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ABSTRACT

This study aims to develop an optimal machine learning model for predicting the specific
charge of cut holes in tunnel blast design using data collected from 18 tunnel sites in South
Korea. Input variables included round length, number of charge holes per area, excavation
section coefficient, cross-sectional area, maximum and minimum spacing of cut holes, cut
method type, explosive type, RMR, maximum overburden depth, and rock type. Nine different
machine learning models were applied and compared: Linear Regression (LR), Lasso
Regression, Ridge Regression, Support Vector Machine (SVM), K-Nearest Neighbors (KNN),
Random Forest (RF), Light Gradient Boosting Machine (LightGBM), Histogram-based
Gradient Boosting (HGB), and Artificial Neural Network (ANN). The Random Forest model
showed the best performance with an R? of 0.852 and RMSE of 0.082 on test data. Variable
importance analysis using SHAP (SHapley Additive exPlanations) revealed that cut method
type was the most influential factor (Mean Absolute SHAP Value: 0.1627), followed by
minimum spacing (0.0393) and maximum spacing (0.0170). In contrast, maximum over-
burden depth (0.0041), RMR (0.0045), explosive type (0.0029), and round length (0.0008)
showed relatively low importance. The developed model can be utilized to predict optimal
specific charge under various geological conditions in tunnel sites, significantly enhancing the
efficiency and safety of tunnel construction projects.

Keywords: Tunnel blasting, Specific charge, Cut hole blasting, Machine learning, Variable
importance analysis
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Table 1. Review of machine learning applications for specific charge prediction

Model developed by Parameters considered in models

Applied machine learning model

Tunnel orientation
Major discontinuity
Secondary discontinuity
Rock Strength

RQD

RMR

Jong and Lee(2004)

ANN

P-wave velocity
RQD

Tunnel area
Coupling ratio
Blast hole depth

Alipour et al.(2012)

MVLRA

Max. Depth

Tunnel area
Alipour et al.(2021) ucs

RQD

Coupling ratio

SVM

RMR

Blastability index
Porosity

Specific gravity

ucs

Drilled-hole diameter

Adesida(2022)

MVLRA

Rock mass class
Road type
Excavation area

Kim et al.(2022)

XGBoost

RMR

Bulk density

Rebound hardness value
P-wave velocity

RQD
Burden-to-Spacing ratio

Taiwo et al.(2024)
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Table 2. Statistical summary of numerical variables for specific charge prediction model

Type Variables Unit Mean Std Max Min
Round length m 1.98 0.90 3.50 1.0

Excavation section coefficient 1.54 0.24 2.04 1.23

No. of charge holes per area holes/m’ 1.79 0.28 2.99 1.41

Input Cross sectional area m 67.8 12.6 88.6 46.2
Max. Overburden depth m 78.7 73.4 471.9 13.3

Max. Spacing mm 1622.7 400.3 2500.0 735.0

Min. Spacing mm 503.2 181.4 950.0 201.0

Output Specific charge kg/m® 1.65 0.85 4.18 0.53
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Fig. 2. Relationship between rock grade and main design parameters for tunnel blasting
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Table 3. Feature values for One-Hot encoding

Features Categorical values
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E24%1 Hlolg 4o] 7FsSHh(Kwon et al., 2022). T3t e RUSS SE5I=H, Hl%(Bagging) 718& AMSSh=
Random Forest (RF)2} F-2&(Boosting) 7#H-& AF8-1= Light Gradient Boosting Machine (LightGBM), HistGradientBoosting
(HGB)& A-8513ith. o5 Rl ofe] Bdlo] AvtE Ao 4 Rdir o 9431 o5 4352 HRIth RF= Hlo]E o] B
{F FLZof W4 7o) A2 AJe 2H8-& 1ol 2ol Hd oA 7Hs/d-S 015 (Hong et al., 2024), LightGBM,
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1

HGBeF 2 FAR 7|4 HEl S0 52211 sk55--59f] ot Sh57 52 ARlole] LF/-E HXA 02 Zof thy o] v & 9
FOHe S - ettl(Freund and Schapire, 1996). BFAEO &, Q1A 714TE] Artificial Neural Network (ANN) &2 S8
SIS ANN2 tp0] e 55 glet o8] 55 At [85to] B v PAIE Shashal o5 e
5 =9ItKLee et al., 2022).
2dl ok5a B7HE ffsll A HloletE -’é;%i dlolEl(70%) 9t A1 ElolEl(30%) & Uiro] BAglon, Te]t A2|(Grid
Search) 7155 88510 Table 4} o] HE=0] sto]mujehn|elE 24510 A'5-& 2|28kt Grid Search= A= A
3% stolwultu|g 37k E7 l"i*‘?—@%@] ‘:HEH 7Vt e 2ok Tlsto] 2|2 0] 2ohS 2, A ko) iE S HE A
A o 2 Hrlsh= 71§ o]tk Liashchynskyi et al., 2019). ZF R FQ slo|mjulatn|ef= thaa} 2t} Lasso?} Ridge ol A=
T 5 ZAok= alpha s 2451310, SVMollX= Z37A1A9) 1HAS AAok= et Hlold E2lE 91t kernel= A5
KNNeOJA = glo]g] BR79] 7|F0] E= X274 o] 4n_neighbors) S ZA5ITE RFIAE o] 7i4xn_estimators)2} 2
o](max_depth)E, Light GBMOIA+= 85 £ (learning_rate)2}t 2] 7H4x(n_estimators), HGBOA+= HEE: Sl4x(max_iter)
@} 855 & (learning_rate)S ZASIATE ANNOA = 245-9] F7|(hidden_layer sizes), 2 ¥(activation function), =

Y=-9] 7i<(layer number)E STt

_E
o
o_l%j
ffo
iy
i
o

Table 4. Optimal hyperparameters of machine learning models

Model Optimal hyperparameters
Lasso alpha: 0.001
Ridge alpha: 0.1
SVM C: 1, Kernel: linear
KNN n_neighbors: 3
RF max_depth: 10, n_estimators: 100
LightGBM learning_rate: 0.1, n_estimators: 200
HGB learning_rate: 0.1, max_iter: 200
ANN hidden _layer sizes: (50, 50), activation function: Relu, n_layers: 3

ERL A Hlols AEZE A2 A9 IS 4 Qe AT B7He] A2V AskE Hetshr] fldll 53 WAl 5(5-fold cross
Validation)= 534519t o= Hlo]ElE 5709 E(fold) 2 Une 7, ZF 255 3 ¥4 A5 tlo]e| 2 ARgotal L] 4719 &
T 8o Aok ol

o] At Wyl= A AL Coefficient of determination, R?)2} Bt AlE- 22K Root Mean Squared Error, RMSE)S &
Bolsich. 2A= Rdo] &3t glo] A Hlole] o] 4kE Aoh= H S UehiiH, 16 77Fe4-5 o5 Ase] 43ts
oufett}. Pt AR @Ak= IS AARE Atolo] @ARE UERliH, gho] 228 HElo] oS A7t w22 ofuRith
Fig. 4= 9] Hlof8| o] A2 H mileld dae)E 28 9 A Bl ol2= 4| 24 T a5 Holwr
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Raw data

[= Missing
A4

data removal

- Missing data removal
v

RMR

Categorical Data

Numerical Data
Round length

Blast cut type No. of charge holes per area
Type of explosives Excavation section coefficient
Rock Type Cross-sectional area

Max. Overburden depth
Max. cut area spacing
Min. cut area spacing

One-Hot Encoding—]

[=Min-Max Scaling

A 4 A4
Data Set Split
Train set

Train set Train set Train set

Train set Train set Train set Train set

Train set Train set Train set Train set

Train set Train set Train set Train set

Train set Train set Train set Train set

- 5-fold cross validation, Grid Search

v

Machine learning algorithms

| LR |[Lasso || Ridge |[ SVM || KNN |
| RF || LGBM || HGB || ANN |
I

| Performance evaluation RZ and RMSE |

Fig. 4. Framework of machine learning analysis for specific charge prediction

4, 22t L E°

4.1 SR OE s

Table 5= HPgoFF I52 9Ieh wileld HEE2] 54 wat 45 A Hojerh 7F Belo] Ad5-2 2 AKR?) 2 Bt Al
S @ ZHRMSE) &2 B 51

BrE|9 o, 7 x| Eo] W BEHALE ) Bl o= H‘—J} 1HAS B
W o] AL v Al 7HA] 71E0 & B sISink A, HIAE Hlo[efoflA o] o= A =

O Grlech 4, REo| YA O, o] = R*FRMSES] #FHALE Fofl B7HHrh ’91141, =3 Hlo]E 2} H|IAE Hlo]E 7t

‘s Aol =, oli= B o] dHte} -5 LRt

WAFE 79t HE(RF, LightGBM, HGB)-2 th2 K S0 H]3]

Elof|A] 7 =2 R%(0.852) 2} 7P & RMSE(0.082) 2 7| 231

0.020)F Ko 52| QP StH ST ERTRFO] &

ARt o 2 245t & 52 BILE ES| RFEHIZAE tﬂ°1
S Hatoha}, EZHAKR?] 749 0.076, RMSE2] 7
& glo]E|(R? 0.985)2} HIAE Ho[E|(R* 0.852) 7+ *é—‘a—i}ov}t}%

Y2 BEETH|wot] At S -FAlo, THE glo] F2 YRS e-S HolFelt. HGBE HIAE Ho[Ejof|A 2] R
710.846, RMSE”}0.085 % F A 2 9451 A5-S H 9 0™, LightGBM-2R? 0.840, RMSE 0.086.0.2 A HIA2 95 Al
= HERT
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Table 5. Cross-validation results of machine learning models for specific charge prediction

Model Fold Train R Train RMSE TEST R? TEST RMSE
1 0.756 0.109 0.743 0.127
2 0.745 0.114 0.755 0.114
R 3 0.800 0.107 0.346 0.141
4 0.770 0.109 0.651 0.133
5 0.742 0.114 0.785 0.111
Avg £ Std 0.763 +0.023 0.111 +0.003 0.656 + 0.180 0.125+0.013
1 0.744 0.112 0.728 0.130
2 0.733 0.117 0.764 0.112
Lasso 3 0.789 0.109 0.361 0.141
4 0.758 0.112 0.687 0.126
5 0.727 0.117 0.799 0.107
Avg + Std 0.751 +0.025 0.113 +0.003 0.668 + 0.177 0.123 £0.014
1 0.755 0.109 0.740 0.128
2 0.744 0.114 0.755 0.114
Ridge 3 0.797 0.108 0.383 0.138
4 0.770 0.109 0.655 0.132
5 0.737 0.115 0.810 0.104
Avg £ Std 0.761 + 0.024 0.111 +0.003 0.668 + 0.169 0.123+0.014
1 0.734 0.114 0.739 0.128
2 0.722 0.119 0.713 0.123
3 0.775 0.113 0.347 0.142
SWM 4 0.746 0.115 0.675 0.128
5 0.707 0.122 0.798 0.108
Avg + Std 0.737 + 0.026 0.117 + 0.004 0.654 +0.178 0.126 £ 0.012
1 0.879 0.077 0.763 0.122
2 0.874 0.080 0.725 0.121
3 0.893 0.078 0.367 0.140
KNN 4 0.875 0.081 0.780 0.105
5 0.855 0.086 0.716 0.127
Avg £ Std 0.875+0.013 0.080 + 0.003 0.670 +0.172 0.123+0.013
1 0.997 0.034 0.933 0.065
2 0.983 0.030 0.835 0.093
RF 3 0.978 0.036 0.809 0.077
4 0.988 0.026 0.758 0.110
5 0.980 0.032 0.926 0.065
Avg + Std 0.985 + 0.008 0.031 + 0.004 0.852 +0.076 0.082 +0.020
1 0.959 0.045 0.903 0.078
2 0.970 0.039 0.853 0.088
Light 3 0.966 0.044 0.806 0.078
GBM 4 0.977 0.034 0.726 0.118
5 0.967 0.042 0.914 0.070
Avg £ Std 0.968 + 0.007 0.041 + 0.004 0.840 + 0.077 0.086 +0.019
1 0.963 0.042 0.906 0.077
2 0.973 0.037 0.836 0.093
3 0.971 0.041 0.830 0.073
HGB 4 0.980 0.033 0.745 0.113
5 0.970 0.039 0.913 0.071
Avg + Std 0.971 + 0.006 0.038 + 0.004 0.846 + 0.068 0.085+0.018
1 0.774 0.105 0.715 0.113
2 0.753 0.112 0.624 0.141
3 0.804 0.106 0.359 0.141
ANN 4 0.768 0.110 0.685 0.126
5 0.763 0.110 0.754 0.119
Avg £ Std 0.772 +0.019 0.108 + 0.003 0.627 +0.157 0.128 £ 0.013
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AR A9 319 BYEELR, Ridge, Lasso)?F SVM, KNN, ANN-> V= 75F RdlSof Hlof| dojd o U2 JsS B
S}, o= uleleF 2 Bl U MRS opE Relsel o 2 ek rho 2 Hekd)

A rEl2 A= Random Forest Z&Q] BRI FF of| = A8 A|Z1glst AR o[t} o]

H 4 slo]mu}2tu]|E|(max_depth: 10, n_estimators: 100)E 2851 4| dlo[gAl(E do|e]e} HlA
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Fig. 5. Comparison of actual and predicted specific charge using random forest model
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