 

stemming, which play a significant role in the formation of large blocks, 
were conspicuously ignored [1]. 

 Kuznetsov (1973) proposed a mathematical relation to predict the 
average size of rock fragments (x50), based on the use of TNT* as the 
main explosive charge. In this relation, the characteristics of the rock 
mass were determined according to the Protodyakonov index. The 
major limitation of this relation was the use of TNT as the main 
explosive. Moreover, nothing was stated about the uniformity index and 
fragmentation distribution [13]. Cunningham (1983) extended 
Kuznetsov's (1973) relation to a variety of explosives, applying the 
relative energy consumption of a particular explosive compared to TNT 
[14]. Using the third theory of Bond grinding, Da-Gama (1983) 
proposed an empirical relation, which could estimate the size of a sieve's 
span through which 80% of crushed rock passes [15, 16]. In Da-Gama's 
(1983) relation, the Bond's work index should be determined through 
operational and experimental methods. In addition, according to Jimeno 
et al. (1995), direct application of this model in blasting patterns, 
regardless of the correction factor, can bring about misleading results 
[1]. Cunningham (1987) modified his previous model [14, 17], in which 
a blastability index (BI) proposed by Lily (1986) was used to estimate 
the strength properties of the rock mass instead of Protodyakonov’s 
index [18]. To determine the average size of fragmented rocks, Kuo and 
Rustan (1993) implemented small-scale explosion tests [19]. In their 
work, the rock mass impedance determined its strength properties. 
According to Kihlstrom et al. (1973), patterns with greater S/B 
(spacing/burden) ratios yield better fragmentation than square patterns. 
This showed inconsistency with the results obtained by Kuo and 
Rustan's (1993) relation [20]. Swedish Detonic Research Foundation 
(SveDeFo) proposed an empirical relation to estimate the average grain 
size of rock fragmentation by blasting [1]. Sanchidrian et al (2002) 
calibrated this relation for a variety of rock masses and presented it as 
an exponential relation [21]. Since the bench height and the stemming 
length are taken into account in this model, it is expected that the model 
is more accurate than Larsson’s. According to the calculations done 
using this model, increasing the powder factor, explosive power and S/B 
ratio reduces the average size of rock fragments [21]. Persson et al (1993) 
showed that increasing the burden, stemming length and the rock mass 
constant would increase the average fragmentation size and this was in 
line with the estimation results obtained through the SveDeFo model 
[22]. Using a sieve analysis of small-scale blasting fragmentation, Chung 
and Katsabanis (2000) showed that Cunningham’s model (1983) 
rendered estimations of the uniformity index of fragmentation which 
were larger than their real values [23]. Therefore, they suggested two 
relations to determine the uniformity index and the average size of 
fragmentation. Silva (2006) believes that the size of a sieve span through 
which 80% of the rock fragments pass (x80) is a function of three factors: 
Bond work index, RQD and powder factor. He concluded that the Bond 
work index and RQD directly affected the size of rock fragments while 
the powder factor had an inverse effect on it. In these relations, there 
seemed to be a conceptual ambiguity in determining the average grain 
size. From a statistical point of view, and for normally distributed data, 
the median and mean values are equal, while in other non-uniform 
distributions (e.g. lognormal distributions), these two parameters take 
different values. In this regard, using a dimensional analysis technique, 
Ouchterlony (2015) showed that misunderstanding the concepts of 
median and average could cause errors in computing the fragmentation 
distribution [24]. 

Several studies focused on the functions that predict the size 
distribution of rock fragmentation by blasting. Rosin-Rammler’s 
function (1933) was one of the first functions proposed for predicting 
the fragmentation distribution of fine grain rocks in coal mines [25]. 
This relation was the basis of many calculations in estimating the size 

 

 

 
* Trinitrotoluene 
† The sieve span size through which 90% of fragmented rocks can pass 

distribution of fragmented rocks. Using the Griffith theory and taking 
some assumptions into account, Gilvary (1961) proposed a relation to 
predict the size distribution of particles in one, two and three 
dimensions, caused by the generation of a unique crack in solids [26]. 
To validate the prediction accuracy of the function proposed by Gilvary 
(1961), Gilvary and Bergstrom (1961) showed the precision of the 
estimates in predicting the size distribution of broken glass particles 
(broken under pressure) [27]. Based on Bond index calculations and 
geometric properties of the blasting pattern, Da-Gama (1970) estimated 
the energy required to fracture the rock mass and predicted the 
percentage of fragmented rocks that pass through a specific span size of 
a sieve [1]. In estimating the size distribution using Da-Gama's (1970) 
relation, sieve span size with 80% passing rocks has to be known as well 
as the Bond work index (essentially determined by field tests). 
Combining the models proposed by Kuznetsov (1973) and Rosin-
Rammler (1933), Cunningham (1983) introduced a model (Kuz-Ram 
model) to estimate the size distribution of fragmented rocks by blasting. 
This model was the first to calculate the uniformity index (a constant 
from 0.8 to 2.2) based on the geometric characteristics of the blast 
pattern [28]. Cunningham (1983) also suggested that for diamond 
blasting patterns, a value of up to 1.1 should multiply the calculated 
uniformity index. Da-Gama and Jimeno (1993) proposed an empirical 
relation for the estimation of the cumulative percentage of particles 
smaller than a certain size. In this function, parameters such as spacing, 
burden, average joints spacing and some other constants that represent 
rock mass strength properties were involved [29]. Grady and Kipp 
(1985) proposed a binomial exponential function to estimate the 
distribution of two-dimensional geometric fragmentation [5]. Lu and 
Latham (1998) considered energy consumption for crushing the rock 
mass proportional to the area between the size distribution graphs 
before and after the blasting operation, assuming that the in-situ rock 
mass is a set of blocks with a given size distribution since it is separated 
by discontinuities [30]. This model was called "energy-block- transition 
(EBT)". Kanchibhotla et al. (1999) and Djordjevic (1999) showed that 
the estimations of the amount of fine-grained crushed rocks obtained 
through the Kuz-Ram model were lower than the actual values [31, 32]. 
These researchers believed that estimating the size distribution of the 
fragmented rock masses with a unique relationship was associated with 
a high error. Therefore, they proposed a Crushed Zone Model (CZM) 
and a Two-Component Model (TCM), respectively. These two models 
were based on a major assumption that a specific cylindrical area around 
the blast hole was entirely powdered and fractures occurred mainly 
under tension outside that area. The results of the blast tests performed 
by Svahn (2002 and 2003) and Moser (2004) showed that the 
assumption which stated the powdered rocks were limited to a 
cylindrical zone around the blast hole was not true [33-35]. In the 
models used by these researchers, the Rosin-Rammler function was 
applied and the graph was separated into fine and coarse grain sizes at a 
certain point (characteristic size). Each branch of the graph was 
developed with its own uniformity. According to Kanchibhotla et al 
(1999), the position of "characteristic size" depends on the strength of 
the rock mass and varies from x50 for strong rock mass (compressive 
strength of more than 50 MPa) to x90 †   for very soft rock mass 
(compressive strength of less than 10 MPa) [31]. In these models, the 
uniformity index in the coarse and fine grain ranges is mainly 
determined by the geometric characteristics of the blasting pattern. 
However, given that in the two-component model, there are five 
unknown parameters that must be determined through field tests, this 
model is more similar to a physical solution compared to the powdered 
zone model. The studies of Hall and Brenton (2001) showed that 
although both these models estimated field results to be larger than the 
results obtained through image analysis technique, the crushed zone 
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model rendered a better prediction of the fragments’ size distribution 
[36]. The latest function used for predicting the size distribution of rock 
fragmentation by blasting was proposed by Ouchterlony (2005) and was 
called the Swebrec function [37]. Calculation of size distribution using 
the Swebrec function depends on learning the span size of the sieve 
through which 50% of the fragmented rocks pass (x50), maximum 
boulder size (Xm), and the curve's fluctuation parameter (b) that is 
similar to the uniformity index. Ouchterlony (2005) suggested that the 
x50 could be estimated using modified Kuz-Ram [17] or Spathis (2004) 
[17, 37, 38]. The Studies of Sanchidrián et al. (2014) showed that in 
comparison with other modified and normalized functions, the Swebrec 
function estimates the results of fragmentation distribution with a better 
accuracy [39]. In Sanchidrián et al.'s (2014) reviews, rock fragmentation 
distribution results of field operations were assessed and compared with 
the results obtained using Rosin-Rammler model (1933), the Grady and 
Kipp (1985) two-component exponential function, the log-normal [39], 
the log-log functions [39], the Gilvary function (1961) and the 
Ouchterlony function (2005) in the ordinary and normalized modes. 

2. Methodology 

Assessing methods of rock fragmentation by blasting include sieving, 
counting the number of large rocks, measuring the amount of explosives 
used in a secondary blasting, measuring the shovel loading rate, 
counting the delays encountered in the crushing process, fragmentation 
index method, experimental models, and probability and image-based 
methods (e.g. methods of using standard images, scale-based imaging 
techniques, photographic techniques or manual analysis and image 
processing techniques). Except sieving that is a direct method, all other 
methods are classified as indirect methods used to estimate the 
fragmentation distribution in rock blasting. Image analysis techniques 
were suggested by Carlsson and Nyberg (1983) and many other 
researchers that implemented this method to assess the results of rock 
fragmentation by blasting [8, 28, 40-45]. Due to the speed of 
implementation, low cost, non-interference in the production process 
and an acceptable precision, this study adopts an image analysis 
technique to estimate the size distribution of fragmented rocks caused 
by blasting. According to Carlsson and Nyberg (1983), the ratio of the 
largest blocks to the smallest ones in the images should not be greater 
than 20, and the dimensions of the smallest fragments must be three 
times larger than the image resolution. Because of a good conformity 
with the actual mining conditions [45], in this study, the WIPFRAG 
image analysis software was selected to assess rock fragmentation by 
blasting. Several images of rock fragmentation from 31 blasting patterns 
were taken from the surface mines (Miduk copper mine, Gol-E-Gohar 
Sirjan and Chadormalu iron mines). The images had a high resolution, 
and were scale-based, and taken simultaneously with the loading process 
wherever possible. After removing inappropriate cases, 15 to 20 images 
were selected for each blasting operation to perform the image analysis 
technique. Figure 1 shows a few examples of the selected images in 
various rock masses, their scales , and the outputs of the image analysis 
technique. Figure 2 shows the cumulative passing percent 
corresponding to the images shown in Figure 1. Figure 3 shows the 
collections of the measured size distribution of rock fragmentation by 
blasting in Gol-e-Gohar (Figure 3.a), Chadormalu (Figure 3.b), and 
Miduk (Figure 3.c) mines using the image analysis technique. 

 
(a) 

 
(b) 

 
(c) 

Figure 1. An example of analyzed images in assessing rock fragmentation by 
blasting: (a) The Chadormalu iron mine (Hematite rock mass, the scale size is 20 

cm); (b) The Gol-e-Gohar iron mine (Magnetite rock mass, the scale size is 20 
cm); and (c) The Midouk copper mine (Phyllic rock mass which consists of 

quartzite, sericite, and pyrite rocks, the scale size is 23 cm). 
 

 
Figure 2. Size distribution of fragmented rocks corresponding to Figure 1. 
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(c) 

Figure 3. Collections of size distribution data of rock fragmentation by blasting 
in: (a) Gol-e-Gohar, (b) Chadormalu, (c) Miduk mines. 

3. A new mathematical function to predict the distribution 
of rock fragments 

According to Blair (2004), any mathematical function, which 
increases slowly from zero to one hundred percent, is potentially a 
predictive function for the cumulative distribution of blast 
fragmentation [46]. Therefore, several mathematical relationships were 
examined and two hyperbolic tangent functions and an arctangent 
function were evaluated for our purpose. The general form of the 
proposed functions is shown in equations (1) to (3). 

(1) 50100
arctan

2

x x
P x  

(2) 5050 1 tanh
x x

P x  

(3) 
50

100 tanh
x

P x
x

 

where, P(x) is the cumulative percent of fragmented rocks passed 
through a sieve with a span size of x, x50 is the average size of the 
particles, α,β, and χ are the uniformity indexes, and δ is a constant (δ = 
arc tanh(0.5) = 0.5439). The proposed functions have turning points at 
(x50, 50) and their skewness changes with an increment in the 
uniformity index. Figure 4 shows an example of the proposed function 
behavior with (x50 = 25 cm). As seen, the turning point coincides with 
the average point (25, 50). 

 
Figure 4.  Examples of proposed functions for predicting the distribution of rock 

fragmentation by blasting. 
 

3.1. Obtaining the predictive functions of the fragments' size 
distribution 

To elaborate the issue, the necessary steps to obtain the predictive 
relations of the cumulative size distribution of rock fragmentation by 
blasting are presented in this section, and for brevity only, the Arc-
tangent function is described. The behavior of the tangent function is 
ascending in the range -π/2 to π/2, as shown in Figure 5a. As seen, the 

effect of the constant coefficient (between 0.25 and 1.25), over which the 
value of the input x in the tangent function is divided, was studied on 
the slope and the curvature of the tangent function. This constant 
coefficient can represent the function of the uniformity coefficient in 
the proposed function. The general form of the tangent function in this 
step is explained as Eq. (4) 

tan         =0.25, 0.50, 0.75, 1.00, 1.25 
x

y  (4) 

Figure 5b shows the inverse form of the functions shown in Figure 5a, 
and as seen in this figure, the inverted functions show a virtual 
conception of the cumulative distribution of the rock fragments. Eq. (5) 
shows the inverse form of the tangent function. 

arctan         =0.25, 0.50, 0.75, 1.00, 1.25 
x

y  (5) 

Modifications should be made to convert this form of the Arc-
Tangent function to a cumulative size distribution function. First, the 
input values of the function must be rearranged in such a way that the 
turning point of the Arc-Tangent function is matched to the x50 of the 
rock fragments. In this step, the form of the tangent function is changed 
in the form of Eq. (6) and its behavior is shown in Figure 5.c (x50=0.25). 

50arctan         =0.25, 0.50, 0.75, 1.00, 1.25 
x x

y  (6) 

In the next step, it is necessary to make changes so that all the output 
values of the Arc-Tangent function have positive amounts. Considering 
the behavior of the Arc-Tangent function, all output values of the Eq. 
(6) are summed with π/2 and converted to form Eq. (7) (see Figure 5.d). 

50arctan         =0.25, 0.50, 0.75, 1.00, 1.25 
2

x x
y  (7) 

Now, the above relation has two unique features. First, the average 
value of the output function can be set to any arbitrary x50. Moreover, 
all of the predicted values of this function have a positive value. 
However, these positive values do not fit with the expected values in the 
cumulative distribution of the fragmented material. Therefore, by 
multiplying the output values of the function in a specific number, the 
range of the output function should be rescaled in an appropriate range 
(between 0 and 100). This constant value was chosen as 100/π. 
Therefore, the final form of the proposed Arc-Tangent function to be 
used in predicting the cumulative size distribution of the material 
fragmented by blasting is in the form of Eq. (8). 

50100
arctan         =0.25, 0.50, 0.75, 1.00, 1.25 

2

x x
P x  (8) 

Figure 5e shows the corresponding curve and Figure 5.f shows the 
semi-logarithmic scale form of the above Eq. (8). 

3.2. Strengths and weaknesses of the proposed functions and selection 
of an appropriate function 

Comparing the proposed functions shown in Figure 4, one can divide 
them into three classes of relations related to fine-, medium- and coarse-
sized fragments and assess the accuracy and precision of their 
predictions. In the coarser sizes, the arctangent function behaves more 
non-uniformly whereas the power hyperbolic tangent function predicts 
the size distribution with a more uniformity. In the middle section, the 
arctangent function shows the most uniform distribution and the power 
hyperbolic tangent function is the most non-uniform. In the fine-
grained section, only the results of power hyperbolic tangent function 
confirm the actual data. The reason is that, as it was expected, the 
passing percent predicted by power hyperbolic function approaches 
zero for very small particle sizes. Whereas the two other functions (the 
fractional hyperbolic tangent function and the arctangent function) do 
not show such a behavior. Therefore, it can be stated that the power 
hyperbolic tangent function provides more reasonable predictions of 
size distribution than the other two functions. For a more 
comprehensive prediction of size distribution, which covers both coarse 
size and fine size fragmented rocks, a combination of the power 
hyperbolic tangent (for x<x50) and the fractional hyperbolic tangent 
functions (for x>x50) can be used. 
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(a)         (b) 

 

   
(c)         (d) 

 

   
(e)         (f) 

 
Figure 5.  Necessary steps to obtain arctangent function as a size distribution of fragmented rocks. 

 

3.3. Assessment of prediction of rock fragmentation by blasting using 
the power hyperbolic tangent function and the image analysis 
technique  

To verify the accuracy and precision of the proposed function in 
predicting the size distribution, the fragmentation data of rock blasting 

were measured using the image analysis. Then, the power hyperbolic 
tangent function was fitted to the measured fragmentation data. For 
each data set, the best possible fit was performed with maximum 
correlation and minimum error (using the Solver Add-in in Microsoft 
Excel), from which R and MSE were obtained. These results were 
compared with the values obtained by RR, SveDeFo, TCM, CZM, and 
KCO relations. MSE and R were calculated using Eq. (9) and Eq. (10), 
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respectively [1]. 
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(10) 

Where, MSE is the mean square error (%2), R is the dimensionless 

regression, m is the total number of the data, ˆ
iY and 

iY is the calculated 

and the measured data (passing percent of fragments) for the ith 
parameter, respectively. 

Table 1. Specification of selected blasting patterns for comparison of the accuracy of mathematical prediction 
 

Mines Blast No 

Pattern Data (m) Charging In-situ Data 

B S Hd Hl Ch-l BH St Su Type PF 
(kg/m3) 

Density 
(kg/m3) 

Rock Type 

C
ha

do
rm

al
u 

3112 7.0 8.0 0.251 16.0 9.0 15.0 7.0 2.0 Emulan 0.26 2.7 Metasomatite 

217 4.5 5.5 0.165 11.4 8.0 10.0 3.5 1.5 ANFO 0.23 2.7 Diorite 
2969 4.5 5.2 0.165 11.5 9.0 15.0 5.0 1.0 ANFO 0.23 2.7 Gabro-Diorite 
2961 4.5 5.2 0.165 11.0 9.0 15.0 5.0 1.0 ANFO 0.15 2.7 Metasomatite 
2944 4.5 5.2 0.165 12.6 10.0 15.0 4.5 0.0 ANFO 0.32 2.7 Biotite 
2939 4.5 5.2 0.165 15.0 11.0 15.0 5.0 0.0 ANFO 0.33 2.7 Biotite 
2925 5.2 5.2 0.165 15.0 10.0 15.0 5.0 0.0 ANFO 0.29 2.7 Biotite 
2958 7.0 8.0 0.251 18.4 11.5 15.0 6.5 3.0 ANFO 0.22 2.7 Diorite 
3164 7.0 8.0 0.251 18.0 11.5 15.0 6.5 3.0 ANFO 0.22 2.6 Metasomatite 
3029 7.0 8.0 0.251 15.2 9.0 15.0 7.0 2.0 Emulan 0.26 2.7 Metasomatite 
2933 7.0 8.0 0.251 15.7 9.0 15.0 7.0 2.0 ANFO 0.33 2.7 Metasomatite 
2964 7.5 8.5 0.251 16.0 8.0 15.0 7.0 2.5 Emulan 0.25 2.7 Metasomatite 
219 4.5 5.5 0.165 11.0 6.5 10.0 4.0 1.0 ANFO 0.21 2.7 Diabaz 

G
ol

-e
-G

oh
ar

 

15-12 5.0 6.0 0.251 11.0 7.6 10.0 3.4 1.0 Emulan 1.47 3.2 Magnetite 
14-51 6.5 8.0 0.251 14.0 9.7 13.3 4.3 0.7 Emulan 0.87 3.0 Magnetite 
14-49 6.5 8.0 0.251 13.0 8.9 12.3 4.1 0.7 Emulan 0.86 3.4 Magnetite 
14-48 5.0 6.0 0.251 13.0 9.0 11.0 4.0 2.0 Emulan 1.6 4.2 Magnetite 
13-127 5.0 6.0 0.251 16.9 12.4 13.0 4.5 3.9 Emulan 1.52 3.5 Magnetite 
13-126 5.0 6.0 0.251 13.1 8.8 13.0 4.3 0.1 Emulan 1.5 4.1 Magnetite 
13-124 5.0 6.0 0.251 13.0 8.8 12.9 4.2 0.1 ANFO 0.93 4.3 Magnetite 
13-122 5.0 6.0 0.251 15.0 12.6 14.9 2.4 0.1 Emulan 1.54 3.9 Magnetite 
12-207 3.3 3.4 0.152 16.2 13.2 13.8 3.0 2.4 ANFO & Emulan 0.74 3.0 Magnetite 
12-203 5.0 6.0 0.251 17.0 12.1 15.8 4.9 1.2 Emulan 1.04 3.2 Magnetite 
12-201 5.0 6.0 0.251 17.0 12.5 16.0 4.5 1.0 ANFO & Emulan 0.88 3.1 Magnetite 
13-198 3.0 4.0 0.152 14.3 10.3 13.0 4.0 1.3 ANFO & Emulan 0.88 4.3 Magnetite 
13-196 3.0 4.0 0.152 15.0 11.0 14.5 4.0 0.5 ANFO & Emulan 0.89 4.3 Magnetite 
11-279 3.0 4.0 0.152 17.0 12.2 16.1 4.8 0.9 Emulan 0.87 3.0 Hematite 

M
id

ou
k 2540-312 6.5 8.0 0.200 17.0 11.0 15.0 6.0 2.0 ANFO 2.1 2.1 Phyllic 

2480-023 5.0 5.5 0.200 17.0 11.0 15.0 6.0 2.0 Emulan 2.4 2.4 Phyllic 
2540-293 6.5 8.0 0.200 17.0 11.0 15.0 6.0 2.0 ANFO 2.25 2.3 Phyllic 
2540-311 6.5 8.0 0.200 18.0 11.0 15.0 7.0 3.0 ANFO 2.2 2.2 Phyllic 

The specifications of selected blasting patterns are presented in Table 
1. As shown in this table, to overcome the higher strengths of the hard 
rock masses (frequently iron rocks), the holes were charged with higher 
powder factors and depending on the water conditions, the ANFO or 
Emulan was used as the main charge. However, in some unique blasting 
patterns with the detachment in wet and dry holes, ANFO and Emulan 
were charged, simultaneously. The hole diameters were 152mm, 165mm, 
200mm, and 251mm, and were drilled in burden and spacing in the 
range of 3m to7.5m and 3.4m to 8.5m, respectively. 

Moreover, considering the adverse orientation and spacing of the 
joint sets (the average spacing of the joint sets were 2m with the parallel 
strike to the slope), the powder factor used in blasting patterns of Gol-
e-Gohar Iron mine was higher than the other two mines.  

Since the goal of this study was to compare the results of the best 
possible fit of mathematical relations to the measured fragmentation 
data, the effect of in-situ parameters such as rock strength properties 
and discontinuities were neglected. 

Table 2 presents the results of the best possible fit of the RR, 
SveDeFo, TCM, CZM, KCO, and Tanh-power relations to the 
fragmentation data obtained from image analysis. Cases with better 
compliance are highlighted in Table 2. As can be seen, compared to 
other mathematical relations, the KCO and Tanh-power relations show 
better fit (lower MSE and higher R) in most cases. In addition, for the 

purpose of carrying out a general comparison, the average values of MSE 
and R for different cases for each mathematical relation were calculated. 
These comparisons show that the Tanh-power and the TCM relations 
have the best and worst average values, respectively. As shown in Table 
2, for the best possible fit of the mathematical relations to the measured 
data, high levels of accuracy can be obtained (R≈1 in many cases). 
However, in case of hard rocks, the proposed function often shows 
better agreement with the data in comparison with the other 
mathematical relations. On the other hand, for the altered and soft rock 
masses with lower uniformity in the coarse and fine-grained fragments, 
the KCO relation shows better fit in most cases. Cases with a better 
agreement (the higher R and the lower MSE) are highlighted in Table 
2.  

3.4. Qualitative and quantitative analysis of results  

As stated in Table 2, the KCO function shows better agreement in 
predicting the size distribution of fragmented rocks with non-
uniformity in coarse and fine sizes. This occurs due to the mathematical 
behavior of the functions. Unlike all other types, the KCO function has 
two turning points in the average (x50) and maximum (Xm) sizes. The 
general form of the KCO relation is shown in Eq. (11) [37]. 
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Table 2. The comparison of the accuracy and precision of mathematical relations predicting the rock fragmentation distribution from surface blasting obtained from 
image analysis. This is evaluated by obtaining the higher R and the lower MSE. 

Mine Blast 

No. 

x50  

(mm) 

RR SveDeFo TCM CZM CZM Tanh-power KCO 

R MSE R MSE R MSE R MSE R MSE R MSE R MSE 

C
ha

do
rm

al
u 

3112 98 0.9991 4.35 0.9967 22.30 0.9896 64.40 0.9999 0.33 0.9996 1.83 0.9999 0.48 1.0000 0.10 

217 97 0.9996 2.15 0.9981 14.91 0.9919 52.23 1.0000 0.10 0.9997 1.60 0.9999 0.53 0.9998 0.91 

2969 77 0.9988 5.86 0.9968 21.59 0.9890 65.52 1.0000 0.11 0.9997 1.61 0.9999 0.22 0.9999 0.40 

2961 107 0.9950 21.89 0.9947 22.34 0.9900 47.15 0.9992 2.64 0.9989 4.14 0.9992 2.65 0.9986 6.11 

2944 80 0.9986 6.68 0.9976 16.02 0.9918 52.13 1.0000 0.13 0.9997 1.63 1.0000 0.20 0.9999 0.48 

2939 147 0.9985 6.11 0.9985 6.42 0.9956 25.16 0.9999 0.46 0.9996 1.96 0.9998 0.58 0.9998 0.92 

2925 103 0.9995 2.51 0.9989 9.31 0.9938 40.63 1.0000 0.05 0.9997 1.55 0.9999 0.52 0.9997 1.22 

2958 150 0.9992 3.03 0.9991 5.42 0.9948 28.86 0.9999 0.28 0.9996 1.78 0.9992 2.83 0.9987 4.47 

3164 191 0.9981 6.88 0.9976 7.84 0.9970 15.35 0.9998 0.57 0.9995 2.07 0.9995 1.63 0.9993 2.49 

3029 119 0.9984 6.99 0.9983 9.21 0.9942 35.35 0.9999 0.22 0.9996 1.72 0.9998 0.67 0.9998 0.98 

2933 173 0.9992 3.40 0.9983 9.42 0.9929 37.27 0.9997 0.93 0.9994 2.43 0.9998 0.68 0.9999 0.37 

2964 120 0.9982 7.60 0.9980 7.75 0.9964 21.79 1.0000 0.13 0.9997 1.63 0.9997 1.29 0.9996 1.59 

219 128 0.9970 11.73 0.9970 11.78 0.9950 27.13 0.9997 1.01 0.9994 2.51 0.9997 1.14 0.9995 2.03 

G
ol

-e
-G

oh
ar

 

15-12 85 0.9993 1.87 0.9970 25.44 0.9995 2.69 0.9995 1.35 0.9992 2.85 0.9999 0.22 0.9999 0.18 

14-51 92 0.9997 1.53 0.9998 2.21 0.9981 7.75 0.9997 1.09 0.9994 2.59 1.0000 0.16 1.0000 0.10 

14-49 100 0.9992 2.42 0.9963 52.09 0.9994 10.43 0.9993 1.99 0.9990 3.49 0.9999 0.34 0.9999 0.14 

14-48 206 0.9996 1.45 0.9994 1.92 0.9994 1.88 0.9997 1.10 0.9994 2.60 0.9999 0.32 0.9999 0.24 

13-127 134 0.9990 3.01 0.9987 18.46 0.9992 2.86 0.9994 1.73 0.9991 3.23 0.9997 0.96 0.9997 0.83 

13-126 138 0.9999 0.20 0.9965 16.78 0.9999 0.26 1.0000 0.16 0.9997 1.66 0.9999 0.17 0.9992 3.01 

13-124 173 0.9999 0.44 0.9989 7.07 0.9999 0.23 0.9999 0.25 0.9996 1.75 1.0000 0.15 0.9984 5.46 

13-122 161 0.9999 0.17 0.9975 13.50 0.9999 0.14 0.9999 0.16 0.9996 1.66 1.0000 0.04 0.9981 4.96 

12-207 165 0.9998 0.75 0.9996 3.69 0.9999 0.33 0.9998 0.64 0.9995 2.14 0.9999 0.28 0.9981 7.55 

12-203 239 0.9993 2.05 0.9987 7.27 0.9996 1.32 0.9994 1.94 0.9991 3.44 0.9998 0.40 0.9961 11.16 

12-201 160 0.9999 0.55 0.9996 2.64 0.9999 0.21 0.9999 0.26 0.9996 1.76 1.0000 0.05 0.9980 6.88 

13-198 409 0.9977 7.79 0.9983 9.41 0.9980 6.34 0.9997 0.58 0.9994 2.08 0.9995 1.37 0.9935 20.69 

13-196 234 0.9994 2.33 0.9995 2.34 0.9994 1.91 0.9999 0.26 0.9996 1.76 0.9998 0.71 0.9980 8.11 

11-279 166 0.9994 2.19 0.9983 11.76 0.9996 1.68 0.9995 1.73 0.9992 3.23 0.9997 0.81 0.9969 10.92 

M
id

ou
k 

312 72 0.9987 4.85 0.9968 13.22 0.9901 40.64 0.9997 1.14 0.9994 2.64 0.9997 1.18 0.9997 1.05 

23 63 0.9995 2.05 0.9964 17.34 0.9888 50.46 0.9999 0.22 0.9996 1.72 0.9999 0.34 0.9999 0.22 

293 52 0.9992 3.17 0.9989 5.47 0.9946 27.20 0.9999 0.23 0.9996 1.73 0.9998 0.77 0.9998 0.58 

311 69 0.9987 4.85 0.9968 13.22 0.9901 40.64 0.9997 1.14 0.9994 2.64 0.9997 1.18 0.9997 1.05 

Average 0.9989 4.22 0.9979 12.52 0.9957 22.90 0.9998 0.74 0.9995 2.24 0.9998 0.74 0.9990 3.39 

where, P(x) is the cumulative passing percent of fragmented rocks 
from a sieve with the span size of x, x50 is the average size, Xm is the 
maximum block size, b is the fluctuation parameter, n is the uniformity 
index (0.8 to 2.2), B is the burden (m), Hd is the hole diameter (mm), l 
is the total length of explosive in the blast hole (m), H is the hole depth 

 

 

 

‡ Ammonium Nitrate Fuel Oil 
§ RMD = 10 (for powdery/friable rocks), 50 (massive rocks), JF (for vertical 

joints) 

JF (Joint Factor) = JPS (Joint Plane Spacing) +JPA (Joint Plane Angle) 

JPS = 10 (average joint spacing<0.1 m), 20 (average joint spacing ≈ 0.1 

(m), Ep is the actual deviation of the hole (m), S is the spacing (m), A is 
the rock factor, SANFO is the relative weight strength of the used explosive 
to ANFO‡ (%), Qe is the charge weight in each blast hole (kg), PF is the 
powder factor (kg/m3), V is the total volume of pattern, RMD is the rock  
mass description§, RDI is the rock density influence**, and HF is the 

m), 50 (oversize) 

JPA = 20 (dip out of face), 30 (strike perpendicular to face), 40 (dip 

into face) 
** RDI = [0.025 * rock mass density (kg/m3)] - 50 
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hardness factor†† [37]. 
Figure 6.a shows an example of a cumulative distribution predicted 

by the KCO relation for the maximum block size of (Xm=1 m), with the 
average sizes of 15 cm and 25 cm and the fluctuation parameter of b=3. 
In addition, based on the KCO prediction, for the same values of 
fluctuation parameter and the average size (b=3 and x50=25 cm, 
respectively), the effect of changing the largest block size on the 
distribution of fragments is shown in Figure 6.b. It should be noted that 
in calculating the fluctuation parameter b, the maximum block size is 
also effective but its effect is negligible.  

  
(a) 

 

 
(b) 

 
Figure 6. Effect of a. average size (x50) and b. maximum size (Xm) changes on the 

cumulative distribution predicted by the KCO relation. 
 
Another point is that, based on the Ouchterlony's (2005) 

recommendation, Xm must be determined as the minimum value for one 
of these three parameters: minimum in-situ block size, spacing, and 
burden. But it should be noted that although the maximum value as a 
second turning point increases the degree of freedom and provides a 
better adaptation of the KCO function to the data, for the conditions 
where the input value of (x) is greater than the expected Xm (for any 
reason), the curve behavior will be different. Figure 7 shows an example 
of a situation where the distribution of fragmentation must be predicted 
in the case of x50 =15 cm, b=3, and Xm=100 cm (the maximum expected 
block size) in which a block with the size of 200 cm is produced. This is 
a failure of the KCO function. It can be stated that if the expected Xm is 
smaller than the Xm observed in the image, the cumulative percentage is 
predicted (by the KCO relation) to be greater than 100%. Therefore, the 
use of maximum size can sometimes lead to errors in estimating the 
fragments distribution of rock blasting through the KCO relation. 

 

 

 

†† HF = E/3 (if E < 50 GPa), σc/5 (if E > 50 GPa) 

 
Figure 7. Unexpected behavior of the KCO relation in predicting the cumulative 

passing percent of inputs greater than Xm. 

3.5. Determining uniformity index (χ) and average size (x50) for the 
proposed function  

As shown in Eq. (3), predicting the cumulative distribution of rock 
fragmentation by blasting with this function, requires determining the 
uniformity index (χ) and the average size (x50). To determine the 
uniformity index in Eq. (3), statistical analyses were performed on the 
blasting input data (including the pattern geometry and the powder 
factor). It was concluded that each set of the pattern geometry and the 
powder factor had a meaningful effect on χ. Figure 8.a shows the relation 
between the stemming length and the best values obtained for χ and 
Figure 8.b represents the relation between the best values obtained for 
χ and the powder factor. 

 
(a) 

 
(b) 

Figure 8. The relation between the best values obtained for χ to a. the stemming 
length and b. the powder factor. 

To obtain a meaningful mathematical relation that can predict χ, all 
the input data were imported to the trial version of the DataFit software 

 E = elastic module (GPa),  σc = unconfined compressive strength (MPa) 
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V. 9. The software processed the results taking into account a list of 
many different relations including linear, polynomial, exponential, 
power-law as well as their combinations. For each relation, the software 
determined the constant MSE and R values. Afterward, the linear 
algebraic function with the best regression and the lowest mean square 
error was selected. This relation is shown in Eq. (16). 

(16) 1 2 3 4 5 6 7 8 9  da B a S a H a Chl a BH a St a Su a PF a  

where, B is the burden (m), S is the spacing (m), Hd is the hole 
diameter (mm), Chl is the charge length in the hole (m), BH is the bench 
height (m), St is the stemming length(m), Su is the sub-drilling (m), PF 
is the powder factor (kg/m3), and a1 to a9 are the constants determined 
to be 0.2327, -0.1343, -3.73e-3, -2.27e-2, 3.72e-2, 5.15e-2, -3.25e-3, 5.72e-3, 
and 1.004, respectively. Comparing the best obtained values of χ 
(presented in Table 1), with the values calculated by Eq. (16), it is 
obvious that the proposed Eq. (16) can predict the uniformity indexes 
for the power hyperbolic tangent function, with the accuracy of R=0.855 
and the precision of MSE=0.0037 (both are dimensionless). In Figure 9, 
it is shown that χ values obtained from the best fit to the measured data 
are reasonably consistent with the χ values, which are calculated using 
Eq. (16). 

 
Figure 9. Accuracy and precision of prediction about the best fit values of χ using 

Eq. (16). 
It is also suggested that the average size of fragments (x50) required in 

the proposed function could be calculated using Eq. (14). Examples of 
power hyperbolic tangent function with the average size of 25 cm and 
the uniformity indexes of 0.5, 0.75, and 1 are shown in Figure 10. 

 
Figure 10. Effect of uniformity index increments on the behavior of power 

tangent hyperbolic function. 

4. Conclusion  

The main aim of any blasting operation is to turn rocks into a range 
of fragments where the fine particles do not interfere with the mineral 
processing operations and the larger blocks do not cause difficulties in 
the hauling and loading systems. Therefore, the methods that can use 
the geometric and structural conditions of the blasting patterns and 
accurately predict the result of rock fragmentation may considerably 
reduce the costs of drilling and blasting operation and subsequently 
reduce the production costs. In order to predict the size distribution of 

fragmented rocks obtained by blasting, three mathematical relations 
were suggested and the power hyperbolic tangent function was selected. 
Since the latest and the most comprehensive function ever presented to 
estimate the cumulative distribution of rock fragmentation by blasting 
is the KCO function, the results of the image analysis in the 
fragmentation of surface rock blasting were collected for different rock 
masses, a variety of blast patterns and different used explosives in some 
open pit mines (Miduk copper mine, Gol-e-Gohar and Chadormalu iron 
mines). The accuracies of the proposed function was compared with the 
KCO function in the best possible fit. Unlike other experimental 
functions, KCO has two different turning points in average and 
maximum sizes. Therefore, the estimation of a passing percent of the 
input sizes larger than the expected maximum size could impair the 
predictions. The proposed function, nn the other hand, has only one 
turning point in the average size with the ability to change the 
uniformity index and slowly reaching the maximum value. Compared 
with KCO and the previously proposed functions (high regression and 
less mean square error), the proposed function in this study has a better 
agreement in estimating the cumulative distribution of the fragmented 
hard rocks for the best possible fit. Although for soft and altered rocks 
the conditions are different, predictions made by the proposed function 
show acceptable results. In order to determine the required uniformity 
index based on the acceptable accuracy and precision of the proposed 
function, a linear polynomial regression relation of blasting pattern was 
provided with a regression and MSE of 0.885 and 0.0037, respectively. It 
is also recommended that the modified Kuz-Ram model (1983) can be 
used for the required average value of the function.  
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