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Abstract 11 

Achieving a balance between effective rock fragmentation and the mitigation of hazard- 12 

ous flyrock (front-row throw effects) is a persistent challenge in open-pit bench blasting. 13 

This study investigates the influence of vertically positioned air-deck charges on explosive 14 

energy distribution and rock damage evolution. We propose the Decking-Rhodes Param- 15 

eter (DRP) as a novel, normalized characterization index for air-deck positioning to re- 16 

place qualitative descriptors. Using a coupled Particle Blast Method (PBM), Finite Element 17 

Method (FEM), and Smoothed Particle Hydrodynamics (SPH) numerical framework, 18 

complemented by field monitoring at the Husab Uranium Mine, we evaluate the DRP’s 19 

performance across varying burden conditions. Results indicate that optimal energy uti- 20 

lization and fragmentation uniformity are achieved when the DRP ranges from 0.36 to 21 

0.73. Field applications confirmed that at DRP = 0.73, fragmentation met stringent grada- 22 

tion requirements while significantly reducing excessive top-bench throw. 23 

Keywords: Open-pit uranium mine; Air deck charge configuration; Particle Blast Method 24 

(PBM); Decking-Rhodes Parameter（DRP） 25 

 26 

1. Introduction 27 

The Husab Uranium Mine, situated in the western desert region of Namibia, is one 28 

of the world’s largest open-pit operations, utilizing deep-pit mining and advanced road 29 

development. With global uranium reserves ranking third, the project involves a massive 30 

total excavation volume of 2.1 billion tonnes. The annual production target is approxi- 31 

mately 140 million tonnes, primarily focusing on leucogranite-type ore extraction. In this 32 

context, high-bench blasting has become essential to accommodate large-scale drilling and 33 

loading equipment, reduce stripping costs, and maximize economic returns [1]. Further- 34 

more, optimizing energy partitioning in high-bench blasting is critical for improving frag- 35 

mentation efficiency and ensuring operational safety. 36 

In conventional bench blasting, only 20%–30% of the explosive energy is effectively 37 

utilized for rock fragmentation; the remainder dissipates as parasitic energy in the form 38 

of ground vibrations, near-field over-comminution (pulverization), and hazardous fly- 39 

rock [2]. To mitigate these adverse effects and enhance energy efficiency, researchers have 40 

extensively investigated shockwave dynamics within air-decked charge configurations 41 

[3]. Engineering practice has confirmed that air-deck structures can regulate the pressure 42 



 

pulse, optimize fragmentation distribution, and control rock ejection trajectories [4]. How- 43 

ever, as bench heights increase to 12–15 m to accommodate larger equipment, maintaining 44 

blasting quality while reducing costs remains a significant technical challenge [5–7]. 45 

Previous research has explored the mechanisms of air-decked blasting from various 46 

perspectives. Kabwe [8] proposed that shockwave oscillations within the air gap enhance 47 

the integrity of the surrounding rock, a finding validated by fragment size distribution 48 

analysis. Jhanwar and Jethwa [9] demonstrated that air-deck charges significantly reduce 49 

both fines and boulders, noting that fragmentation is directly influenced by the air gap 50 

length. Fourney et al. [10] observed that in top-air-decked configurations, shockwaves re- 51 

flected from the stemming can prolong the pressure duration by 2 to 5 times compared to 52 

fully coupled charges. This suggests that optimal gap length is achieved when the re- 53 

flected wave peak pressure exceeds the rock’s failure criteria. Further studies by Yang et 54 

al. [11] identified optimal directional fracturing at air gap ratios of 33.3%–50%, while Sa- 55 

haran et al. [12] and Roy et al. [13] emphasized the strategic combination of air gaps and 56 

stemming to control fumes and enhance energy utilization. Roy et al. [13] successfully 57 

applied air deck technology in an Indian underground coal mine, enhancing blasting ef- 58 

fects and controlling fumes. Wang Desheng et al. [14-16] established preliminary burden- 59 

average fragmentation size relationships through model tests. Li Xianglong et al. [17-21] 60 

demonstrated a positive correlation between bench height and throw ratio at Bayan Obo 61 

West Mine. 62 

In practice, the nonlinear distribution of the burden along the borehole depth often 63 

triggers flyrock hazards [22]. Traditional coupled charges lead to excessive energy absorp- 64 

tion in the proximal zone, causing over-pulverization near the borehole [23]. To address 65 

this, air gaps are essential for moderating peak pressures [24]. While existing studies con- 66 

firm the reliability of air-decking for fragmentation, there is a distinct lack of research re- 67 

garding real-time, stratum-specific rock movement and damage propagation. Further- 68 

more, the absence of unified criteria for air-deck positioning—traditionally described 69 

qualitatively—hinders the development of precise detonation product flow models. Chen 70 

Shouru et al. [25] studied explosive energy distribution in air deck structures. Ding Chenxi 71 

et al. [26] analyzed energy release rates using fractal damage theory. Zuo Jinjing et al. [27] 72 

showed inverse proportionality between decoupling coefficient and rock damage. Yang 73 

Guoliang et al. [28] investigated directional fracture mechanisms. Zhu Hongbing et al. [29] 74 

derived stabilized pressure equations. Wu Liang [30] confirmed inverse correlation be- 75 

tween air deck length and comminution zone size. Existing research validates air deck 76 

reliability but primarily focuses on post-blast fragmentation morphology, lacking analysis 77 

of stratum-specific rock movement and damage propagation. In numerical blast analysis, 78 

LS-DYNA addresses detonation-induced nonlinearities. Mitelman et al. [31] combined 79 

FEM-DEM to simulate shocks obeying Rankine-Hugoniot relations. In numerical analysis, 80 

the integration of the Particle Blast Method (PBM) and Smoothed Particle Hydrodynamics 81 

(SPH) has enabled high-fidelity modeling of borehole detonation and gas-solid interac- 82 

tions under extreme conditions [32, 33]. This study addresses the aforementioned gaps by 83 

establishing a unified air-deck characterization method. Using a coupled PBM-FEM-SPH 84 

framework, we analyze damage patterns and rock velocity profiles across various air-deck 85 

positions. These numerical findings are subsequently validated through field monitoring, 86 

providing a robust theoretical and empirical foundation for advancing high-bench blast- 87 

ing technology. 88 

  89 



 

2. Characterization of Air Deck Position Parameters 90 

For air deck charge structures, as shown in Figure 1, the air deck length and position 91 

are two critical parameters that significantly influence detonation flow. Different charge 92 

structures typically employ the air deck ratio parameter (denoting the proportion of air 93 

deck length to total charge length) to characterize the configuration: 94 
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                             （1） 95 

where   is the air deck ratio parameter (air deck length to charge length ratio), 
1el  96 

is the lower charge length, 
2el  is the upper charge length, and 

al  is the air deck length. 97 

Quantifying air deck position has been challenging, often relying on qualitative terms 98 

like "upper," "middle," or "lower." This complicates theoretical calculations for optimal 99 

placement. We therefore propose the DRP – a normalized characteristic parameter for air 100 

deck position in bench blasting: 101 
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where j  is the Decking-Rhodes Parameter (normalized air deck position), 1h  is 103 

the borehole depth, 
2h  is the distance from collar to air deck center, and 

3h  is the stem- 104 

ming depth. 105 

From Equation (2), for any borehole depth, the air deck position is normalized to 106 

1 1j−＜ ＜ . When the air deck is located at the borehole bottom, the DRP always falls 107 

within 1 0j−＜ ＜ ; when positioned at the top, the DRP remains within 0 1j＜ ＜ ; at 108 

=0j , it corresponds to a central air deck charge where the air deck center coincides with 109 

the centroid of the charge segment. 110 

 111 
Figure. 1 Schematic of deep-hole air deck charge 112 

Substituting Equation (1) into (2) and expressing with charge length and air deck 113 

ratio coefficient yields the transformation: 114 
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From Equations (1) and (3): 116 
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From Equation (4), the relationship between the lower charge segment 1el , upper 118 

charge segment 2el , and air deck length al  is derived as given by Equation (5): 119 
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                         （5） 120 

When the air deck is located at the bottom of the charge segment, the charge segment 121 

remains entirely in the upper section 1 20, =e e el l l=  . Equation (3) then simplifies to: 122 



 

 ( )1j = − −                              （6） 123 

From Equations (3) and (6): 124 
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When the air deck is located at the top of the charge segment, the charge segment 126 

remains entirely in the lower section 
2 10, =e e el l l=  . Equation (3) then simplifies to: 127 

 1j = −                                   （8） 128 

From Equations (3) and (8): 129 
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                         （9） 130 

From Equation (4), when the air deck is at the bottom, always lies within (-1,0). Sim- 131 

ilarly, from Equation (6), for top air decks, the DRP in (0,1), rigorously validating Equation 132 

(0-2). Equation (5) demonstrates that for central air decks, any charge segment length can 133 

be expressed solely by the DRP and the air deck ratio parameter. Thus, the combined use 134 

of them provides complete and precise quantification of air deck geometry and position. 135 

Furthermore, Equations (7) and (9) show that for bottom/top air decks, charge length can 136 

be determined by the DRP and the length of air deck alone, rendering the DRP theoreti- 137 

cally redundant in such configurations. Alternatively, burden metrics can locate air deck 138 

positions (Figure. 2). 139 

 140 
Figure. 2 Burden distribution for different air deck positions 141 

In Figure 2, 
1h  defines the borehole depth, 

2h  denotes the distance from collar to air 142 

deck center, 3h  represents stemming depth, 1w  corresponds to the minimum burden 143 

within the charge segment, 
2w  indicates burden at air deck center, 

3w  signifies maxi- 144 

mum burden in the charge segment, a  marks crest burden distance, and   is the slope 145 

angle. 146 
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Based on the design concept of the air-deck charge structure (2), a core parameter is 148 

proposed to precisely define the spatial relationship between the charge interval location 149 

and the burden. 150 
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          (11) 151 

Similarly, the normalized parameter for the proposed DRP establishes the founda- 152 

tion for quantitative analysis of deep-hole air-deck charge detonation theory. 153 



 

3. Calibration and Experimental Validation of Numerical Simulation 154 

Parameters 155 

3.1 Calibration of RHT Constitutive Model Parameters for Alaskite 156 

The RHT constitutive model has been widely applied in projectile penetration into 157 

concrete and rock blasting simulations with satisfactory results. Among its 38 parameters, 158 

seven fundamental parameters can be determined through static mechanical tests: Den- 159 

sity, Shear modulus, Uniaxial compressive strength, Uniaxial tensile strength, Initial po- 160 

rosity, Tensile-to-compressive strength ratio, and Shear-to-compressive strength ratio. Ta- 161 

ble 1 presents the physical and mechanical properties of alaskite obtained from field tests 162 

at slope-cut locations 163 

Table 1. Physical-Mechanical Parameters of Alaskite 164 

Rock Type 
Density  

ρ (g/cm3) 

P-wave 

Velocity 

Vp (m/s) 

Tensile 

Strength 

t (MPa) 

Com-

pressive 

Strength 

c (MPa) 

Elastic 

Modulus 

E(GPa) 

Poisson's 

Ratio  

Cohesion 

C(MPa) 

Friction 

Angle 

（） 

Alaskite 2950 3170 7.84 159.65 24.16 0.238 21.52 53.77 

 165 

Six parameters govern strain rate effects, with partial parameters predefined by the 166 

model. Reference compressive 8 1c

0 3.0 10 ms − −=  . Reference tensile strain rates 167 
9 1t

0 3.0 10 ms − −=  . Failure compressive 2 1c 23.0 10 ms −=  . Failure tensile strain rates 168 
2 1t 23.0 10 ms −=  . Strain rate of compressive and tensile exponents calculated as: 169 
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                             (12) 170 

Hugoniot polynomial coefficients are 
1A , 

2A  and 
3A . EOS parameters are 

0B ,
1B , 171 

1T  and 2T , which satisfy: 172 
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                         (13) 173 

Where 1A , 2A  and 3A  are the Hugoniot polynomial coefficients. 
0c  denotes the 174 

bulk sound speed of the material at zero pressure. S is an empirical coefficient with lithol- 175 

ogy-dependent values as provided in Meyers' seminal work (Meyers, 1994): Marble: s = 176 

0.95; Granite: s = 1.2. The damage parameters D1 and D2 are initially set to 0.04 and 1 177 

respectively. The minimum residual strain at failure m

p  is related to damage and is taken 178 

as 0.01. The strength-related parameter crushP  represents the elastic limit pressure of the 179 

material, which can be obtained from crush 2 / 3cP f= . The tensile-compressive meridian ra- 180 

tio parameter Q and the Lode angle correlation coefficient B can be fitted to obtain Q = 181 

0.68 and B = 0.05. The failure surface parameters A and N can be obtained from the failure 182 

surface expression when *

0 r3P F≥ . When the material is under quasi-static loading condi- 183 

tions, rF  is taken as 1. Therefore, when *

0 r3P F≥ , the definition formula of the failure 184 

surface curve is as follows: 185 
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( )1/

f 0 1/ 3 ( )
N

NA P A   −= − +                          (15) 187 

( )0 1 3 c2 / 3P f  = +                               (16) 188 

f 1 3 c/ f   = −                                    (17) 189 

The triaxial confining pressure relationship is estimated from the uniaxial compres- 190 

sive strength based on the Hoek-Brown strength criterion. The pore pressure at compac- 191 

tion 
compP  is 6 GPa. The porosity index 

pn  is 3. The shear modulus reduction coefficient 192 

  is 0.5. The remaining four parameters are determined through debugging and set as 193 

follows: the compression yield surface parameter *

cg  is 0.53, the tension yield surface pa- 194 

rameter *

tg  is 0.7, the residual stress strength parameter 
fA  is 1.6, and the residual stress 195 

strength index 
fn  is 0.61. Some scholars have determined the order of influence of each 196 

factor through range analysis, obtaining that the compression yield surface parameter *

cg  197 

has the greatest impact on the numerical simulation results, while the minimum effective 198 

strain m

p  has the least impact. System parameters: the unit system parameter onempa is 199 

set to 0; Gruneisen gamma is set to 0; the erosion plastic strain is set to 2.0. 200 

3.2 Experimental Validation of RHT Constitutive Model Parameters 201 

Experimental specimens with dimensions of diameter D = 50 mm and height H = 100 202 

mm were prepared. A borehole of diameter φ = 3 mm and depth L = 70 mm was drilled 203 

axially. The charge consisted of lead azide (150 mg) packed in a thin plastic tube (2 mm 204 

diameter, 50 mm charge height), sealed at both ends with modeling clay (20 mm plug 205 

length). Detonation was initiated by high-voltage electric discharge via a 0.5 mm enamel- 206 

coated wire positioned at the borehole base. The borehole was stemmed with sand parti- 207 

cles bonded by cyanoacrylate adhesive. Post-blast failure patterns exhibited close agree- 208 

ment with numerical simulations. 209 

 210 
 (a) Post-blast specimen;                        (b) 3D simulation;   211 



 

 212 
(c) Top view of fractures;               (d) Simulated fracture network (top view). 213 

Figure 3. Experimental and numerical comparison of alaskite blasting 214 

The experimental model employed a bottom-hole initiation configuration. Following 215 

explosive initiation, the detonation wave propagated spherically outward from the origin. 216 

The shock wave advanced unidirectionally upward along the borehole axis. A portion of 217 

the shock waves, influenced by flow deflection angles, intersected near the initiation 218 

point. This interaction resulted in the formation of a localized high-pressure zone with 219 

pressures exceeding the detonation pressure, leading to significant damage, as illustrated 220 

in Figure 3(a). 221 

As detonation propagated upwards, the upper explosive charge experienced dual- 222 

directional flow dynamics during shock wave expansion. Consequently, X-shaped shock 223 

wave intersections formed both ahead of and behind the reaction zone due to the effects 224 

of shock wave flow deflection angles. 225 

Upon completion of detonation propagation, the shock wave reached the air deck 226 

section. With no further energy supplied by explosive reaction, the continuous explosive 227 

column and the air deck collectively formed a structure analogous to a Laval nozzle. The 228 

extremely high pressure within this air deck section generated a damage zone signifi- 229 

cantly larger than that observed within the explosive column itself. 230 

Subsequent shock wave reflection and transmission occurred at the interface between 231 

the air deck and the stemming material. Due to the high porosity of the loose stemming, 232 

a significant portion of the shock wave energy was consumed in performing compressive 233 

work on the stemming material. Simultaneously, shock waves propagating in the direc- 234 

tion opposite to the detonation front (originating from the detonation tail) and partially 235 

reflected shock waves from the stemming interface converged. This convergence formed 236 

a secondary high-pressure zone. 237 

However, energy dissipation through compressive work on the stemming material 238 

resulted in a lower peak pressure within this secondary high-pressure zone compared to 239 

the peak pressure observed at the bottom of the borehole. 240 

4. Establishment of Numerical Model 241 

4.1 Development of PBM-FEM-SPH Coupled Model 242 

For deep-hole bench blasting, the insufficient fragmentation in the stemming zone 243 

under reduced top burden conditions constitutes the primary factor necessitating in- 244 

creased air-deck length. Air-decks of identical proportional lengths at different positions 245 

exert distinct influences on the borehole periphery. The central air-deck configuration 246 

yields, minimum fractal dimension across cross-sections, higher coefficient of variation 247 

compared to full-column charges, and lower coefficient of variation than top air-deck 248 

charges. 249 

This charge structure generates fewer fractures and reduced damage in rock media 250 

while maintaining balanced damage distribution across profiles. Critically, blast-induced 251 



 

cracks propagating through the air-deck segment do not undergo abrupt reduction due 252 

to pressure decay. Consequently, numerical simulations investigated five DSP values 253 

(0.73, 0.36, 0, -0.36, -0.73) for vertical boreholes with a fixed decking ratio of 0.27. The cor- 254 

responding charge structures are illustrated in Figure 4. 255 

 256 
Figure 4. Schematic diagram of the numerical simulation model for the DSP 257 

4.2 Analysis of Velocity Variation on Slope Surface for Different Air-Deck Positions 258 

SPH particles are controlled through kernel functions. When displacement defor- 259 

mation becomes extremely large, calculations fail to converge and errors accumulate con- 260 

tinuously. When simulating rock mass damage, the damage magnitude keeps expanding 261 

under such conditions. As the original kernel functions become invalid under excessive 262 

deformation or displacement, only results within three times the detonation duration 263 

were selected for statistical analysis of rock mass damage effects. As the air-deck position 264 

lowers, the burden corresponding to the air-deck section gradually increases. Simultane- 265 

ously, the charge structure transitions to a central air-deck configuration. Using reverse 266 

initiation, pressure in the upper charge segment rapidly decreases due to rarefaction 267 

waves reflected from the air-deck section. Meanwhile, detonation wave flow from the 268 

lower charge segment significantly increases quasi-static pressure in the upper section. 269 

With simultaneous initiation of upper and lower charges, upper detonation wave drive 270 

compressed air downward. Detonation wave from upper and lower segments converge 271 

to form an interaction zone. Detonation wave from the lower segment reflect at the top 272 

stemming zone and flow downward. Under the combined action of upper and lower det- 273 

onation wave, stemming material ejects upward, causing rapid pressure reduction in the 274 

borehole. After reflection dynamics, detonation wave reflected from the top reach the hole 275 

bottom but cause negligible pressure increase in the lower borehole. This results from 276 

pressure reduction caused by ejected stemming material in the upper section and the high 277 

mass density of detonation wave. Following massive upward outflow of detonation wave, 278 

borehole pressure approaches atmospheric levels. 279 

 280 
(a) Completion of explosive detonation (b) Detonation wave to top (c) Slope surface 281 

bulge formation 282 

Figure 5. Velocity contour at cross-section for DRP =0.73j  283 



 

 284 
(a) Completion of explosive detonation(b) Detonation wave to top(c) Slope surface 285 

bulge formation 286 

Figure 6. Velocity contour at cross-section for DRP =0.36j  287 

 288 
(a) Completion of explosive detonation(b) Detonation wave to top(c) Slope surface 289 

bulge formation 290 

Figure 7. Velocity contour at cross-section for DRP =0j  291 

As shown in Figure 5, when =0.73j , the maximum free-face velocity (average ≈46 292 

m/s) occurs at the charge/air-deck interface. For =0.36j  (Figure 6), combined up- 293 

per/lower charge interaction with reverse initiation in the upper segment causes signifi- 294 

cant pressure reduction. The lower charge transfers more energy to rock fragmentation 295 

due to burden effects, resulting in markedly decreased slope surface velocity. For =0j  296 

(Figure 7), symmetric charge lengths with reverse initiation in the upper segment exhibit 297 

reduced pressure. However, the smaller burden in the upper section generates higher rock 298 

movement velocity (peak 58 m/s) at the slope surface. 299 

  300 
(a) Completion of explosive detonation(b) Detonation wave to top(c) Slope surface 301 

bulge formation 302 

Figure 8. Velocity contour at cross-section for DRP =-0.36j  303 



 

 304 
(a) Completion of explosive detonation(b) Detonation wave to top(c) Slope surface 305 

bulge formation 306 

Figure 9. Velocity contour at cross-section for DRP =-0.73j  307 

As shown in Figs. 8 and 9, when the DRP 
j  takes values of -0.36 and -0.73, the 308 

maximum free-face velocity (62 m/s) occurs near the upper charge segment where burden 309 

is minimal. Significant ejection effects are observed. Meanwhile, at the high-burden bench 310 

base beneath the air-deck, reduced borehole pressure results in insufficient fragmentation 311 

energy. The upper section with minimal burden experiences rapid fracture propagation, 312 

directing substantial blast gases toward rock ejection. Consequently, this leads to toe for- 313 

mation ranging from 0.5 to 1.6 meters in the high-burden lower region. Optimal decking 314 

parameters correlate directly with local burden magnitude: Larger burden corresponds to 315 

smaller 
j  and larger burden corresponds to smaller decking ratio. 316 

Under identical blast parameters, rock properties influence decking ratio selection. 317 

Comparative analysis of slope velocities across air-deck positions (Figure 10) demon- 318 

strates 
j ’s directional influence on energy evolution during blasting. For bench blasting: 319 

Smaller burdens require larger 
j  values, and reduced fragmentation energy is needed. 320 

Vertical borehole blasting exhibits smaller top burdens and larger base burdens. There- 321 

fore, 
j  values within the (0.36, 0.73) range effectively maximize explosive energy utili- 322 

zation. 323 

  324 
Figure 10. Slope surface velocity profiles for different air-deck positions 325 

Comparative analysis reveals that the DRP should fall within the (0.36, 0.73) range, 326 

while the peak specific impulse on the borehole wall remains concentrated at the hole 327 

bottom. Simulation results demonstrate that in vertical borehole air-deck blasting, the 328 

crushing zone near the borehole (caused by abrupt detonation pressure) is significantly 329 

reduced. The radial and axial fracture propagation zones are substantially expanded, 330 

thereby effectively improving explosive energy utilization efficiency. 331 

4.3 Analysis of Fragmentation Effects for Different Air-Deck Positions 332 



 

The final free-surface morphologies corresponding to various air-deck positions are 333 

presented in Figure 11. In deep-hole bench blasting with air-deck charges, the cavity po- 334 

sition significantly influences the flow dynamics of detonation wave within the borehole 335 

after explosive detonation, thereby altering the mechanism of explosive energy transfer to 336 

the near-field rock mass. Explosive energy acts on the proximal rock mass through multi- 337 

ple pulsed loadings rather than instantaneously as occurs in concentrated charge blasting. 338 

The air-deck functions as a regulatory mechanism by initially storing energy and subse- 339 

quently releasing it in discrete pulses. 340 

The explosive performance of air-deck charges fundamentally originates from the 341 

expansion of gaseous wave coupled with multiple interactions: shock waves within the 342 

air column, shock waves interacting with the stemming zone, and shock waves impacting 343 

the hole bottom. This phenomenon generates secondary shock waves that repeatedly load 344 

the near-field rock mass over extended durations. For the DRP (upper air-deck) and 345 

=-0.73j  (bottom air-deck), the bottom air-deck configuration exhibits extensive unfrag- 346 

mented zones at the bench base due to constraints imposed by the large burden, as illus- 347 

trated in Figure 11(e). 348 

 349 
（a） 0.73j =               （b） 0.36j =          （c） 0j =  350 

 351 
 （d） 0.36j = −        （e） 0.73j = −  352 

Figure 11. Three-dimensional numerical simulation diagrams of air-deck charges at 353 

different positions 354 

As shown in Figure 12, comparative analysis of cross-sectional damage patterns 355 

across different air-deck positions reveals progressively intensified rock fragmentation in 356 

the minimally burdened upper sections as the DRP decreases. Integrating observations 357 

from Figure 10, explosive detonation drives excessive rock ejection from slope surfaces, 358 

resulting in significant energy dissipation. Larger η values correspond to lower velocities 359 

at slope monitoring points. Consequently, for vertical borehole air-deck blasting in open- 360 

pit benches, the DRP should be maintained within the 0.36 to 0.73 range, with air-decks 361 

positioned in the upper-middle segment of the charge column. Central air-deck configu- 362 

rations (η=0) are unsuitable for practical implementation. 363 
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   Damage scale: 0 (intact) to 1 (fully damaged) 

Figure 12. Cross-sectional damage diagrams for different air-deck positions 366 

5. Field Application 367 

The blasting process with air-deck charges in open-pit benches involves extreme 368 

complexity, as detonation dynamics and gas flow within boreholes are unobservable. 369 

Quantifying air-deck effects on borehole pressure proves particularly challenging during 370 

large-scale operations. Field application were conducted at the Husab Uranium Mine in 371 

Namibia (Figure 13), using explosive materials detailed in Table 2. 372 

Table 2. Blasting Material Parameters 373 

Material Specification/Parameters 
Manufac-

turer 
Remarks 

ANFO 

Granularity: >95% (2.5-3.0 
mm); Density: 0.83 g/cm³; 
Detonation velocity: 3800-

4200 m/s 

AEL  

Detonator 400 g AEL  

Downhole tube 18 m × 500 ms AEL  

Surface tube 9 m × 0 ms AEL  

Air-deck bag 

58 cm × 113 cm circum-
ference; 50 cm × 63 cm 

circumference 

AEL 
Inflated height: 40 cm; Diameter: 

34 cm/17 cm 

Blasting results demonstrate negligible differences in rock fragmentation across air- 374 

deck configurations. However, forward throw distance exhibits an increasing trend as 375 

decking length decreases. Fragmentation analysis software was employed to quantify size 376 

distributions of rock from different decking-length zones, with results presented in Figure 377 

14 and Table 3. 378 



 

     379 
Figure 13. Field test site 380 

 381 
Figure 14. Fragmentation size distribution analysis 382 

As evidenced in Table 3, fragmentation gradation is co-influenced by borehole diam- 383 

eter and decking length. To enhance loading efficiency, Husab Mine mandates specific 384 

fragmentation standards for non-ore zones: 100% of fragments ≤1200 mm, 90% of frag- 385 

ments ≤600 mm, and 80% of fragments ≤400 mm. For 311 mm boreholes at =0.73j : 2.5 386 

m decking: Zero oversize fragments (>1200 mm), fully compliant with gradation require- 387 

ments. 3.0 m decking: Highest oversize fragment percentage. A positive correlation exists 388 

between optimal decking length and borehole diameter. 389 

Table 3. Post-blast fragmentation distribution 390 

Borehole 

diameter 

(mm) 

Decking 

length 

(m) 

≤1200 mm 
(%) 

≤1000 mm 
(%) 

≤600 mm 
(%) 

≤500 mm 
(%) 

≤400 mm 
(%) 

311 

2.0 94.12 92.11 87.20 82.11 77.02 

2.5 100.00 95.07 90.46 83.61 81.58 

3.0 91.22 90.02 83.51   

6. Conclusions 391 

This study establishes a systematic framework for optimizing air-deck positioning in 392 

vertical bench blasting to maximize explosive energy utilization. By integrating the novel 393 

Decking-Rhodes Parameter (DRP) with high-fidelity numerical modeling and field vali- 394 

dation, the following conclusions are drawn: 395 

(1) Standardization of the Decking-Rhodes Parameter (DRP): The newly proposed 396 

Decking-Rhodes Parameter (
j ) provides a robust, standardized metric for quantifying 397 

the spatial positioning of air cavities within a borehole. Unlike qualitative descriptors, the 398 

DRP allows for a precise mathematical correlation between air-deck placement and bur- 399 

den magnitude. The parameter effectively directs the spatial evolution of detonation en- 400 

ergy, ensuring that energy density is partitioned according to the varying resistance of the 401 

rock mass along the bench face. 402 

(2) Optimal DRP for Linearly Varying Burdens: In bench blasting scenarios charac- 403 

terized by non-uniform burdens (minimal at the crest and maximal at the toe), DRP values 404 

ranging from 0.36 to 0.73 were found to maximize energy efficiency. The investigation 405 



 

demonstrates that central air-deck configurations ( =0j ) are mechanically suboptimal for 406 

vertical holes; instead, the reduced resistance of the upper burden necessitates higher pos- 407 

itive DRP values (top-decking) to moderate the fragmentation energy and prevent exces- 408 

sive rock throw. 409 

(3) Field Validation and Scale Effects: Field verification at the Husab Uranium Mine 410 

using 311 mm diameter boreholes confirmed the predictive accuracy of the DRP model. 411 

At a DRP of 0.73, a 2.5 m air-deck successfully eliminated oversized fragments (>1200 mm) 412 

and met all required gradation specifications. Conversely, increasing the decking length 413 

to 3.0 m led to insufficient energy density, resulting in a significant increase in the boulder 414 

percentage. These results indicate a distinct positive correlation between the optimal air- 415 

deck length and borehole diameter, suggesting that larger diameters allow for more ex- 416 

pansive air-decking without compromising fragmentation quality. 417 

 418 
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