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ABSTRACT:Optimizing the utilization of explosive detonation energy through bench blasting is central to improving
both the efficiency and safety of open-pit mining operations. However, conventional blasting geometries often produce
a non-uniform energy distribution, with excessive toe burden at the bench base and insufficient crest burden near
the slope top, conditions that can significantly increase the risk of flyrock. This study proposes an air-decked
charge configuration to mitigate these imbalances and enhance blast performance. A coupled numerical framework
integrating the Particle Blast Method, Finite Element Method, and Smoothed Particle Hydrodynamics is employed,
complemented by high-speed photographic field monitoring, to examine rock fragmentation behavior and the
evolution of fragment velocities under air-decked loading conditions. The results show that air-decked configurations
promote a more uniform borehole pressure distribution and markedly reduce the initial ejection velocity of rock
fragments along the slope, effectively suppressing flyrock generation. In particular, for top air-deck arrangements, an
optimal air-deck-to-charge length ratio in the range of 27% to 36% is identified, achieving a favorable balance between
fragmentation efficiency and hazard control.
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1 Introduction

Optimizing the utilization of explosive detonation energy through bench blasting is fundamental to
enhancing the efficiency of open-pit mining operations [1,2]. Despite its widespread application, the effective
utilization of explosive energy typically remains within the 20%–30% range; the remaining energy dissipates
as unwanted ground vibrations, near-field rock over-crushing, and hazardous fly rock [3]. To mitigate these
adverse effects and improve energy partition, researchers have extensively investigated the shockwave
dynamics associated with air-decked charge structures [4]. Engineering practice and experimental studies
have confirmed that air-decked configurations can enhance energy utilization, optimize rock fragmentation,
and effectively regulate rock ejection trajectories [5].

In large-scale Chinese open-pit mines, bench heights typically range from 12 to 15 m. Increasing
these heights to reduce stripping costs while accommodating large-scale equipment remains a formidable
challenge in deep-hole blasting technology [6–8]. During field operations, the nonlinear distribution of
the burden along the borehole depth—exacerbated by free-face effects—frequently triggers hazardous fly
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rock. Addressing this phenomenon requires a more balanced borehole pressure distribution and improved
fragmentation quality, for which air-decked charge structures offer a viable solution [3,9].

Conventional blasting methods often lead to excessive pulverization in the immediate vicinity of
the borehole, which consumes a disproportionate amount of explosive energy [10]. To reduce such
losses, air gaps are strategically incorporated along the charge axis to moderate peak pressures [11].
Fang et al. [12] conducted an experimental investigation using a modified split Hopkinson pressure bar
system to characterize the dynamic mechanical behavior and energy dissipation of deep rock subjected
to coupled impact loading and hydrostatic pre-stress. Their study revealed the significant influence of
fracture energy absorption of the rock material. Ding et al. [13] integrated fractal damage theory with
energy release rate analysis to compare the performance of coupled and decoupled charges. Furthermore,
Zuo et al. [14] demonstrated an inverse correlation between decoupling coefficients and the extent of ore
damage. Mechanistic insights have also been provided by Ding et al. [15], who employed dynamic strain
measurements and high-speed photography to elucidate fracture mechanisms, and Zhu et al. [16], who
derived stabilized borehole pressure formulas based on shockwave theory. Additionally, Wang and Xiang
et al. [17] utilized LightGBM machine learning models to achieve promising results in predicting fly rock
distances in lead-zinc mines.

Despite these advancements, few studies have addressed the real-time rock movement and damage
evolution across distinct bench layers during the blasting process. In numerical modeling, LS-DYNA is the
standard for simulating nonlinear problems involving explosive detonation in multiphase media (gas, fluid,
and solid) [18]. Mitelman et al. [19] integrated the Finite Element Method (FEM) and Discrete Element
Method (DEM) with a coupled Eulerian-Lagrangian solver to simulate blast-induced shockwaves adhering
to Rankine-Hugoniot relations. Recent developments in the Particle Blast Method (PBM) and Smoothed
Particle Hydrodynamics (SPH) now enable high-fidelity modeling of borehole detonation processes and gas
behavior under extreme conditions [20,21].

The integration of machine learning with multiphysics blasting models—as exemplified by recent
LightGBM applications [18]—opens new avenues for predictive fly rock management. This study seeks to
bridge the gap between mechanistic modeling and empirical data by employing a coupled PBM-FEM-SPH
numerical approach validated through field monitoring. By systematically analyzing the influence of
air-deck configurations on fly rock suppression and fragmentation, this research provides theoretical
insights and empirical support for advancing safe and efficient open-pit mining technologies.

2 Analysis of Detonation Product Flow in the Upper Air-Decked Charge Structure

2.1 Coupling Strategy of PBM-FEM-SPH

The three numerical domains are coupled through a combination of particle-particle and tied-interface
contacts, all executed under the same explicit time-stepping scheme [22,23].
(a) PBM–SPH coupling.

A penalty-based particle-to-particle contact algorithm is employed. When a PBM particle penetrates
the support domain of an SPH particle, a contact spring is inserted between the two. The contact force
is proportional to the penetration depth and a contact stiffness that is scaled with the bulk modulus of
the explosive products. This force resists further penetration and transfers mechanical work from the
expanding detonation products to the SPH particles, thereby coupling the explosive energy to the rock.
(b) SPH–FEM coupling.
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The SPH particle cloud is attached to the adjacent FEM surface by a tied-interface contact. Each SPH
particle that lies within a user-specified distance of the FEM surface is constrained to move with the local
nodal velocity of the FEMmesh. This constraint is enforced by a penalty method, and the reaction forces are
assembled into the global system, ensuring continuity of displacement and momentum across the interface.
The tied interface also transmits stress waves from the SPH domain into the FEM domain.
(c) Transition from continuum (FEM) to particle (SPH) representation.

In the immediate neighbourhood of the borehole, where damage is expected to be severe, the initial
mesh is populated with SPH particles from the start; no dynamic conversion is required in the primary
damage zone. However, to allow progressive fragmentation if needed, a conversion criterion is implemented:
any FEM element in which the effective plastic strain exceeds a threshold value 0.15 is deleted and replaced
by a set of SPH particles. The mass, momentum, and internal energy of the deleted element are mapped
conservatively onto the new particles, which thereupon interact with the existing SPH domain through
contact.
(d) Time integration and stability.

All three subdomains are advanced in time using the central-difference explicit integrator. The global
time step is taken as

Δ𝑡 = 𝐶𝐶𝐹𝐿 ⋅min(Δ𝑡𝐹𝐸𝑀 , Δ𝑡𝑆𝑃𝐻 )
𝐶𝐶𝐹𝐿 = 0.67

(1)

where ΔtFEM is the smallest element-based Courant limit and ΔtSPH is given by

Δ𝑡𝑆𝑃𝐻 = min
𝑖
(

ℎ𝑖
𝑐𝑖 + |𝑣𝑖|

) (2)

with ci the local sound speed. Contact stiffnesses are scaled automatically by the solver, but we found that a
contact stiffness scale factor of [0, 1] gave satisfactory stability without excessive energy dissipation.

2.2 Calibration of RHT Constitutive Model Parameters for Alaskite

The Riedel-Hiermaier-Thoma (RHT) constitutive model is highly effective for simulating rock blasting
due to its ability to account for pressure-dependent strength, strain hardening, and rate effects. Seven
fundamental parameters for the Alaskite rock mass were determined through static mechanical testing:
density 𝜌, shear modulus, compressive strength 𝜎c, uniaxial tensile strength 𝜎t, initial porosity, and the
ratios of tensile and shear strength to compressive strength. The physical-mechanical properties of the
Alaskite, obtained from slope-cut field samples, are summarized in Table 1.

Table 1: Physical-mechanical parameters of Alaskite.

Rock Type
Density ρ

(g/cm3)

P-Wave
Velocity
Vp (m/s)

Tensile
Strength
𝝈t (MPa)

Compressive
Strength
𝝈c (MPa)

Elastic
Modulus E

(GPa)

Poisson’s
Ratio 𝝁

Cohesion
C (MPa)

Friction
Angle φ (◦)

Alaskite 2950 3170 7.84 159.65 24.16 0.238 21.52 53.77

Six parameters govern strain rate effects, with partial parameters predefined by the model. Reference
compressive .𝜀c0 = 3.0 × 10−8 ms−1. Reference tensile strain rates .𝜀t0 = 3.0 × 10−9 ms−1. Failure compressive
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.𝜀c = 3.0 × 1022 ms−1. Failure tensile strain rates .𝜀t = 3.0 × 1022 ms−1. Strain rate of compressive and tensile
exponents calculated as:

𝛽𝑐 = 4
20+3𝑓𝑐

𝛽𝑡 = 2
20+𝑓𝑐

(3)

Hugoniot polynomial coefficients are 𝐴1, 𝐴2 and 𝐴3. EOS parameters are 𝐵0, 𝐵1, 𝑇1 and 𝑇2, which
satisfy:

𝐴1 = 𝜌0𝑐20
𝐴2 = 𝜌0𝑐20(2𝑠 − 1)

𝐴3 = 𝜌0𝑐20(3𝑠2 − 4𝑠 + 1)
𝑇1 = 𝜌0𝑐20

𝐵0 = 𝐵1 = 2𝑠 − 1
𝑇2 = 0

(4)

where 𝐴1, 𝐴2 and 𝐴3 are the Hugoniot polynomial coefficients. 𝑐0 denotes the bulk sound speed of the
material at zero pressure. S is an empirical coefficient with lithology-dependent values as provided in
Meyers’ seminal work (Meyers, 1994): Marble: s = 0.95; Granite: s = 1.2. The damage parameters D1 and
D2 were determined based on dynamic triaxial experimental data of the Alaskite in the study area, with
reference to typical values for similar hard rocks in the literature. The damage parameters D1 and D2 are
initially set to 0.04 and 1 respectively. The minimum residual strain at failure 𝜀m𝑝 is related to damage and is
taken as 0.01. The strength-related parameter 𝑃crush represents the elastic limit pressure of the material,
which can be obtained from 𝑃crush = 2𝑓𝑐/3. The tensile-compressive meridian ratio parameter Q and the
Lode angle correlation coefficient B can be fitted to obtain Q = 0.68 and B = 0.05. The failure surface
parameters A and N can be obtained from the failure surface expression when 3𝑃∗

0 ≥ 𝐹r. When the material
is under quasi-static loading conditions, 𝐹𝑟 is taken as 1. Therefore, when 3𝑃∗

0 ≥ 𝐹𝑟 , the definition formula
of the failure surface curve is as follows:

𝜎∗
𝑓 (𝑃

∗
0 , 𝐹𝑟) =

⎧⎪⎪⎪⎪
⎨⎪⎪⎪⎪⎩

𝐴(𝑃∗
0 − 𝐹𝑟/3 + (𝐴/𝐹𝑟)−1/𝑁 )

𝑁
3𝑃∗

0 ≥ 𝐹𝑟
𝐹𝑟𝐹∗𝑠 /𝑄1 + 3𝑃∗

0 (1 − 𝐹∗𝑠 /𝑄1) 𝐹𝑟 > 3𝑃∗
0 ≥ 0

𝐹𝑟𝐹∗𝑠 /𝑄1 − 3𝑃∗
0 (1/𝑄2 − 𝐹∗𝑠 /(𝐹∗𝑡 𝑄1)) 0 > 3𝑃∗

0 ≥ 3𝑃∗
𝑡

0 3𝑃∗
𝑡 > 3𝑃∗

0

(5)

𝜎∗
𝑓 = 𝐴(𝑃∗

0 − 1/3 + (𝐴)−1/𝑁 )
𝑁 (6)

𝑃0∗ = (𝜎1 + 2𝜎3)/3𝑓c (7)

𝜎∗
f = 𝜎1 − 𝜎3/𝑓c (8)

The triaxial confining pressure relationship is estimated from the uniaxial compressive strength based
on the Hoek-Brown strength criterion. The pore pressure at compaction 𝑃comp is 6 GPa. The porosity index
𝑛𝑝 is 3. The shear modulus reduction coefficient 𝜉 is 0.5. The remaining four parameters are determined
through debugging and set as follows: the compression yield surface parameter 𝑔∗𝑐 is 0.53, the tension
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yield surface parameter 𝑔∗𝑡 is 0.7, the residual stress strength parameter 𝐴𝑓 is 1.6, and the residual stress
strength index 𝑛𝑓 is 0.61. Some scholars have determined the order of influence of each factor through
range analysis, obtaining that the compression yield surface parameter 𝑔∗𝑐 has the greatest impact on
the numerical simulation results, while the minimum effective strain 𝜀m𝑝 has the least impact. System
parameters: the unit system parameter onempa is set to 0; Gruneisen gamma is set to 0; the erosion plastic
strain is set to 2.0.

2.3 Experimental Validation of RHT Constitutive Model Parameters

Experimental specimens with dimensions of diameter D = 50 mm and height H = 100 mmwere prepared.
A borehole of diameter φ = 3 mm and depth L = 70 mm was drilled axially. The charge consisted of lead
azide (150 mg) packed in a thin plastic tube (2 mm diameter, 50 mm charge height), sealed at both ends
with modeling clay (20 mm plug length). Detonation was initiated by high-voltage electric discharge via a
0.5 mm enamel-coated wire positioned at the borehole base. The borehole was stemmed with sand particles
bonded by cyanoacrylate adhesive. Post-blast failure patterns exhibited close agreement with numerical
simulations.

Cylindrical specimens (φ50 mm × φ100 mm) were prepared for the experimental investigation. A
central axial borehole, with a diameter of 3 mm and a depth of 70 mm, was precisely drilled into each
specimen. The explosive charge, comprising 150 mg of lead azide, was encapsulated within a thin plastic
tube (φ2 mm, 50 mm length) and sealed at both ends using 20-mm modeling clay plugs. Detonation was
triggered via high-voltage electrical discharge through a 0.5-mm enamel-coated wire positioned at the
base of the borehole. Stemming was achieved using sand particles consolidated with a cyanoacrylate
adhesive. The observed post-blast fracture morphologies showed excellent correlation with the results
of the numerical simulations, thereby validating the modeling approach and the selected constitutive
parameters.

The numerical model simulates a bottom-hole initiation configuration. Upon initiation, the detonation
wave propagates spherically from the point of origin, while the resulting shock wave advances unidirectionally
along the borehole axis. Due to the influence of flowdeflection angles, a portion of these shockwaves converges
near the initiation site. This constructive interference generates a localized high-pressure zone where peak
pressures exceed the characteristic detonation pressure, leading to concentrated material damage, as illustrated
in Fig. 1a.

As the detonation front advances upward, the explosive column undergoes bi-directional flow dynamics
during the expansion phase. Consequently, X-shaped shock wave intersections develop both ahead of
and behind the reaction zone, driven by oblique shock reflections and flow deflection angles within the
confined borehole geometry. Upon reaching the air-deck section, the detonation front transitions into
a medium with significantly lower impedance. In the absence of further chemical energy release, the
transition from the dense explosive column to the air gap creates a configuration functionally analogous
to a Laval nozzle. The rapid expansion of high-pressure detonation products into the air-deck section
generates an intensified damage zone, the radial extent of which frequently exceeds the damage observed
along the primary explosive column.

The subsequent interaction at the interface between the air deck and the stemming material involves
complex reflection and transmission phenomena. Due to the high porosity and low acoustic impedance
of the loose stemming material, a substantial fraction of the incident shock energy is dissipated through
irreversible compressive work. Simultaneously, the convergence of waves propagating opposite to the
primary detonation front (tail-end waves) and those reflected from the stemming interface creates a
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secondary high-pressure zone. However, owing to the significant energy dissipation during stemming
compression, the peak pressure in this secondary zone remains lower than the peak pressure recorded at
the borehole base.

  
(a) Post-blast specimen (b) 3D simulation 

 
(c) Top view of fractures (d) Simulated fracture network (top view) 

Figure 1: Experimental and numerical comparison of Alaskite blasting (a–d).

2.4 Development of the PBM-FEM-SPH Coupled Model

Due to the difficulty in obtaining the borehole wall load of air-decked charges through experimental
methods, a coupled Particle Blast Method, Smoothed Particle Hydrodynamics, and Finite Element Method
(PBM-SPH-FEM) approach was employed. Both the FEM elements and SPH particles were assigned the
RHT constitutive model. The stemming material was modeled as SPH particles, the rock medium as FEM
elements, and the explosives and air inside the borehole as PBM particles. This study investigates the
interaction between explosive detonation and the air inside the borehole, the flow characteristics of the
detonation gases, and the dynamic response of the rock. The stress cloud diagrams from the numerical
simulation of upper air-decked charge blasting at different time steps are shown in Fig. 2.

It is generally accepted that the mechanical response induced in rock by explosive blasting can be
divided into two consecutive stages: the dynamic loading stage and the quasi-static loading stage. The
former, acting as a stress wave or shock wave, can rapidly reach a relatively high peak value at the initial
moment of blasting. The stress wave applied to the borehole wall crushes the surrounding rock and decays
sharply over time. Once the stress wave has excited vibrations in the rock around the borehole and initiated
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radial cracks, a longer-lasting quasi-static load follows. The role of the stress wave is to generate initial
cracks, while the explosion gas pressure contributes to crack propagation.

   

 

5 μs 12 μs 15 μs 

   
28 μs 41 μs 56 μs  

Figure 2: Numerical simulation results of upper air-decked charge blasting.

As can be seen from Fig. 2, from detonation initiation to the moment the shock wave reaches the
air-decked section after detonation completion, the stress distribution in the medium surrounding the
charged section resembles a water droplet shape. The stress attenuates after the detonation wave transforms
into a shock wave and performs work by compressing the air. At 28 µs, the detonation products reach the
stemming at the top of the hole, are reflected, and then propagate toward the hole bottom. At 41 µs, the
stemming at the top of the hole is ejected, causing the pressure inside the hole to decay instantaneously. By
56 µs, the pressure inside the hole has essentially decayed to zero. The presence of the air deck significantly
increases the flow time of the detonation products and the propagation time of the shock wave within the
hole, thereby extending the action duration. To clarify the fragmentation characteristics near the air-decked
charge blasting zone, the following discusses the evolution of blasting load over time, as shown in Fig. 3.

By monitoring pressure changes at different locations along the borehole wall, the time-history
curves of borehole wall pressure at various positions for upper air-decked charge blasting were obtained.
The charged section reached its peak pressure of 390 MPa at 15 µs, with the peak point located in the
middle-lower part of the charged section. The air-decked section reached its peak pressure of 173 MPa at
34 µs, with the peak point situated in the upper region near the stemming area.

As shown in Fig. 3, unlike the fully charged column structure, the borehole wall pressure in the charged
section does not remain stably at the peak pressure until the completion of continuous detonation. Instead,
attenuation begins near the air deck section and continues until the detonation ends and the stress wave
propagates through the air deck section. For monitoring points 3 and 4 in the air-decked section, which
are closer to the charged section, the peak pressure is lower than that at points farther from the charged
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section. This is mainly because the shock wave attenuates rapidly in the air deck section. In the air-decked
charge structure, the pressure on the borehole wall in the uncharged air deck section is primarily generated
by the expansion work of the detonation gases.

  

Figure 3: Time-history curves of borehole wall pressure at different locations for upper air-decked charge blasting.

The pressure-reducing effect of the air-decked charge structure on the detonation pressure inside
the borehole can be analyzed by monitoring the pressure time-history curves of the numerical simulation
units on the borehole wall. When a spherical charge is initiated, the detonation wave spreads outward
symmetrically from the initiation point. In deep-hole blasting with column charges, detonation typically
propagates in a water-droplet shape along the charge direction. It has found that in an infinite medium,
the curvature radius of the wave front during the initial detonation stage is related to the charge length.
The longer the charge length, the larger the curvature radius, with the two increasing linearly in direct
proportion. For most condensed explosives, the maximum curvature radius is generally 2 to 3.5 times the
charge diameter. This observation aligns with the load distribution on the borehole wall units monitored in
Fig. 3. Therefore, influenced by the detonation wave curvature radius and the air deck, the air deck also
affects the peak pressure in the charged section.

As shown in Fig. 4, the peak average pressure on the borehole wall in the charged section is 295 MPa,
with an explosive load duration of 105 microseconds, a pressure rise time of 15 µs, and a pressure decay
time of 90 µs. In the air-decked section, the peak average pressure on the borehole wall is 83 MPa, with an
explosive load duration of 135 microseconds, a pressure rise time of 30 µs, and a pressure decay time of 105
µs. Compared to the charged section, the pressure rise time in the air-decked section is doubled, while the
average pressure is reduced by 70%. In comparison to a fully charged column structure, the average pressure
in the charged section is reduced by 17.8%, the explosive load duration is increased by 40%, and the pressure
decay time is increased by 91%. Additionally, the quasi-static action time of the detonation products is
significantly extended, which is more conducive to crack propagation. The failure of rock media exhibits a
strong strain rate effect. Therefore, under explosive loads with different loading rates, the morphology of
blast-induced cracks inevitably undergoes significant changes. The final damage morphology of the rock
specimen after blasting is depicted in Fig. 5.
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Figure 4: Average pressure contour on the borehole wall for upper air-decked charge blasting.

 

Figure 5: Damage pattern of upper air-decked charge blasting (a–t).
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Fig. 5 shows the numerical simulation damage images for different segments: (Fig. 5a–f) the hole
bottom segment (70–100 mm from the collar), (Fig. 5g–j) the charged segment (50–70 mm from the collar),
(Fig. 5k–n) the air-decked segment (30–50 mm from the collar), and (Fig. 5o–t) the stemming segment
(0–30 mm from the collar).

In the hole bottom segment, visible cracks consist of one main crack and two secondary cracks. Closer
to the bottom charge column, the cracks exhibit a radially scattered distribution, increasing in number to
six. At the bottom of the charged segment, six cracks are visible. As the detonation of the column charge
concludes, the number of cracks in the air-decked segment does not increase but gradually decreases to
seven. From images (m, n), it can be observed that near the collar stemming segment, transverse shear
damage forms a shadowed area. In the stemming segment of the specimen, seven visible cracks extend
directly to the collar.

3 Numerical Analysis Results

3.1 Establishment of the PBM-SPH-FEM Model

The Particle Blast Method (PBM) accounts for the co-volume effect, providing a superior thermodynamic
characterization of detonation products under extreme pressure and temperature conditions. This allows
for a more high-fidelity representation of the expansion behavior of gases within the borehole compared to
conventional methods. Given that borehole wall loading in deep-hole blasting is inherently difficult to quantify
experimentally, a multiphysics coupling approach—integrating PBM, Smoothed Particle Hydrodynamics
(SPH), and the Finite Element Method (FEM)—was adopted.

In this hybrid framework, the in-hole explosive charge is represented by PBM particles to accurately
capture the gas-solid interaction and the pressure pulse transmitted to the borehole walls. To accommodate
the large deformations and flow behavior of the material during the blast, the stemming material is modeled
using SPH particles. The surrounding rock mass is discretized using FEM elements to efficiently capture
wave propagation and fracture evolution. Both the SPH (stemming) and FEM (rock) domains utilize the
Riedel Hiermaier Thoma (RHT) constitutive model, which is well-suited for simulating pressure-dependent
strength, strain hardening, and damage in geological materials. The comprehensive configuration and
spatial discretization of the coupled PBM-SPH-FEM model are illustrated in Fig. 6.

Figure 6: Schematic diagram of the numerical model depicting the air deck length parameter in a vertical borehole.

To evaluate the influence of air-decking on the duration of borehole pressure and the resulting rock
movement, monitoring points were strategically positioned along the bench slope profile from the crest to
the toe, as illustrated in Fig. 6. These surface monitoring points were categorized into three distinct zones
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based on their relative position to the borehole: Zone 1: Located on the upper slope surface corresponding to
the stemming section. Zone 2: Situated on the upper slope region characterized by a smaller burden, where
the risk of fly rock is most acute. Zone 3: Located on the lower slope region where the burden is significantly
larger. Given the reduced burden at the bench crest in deep-hole blasting, a top air-decked charge structure
was adopted to optimize energy distribution. A parametric study was subsequently conducted involving
seven numerical cases. These included a baseline full-column charge and six air-deck configurations with
length ratios (𝜇j), defined as air-deck length to total charge length of 0.09, 0.18, 0.27, 0.36, 0.45, and 0.55.
These simulations aim to identify the correlation between the air-deck ratio and the mitigation of hazardous
blasting effects.

3.2 Analysis of Blasting Fragmentation Effects with Different Air Deck Lengths

The Smoothed Particle Hydrodynamics (SPH) particles are governed by a kernel-based potential
function. However, under conditions of extreme displacement and large-scale deformation, the method
is susceptible to numerical divergence and the accumulation of computational errors. In rock damage
simulations, this can lead to an unphysical expansion of the damage zone over time. As deformation
surpasses the threshold of constitutive applicability for the original potential function, the reliability
of the particle interactions diminishes. To maintain physical accuracy and ensure data integrity, the
statistical evaluation of the rock mass damage extent was restricted to a temporal window of three times
the characteristic detonation duration.

In open-pit mining, the quality of rock fragmentation is a critical performance indicator for evaluating
the efficacy of charge structures. Based on the numerical results, a comparative analysis was performed
to examine the damage patterns associated with varying air-deck length ratios (𝜇j). For the full-column
charge configuration, the rock mass in the upper region—characterized by the smallest burden—underwent
excessive comminution and over-crushing. This phenomenon indicates a localized over-concentration of
energy, which reduces overall blasting efficiency and contributes to fly rock hazards (Fig. 7). When the
air-deck length ratio was introduced at 𝜇j = 0.09, the resulting attenuation of the peak borehole pressure
led to a detectable decrease in the size of the comminution zone within the upper section. At the optimal
ratio of 𝜇j = 0.27, the peak pressure was significantly moderated. In this case, the sustained quasi-static
pressure from the expanding detonation products was sufficient to achieve the desired fragmentation at
the slope crest while notably minimizing the volume of over-crushed material (Fig. 7). However, as the
ratio increased to 𝜇j = 0.36, the reduction in explosive energy density became the limiting factor. At this
threshold, the fragmentation quality began to degrade, evidenced by the appearance of coarse, oversized
fragments at the slope crest. This suggests that while air-decking is effective for hazard mitigation, a ratio
exceeding 0.36 may compromise the required fragmentation size distribution for downstream excavation
and processing.

As the air-deck length ratio was increased to 0.36, the resulting attenuation of borehole pressure
proved insufficient to satisfy the fragmentation requirements for the upper burden. This led to a significant
increase in coarse fragmentation and the emergence of oversized boulders. To systematically evaluate
the influence of the air-deck configuration on breakage patterns, twelve horizontal cross-sections were
analyzed at regular intervals from the bench crest to the toe. The air deck serves a dual purpose: it reduces
the total charge mass and lowers the peak detonation pressure, while simultaneously extending the duration
of the quasi-static gas action—a phenomenon particularly critical near the free face of the slope crest where
the burden is minimal. A comparative assessment with Fig. 4 reveals that while a full-column charge results
in undesirable over-comminution in the upper small-burden zone, an air-deck ratio exceeding 0.36 results
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in inadequate rock breakage due to insufficient energy density. This transition from over-pulverization to
inadequate fragmentation underscores the sensitivity of the rock mass response to the charge structure.
Based on these numerical findings and the observed fragmentation distribution, as shown in Fig. 8, an
optimal air-deck length ratio (𝜇j) ranging from 27% to 36% is recommended for top-air-deck configurations
in vertical boreholes. This range provides the necessary balance between peak pressure moderation and
the sustained energy required for efficient fragmentation.

Figure 7: Three-dimensional numerical simulation of charge loading in cavities with different length ratios.

Figure 8: Cross sectional damage diagram of different air gap lengths.

3.3 Analysis of Velocity Variation on Air Deck Slopes of Different Lengths

For the full column charge, the detonation action was intense. The slope surface velocity in the
stemming section (Zone 1) reached 49 m/s, as shown in Fig. 9a. In the upper part of the charge section
with the small burden (Zone 2), the maximum velocity reached 66 m/s, as shown in Fig. 9b. As the burden
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towards the free face increased, the velocity gradually decreased near the slope toe. At the location with
the maximum burden at the slope toe, the velocity was approximately 58 m/s, as shown in Fig. 9.

  
(a) Area 1 (b) Area 2 

Figure 9: Velocity map of slope surfaces for (a) Zones 1and (b) 2 under full column charge.

The detonation velocity of the full column charge is very fast, typically between 6 to 8 ms, followed
by the action of the gaseous products of detonation (GPD) promoting crack propagation and driving
the fragmented rock throw. As seen from Fig. 10, the action in deep-hole bench blasting can be divided
into two stages. First, the detonation generates a shock wave, inducing a stress wave in the bench rock
that propagates to the slope free face. Since stress wave propagation and attenuation occur rapidly, the
monitored slope surface velocity exhibits a decay phenomenon. Subsequently, due to the slower gas-driven
velocity, the rock velocity in the bench increases slowly, which is more pronounced at the slope crest, as
shown in Fig. 10.

Figure 10: Velocity map of slope surface for Zone 3 under full column charge.

As the air deck length ratio continuously increased, as shown in Fig. 11, the rock movement velocity
on the slope surface in the upper stemming area (Zone 1) decreased. When the length ratio was 0.18, the
maximum velocity in Zone 1 was 35 m/s, representing a 23.9% reduction compared to the ratio 0.09. At a
length ratio of 0.27, the reduction was 39.1% compared to 0.09. When the length ratio increased further, the
velocity reduction became less significant, as shown in Fig. 11.
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(a) μj = 0.09 (b) μj = 0.18 (c) μj = 0.27 

  
(d) μj = 0.36 (e) μj = 0.45 (f) μj = 0.55 

Figure 11: Velocity diagram for Zone 1 with different air deck length ratios (a–f).

Since stress wave propagation and attenuation occur rapidly, while gas-driven velocity is slower,
increasing the air deck length ratio gradually reduced the stress wave action duration but increased the
GPD action duration. This indicates that the air deck charge structure effectively improves explosive energy
utilization efficiency and increases the action duration. At a length ratio of 0.09, the peak velocity was
reached at 25 ms, whereas at 0.18, it was reached at 35 ms. Compared to the full column charge, the GPD
action duration was extended by up to 40%. When the length ratio was less than 0.36, the GPD action
duration continued to rise within the finite calculation time.

Zone 2 corresponds to the upper charged section of the bench slope. The staged action characteristics
of the air deck charge structure are more evident here. As the air deck length ratio increased, the gas-driven
action became more pronounced, as shown in Fig. 12a–d. The peak velocity induced by the stress wave
acting on the rock movement decreased from 39 m/s to 31 m/s. Compared to the full column charge,
the fluctuation was within 10%. Conversely, the gas-driven velocity decreased from 61 m/s to 47 m/s, a
reduction of 49.2%. As shown in Fig. 12e,f, with further increase in air deck length ratio, the slope surface
rock movement velocity under stress wave action decayed rapidly. The decay rate under stress wave action
was greater than that under GPD action, highlighting the significant role of the GPD.

Zone 3 corresponds to the bottom charged section of the bench, where the burden is larger than
in conventional bench blasting. Enhancing explosive utilization efficiency and increasing GPD action is
particularly important here. The top air deck structure had little influence on the stress wave action from
the explosive column at the bench bottom. Only excessively large air deck length ratios reduced the rock
movement velocity induced by stress wave action at the bottom, as shown in Fig. 13e,f. Due to the presence
of the air deck, the GPD action duration increased. After reverse initiation, the GPD expanded over a
longer distance at lower velocity within the air deck section, taking more time to reach the stemming at
the top of the hole. After reflection from the stemming, the time for the downward movement increased.
Consequently, besides stress wave action and direct GPD action, the secondary action of the reflected GPD
from the top was also significant in Zone 3, as shown in Fig. 13a–d. Larger air deck length ratios resulted in
longer times for the reflected wave from the stemming to reach the hole bottom.
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(a) μj = 0.09 (b) μj = 0.18 (c) μj = 0.27 

   
(d) μj = 0.36 (e) μj = 0.45 (f) μj = 0.55 

Figure 12: Velocity diagram for Zone 2 with different air deck length ratios (a–f).

In summary, the shock wave generated by the detonation of the air deck charge induces a stress wave in
the bench rock that propagates to the slope surface. Due to the rapid propagation and attenuation of the stress
wave, the monitored slope surface velocity exhibits a decay phenomenon. This is followed by gas-driven
action; since gas-driven velocity is slower, the rock movement velocity in the bench increases gradually. As
the air deck length ratio continuously increased, the slope surface rock movement velocity in the upper
stemming area (Zone 1) decreased. For the upper charged section of the bench slope (Zone 2), the staged
action characteristics of the air deck charge structure were more evident. In Zone 3, besides stress wave action
and direct GPD action, the secondary action of the reflected GPD from the top was also significant.

As shown in Fig. 14, from the full column charge to a length ratio of about 0.37, the slope surface rock
movement velocity in the upper-middle Zones 1 and 2 was significant. Within the range of length ratios from
0.27 to 0.55, the velocity reduction in Zone 3 (the bench bottom) was pronounced. The air deck charge structure
effectively improves explosive energy utilization efficiency and substantially increases the action duration.

   
(a) μj = 0.09 (b) μj = 0.18 (c) μj = 0.27 

   
(d) μj = 0.36 (e) μj = 0.45 (f) μj = 0.55 

Figure 13: Velocity diagram for Zone 3 with different air deck length ratios (a–f).
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Figure 14: Slope surface velocity diagram for different air deck length ratios.

4 Field Test Results

4.1 High-Speed Photography Observation of Slope Rock Movement

The blasting process with an air deck charge is extremely complex. The detonation of the in-hole
explosive and the flow of gaseous products are invisible. The influence of the air deck structure on the in-hole
detonation pressure cannot be accurately measured, and conducting tests during large-scale production
operations on-site is particularly challenging. High-resolution high-speed photography observation
equipment can be used to observe and analyze the bench blasting process. This allows for the detection
of microsecond-level state differences under vertical hole air deck charge conditions, such as rock bulge
movement on the bench slope, venting of GPD, and rock throw movement flying away from the slope
surface. Based on prior theoretical analysis and numerical simulation studies, this method explores the
effect of the air deck charge on prolonging the explosive load duration and the rock’s dynamic response to
reduced in-hole detonation pressure.

The observation employed a Phantom V25001 high-speed camera with a frame rate of 1200 fps (one
frame every 0.833 ms), a lens focal length of 200 mm, mounted at a height of 1.5 m, and a resolution of
1280 × 800 pixels. The north direction was defined as the X -axis, east as the Y -axis, and positive elevation
as the Z-axis, as shown in Figs. 15 and 16. The straight-line shooting distance was approximately 150 m,
outside the warning perimeter.

To facilitate later image processing for correcting the initiation time and hole delay times, a surface
observation point needed to be set at the initiation point. This point had the same delay time as the
in-hole charge, enabling time monitoring. The purpose was to generate a visible flash point within the
camera’s field of view at the moment of initiation, serving as a time reference. This avoids the influence
of increased explosive detonation time due to longer vertical hole charge lengths. Typically, detonating
cord or a primer charge is used, connected to the blast network and placed on the rock surface without
obstructing observation. Within the shot image, a “+” shaped crosshair made from two 1 m-long PVC pipes
was fixed on the slope surface of the rock mass to be blasted at the observation hole. A static shot before
initiation served as the scale reference for the high-speed photography.
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Figure 15: Location of the shooting point.

 
Figure 16: High-speed photography focusing image.

4.2 Observation and Analysis of Blasting Effects with Optimized Charge Structure

For this test, 6 holes with air deck charges in 310 mm diameter vertical holes were selected. By
processing the collected images, the image numbers corresponding to the moment GPD venting caused
ground uplift and the moment of surface detonator initiation were obtained. The GPD action time inside
the hole was calculated by subtracting these two image numbers, multiplying by the time interval per
image, and then subtracting the in-hole delay time, as shown in Fig. 17.
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(a) 50 ms (b) 80 ms 

  
(c) 100 ms (d) 130 ms 

  
(e) 150 ms (f) 170 ms 

Figure 17: Action time in the vertical hole air deck loading hole (a–f).

Statistical results are detailed in Table 2.

Table 2: Statistics of action time of explosives loaded in the air deck of the North Side.

Serial Numbers Delay Time (ms) Air Deck Position Air Deck Length m In-Hole Action
Time ms

1 50 0.90 2.15 31.67
2 80 0.85 3.15 33.33
3 100 0.80 4.15 43.33
4 130 0.75 5.15 46.64
5 150 0.73 5.67 47.50
6 170 0.64 7.56 45.83
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Analysis showed that for 310 mm large-diameter blastholes, with an air deck length of 2.15 m, the
average GPD action time was 31.67 ms. When increased to 4.15 m, the GPD action time reached 43.33 ms.
The influence of different air deck positions on the in-hole action time aligned with simulation results.
After GPD venting, a bulge formed on the slope surface, rocks flew away from the slope, and were finally
thrown and landed. The rock movement process is shown in Fig. 18.

  
(a) Explosion gas overflows (b) Blisters form on the slope 

  
(c) Rocks fly off the slope (d) Rock throwing 

  
(c) Rocks fly off the slope (d) Rock throwing 

Figure 18: Picture of the movement of the flux-loaded rock in the North Side air deck (a–d).

The air deck charge significantly reduced the in-hole pressure, decreased the initial velocity of rocks
flying away from the slope, and mitigated fly rock hazards. The rock flight trajectory is shown in Fig. 19.

 

Figure 19: Flight trajectory of rocks in the air deck charge section.
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The high-speed camera could observe the state of stemming ejecting from the hole and subsequent
moments. PCC professional software was used to analyze and track the velocity of fly rocks at various
times. Furthermore, processing and analysis of the collected data showed the average fly rock velocity V =
24 m/s. For the left hole with an 80 ms delay, the upper charge section had a smaller burden, resulting in
the highest velocity reaching 33 m/s. This verified the accuracy of the numerical simulation results. The
maximum monitored fly rock flight distance was 149 m, less than the mine’s stipulated safety distance of
200 m.

5 Conclusions

This study integrated a coupled PBM-FEM-SPH numerical framework with high-speed photographic
monitoring and field verification to evaluate the influence of top-air-decked charges on rock fragmentation
and kinematic evolution in vertical deep-hole blasting. By establishing selection criteria for optimal air-deck
configurations, this research provides a technical foundation for high-density deep-hole blasting operations.
The primary conclusions are as follows:
(1) Kinematic Response and Optimal Air-Deck Ratio: Numerical and experimental results indicate that

air-decking significantly alters the temporal evolution of rock movement. At low air-deck ratios, the
rock mass at the bench crest—characterized by a reduced burden—reaches its peak ejection velocity
within 25 ms. Increasing the air-deck length ratio (λ) to 0.27 delays the peak velocity to 45 ms. This shift
effectively moderates the rock-throw effect while maintaining the energy required for fragmentation.
Consequently, for deep-hole bench blasting and medium-hard rock, a top air-deck length ratio between
27% and 36% is recommended to balance fragmentation quality with hazard suppression.

(2) Influence on Gas Action Duration: Field tests conducted in large-diameter (310 mm) blastholes
demonstrate that the air-deck configuration serves as a pressure regulator. An air-deck length of 2.15
m resulted in an average action duration of 31.67 ms for the gaseous products of detonation (GPD).
Extending the air-deck length to 4.15 m further increased this duration to 43.33 ms, indicating that
larger air gaps facilitate more sustained quasi-static pressure application on the borehole walls.

(3) Fly rock Mitigation and Safety Validation: The application of top-air-decked charges at the bench
crest effectively reduces peak detonation pressures while extending the gas expansion phase. This
mechanism significantly attenuates the initial ejection velocity of fragments from the slope surface.
Field monitoring recorded an average fly rock velocity of 24 m/s (maximum 33 m/s), resulting in a
maximum flight distance of 149 m. This distance is well within the site’s 200 m safety radius, confirming
the effectiveness of air-decked structures in mitigating adverse environmental effects and enhancing
the safety of open-pit mining operations.
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