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Abstract :

bonizing the blasting techniques has emerged as a pivotal challenge. The effectiveness of rock fragmentation critically

Given the pressing demand for eco-friendly and low-carbon development in mining operations , decar-

determines the ore size distribution, thereby exerting a decisive influence on the energy requirements of subsequent
processing stages. Using Chengchao Iron Mine as a case study, this study developed a stope production carbon emis-
sions model that quantitatively correlates Dy, particle size with critical operational parameters,including drilling pow-
er consumption, blasting explosive usage,and haulage equipment energy demand. By integrating carbon emission co-
efficients for associated energy and materials, the research systematically quantified process-wide carbon emissions
influenced by fragmentation performance,ultimately determining 32.55 cm as the optimal Dy, particle size for mini-
mizing carbon emissions. Subsequently, sixteen groups of orthogonal experiments were designed by varying blasthole
length , stemming length,and toe spacing. A fluid-solid coupling algorithm was implemented to characterize the dy-
namic constitutive behavior of formations. Building on this foundation, ANSYS/LS-DYNA simulations were conducted
to analyze the distribution of blast-induced fractures across various design schemes. Grayscale processing and binari-
zation were applied to simulated fracture patterns to enhance rock block boundary contrast, followed by an adaptive
multi-scale Canny algorithm for precise extraction of fragment-fracture interfaces. Finally, the boulder yield, fines
fraction, and Dy, particle-size distribution for each experimental configuration were statistically analyzed to enable
precise calculation of associated carbon emission intensities. Simulation data analysis reveals that carbon emissions
across the 16 schemes range from 1.4391 kg CO,/t to 1.6296 kg CO,/t,with a pronounced inverse relationship be-
tween the oversize fragment proportion and fine ore generation efficiency. Subsequently, a fragmentation prediction
model was developed using a PSO-ELM algorithm based on the experimental datasets. The NSGA-II optimization
method was employed to refine blasting parameters, yielding an optimal configuration that simultaneously minimizes
carbon emissions and enhances fragmentation performance:a 166 m blasthole length,a 21.6 m stemming length , and
a 2.0 m toe spacing. This configuration achieves a carbon emission intensity of 1.43617 kg CO,/t,with an oversize
fragment ratio of 18.83926% and a fine ore production rate of 17.28788% . The results confirm that the developed
collaborative optimization approach substantially reduces whole-process carbon emission intensity during stope pro-
duction while maintaining consistent operational efficiency. This research provides both a measurable technical frame-
work that combines sustainable transformation with intelligent control to achieve the “dual carbon” target and action-
able implementation guidelines for industrial practice.

Key words: rock fragmentation; blasting parameter optimization; carbon emission reduction; multi-objective

optimization; orthogonal experiment
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Fig. 1 Standard blasting hole charging scheme
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Table 1 D, particle size and rock
drilling power consumption

WA A7 1 5 FEHL

Power consumption for rock drilling

Do S

Dy, particle

size/cm per ton of ore/(kWh « t™")
29.2 0.63
30.8 0.60
31.4 0.59
32.0 0.58
32.8 0.55
33.8 0.53
35.2 0.52
35.8 0.51
36.6 0.50
38.4 0.48
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Table 2 D, particle size and explosive
consumption for blasting

PR A 1 FE2Y i

Explosive consumption

Dsy B

Dy, fragment

size/cm per ton of ore/ (kg + t )
29.2 0.529
30.8 0.507
31.4 0.495
32.0 0.465
32.8 0.454
33.8 0.444
35.2 0.449
35.8 0.424
36.6 0.394
38.4 0.386
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Table 3 D, block size and shovel-truck

electricity consumption

WA A 412 FE AL

Power consumption for shoveling and

DS()ﬁ%E

Dy, fragment size/cm . O
’ transporting per ton of ore/(kWh « t7)

29.2 1.980
30.8 1.944
31.4 1.926
32.0 1.908
32.8 1.944
33.8 2.016
35.2 2.142
35.8 2.196
36.6 2.268
38.4 2.394
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Table 4 D, Particle Size and transport
electricity consumption

WL 7 128 A P L
Power consumption for transporting
per ton of ore/(kWh - t7")

Dy JeJE

Dy, fragment size/cm

29.2 0.528
30.8 0.510
31.4 0.531
32.0 0.522
32.8 0.531
33.8 0.549
35.2 0.576
35.8 0.594
36.6 0.612
38.4 0.648

A1 2022 45y 724 S R HE AL A
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Fig. 2 Local relationship between Dy, particle

size of ore and total carbon emissions
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Fig. 3 LS-DYNA numerical model
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Table 5 Explosive materials and equation-of-state parameters

. MR D _ WA N RESE B
B wEp Detoln;tion K p In?tial lIgntm:al 0
= Density/ A/kPa  B/kPa R, R, w . Explosion )
Parameter i Velocity/ energy density/
(kg - m™) ) pressure/kPa .
(m-s™) (kJ-m™)
Bl Value  0.931 4.95¢"  1.89¢° 3.907 1.118  0.333 4160 5.15¢° 2.484¢°
)& bR, E BB % 3088 kg/m’ Y Y i

R TH-2 A R R PR T g i i i T /Y
SASITT R o BRI N MR AR R, 2R S
-V O AN R Y A TA DL E LI YARS =
R EHRAL o

R BRI RS , 7 B AR 4% 1wl [ 4 g

15 GPa JIAAAIL 0.25 (SEBESHIE WK 6) o ILAT,
BRAU PR SRR RL 04 ) 2 P TR S5 00N 5 BlA — 2K,
DASHE G b Ao 52 5 | A Y B AN RS 1, M 2 A5
BT RS S A R
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Table 6 Fundamental rock and ore parameters

5% W p RRECR K By ¢ EERIEE A
P = . Density/ Bulk modulus/ Shear Elastic Poisson’s A
arameter (kg -m™) GPa modulus/GPa  modulus/GPa ratio
HU{l Value 3088 32 15 39 0.25 0.86
Sk
U N B M C D, D,
Parameter
HUE Value 0.63 0.29 0.63 0. 006 0. 006 0.8

2.3 EXFIEIEIT
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T PCRREIE SR S R A K P BT, AT 51 A

UKL XRR P HEAT AL B BRI S R
B HEIKF (27. 1 m) H5HZFE € A E MK
(2.0 m) 7350 JLE PO A JE UK P IE &S 36,
W T, EKBERUE T S5 A IE S, A FR
16 4lls P T ARS8 S AR E T
Olo HMARIEASSR I 2% 8,

#7 AREZE&KERE

Table 7 Values of different factors at each level

2 JLALCEE (I E 4) IMIERE(HER B) FUREE(HE ©)
F /l\ Blasthole length blockage length Hole bottom distance
actor
acto (Factor A)/m (Factor B)/m (Factor C)/m
A 153,160,170 ,177 21.6.27.1.32.6 2.0.2.2.2.4

Value at each level
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Table 8 Orthogonal experimental parameter setup

[K1Z& A Factor A

45 Number

A £ B Factor B K& C Factor C

K- Level {H Value K Level {H Value K Level {H Value
1 1 153 1 21.6 1 2.0
2 1 153 2 27.1 2 2.2
3 1 153 3 32.6 3 2.4
4 1 153 4 27.1 4 2.0
5 2 160 1 21.6 1 2.2
6 2 160 2 27.1 2 2.0
7 2 160 3 32.6 3 2.0
8 2 160 4 27.1 4 2.4
9 3 170 1 21.6 1 2.4
10 3 170 2 27.1 2 2.0
11 3 170 3 32.6 3 2.0
12 3 170 4 27.1 4 2.2
13 4 177 1 21.6 1 2.0
14 4 177 2 27.1 2 2.4
15 4 177 3 32.6 3 2.2
16 4 177 4 27.1 4 2.0
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BN 5 4 BRI R SR EI (K 4) o Hrpg
g K T 600 mm [ 8 £k K B, B S /N T
50 mm A,
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JrT 16 2H 7 Z IR PR S Hy i 3R 5 00 i 2 S ) 5C
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Fig. 4 Simulation results of each scheme and particle size distribution
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Table 9 Blasting performance and carbon emission statistics
G RS PN S Dy B T HETL
Number Fine Ore Rate/% Oversize ratio/ % Dy, particle size/em  Carbon Emission/ (kg CO,/t)
1 17.11 20.76 36.13 1.5503
2 16.09 21.38 36.96 1.5876
3 12.58 27.72 39.47 1.6296
4 17.03 21.24 36.03 1.5451
5 18.33 18.98 34.60 1.4722
6 18.67 17.28 34.63 1.4734
7 19.37 19.88 36.41 1.5642
8 21.52 18.35 34.25 1.4592
9 22.34 18.58 30. 80 1.4465
10 19.37 18.56 34.14 1.4557
11 20.98 17.79 31.57 1.4391
12 22.23 18.69 35.23 1.5020
13 29.92 11.57 28.23 1.4761
14 29.30 13.29 30.09 1.4546
15 22.23 15.84 28.83 1.4694
16 25.85 15.10 31.05 1.4439

3 ETHAFMNERSHMNN

3.1 EF PSO-ELM #ohk 2 | 4 £y

KA HIERE fLIEHLD) 5 AARAZ i CRBLR B

%’E\Dsoﬁ%}_g> o

XFRAS 16 41 Ko H LA BE LS 43 1) T 208 =

(1) Fdla sk 21 80% 1Rl ZREE ,20% 11 2 P34 , I R o 12 4
MRS B B E AU Sl R 236 10 Fronge X, 808 4 U8 . W rf Bl gt 470 —1k
etk B A T A R R AR R (L AbPE
x10 HIRE&E
Table 10 Dataset
e BAKE  HEKE  AURE K BE DB
Number Blasthole Stemming Hole bottom Boulder Fines Dy, fragment

length/m length/m distance/m yield/% ) fraction/ % size/cm

1 153 21.6 2.0 20.76 17.11 36.13

2 153 27.1 2.2 21.38 16.09 36.96

3 153 32.6 2.4 27.72 12.58 39.47

4 153 27.1 2.0 21.24 17.03 36.03

5 160 21.6 2.2 18.98 18.33 34.60

6 160 27.1 2.0 17.28 18.67 34.63

7 160 32.6 2.0 19. 88 19.37 36.41

8 160 27.1 2.4 18.35 21.52 34.25

9 170 21.6 2.4 18.58 22.34 30.80

10 170 27.1 2.0 18.56 19.37 34.14

11 170 32.6 2.0 17.79 20.98 31.57

12 170 27.1 2.2 18. 69 22.23 35.23

13 177 21.6 2.0 11.57 29.92 28.23

14 177 27.1 2.4 13.29 29.30 30.09

15 177 32.6 2.0 16.05 23.05 29.20

16 177 37.1 2.2 15.10 25.85 31.05
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Table 11 Evaluation metrics of the model

H #rZ5 & Target variable MSE RMSE R
KHe% Boulder yield 0.9787 0.2293 0.4788 0.9577
#3 W Z Fines fraction 0.9573 0.9591 0.9794 0.8221
Dy, g Dy, fragment size 0.9912 0.1093 0.3306 0.9892
8 m ZXE S - éﬁgmr 2 3.0 = 22 Error 45
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(a) Prediction results of oversize ratio

(b) Prediction results of fine ore rate

(c) Prediction results of Dy, particle size
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Fig. 5 Predicted values and errors of the model

FH RS r s 25 S mT g0, ZESE i, BT AR
WAL 1% , iX F B] PSO-ELM i i £5 A 4 fig
BLAE , FKS . ©0 AR R R BREEIT 1 T 50 R
-, i MSE \RMSE /) 1 25 S8 -, i 22 ] 40,
PSO-ELM #HUf# AR 5 R* 3935307 1,3 F& BAR Y 1)
UG RETT 5z L hE J1 58 , MSE 5 RMSE #B%¢ /)N, iX
F R RY T 25 A U, 1R 22/

3.2 E-F NSGA-I fyRFE Sk

RS R B HERCH S AR B AR,
AR A B bR R B LS AR

(1) BAreR%L

1) R/, i X

min f,(L,L,,d) (9)

AKrf: f5(L, L, d) RIS L AR L,
MG K d AL, it 2 4 S iy PSO-
ELM sl BT 38 oo 85 LK B, 3 2K, FLIS

FRASH R P
2) By A/ I A
min f,(L,L,,d) (10)
b fL(LL Ly, d) R
3) e RN, R 5
min f,(L,L,,d) (11)

K fo (L, L, d) RERHER . W2 2
PSO-ELM 55 784 BV m 3 2 g FL A B2, 3% ZE K
FLIRFEAR 2] Dy Y, Tl A 6 THAES i HEL

(2) 2y %A%

TER IR B ARSI, W5 CRUERRHE I, K=,
WA KT 0, AL B S ZE K, FLR R 1 Y
ST ZHARALIE A, B

f,(L,L,,d) >0
f.(L,L,,d) >0
fe(L,L;,d) >0



54

1

2026 46 H

Le[153,177],L,e[21.6,32.6] ,de[2.0,2.4]
R UER A U S B0 0 25 R R, LR
7 v 16 YOk A k0 1) B Y B R R T R R
TSHOAE, L B 1 m BUE L, % 0.5 m BUE,d
R 0. 1 m HRU{H , 3% 12 R & S 8UBUE M 8o, T2l
Y 2875 4RI T % o

® 12 FNSHEENH

Table 12 Number of values for each parameter

S Parameter L L, d
1% /J]ME Minimum value 153 21.6 1.7
5% RAE Maximum value 177 32.6 2.1

AN Number 25 23 5
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Fig. 6 Pareto scatter plot
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Fig. 7 Relationship between different objectives
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Table 13 Optimal blasting parameters and metrics

L L d BRHERL KPR L
! Carbon emission Boulder yield Fines frction
166.0 m 21.6 m 2.0m 1.43617 kg CO,/t 18. 83926% 17.28788%
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