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Abstract. This paper explores the optimization of cutout schemes in tunnel excavation and 
blasting by introducing an improved segmented wedge-shaped blasting method, validated through 
both numerical simulations and field tests. The numerical simulations use the ANSYS/LS-DYNA 
fluid-solid coupling algorithm to analyze the damage effects, effective stress distribution, and 
vibration characteristics of surrounding rock for both the Conventional wedge cut and the 
segmented wedge cut methods. The results show that segmented wedge cutting significantly 
enhances the utilization rate of blast holes, reduces the formation of large gravel fragments, and 
effectively mitigates surrounding rock vibration velocities. In comparison to the Conventional 
method, the optimized undercut scheme not only increases blasting efficiency but also greatly 
enhances the rock fragmentation in the undercut area, thereby ensuring tunnel construction safety. 
The field test results validate the accuracy of the numerical simulations and show that the 
enhanced scheme holds significant potential for practical application in real-world projects. 
Keywords: compound wedge cut, effective stress distribution, vibration speed, numerical 
simulation. 

1. Introduction 

Urban rail transit tunnels represent a significant proportion of tunnel types [1-2]. Drilling and 
blasting are the predominant methods of tunneling and exhibit a positive growth trend [3]. Blasting 
in the cut area is a crucial step in tunnel excavation, directly impacting both construction efficiency 
and safety. While the Conventional wedge-shaped cut blasting scheme is commonly used, it has 
several practical limitations, including insufficient cut depth, uneven rock fragmentation, and 
excessive surrounding rock vibrations. Existing studies have mainly focused on the arrangement 
of blasting holes and delay times to address these issues. However, these studies have not 
adequately addressed the rock fragmentation effect in the cut area or the effective control of 
surrounding rock vibrations. As a result, there is still considerable potential for optimizing both 
the crushing and blasting effects of the current cut scheme. 

Cardu et al. [4] compared the excavation efficiency of vertical and wedge cuts, concluding that 
parallel holes generate higher tensile stress, making them more suitable for small-section tunnel 
excavation. Zhang et al. [5] proposed a simplified diagram of rock mass stress for second-order, 
two-stage cut blasting, taking both temporal and spatial factors into account. They determined the 
stress distribution at the bottom of the cut hole through numerical simulations. To address the 
challenges of cut blasting under high ground stress, Ding et al. [6] summarized commonly used 
cut hole layout methods and developed a quasi-three-dimensional fluid-solid coupling model 
based on these methods. The pentagonal cut method was used as a benchmark to identify a more 
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effective solution for deep rock blasting. Katsabanis [7] used numerical simulations and 
experimental methods to explore the relationship between rock particle size distribution and 
energy during explosions. Cheng and Gao et al. [8-9] examined the stress field intensity of large-
diameter cut blasting using LS-DYNA numerical simulations. They then validated through field 
tests that large-diameter cut blasting significantly improves blasting footage and blasthole 
utilization. Wang et al. [10] proposed a theoretical model for rock crushing in cut blasting, 
considering both blasting stress waves and the effects of blasting gases. They offered a detailed 
explanation of the mechanism underlying blasting cavity formation. Based on the similarity 
theorem, Yang et al. [11] conducted model tests to examine the effects of five different cutting 
angles on blasthole utilization and post-blasting fragmentation. Their results indicated that the 
optimal cutting angle was 67°. Zhang et al. [12] introduced the CCFT cutting blasting method and 
used FEM-SPH coupled numerical simulations to evaluate its advantages over Conventional 
cutting blasting techniques. The method was then applied in two operational scenarios shaft 
cutting and tunnel cutting addressing the challenge of ejecting rocks from the bottom of the cut 
hole. Kumar et al. [13] developed a trenching method specifically designed for small- and 
medium-sized tunnels, validating its effectiveness through field tests. The results demonstrated 
satisfactory outcomes and a reduced excavation cycle. Wang et al. [14] used the AUTODYN 
method to preliminarily determine the optimal super-depth for deep-hole cutting blasting and later 
validated it through field tests. The results showed that a super-depth of 400 mm effectively 
ejected rocks and created a larger cut cavity. Li and Song et al. [15-16] studied the effects of 
varying empty hole diameters and the distance between empty and charging holes on the area of 
the cutting and crushing zone. Sun et al. [17] used the smoothed particle hydrodynamics (SPH) 
method to investigate how varying rock clamping coefficients and cutting hole configurations 
impact the excavation efficiency of blind shafts under high ground stress. Feng et al. [18] 
employed the continuous-discontinuous element method (CDEM) to study the effects of 
segmented cutting blasting. Cheng et al. [19] analyzed the segmented detonation of cutting holes 
and improved tunnel cycle footage and blasthole utilization rates by adjusting the spatial and 
temporal distribution of explosive energy. Bhagatet al. [20] employed three machine learning 
techniques to predict the impact of blasting vibrations on slope rockfall during tunnel excavation. 
Zhu et al. [21] proposed a method for predicting vibration velocity in layered rock masses 
subjected to multi-hole blasting, achieving prediction accuracies of 93 % and 94 % in two separate 
peak vibration velocity experiments. Gao et al. [22] investigated the maximum vibration velocity 
at model monitoring points of cut holes under different delay times using numerical simulations. 
The results indicated that with a delay time of 10 ms, blasting vibrations were reduced by 18 % 
compared to simultaneous detonation. Xue et al. [23] analyzed the energy and velocity 
characteristics of blasting vibration signals to address safety concerns in basements storing highly 
radioactive materials. They derived a formula for predicting blasting vibration frequency and peak 
values using equivalent elastic boundary theory and achieved accurate predictions. A review of 
existing literature reveals that current research on cut blasting mainly focuses on either blasting 
efficiency or blasting vibration, with no studies addressing both blasting effects and vibration peak 
values simultaneously. However, improving construction efficiency while maintaining safe 
vibration levels remains a key challenge in tunnel excavation. 

To address this research gap, the present study proposes an improved segmented wedge cut 
blasting scheme based on a specific engineering tunnel and compares the Conventional wedge cut 
and segmented wedge blasting methods using ANSYS-LSDYNA fluid-structure coupling 
numerical simulations. The performance differences in undercut blasting are analyzed. Compared 
to Conventional methods, the innovations of this study are as follows: first, blasting efficiency 
and rock fragmentation are significantly enhanced through optimized blast hole layout; second, 
surrounding rock vibration is effectively reduced, thereby enhancing construction safety. 
Specifically, this research not only addresses the gaps in rock fragmentation and vibration control 
in Conventional wedge cutting methods, but also provides a more efficient and safer blasting 
solution for practical tunnel blasting. 
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2. Project overview 

The geographical location of the tunnel and the schematic diagram of the surrounding 
environment are shown in Fig. 1. The Camel Mountain Tunnel is located on the west side of the 
G111 National Highway, south of Hefangkou Village, Huaibei Town, Huairou District. The 
planned elevation of the tunnel ranges from 102.1 to 116.4 meters, with a total length of 
1,840 meters. The strata primarily consist of strongly to moderately weathered materials, with no 
significant geological structures, such as weak zones. The surrounding rock of the tunnel is 
classified as Class IV. The construction plan employs the sequential excavation method. Given 
the poor quality of the surrounding rock, the advance per cycle is controlled at approximately 
2.0 meters, with a blasthole diameter of 42 mm, a charge roll diameter of 32 mm, and cut holes 
arranged in a compound wedge configuration. The first-level wedge-shaped cut holes are inclined 
at 70° relative to the tunnel face, while the second-level wedge-shaped cut holes are inclined at 
75°. The cut holes utilize a continuous coupling charging method, with a maximum single-stage 
detonating charge of 13 kg. Additionally, the nearest residential building is located just 20 meters 
above the tunnel entrance, requiring strict control over blasting vibration velocity during drilling 
and blasting operations. 

Two prominent issues are identified in the original blasting design. First, the peak vibration 
velocity in the cut blasting area is excessively high, approaching the maximum safety threshold 
of 1.5 cm·s-1 specified for residential buildings, presenting a significant safety risk. Second, the 
average cycle advance is only 1.6 meters, with a blasthole utilization rate of about 80 %, resulting 
in the presence of many large fragments post-blasting. The poor blasting performance can be 
attributed to the following reasons: the cutting parameters are not well optimized, causing the 
cutting area to become the peak vibration zone in the entire blasting process, which requires strict 
control over the maximum charge per shot. Additionally, the charge is concentrated at the bottom 
of the cut holes, leaving the upper rock mass (the non-charged section) insufficiently fractured, 
resulting in a higher proportion of large fragments after blasting. 

 
Fig. 1. Geographical location diagram for tunnel 

3. Numerical simulation study 

3.1. Finite element model establishment 

Based on the actual site conditions of the project, the overall model was established using 
ANSYS finite element software, as shown in Fig. 2. The model calculation uses the ALE 
fluid-solid coupling algorithm, which consists of two parts: the solid domain (rock) and the fluid 
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domain (air, explosives, and stemming materials). The Lagrangian algorithm is applied to the solid 
domain, while the Euler algorithm is used for the fluid domain. The coupling between the solid 
and fluid domains is achieved using the keyword *CONSTRAINED_LAGRANGE_IN_SOLID. 
Additionally, to prevent boundary reflection conditions from adversely affecting the numerical 
accuracy of the simulation results, a non-reflecting boundary is set around the tunnel model using 
the keyword *BOUNDARY_NON_REFLECTING. The model uses the 3D SOLID 164 element 
type. The overall model is divided using mapped meshing, and the mesh around the blasthole is 
refined. 

 
Fig. 2. Schematic diagram of the numerical model 

3.2. Constitutive model and material parameters 

3.2.1. Rock material 

LS-DYNA software offers several established constitutive models for simulating rock 
materials, including the HJC model, K&C model, CSCM model, and RHT model [24-25]. The 
RHT model incorporates the third invariant of the deviator stress tensor and introduces three 
pressure-dependent limit surfaces, building upon the HJC model. It employs the elastic limit 
surface, failure surface, and residual strength surface to characterize the evolution of the material's 
initial yield strength and failure strength. The RHT model effectively simulates the dynamic 
response and damage distribution of rock subjected to explosive loads. It offers advantages in 
modeling rock destruction under blasting conditions and is widely utilized in various engineering 
blasting simulations [26-27]. 

Elastic Limit Surface equation: The equivalent stress of the elastic limit surface for the original 
material is derived from the equivalent stress of the failure surface, as indicated by Eqs. (1) and 
(2): 𝜎௘ሺ𝑝,𝜃, 𝜀ሶሻ ൌ 𝑓௖ ⋅ 𝜎∗்൫𝑃௦,௘௟൯ ⋅ 𝑅ଷሺ𝜃ሻ ⋅ 𝐹௥௔௧௘ሺ𝜀ሶሻ ⋅ 𝐹௘௟௔௦௧௜௖ ⋅ 𝐹௖௔௣, (1)

where: 𝐹௘௟௔௦௧௜௖ denotes the elastic scaling coefficient, 𝐹௖௔௣ represents the “capping” function, and 𝑃௦,௘௟ ൌ 𝑃௦/𝐹௘௟௔௦௧௜௖ denotes the quasi-static elastic limit pressure: 

𝐹௘௟௔௦௧௜௖ ൌ ⎩⎨
⎧𝑔௖∗,     𝑝 ൐ 𝑓௖/3,𝑝 ൅ 𝑓௧/3𝑓௖/3 ൅ 𝑓௧/3𝑔௖∗ ൅ 𝑝 − 𝑓௖/3−𝑓௧/3 − 𝑓௖/3𝑔௖∗ ,      − 𝑓௧ ൏ 𝑝 ൏ 𝑓௖ ,𝑔௧∗,      𝑝 ൑ 𝑓௧/3,  (2)
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where: 𝑔௖∗ and 𝑔௧∗ are parameters of the compressive yield surface; 𝑓௖ and 𝑓௧ represent the uniaxial 
compressive and tensile elastic limit stresses, respectively. 

Linear Hardening Segment equation: The linear hardening elastic limit lies between the initial 
elastic limit surface and the final failure surface. When the equivalent stress remains below this 
linear hardening elastic limit, the material undergoes elastic deformation. Once this limit is 
exceeded, plastic deformation initiates, leading to the accumulation of plastic strain: 𝜎௒ = 𝜎௘ + 3𝐺𝜉𝜀௣, (3)

where: 𝐺 represents the shear modulus, 𝜀௣ denotes the cumulative plastic equivalent strain during 
the linear hardening phase, and 𝜉 is the shear modulus reduction coefficient. 

Failure Surface equation: The failure surface stress 𝜎௙ under quasi-static loading can be 
determined through triaxial testing. However, the calculation model for failure surface stress 
incorporates both quasi-static and dynamic loading conditions. The stress intensity under dynamic 
loading is derived from its quasi-static counterpart, as shown in Eq. (4): 𝜎௙ሺ𝑝,𝜃, 𝜀ሶሻ = 𝑓௖ ⋅ 𝜎∗்ሺ𝑃௦ሻ ⋅ 𝑅ଷሺ𝜃ሻ ⋅ 𝐹௥௔௧௘ሺ𝜀ሶሻ, (4)

where: 𝜎∗்ሺ𝑃௦ሻ is the equivalent stress strength of the quasi-static failure surface compression 
meridian; 𝑅ଷሺ𝜃ሻ is the Rhodes angle factor; 𝐹௥௔௧௘ሺ𝜀ሶሻ is the strain rate dynamic enhancement 
factor; 𝑃௦ is the quasi-static pressure. 

The specific parameters of RHT are shown in Table 1. 

Table 1. RHT model parameters of an undisturbed Limestone rock mass 
Parameter Value Parameter Value 

Mass density 𝑅଴ 2700 kg/m3 Reference compressive strain rate 𝐸0𝐶 3.0×10-6 
Elastic shear modulus 𝑆𝐻𝐸𝐴𝑅 17.5 GPa Reference tensile strain rate 𝐸0𝑇 3.0×10-5 
Eroding plastic strain 𝐸𝑃𝑆𝐹 2.0 Break tensile strain rate 𝐸𝑇 3.0×1025 
Parameter for polynomial 

EOS𝐵଴ 1.22 Break compressive strain rate 𝐸𝐶 3.0×1025 

Parameter for polynomial 
EOS𝐵ଵ 1.22 Compressive strain rate-dependence 

exponent 𝐵𝐸𝑇𝐴𝐶 0.025 

Parameter for polynomial 
EOS𝑇ଵ 46.17GPa Tensile strain rate dependence exponent 𝐵𝐸𝑇𝐴𝑇 0.045 

Parameter for polynomial 
EOS𝑇ଶ 0 Pressure influence on plastic flow in 

tension 𝑃𝑇𝐹 0.001 

Failure surface parameter 𝐴 2.50 Compressive yield surface parameter 𝐺𝐶∗ 0.85 

Failure surface parameter 𝑁 0.85 Tensile yield surface parameter 𝐺𝑇∗ 0.4 
Compressive strength 𝐹௖ 150 MPa Shear modulus reduction factor 𝑋𝐼 0.25 

Relative shear strength 𝐹𝑆∗ 0.07 Damage parameter 𝐷ଵ 0.025 
Relative tensile strength 𝐹𝑇∗ 0.05 Damage parameter 𝐷ଶ 1.0 
Lode angle dependence factor 𝑄଴ 0.72 Minimum damaged residual strain 𝐸𝑃𝑀𝑃 0.01 

Lode angle dependence factor 𝐵 0.01 Residual surface parameter 𝐴𝐹 2.5 
Hugoniot polynomial coefficient 𝐴ଵ 43.87 GPa Residual surface parameter 𝐴𝑁 0.85 

Hugoniot polynomial coefficient 𝐴ଶ 49.40 GPa Grunnisen gamma 𝐺𝐴𝑀𝑀𝐴 0 

Hugoniot polynomial coefficient 𝐴ଷ 11.62 GPa Crush pressure 𝑃𝐸𝐿 113 MPa 

Compaction pressure 𝑃𝐶𝑂 6 GPa Porosity exponent 𝑁 3 
Initial porosity 𝐴𝐿𝑃𝐻𝐴 1.0   
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3.2.2. Explosive materials 

The explosive model is represented by *MAT_HIGH_EXPLOSIVE_BURN, which includes 
several parameters such as explosive density, detonation velocity and detonation pressure. At the 
same time, the Jones-Wilkins-Lee (JWL) state equation is used to calculate the expansion pressure 
and volume change of the detonation products. The JWL state equation is shown in Eq. (5): 𝑃 = 𝐴 ൬1 − 𝜔𝑅ଵ𝑉൰ 𝑒ିோభ௏ + 𝐵 ൬1 − 𝜔𝑅ଶ𝑉൰ 𝑒ିோమ௏ + 𝜔𝐸଴𝑉 , (5)

where: 𝑃 is the pressure of detonation products; 𝐴, 𝐵, 𝑅ଵ, 𝑅ଶ, 𝜔 are all material parameters; 𝐸଴ is 
the initial internal energy; 𝑉 is the volume. 

The explosive and state equation parameters are shown in Table 2. 

Table 2. Parameters of explosive 
Density (kg/m3) Detonation velocity (m/s) 𝐴 (GPa) 𝐵 (GPa) 𝑅ଵ 𝑅ଶ 𝜔 𝐸଴ (Gpa) 

1100 3400 214.4 0.182 4.2 0.9 0.15 4.192 

3.2.3. Air material 

The air model is defined using the *MAT_NULL keyword. This model material allows the 
state equation to be considered without calculating the deviatoric stress. Its state equation 
(*EOS_LINEAR_POLYNOMIAL) is represented by a linear polynomial Eq. (6): 𝑃 = 𝐶଴ + 𝐶ଵ𝜇 + 𝐶ଶ𝜇ଶ + 𝐶ଷ𝜇ଷ + ሺ𝐶ସ + 𝐶ହ𝜇 + 𝐶଺𝜇ଶሻ𝐸, (6)

where: 𝐶଴-𝐶଺ are the coefficients of each polynomial, 𝜇 is the volume ratio, 𝑉଴ is the relative 
volume, and 𝐸 is the ratio of internal energy to initial volume. 

The state equation describes the relationship between pressure and volumetric strain to ensure 
the accuracy of the simulation. The air parameters are shown in Table 3. 

Table 3. Parameters of air 
Density (kg/m3) 𝐶଴ 𝐶ଵ 𝐶ଶ 𝐶ଷ 𝐶ସ 𝐶ହ 𝐶଺ 𝑉଴ 𝐸 (J/m3) 

1.25 0 0 0 0 0.4 0.4 0 1 2.5*10-6 

3.3. Grid independence verification 

Previous studies [28-29] have indicated that the accuracy and reliability of simulation results 
are significantly influenced by the grid unit size. Consequently, evaluating grid accuracy prior to 
formal calculations is essential. Given the large scale of the model, the numerical model is meshed 
using three grid sizes: 10 cm, 5 cm, and 1 cm, as shown in Fig. 3(a). The peak stress at a fixed 
position within the unit is used as the evaluation criterion for the simulation results. The results 
indicate that varying grid sizes significantly affect the numerical calculation outcomes. The 
effective stress peak for the numerical model with a 10 cm grid size is 8.6 % lower than that for 
the 5 cm grid size, whereas the stress peak for the 1 cm grid size is 2.1 % higher than that for the 
5 cm grid size. Considering both calculation accuracy and computational cost, the 5 cm grid size 
is chosen to discretize the model. 

3.4. Model validity verification 

Fig. 4 is a schematic diagram of the arrangement of vibration monitoring points directly above 
the tunnel excavation section. The vibration data acquisition equipment used is the TC-4850, 
which has a sampling frequency range of 5 to 300 Hz, a measurement range from 0.001 to 35 cm/s, 
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and a measurement accuracy of 0.01 cm/s. Fig. 5 presents a comparison of vibration waveforms 
between field measurements and numerical simulation results. The comparison reveals that the 
peak vibration velocity and its occurrence time obtained from field measurements closely align 
with those from numerical simulations. The peak vibration velocity from the numerical simulation 
is 1.45 cm/s, compared to 1.38 cm/s from field measurements, resulting in a relative error of 
4.83 %. The slightly lower actual monitoring vibration data is attributed to the assumption of a 
homogeneous rock mass in the numerical simulation. The presence of joints and fissures in the 
actual rock layer causes refraction and reflection of the blasting vibration waves, leading to 
attenuation. The comparison with field data confirms the reliability of the model. 

a) Numerical models with different mesh sizes 
 

b) Effective stress time history curve 
Fig. 3. Effective stress time history diagram for different mesh sizes 

 
Fig. 4. On-site monitoring diagram 

 

 
Fig. 5. Comparison of on-site and numerical 

simulation vibration velocity 

4. Optimization of cutting scheme and numerical calculation results 

To address the shortcomings of the original cut blasting scheme, an improved scheme is 
proposed, as illustrated in Fig. 6(b), with the original scheme depicted in Fig. 6(a). The finite 
element models for both scenarios have identical dimensions: 800 cm in length, 220 cm in width, 
and 500 cm in height. The first-level cut holes consist of 10 blast holes arranged symmetrically at 
an angle of 70°, with a bottom distance of 40 cm, a mouth distance of 200 cm, and a row spacing 
of 50 cm. The second-level cut holes consist of 10 blast holes arranged symmetrically at an angle 
of 75°, with a bottom distance of 230 cm, a mouth distance of 350 cm, and a row spacing of 50 cm. 
The primary differences between the two finite element models are the charge structure and the 
delay in detonation time. For conventional wedge cut blasting, the charge configuration involves 
a continuous coupled charge with a 130 cm long charge roll, and the detonation delay between the 
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first and second cut holes is set to 1 ms. For segmented wedge-shaped cut blasting, the charge 
structure is divided into upper and lower sections. The upper charge length is 60 cm, as is the 
length of the lower charge section. The delay time for the explosives is controlled using the 
keyword *INITIAL_DETONATION, with a delay of 1 ms for both sections of the charge. 

 
a) Conventional compound wedge-shaped cut 

 
b) Segmented compound wedge-shaped cut 

Fig. 6. Schematic diagram of improved charging scheme 

4.1. Damage analysis 

Fig. 7 and 8 illustrate the damage within the cut cavity resulting from two different cutting 
blasting methods. The cut cavity is divided along the 𝑍-direction (tunnel excavation direction), 
where 𝑍 = 0 m corresponds to the bottom of the hole and 𝑍 = 2 m corresponds to the mouth of the 
hole. According to existing theoretical analyses, the crushing zone within the blasting damage 
range typically extends from 2 to 5 times the charge radius, while the crack zone extends from 10 
to 15 times the charge radius [30-31]. Referring to the damage scale 𝐷, the red areas in the damage 
cloud map represent the crushing zone, while the green areas indicate the crack zone, thereby 
validating the effectiveness and appropriateness of the selected numerical simulation parameters. 
In the case of the conventional wedge-shaped cut, the rocks in the cut area shown in Fig. 7(a) to 
7(d) are effectively crushed. In contrast, in Fig. 7(e) to 7(f), the degree of rock damage in the cut 
range from 𝑍 = 1.6 m to 2.0 m decreases sharply, indicating that the rock in this region tends to 
produce large fragments, which adversely affects the overall crushing efficiency. In contrast, the 
extent of rock damage in the segmented wedge cuts, as shown in Fig. 8(e) to 8(f), is significantly 
greater than that observed in the conventional wedge cuts. Based on the previous discussion, the 
relatively low stress intensity in the conventional wedge-shaped cutting method results in 
inadequate fragmentation of the upper rock mass. In contrast, the relatively high stress intensity 
in the segmented wedge-shaped cutting method causes the rock mass at the initial detonation point 
to be completely fragmented into small blocks, thus forming a cavity. Subsequently, the rock mass 
at the bottom of the cut cavity is easily destroyed and completely removed, resulting in a cutting 
cavity that reaches the required depth. 

If the rock mass in the blocked section of the borehole is not sufficiently fractured, the 
formation of the cavity will be restricted. Typically, in a wedge-shaped cut, blasting should 
fracture the rock mass to create a continuous cavity or notch, allowing subsequent operations, such 
as additional blasting, excavation, or support, to proceed smoothly. When the rock mass in the 
tunnel entrance area is inadequately fractured, the cracks and fractured zones generated by blasting 
fail to propagate effectively, resulting in an irregular or incomplete cavity, which severely hinders 
the subsequent tunnel construction. 
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Fig. 7. Damage cloud diagram of conventional compound wedge-shaped cut blasting:  

a) 𝑍 = 0 m; b) 𝑍 = 0.4 m; c) 𝑍 = 0.8 m; d) 𝑍 = 1.2 m; e) 𝑍 = 1.6 m; f) 𝑍 = 2.0 m 

 
Fig. 8. Damage cloud diagram of segmented wedge-shaped cut blasting:  

a) 𝑍 = 0 m; b) 𝑍 = 0.4 m; c) 𝑍 = 0.8 m; d) 𝑍 = 1.2 m; e) 𝑍 = 1.6 m; f) 𝑍 = 2.0 m 

4.2. Effective stress distribution characteristics 

Utilize LS-PREPOST to examine the post-processing results of the solved numerical model, 
where the effective stress value progressively transitions from red to blue. Fig. 9 illustrates the 
propagation process of the effective stress distribution in the segmented wedge-shaped cut. At  𝑡 = 169 μs, the detonation reaction in the segmented wedge-shaped cutout initiates from the upper 
charge, with detonation occurring at the bottom of the hole. The generated energy immediately 
propagates a stress wave through the rock mass, radiating outward in the form of a cylindrical 
wavefront. As the explosion progresses, the stress wave continues to propagate along the tunnel 
face. Concurrently, at 𝑡 = 289 μs, the stress waves generated between different cut holes overlap. 
At 𝑡 = 679 μs, the reflected tensile wave generated by the wavefront reaching the tunnel face 
intersects with the stress wave, causing significant stress concentration at the tunnel face. The 
non-reflective boundaries implemented around the tunnel numerical model represent real-world 
engineering conditions, ensuring the accuracy of the numerical simulation results. At 𝑡 = 1089 μs, 
the bottom charge begins detonation, following the hole bottom detonation method.  
At 𝑡 = 1389 μs, the intersection of stress waves intensifies the degree of rock crushing between 
the cut holes. At 𝑡 = 1739 μs, the stress waves from the bottom and upper explosives converge at 
the tunnel face. The effective stress value at the tunnel face increases significantly, ensuring 
effective rock crushing at the hole mouth. 

To investigate the effective stress distribution of segmented wedge cut blasting versus 
conventional wedge cut blasting, and to assess the vibration of the tunnel surrounding rock, 
monitoring points for effective stress and peak vibration velocity are positioned as depicted in 
Fig. 10. Points 𝐴 through 𝐹 represent effective stress monitoring locations, while vibration 
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velocity monitoring points 𝐴ଵ, 𝐵ଵ, 𝐶ଵ, and 𝐷ଵ are positioned at the crown, spandrel, arch foot, and 
the midpoint of the arch bottom of the excavation face, respectively. 

 
Fig. 9. Cloud diagram of effective stress propagation in segmented wedge-shaped cut blasting 

 
Fig. 10. Schematic diagram of effective stress and peak vibration velocity measurement points 

To further elucidate the stress distribution characteristics within the entire cut cavity, 
stress-time history curves for various depths are plotted, as shown in Fig. 11. In the conventional 
wedge cut model, the maximum peak stress occurs at 𝑍 = 0 m, i.e., at the bottom of the hole, 
reaching 135 MPa. Due to the maximum explosive charge, the segmented wedge cut model 
achieves a maximum peak stress of 116 MPa at the bottom of the hole. As the measurement point 
progresses toward the tunnel face, the inter-hole stress of the conventional wedge cut gradually 
decreases to 102 MPa at 𝑍 = 0.4 m, slightly higher than that of the segmented wedge cut. At  𝑍 = 0.8 m, the inter-hole stress of the conventional wedge cut continues to decrease, while that of 
the segmented wedge cut remains nearly constant. Additionally, the stress distribution of the 
segmented wedge cut exhibits two distinct peaks over time, positively contributing to rock 
crushing and ejection within the cut cavity. Within the cut cavity from 𝑍 = 1.2 m to 𝑍 = 2.0 m, the 
segmented wedge cut maintained two distinct stress peaks with minimal fluctuations, whereas the 
conventional wedge cut displayed only one prominent peak throughout the detonation process, 
with values continuously decreasing. It can be anticipated that the segmented wedge cut method 
can create new free surfaces in a timely manner, reducing the clamping effect of rock blasting 
within the hole. Simultaneously, the delayed detonation method effectively expels the gravel from 
the hole, achieving an efficient cut blasting result. 

The primary advantage of the segmented charging method lies in its ability to release energy 
in stages, progressively forming a more uniform stress field. The conventional wedge-shaped cut 
charging method typically involves a single explosion, with the blast-induced stress concentrated 
at the bottom of the hole, resulting in a rapid decay of stress near the tunnel entrance. In contrast, 
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segmented charging combines delayed blasting with staged energy release, gradually releasing 
energy at different depths, leading to a more uniform stress distribution throughout the blasting 
process. Another key feature of segmented charging is delayed blasting, which effectively delays 
the release of stress waves to different time points, ensuring a more uniform stress distribution on 
the rock mass within the cavity. 

 
a) 𝑍 = 0 m 

 
b) 𝑍 = 0.4 m 

 
c) 𝑍 = 0.8 m 

 
d) 𝑍 = 1.2 m 

 
e) 𝑍 = 1.6 m 

 
f) 𝑍 = 2.0 m 

Fig. 11. Comparison of stress time history curves at typical measurement points 

To further investigate the stress distribution trend within the cut cavity of the two 
wedge-shaped cutting methods, stress peak values at each section are plotted in a stress trend 
diagram, as shown in Fig. 12. In the conventional wedge-shaped cutting method, as the stress peak 
values decrease from the bottom of the hole to the hole mouth, excessive rock crushing at the 
bottom and the formation of large fragments at the hole mouth are likely to occur. The presence 
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of large fragments impedes the ejection of rock from the bottom of the hole, thereby impacting 
the blasting effectiveness of the entire section. In contrast, the stress distribution in the segmented 
wedge-shaped cutting method is relatively uniform throughout the cut cavity, maintaining 
approximately 100 MPa, which is crucial for achieving uniform rock crushing within the cavity. 
Additionally, as the upper charge is detonated first, it timely creates a free surface, facilitating the 
ejection of bottom rock fragments, forming an ideal cutting cavity, and providing ample space for 
the blasting of subsequent blastholes. 

 
Fig. 12. Variation of peak stress at typical measurement points with groove depth 

4.3. Surrounding rock velocity analysis 

Peak vibration velocity effectively reflects the damage to the surrounding rock [32-33]. Fig. 13 
illustrates the time history curves of vibration velocity for each monitoring point under different 
cut blasting methods. At the arch top position, the peak vibration velocity of 5.22 cm·s-1 was 
recorded at 𝑡 = 630 μs for conventional cut blasting, while segmented cut blasting produced two 
velocity peaks at 𝑡 = 940 μs and 𝑡 = 1780 μs. Considering the combined velocity peaks at each 
measurement point, the arch bottom point 𝐷, being closest to the cut blasting area, recorded the 
first blasting vibration velocity and exhibited the highest peak value of 8.11 cm·s-1. Segmented 
wedge cut blasting tends to generate two or more peaks, but these peaks are lower in value 
compared to the velocity peak from conventional wedge cut blasting. This is attributed to the 
maximum explosive charge per section and the detonation delay. Overall, segmented cut blasting 
offers advantages in controlling the maximum safe vibration velocity. 

Fig. 14 illustrates a comparison of the combined vibration velocity at each monitoring point 
for the two cutting blasting methods. As can be seen from Fig. 14, the combined vibration velocity 
at the arch bottom monitoring point is the highest, with the segmented wedge-shaped cutting being 
4.42 % lower than the conventional wedge-shaped cutting. The combined vibration velocities at 
the arch foot, arch top, and arch shoulder monitoring points are 19 %, 11.97 %, and 3.86 % lower 
than those from the conventional wedge-shaped cutting, respectively. The combined vibration 
velocities at the four monitoring points are all lower than those observed with conventional cutting 
blasting, indicating that the segmented wedge-shaped cutting blasting method effectively reduces 
the impact on the surrounding tunnel rock. 

Segmented charging utilizes delayed blasting and a gradual release of energy, whereas 
conventional wedge-shaped cut blasting typically releases all explosive energy in a single burst, 
resulting in intense blasting vibrations. This concentrated energy release generates a high peak 
vibration velocity instantaneously. In contrast, segmented charging uses staged detonation to 
distribute the total energy across multiple time points. As a result, the energy release at each point 
is smaller, leading to smoother and more controlled vibrations. Moreover, segmented charging 
releases energy at different intervals, creating new free faces as needed. This mitigates the 
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confinement effect, ensures a more uniform stress distribution within the rock mass, reduces the 
likelihood of surrounding rock instability due to vibrations, and contributes to maintaining the 
overall stability of the surrounding rock. 

 
a) Crowm 

 
b) Spandrel 

 
c) Arch foot 

 
d) Arch bottom 

Fig. 13. Vibration velocity time history curve of monitoring point 

 
Fig. 14. Comparison of peak vibration velocity of different trenching schemes 

5. Field test research 

To compare and analyze the application of the segmented wedge-shaped cut model in actual 
tunnel construction, the on-site blasting design was modified, with the blasthole diameter in the 
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field test set at 42 mm. Fig. 15(a) shows the post-blasting effect before the optimization of the 
blasting scheme, with uneven rock block sizes, most of which are large. Combining the numerical 
simulation results, it is evident that the effective stress from the blocked section to the tunnel face 
in the conventional wedge-shaped cut is lower than the rock crushing strength, resulting in 
ineffective crushing of the blocked section rock and difficulty in ejecting it from the tunnel face. 
Furthermore, the lack of a free surface and compensation space for subsequent auxiliary hole 
blasting results in suboptimal blasting effects across the entire tunnel section, with a low blasthole 
utilization rate, ultimately delaying construction progress. Fig. 15(b) shows the post-blasting 
effect after optimizing the cutting scheme, with no large blocks and uniformly sized rock 
fragments. Based on the rock internal damage analysis results presented in Section 4.1, the entire 
cut cavity in the segmented wedge-shaped cut is extensively fractured and interconnected. The 
favorable blasting effect in the cut area enhances the conditions for subsequent auxiliary hole 
blasting. 

 
a) Blasting effect before scheme optimization 

 
b) Blasting effect after scheme optimization 

Fig. 15. Schematic diagram of blasting comparison before and after blasting scheme optimization 

Split-Desk 4.0 software was used to analyze the distribution of blast pile fragmentation. 
Fragmentation analysis was conducted on representative blast pile patterns corresponding to 
various cutting schemes, and the results are shown in Fig. 16. Fig. 16 shows that in the 
conventional wedge-shaped cutting scheme, the distribution of crushed stone particle sizes is 
primarily concentrated between 10 cm and 63 cm, with 48.31 % of the crushed stone particles 
being larger than 38 cm. In the segmented wedge-shaped cutting scheme, the particle size range 
of crushed stone spans from 5 cm to 25 cm, accounting for 69.74 %, with only 20.16 % of the 
crushed stone exceeding 38 cm in size. This effectively reduces the occurrence of large blocks 
after blasting. 

 
Fig. 16. Rock particle size ratio after blasting in different cutting schemes 
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Table 4 presents a comparison of the main parameters and technical and economic indicators 
before and after the optimization of the tunnel blasting scheme. The tunnel is designed to advance 
2.0 meters per cycle. The table indicates that the segmented wedge-shaped cut effectively 
enhances the blasthole utilization rate and blasting footage while reducing the charge amount in 
the cut hole, and it effectively controls the generation of large blocks. 

Table 4. Main blasting parameters and technical and economic indicators  
of the schemes before and after optimization 

Scheme 
Charge 
amount 

(Kg) 

Average 
blasting 

footage (m) 

Blast hole 
utilization (%) 

Explosive 
consumption per 

cycle (Kg) 

Large 
block rate 

(%) 
Segmented 

cutting 24 1.9 95 84 20.16 % 

Conventional 
cutting 26 1.6 80 86 48.31 % 

6. Discussions 

Fig. 17 presents the numerical models for cut blasting developed in recent years. CHENG et 
al. [19] proposed a wedge-shaped cut blasting method involving delayed in-hole excavation and 
developed a cubic finite element mesh model using ANSYS. GAO et al. [22] developed a cubic 
finite element mesh model for a 6-hole wedge-shaped cut and examined the impact of different 
delay times on vibration velocity. Although the cubic model is useful for preliminary research, its 
application is limited, making it difficult to address complex engineering challenges. Furthermore, 
the finite element mesh method (FEM) is susceptible to large deformations and premature 
termination of calculations when applied to explosive problems, underscoring the importance of 
selecting an appropriate mesh size. The smoothed particle hydrodynamics (SPH) method offers 
distinct advantages in addressing problems involving material fragmentation, large deformations, 
and particle motion. However, the pure SPH method comes with significant computational costs. 
Reference [34] employs the FEM-SPH method, effectively combining the strengths of both 
techniques. This hybrid approach represents an advanced numerical simulation methodology. 

 
a) FEM model [19] 

 
b) FEM model [22] 

 
c) FEM-SPH model [34] 

 
d) FEM model (Ours) 

Fig. 17. Common numerical modeling methods for cut blasting 
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The novelty of this paper lies in utilizing real tunnel sections as the basis for numerical 
simulation modeling. Unlike previous models, the boundary conditions in the real tunnel section 
model match those of the actual engineering site, allowing for a more accurate representation of 
stress wave propagation during cut blasting. Additionally, the cut area experiences the highest 
intensity of blasting vibrations throughout the entire tunnel section. The tunnel numerical model, 
based on real tunnel sections, accounts for the peak vibration velocity induced by cut blasting in 
different parts of the tunnel, providing valuable insights for engineering construction. 

While the FEM method can efficiently capture the mechanical response of the overall model 
under blasting load at a low computational cost, the FEM-SPH coupled numerical method should 
be employed for high-precision analysis of large deformations in the rock mass of the cutout area. 
Additionally, real tunnel construction sites often feature well-developed joints, fissures, and 
heterogeneous geological conditions. Future research should address the heterogeneity of the rock 
mass, including layered structures, and the impact of joints and fissures on blasting effects in 
numerical simulations. 

7. Conclusions 

This study examines the effects of Conventional wedge cutting and segmented wedge cutting 
methods in tunnel blasting through a comparative analysis of numerical simulations and field tests. 
The simulation results demonstrate that the optimized segmented wedge cutting method provides 
substantial benefits in terms of damage extent, effective stress distribution, and vibration velocity 
in the surrounding rock, emphasizing the shortcomings of the Conventional method. Additionally, 
the alignment between actual blasting outcomes and numerical simulations further supports the 
conclusion that the optimized method can significantly improve tunnel blasting efficiency while 
minimizing the impact on surrounding rock. By integrating numerical simulations with field test 
data, the following conclusions are drawn: 

1) The numerical simulation results, based on the ANSYS-LSDYNA fluid-solid coupling 
algorithm, align well with the on-site blasting vibration test results. This validates the rationality 
and effectiveness of the numerical model, demonstrating that this approach can effectively address 
cut blasting challenges in practical engineering. 

2) The damage cloud map shows that the numerical simulation results clearly illustrate the 
blasting process for two distinct cutting methods. The damage extent in the stemming section of 
the conventional compound wedge-shaped cutting is notably lower than that of the segmented 
wedge-shaped cutting. This is mainly due to the significantly lower effective stress in the 
stemming section compared to the dynamic failure strength of the rock mass. In the improved 
charging method, the effective stress is uniformly distributed throughout the entire cut cavity, 
ensuring more uniform fragmentation of the rock mass. 

3) Monitoring the blasting vibration velocities for the two cutting and charging schemes 
showed that the maximum vibration peak occurred at the arch bottom, with the greatest reduction 
in vibration velocity observed at the arch foot (19 %) and a reduction of 11.97 % at the arch top. 
The improved cutting and charging blasting scheme met the minimum safe vibration velocity 
requirements for the surrounding structures. 

4) The geological conditions of the actual tunnel are complex. The blasting plan should be 
formulated based on comprehensive on-site vibration monitoring data and blasting effect 
evaluations, with the charging plan adjusted promptly in response to changes in tunnel conditions, 
aiming to optimize blasting efficiency while minimizing vibration intensity. 
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