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Abstract

In the manufacturing procedure at open-pit mines, tunnel construction or channel excavation
activities, crushing rocks to a suitable grain size is one of the first technological steps, directly
affecting the efficiency of the following steps in the overall process of drilling - blasting -
loading - transporting. Currently, drilling-blasting is still an effective method in this field.
However, controlling the blasting parameters to obtain a suitable mean particle size is still
difficult for mining engineers and scientists. Hence, on a laboratory scale, this research
carries out 6 blasting experiments based on the form of single spherical charge with a variety
of powder factors but the same specimen condition, equations determining directly the
Swebrec particle size distributions (PSDs) law are then established with the input data taken
from sieve analysis, as a basis for establishing relationships among each pair of parameters
such as the exponential coefficient of Swebrec PSD function b, the mean particle size Dy,
and the powder factor g. The results show that the obtained PSDs almost completely fit
experimental data, coefficients of determination R? for the entire data set are greater than
0.99. Each pair of relationships among b, D, and g has R? values greater than 0.98 with the
addition of predictive significance. The calculations are modularized in Python programming
language for use as a package. Compared to other existing methods, the final results can help
quickly evaluate the quality of an explosion, appropriately calibrating explosion parameters
to obtain the desired rock fragmentation without requiring knowledge of machine learning
and statistics.

Keywords: Rock fragmentation; particle size distribution (PSD); Swebrec function; comminution;
mean particle size.

1. Introduction

According to several research and blasting experts, the effective blasting energy to
break rocks is only above 20%, and most of them cause negative impacts on the

* Corresponding author, email: lamvt@Iqdtu.edu.vn
DOI: 10.56651/lgdtu.jst.v7.n02.879.sce

21



Section on Special Construction Engineering - Vol. 07, No. 02 (Dec. 2024)

surrounding environment. Therefore, studying ways to increase the efficiency of rock
breaking and reducing the negative impact of explosions is a regular goal for both mining
engineers and scientists in the industry [1, 2].

In studying and controlling the power of blasting energy, besides the famous
theoretical studies on the physical nature of an explosion [3, 4], experimental research is
also a direction that attracts many researchers. Some studies have effectively extracted
information about the explosive load from the shockwave pressure signals of underwater
explosions containing much noise [5, 6]. Studies [7, 8] drew the experimental laws of
funnel dimensions after an underwater explosion.

In another approach, when using statistical methods to study the blasting nature, the
actual nature of the dynamic crushing process is not interesting, considering only the
initial and final results of the destruction process [9]. The experimental specimens and
powder factors are considered as the initial state of the environment. The rock
fragmentation, represented by the particle size distribution after an explosion or the mean
fragment size (Du), is the final state of the environment. Besides, many studies indicate
that this is a synthetic crucial parameter, affected by all factors of the breaking dynamics
process, it is considered as a fundamental criterion to evaluate the quality of an explosion
[9, 10]. Accordingly, an explosion produces too large mean fragment sizes causing a cost
increase of secondary fragmentation, while fragments after a blasting are too fine harming
valuable minerals in the mining industry.

In Vietnam, there have been studies analysing the influence of various factors on Dy,
such as the research of V. T. Hieu and D. T. Thang [11] is the number of open surfaces,
that of L. V. Quyen and L. T. Hai [12] is specific machines and devices in an open-pit mine,
the studies of D. T. Thang et al. [13-16] are the shape of a charge, and the distance from
the center of an explosive charge [17]. The common point of studies above is that the
parameter Dy, is calculated from the data taken from sieve analysis [18], this is a discrete
analysis method with accuracy depending on the number and the size of sieves.

Other studies consider rock fragmentation in a more general sense when predicting
particle sizes comply with certain PSDs such as Rosin-Rammler (RR), Gate-Gaudin-
Schumann (GGS), or Swebrec [19-23]. These studies show that RR and GGS functions
find it hard to describe the expansion and contraction at different regions in the actual PSD.
By contrast, the Swebrec function has a more precise accuracy in reflecting the entire grain
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size range, from small scale to industry scale, from fine to coarse grain size. However, these
studies only show results and analyze the fit of PSDs to experimental data, and lack of
interpretation on the way to establishing PSDs and their relationship to Duw.

In addition, advanced applications of artificial intelligence in predicting Dy from
discrete input data [24, 25] are undeniable, reaching very high accuracy. However, the
type of these studies in addition to requiring extensive specialized knowledge, also
requires a significant understanding of machine learning, statistics, and programming
techniques, along with financial support to be able to collect enough data to deploy.

With small experiments, combined to inherit a part of the study of V. X. Bang and
D. T. Thang [26], this article provides a method to directly determine PSDs as the
Swebrec function form and relationships among pairs of parameters such as the
exponential coefficient b, the mean particle size Dw, and powder factor g, facilitating to
fast evaluate the quality of an explosion and suitable selection of blasting parameters.

2. Experimental study

2.1. Experimental model

The experimental model is a semi-submersible tank with a depth of 300 (mm),
sandbags are arranged around the tank wall. The experimental specimen is placed in the
center of the tank. To collect rock fragments after an explosion, a corrugated iron panel
is arranged around the specimen and a steel cover is placed on the tank top before
detonation. The characteristics of the experimental model are as follows:

Experimental specimens are made of cement mortar, cubic form with a shape of
200 x 200 x 200 (mm), reaching grade M100 (B7.5) in the case of this study. TEN is used
as explosives, which are placed at the center of specimens and detonated by an equivalent
single spherical charge as electrical detonator No. 8, the blasting machine is MFB-200
from China. The equivalent-TNT total mass of both explosives and detonators are 4.8,
7.2, and 12 (g) in 3 new experiments, corresponding to powder factors of 0.6, 0.9, and
1.5 (kg/m3), respectively.

Inheriting data from the previous study [26], forming a data set of 6 explosions with
powder factors are 0.6, 0.9, 1.2, 1.5, 1.8, and 2.1 (kg/mq), respectively. Three new
experiments are for experimental model validity, supplementing photos of muck pile after
blasting. The experimental model is illustrated in Fig. 1 as follows:
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Fig. 1. Experimental model (a) and actual photos in the field (b, c)
1 - surface; 2 - concrete cover; 3 - sand bags; 4 - corrugated sheet; 5 - steel cover;
6 - experimental specimen; 7 - explosives charge and detonator; 8 - stemming materials.

2.2. Experimental data collection

Blasting products are analysed by sieves with sizes of 2.5, 5, 10, 20, 30, 40, 50,
60, and 70 (mm), respectively, obtaining 10 groups of average particle size following
sieve size. Each group is then weighted as shown in Fig. 1(c), and information is
summarized as a cumulative weight percentage. The data of 6 explosions is listed in

Table 1 as follows:
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Table 1. The table of cumulative weight percentage

Sieve sizes X, mm

No. | Interval | <25 | 25-5 | 5-10 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60 | 60-70 | >70
Mean 1.25 | 3.75 | 7.50 15 25 35 45 55 65 80
q=0.6 | 0.026 | 0.055 | 0.096 | 0.138 | 0.196 | 0.266 | 0.394 | 0.490 | 0.659 | 1.000
q=0.9 | 0.045 | 0.088 | 0.164 | 0.246 | 0.337 | 0.431 | 0.555 | 0.691 | 0.833 | 1.000
qg=12 | 0.108 | 0.139 | 0.191 | 0.274 | 0.398 | 0.510 | 0.616 | 0.742 | 0.880 | 1.000
q=15 | 0.176 | 0.271 | 0.385 | 0.493 | 0.586 | 0.682 | 0.787 | 0.863 | 0.949 | 1.000
q=18 | 0.151 | 0.283 | 0.408 | 0.530 | 0.623 | 0.775 | 0.838 | 0.894 | 0.976 | 1.000
q=2.1 | 0.166 | 0.324 | 0.438 | 0.606 | 0.771 | 0.859 | 0.912 | 0.947 | 0.979 | 1.000

|| W | N|PF

In Table 1, experiments No. 1, No. 2, and No. 4 are novel-implementation
explosions, the rest experiments are inherited from the previous study [26].
3. Methodology
3.1. Establishing Swebrec particle size distribution function

According to the results of J. A. Astrém et al. [27, 28], the fragmentation
phenomenon can be modelled using statistical principles and comply with universal
mathematical laws such as exponential function and independent of the system scale.
Swebrec function is proposed by F. Ouchterlony et al. [29] to describe the PSD of a muck
pile after blasting.

A 1
P=FR, = b 1)

) IN (X /X)
1{In(xmax/x50)}

It can be seen that the particle size distribution is characterized by its exponential
coefficient b, the article provides a direct method for determining this parameter.

Setting X =M , and considering a lost function for variable b, including all
In(xmax/XSO)
average sieve sizes x (containing size 0) in Table 1 as follows:
2
18 5 v 13 5 1 1
L(b)=—> (P, ,—P P-P)=—">|P-——— 2
( ) zmg( (%) (Xi)) 2m - 1( ! ') om i—1( i 1+YibJ ( )

In this step, finding the suitable PSD function is finding exponential coefficient b to
minimize Eq. (2). Applying the chain rule law, carrying out partial derivative for b, obtaining:

N P A
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Equation (3) must vanish, supplementing infinitesimal numbers into some specific
positions, the parameter b is the solution of the following Eq. (4):

In[(Xee +8)/ (% +2) ]

" In(xmax/XSO)

iplib In(_ii erg)_iibln(i +8)

i1 (1+¥ib) — (1+ib)3

=0 with

>

(4)

where P, or P is cumulative distribution up to i fragment size from the sieve analysis,

P or FA’(Xi) is cumulative distribution up to i fragment size calculated from hypothesis

(1), xmax IS the largest fragment size (mm), xso is median or size of 50% passing for which
P(xs) = 0.5, x is mesh size of sieve, b is the exponential coefficient of Swebrec function;
m is the number of the mean of sieve sizes (including size 0), ¢ is an infinitesimal number.
3.2. Determining the mean particle size D

The mean particle size Dy is the mathematical expectation of the particle size x

1 Xmax Ximax b b—1
oy = e 1= T xy = T I Db 0 i 1)
th (%) (x) th b b 2
0 0 0 [In (Xmax /X0 ) + 1N (xmax/x)]

iter blnb X X |nb71 X X +
_ (e %0) 0™ (X / (% 8))2Ax with Ax=x., /iter (5)

i1 [Inb (X /Xeo )+ In° (Xmax/(xi +‘9))]

where Dy, is the mean particle size (mm), x is particle size (mm), P(x) is PSD function

obtained from Eq. (1), p(x) is probability distribution of particle size x, obtained by partial
derivative P(x) for x, b is exponential coefficient of PSD, ¢ is an infinitesimal number,
iter - iteration, chosen iter = 1000000.

3.3. Establishing the relationship between powder factor q and exponential coefficient
b of PSD

It can be seen that the relationship between powder factor g and exponential
coefficient b of PSD complies with a d-degree polynomial function. This is a simple
26
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regression function that can be established by various mathematical tools. However,
because all calculation processes in this article are carried out in Python programming
language, the multivariable regression method, which was proposed by D. T. Thang and
V. T. Lam [7, 8], is applied for the circumstance that has only one independence variable
as powder factor g and one dependence variable as exponential coefficient b. The
relationship is as follows:

d B - - .
b=>6q", with d = 3, obtaining b=6,q+6,q" + 6,9 + 6,¢° (6)
i=0

where b is exponential coefficient from Eq. (4); q is powder factor (kg/m®); 6 are
variables of Eq. (6); d is degree of Eq. (6), chosen as 3.

3.4. Establishing the relationship between the mean particle size Dw and powder factor q

Establishing the relationship between the mean particle size Dw and powder factor
as exponential function as follows:

q=6,-6,In(D,) )

where q is powder factor (kg/m3); Dy, is mean particle size (mm); 04 and 65 are variables
for Eq. (7).

Vanishing the partial derivative of Eq. (7) for variables 64 and 6s, obtaining
parameters 64 and s are solutions of the following equations, respectively:

>am(0, )-30.n(D, )+ 30 (D, )=0 ®

with 6, =[_§":qi +Y6,n(D, )} /n )

where n is total number of experiments, n = 6; other parameters are chosen as Eq. (7).

3.5. Establishing the relationship between the mean particle size Dy and exponential
coefficient b of PSD

Substituting Eqg. (7) into Eq. (6), obtaining the relationship between the mean
particle size Dy, and exponential coefficient b of PSD as follows:

b= iai [6,-6,In(D,)] (10)

where b is exponential coefficient b of PSD; Dy, is mean particle size, (mm); 6o, 61, 62,
03, 04, 65 are calculated parameters from Eqgs. (7), (8), and (9), respectively.
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4. Results and analysis

Equation (5) can be solved by Riemann sum, obtaining variable Dy. Egs. (4), (8), and
(9) are transcendental that can be resolved by variable approximation techniques such as
bisection or Newton-Raphson methods, though, obtaining variables b, 64, 6s. On the other
hand, variables 6o, 01, 02, 03 of Eq. (6) can be resolved by gradient descent technique.
Consequently, all variables b, D, 6o, 01, 02, 63, 64, 05 can be found.

All obtained PSDs are shown in Fig. 2. Specifically, PSDs are determined under
Eqg. (4), while Dy is determined under Eq. (5). Detailed analysis results of PSDs in
Fig. 2 are listed in the following Table 2.

Table 2. Summary table of PSD parameters

Powder Exponential Coeffic_ient_ of Dw from _ Duw from _ Differences
No. | factor, g L. determination, PSD sieve analysis of Dw
(kg/m?) coefficient, b R (mm) (mm) %
1 0.6 1.219 0.9982 49.081 52.579 6.653
2 0.9 1.375 0.9978 38.505 42.398 9.182
3 1.2 1.375 0.9993 34.212 38.581 11.325
4 15 1.355 0.9950 22.666 27.085 16.314
5 1.8 1.582 0.9934 19.677 24.166 18.576
6 2.1 2.015 0.9982 15.655 19.359 19.130
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Fig. 2. Analysis results of PSDs corresponding to 6 blasting experiments.
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According to F. Ouchterlony [30], a plethora of cylinders of rocks and mortar were
blasted and sieved in the LESS FINES project of the European Union. This is a basis to
indicate that the exponential coefficient b lies in the closed interval between 1 and 4.
With this b limit, the article establishes and predicts pair relationships among
blasting parameters, including q - b under Eqg. (6), q - Dw under Egs. (7), (8), (9),
Duw - b under Eg. (10) as shown in the following figures.
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Fig. 3. Relationship of g - b (a) and Dy, - q (b) with the value range of 7 <b <4.
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Fig. 4. Relationship between Dy, - b, corresponding to the value range of 7 <b <4.

All established equations from (4) to (10), combined with Fig. 2, 3, 4, allow a
summary table of the value range for 3 blasting parameters b - q - Dy in a certain value
range is established, corresponding to the case study of the article as shown in Table 3.
Accordingly, one-dimensional interpolation can be applied to find intermediate values.

For quantitative analysis, from Fig. 2 and Table 2, it can be seen that Swebrec PSDs
almost completely fit the obtained data from sieve analysis, with accuracies above 0.99
for all 6 blasting experiments. However, the mathematical mean particle sizes calculated
from PSDs are fairly different from that of sieve analysis, the more powder factors, the
higher the differences, from 6.653% for q = 0.6 (kg/m®) to 19.130% for
q = 2.1 (kg/m®). Basically, this is consistent with the actual law when a large powder
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factor increases comminution, causing more fine grain, which is hard to accurately
analyse with low-resolution sieves.

From Fig. 3(a), it can be seen that the relationship g - b is a monotonic non-
decreasing function, meaning that the higher the coefficient b, corresponding to the PSD
in Fig. 2 is more skewed to the left, the larger the powder factor g, this is opposite of GGS
distribution which was previously indicated [26]. Fig. 3(b) shows that the relationship
g - Dw is a monotonic non-increasing function, meaning that the higher the powder
factor g, the lower the mean particle size Dw, and vice versa. In addition,
Table 3 and Fig. 3 also provide predicted information when the value range of b lies into
the closed interval from 1 to 4, the value of q fluctuates between 0.41 to
2.60 (kg/m®). Similarly, Table 3 and Fig. 4 provide information about the relationship
Duw - b, indicating that b increases when Dy, decreases, with the value range of Dy lying
in the interval between 10 and 58 (mm).

Table 3. Summary table of value range for 3 blasting parameters b - g - D

The range of b values The range ofsq values The range of Dy values

(kg/m?) (mm)
1.00 0.411 58.098
1.25 0.632 48.784
1.50 1.739 20.383
2.00 2.090 15.454
2.50 2.278 13.325
3.00 2.416 11.946
3.50 2.529 10.929
4.00 2.625 10.130

5. Conclusion and recommendation

The mean particle size of a muck pile after blasting is a crucial criterion for evaluating
the quality of an explosion. The article established a method determining PSD under the
Swebrec function form of a muck pile after blasting and also predicted the value range of
blasting parameters b - q - Dw based on the original range of 1 <b <4 [30]. The obtained
mean particle sizes Dw between PSDs and sieve analysis have differences from 6.653%
to 19.13%, showing that grain size plays an important role in the total particle distribution.
The obtained PSDs with the input data taken from sieve analysis fit completely, with all
R? values above 0.99. All obtained relationships, in addition to having R? values greater
than 0.98, also have predictive significance. Moreover, all output results can be explicitly
calculated from equations (4) to (10) interpreted in the article without any prior
knowledge of machine learning techniques for usage by all mining engineers. Besides,
the methodology presented in this article can be reused to establish regression curves that
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best fit with data in terms of mathematical optimization under a prescribed function, this
can be considered as an interesting direction in experimental blasting research.

All calculations in this article are modulized as a package with Python programming
language, it is considered as a solver with the input data taken from sieve analysis, including
the average sieve size x, percentage passing through at particle size x, P(x), and powder
factor g. The output includes parameters such as Swebrec PSD and its exponential
coefficient b, mean particle size Dw, and pair relationships among 3 parameters b - g - Di.
The results of this article can help mining engineers quickly evaluate the quality of an
explosion, reasonably calibrating parameters to improve the quality of rock breaking as
desired in the case study of blasting 6-surface specimens.

Recommendation: This solver can be applied not only to the input data taken from
sieve analysis, which takes much time and effort to obtain but also to a digital image of a
muck pile after blasting that fragments can be automatically segmented.
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MOT CACH TIEP CAN BE XAC PINH VA DU POAN CG HAT
TRUNG BINH CUA BONG DA SAU NO THEO QUY LUAT PHAN BO
CO HAT SWEBREC DUA TREN DANG LUGNG NO BON HINH CAU

VOI QUY MO PHONG THI NGHIEM
Vii Tung Lam?, Vii Bic Hiéu!, Vii Xuan Bang?
Wién Ky thudt cong trinh dac biét, Truong Pai hoc Ky thudt Lé Quy Pén
2Binh chiing Cong binh

Tom tit: Trong quy trinh san xuat tai cac mo 19 thién, thi cong dudng him hay dao ludng,
lam toi dat da toi mot ¢& hat phi hop 1a mét trong nhitng khau cdng nghé dau tién, anh huong
truc tiép dén hiéu qua cua cac khau tiép theo trong quy trinh tong thé khoan - n6 - bdc x(c - van
tai. Hién tai, phuong phap khoan - né min van la mét giai phap hiéu qua trong nganh. Tuy nhién,
viéc diéu khién cac tham s6 né min dé thu duoc ¢& hat trung binh phu hop 12 mot cdng viéc khé
khan khong chi vgi cac ky su mo ma con véi nhitng nha khoa hoc trong nganh. Do do, véi quy
md phong thi nghiém, nghién ctru nay thuc hién 6 thi nghiém nd dua trén dang lwong né don hinh
cau vai chi tiéu thudc nd khac nhau trén cing mot diéu kién mau, sau do xay dung cac phuong
trinh xé4c dinh truc tiép quy luat phan b c& hat Swebrec thdng qua dit liéu dau vao tir phan tich
sang, tir d6 xay dyng ting cap quan hé giita cac tham sé nhu hé s mii ciia ham Swebrec b, ¢& hat
trung binh Dy, va chi tiéu thuc nd g. Két qua cho thiy ham phan phéi gan nhu khép hoan toan
v6i s6 ligu thi nghiém, tt ca 6 bo dit liéu déu c6 hé sé xac dinh R? 16n hon 0,99. Céc cap quan hé
giita b, Dw, q Ngoai viéc déu c6 hé sé xac dinh R? 16n hon 0,98, con mang ¥ nghia du doan. Cac
tinh toan dugc mod dun hoa bang ngdn ngit 1ap trinh Python dé sir dung nhu mot géi. So véi cac
phuong phap khac hién c6, két qua ciia bai bao ¢ thé gitip danh gia nhanh chat luong mét vu nd,
hiéu chinh cac tham s né phu hop dé thu dugc mirc d6 dap vé dit da theo y mudn ma khong yéu
cau kién thirc vé hoc may, thong ké.

Tir khoa: Mie dé dap vé dat da; phan phai cé hat (PSD); ham Swebrec; dap vun; cé hat
trung binh.
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