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Abstract

To overcome the drawbacks of conventional wedge cut blasting—high peak particle velocity
(PPV), low blasthole utilization, and a high proportion of large fragments—this paper pro-
poses a delayed blasting method for wedge cut blasting. By integrating the rock-fracturing
process of wedge cut blasting, the mechanisms of rock breaking and vibration reduction
are investigated and confirm the method through field tests. The results indicate that the
rock breaking process can be divided into two stages, the stage of fracture propagation and
the stage of cavity ejection, and a rock breaking criterion for wedge cut delayed blasting
is established. Considering differences in the vibration waveforms generated by different
types of cut holes, a vibration waveform fitting method for wedge cut delayed blasting is
proposed. Furthermore, the generation time of the blast-induced free surface during the
rock breaking process is calculated, and a calculation Equation for the optimal delayed time
is derived. Field tests in the Qi Jiazhuang tunnel show that, compared with conventional
blasting, the proposed delayed blasting method increases blasthole utilization by 23.8%,
reduces the large fragment rate by 67.4%, lowers PPV by 53.7%, and increases the dominant
vibration frequency by 42.0%. These results significantly improve the wedge cut blasting
performance and construction safety.

Keywords: wedge cut; delayed blasting; rock breaking; vibration reduction

1. Introduction

Drill-and-blast excavation remains one of the most widely used construction methods
in tunnel engineering because of its strong adaptability to complex geological conditions,
relatively low equipment dependence, and high flexibility in section adjustment. In a
blasting round, the cut holes are detonated first to create an initial cavity and a blast-induced
free surface for the subsequent holes [1]. Therefore, the performance of the cut blasting
directly affects the cavity formation quality, advance per round, fragmentation quality, and
overall excavation efficiency. According to the spatial relationship between the cut holes
and the tunnel face, tunnel cut blasting patterns can generally be classified into parallel cut,
wedge cut, and hybrid cut. Among these cut blasting patterns, parallel cut has advantages
of simple operation and ease of drilling; however, its drawbacks include a large number of
holes, substantial drilling workload, and high specific explosive consumption [2]. Wedge
cut generally yields a slightly shorter advance per round, but it requires lower specific
explosive consumption and achieves better cavity formation [3]. Hybrid cut can better
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accommodate varying rock properties and engineering requirements and is particularly
suitable for cases involving extremely hard surrounding rock or deep-hole blasting, where
it can markedly improve construction efficiency and safety. Considering factors such as
tunnel cross-sectional area, advance per round, and construction operability, inclined cut
is currently one of the most widely adopted blasting methods in tunnel excavation [4,5].
As the most commonly used form of inclined cut, wedge cut blasting has been extensively
investigated from multiple perspectives in order to improve its blasting efficiency.

Some scholars have investigated wedge cut blasting from the perspective of cut pattern
and parameter design. Lou et al. [6] studied the rock breaking mechanism of tunnel wedge
cut blasting and deriving calculation Equations for the corresponding blasting parameters
by establishing a mechanical model for the wedge cut blasting cavity. Recent international
studies have further shown that cut design should be evaluated not only in terms of
excavation advance but also in terms of construction efficiency, charge utilization, and
adaptability to different tunnel sizes and rock conditions [7,8]. In addition, new cut layouts
such as compound or mixed cut times have been proposed for hard-rock tunnels with
restricted construction space, further extending the design idea of conventional wedge
cuts [9]. Tian et al. [10] proposed a theoretical method for reduced hole blasting in large-
section tunnels as an alternative to the traditional drilling-and-blasting design concept of
“more holes with less charge” and presented a calculation method for the extrapolation
distance of wedge cut holes based on explosive energy dissipation and the critical rock
fragmentation energy characteristics.

At the same time, increasing attention has been paid to the rock breaking mech-
anism and energy evolution of cut blasting. Lanari et al. [11] employed a continuous
two-dimensional analytical model to simulate the effects of shock waves and detonation
gas generated by wedge cut blasting on the surrounding rock. Cheng et al. [12] inves-
tigated the influence of charge diameter on the blasting performance of wedge cuts in
hard rock and analyzed the shock wave propagation history and stress field distribution
characteristics within the cut cavity under different charge diameters. Further studies
emphasized that the blasting performance of different cutting methods is closely related to
the distribution and utilization of explosive energy, and that the cavity-forming process
should be regarded as a coupled process involving stress wave action, gas expansion,
crack propagation, and fragment ejection [13,14]. More recently, refined characterization
methods such as 3D laser scanning, numerical reconstruction, and multi-scale FDM-DEM
coupling have been introduced to quantify cavity morphology, surrounding rock damage,
and energy dissipation more accurately, indicating a clear shift from empirical judgment to
a more mechanism-based evaluation [15,16]. Recent studies have shown that cutting angle,
induced-fracture angle, and the coupled shear—tensile resistance of the surrounding rock
can significantly affect stress redistribution and rock fragmentation within the cavity [17].

With optimization of delayed initiation, studies on wedge cut blasting with delayed
hole initiation have shown that appropriate inter-hole delay can improve free-surface
creation, reduce rock clamping, and promote the staged release of explosive energy [18]. In
addition, hole-inner delay and center-hole supplementary cut methods have been proposed
to reorganize the initiation sequence and compensation space inside the cut region, thereby
improving cavity formation and excavation efficiency [19,20]. These studies indicate that
delayed time is not only a vibration control parameter, but also a key variable govern-
ing the temporal and spatial coordination of rock breaking, cavity expansion, and muck
ejection [21].

Another important research line concerns blasting vibration and structural safety.
Existing studies have shown that blast-induced vibration is one of the main constraints on
the engineering application of efficient cut blasting, especially in shallow-buried tunnels
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or tunnels adjacent to existing structures. A blasting vibration safety criterion for tunnel
lining structures has been proposed, which provides an important basis for evaluating the
dynamic safety of underground support systems [22]. Recent studies have further revealed
the dynamic responses and failure-prone zones of existing tunnels under transient excava-
tion unloading or disturbance caused by nearby blasting, highlighting the sensitivity of
adjacent underground structures to dynamic loading [23]. Moreover, vibration propagation
and stress evolution in complex tunnel systems are strongly affected by tunnel geometry,
structural interaction, and blasting sequence, which further emphasizes the necessity of
incorporating vibration control into cut blasting design at the source [24].

Although substantial progress has been achieved in cut geometry optimization, cavity
formation analysis, delay design, and vibration safety assessment, several important issues
in tunnel wedge cut delayed blasting remain insufficiently addressed. First, existing
mechanism studies mainly focus on conventional wedge cuts or modified cut layouts,
while the rock breaking and cavity-forming mechanisms of wedge cut delayed blasting
itself have not yet been systematically clarified. Second, although vibration response and
structural safety under blasting have been widely studied, relatively few studies have
directly linked the staged blasting process in wedge cut holes with vibration waveform
superposition and practical delayed time determination. Third, existing delayed time
optimization studies are still limited in number, and a practical engineering method that
simultaneously considers cavity formation conditions and vibration reduction effects is
still lacking.

To address the above issues, this study investigates the rock breaking and vibration
reduction mechanisms of wedge cut blasting in tunnel and proposes a wedge cut precise
delayed blasting method. First, the rock breaking process of wedge cut delayed blasting is
analyzed from the perspectives of fracture propagation, cavity formation, and fragment
ejection. Then, a practical delayed time calculation method is developed by integrating
cavity formation analysis with vibration waveform superposition. Finally, field tests were
conducted in the Qi Jiazhuang tunnel to validate the proposed method in terms of blasthole
utilization, fragmentation quality, vibration intensity, and dominant vibration frequency.
The results provide both mechanistic insight and practical guidance for safer, more efficient,
and tunnel blasting construction with reduced disturbance.

2. Proposed Wedge Cut Precise Delayed Blasting Method in Tunnel

In the present study, an eight-hole wedge cut layout for the first step is adopted as the
engineering case for developing and validating the proposed wedge cut delayed blasting
method. This layout is selected according to the excavation section, surrounding rock
conditions, and construction requirements of the Qi Jiazhuang tunnel, and should not be
regarded as a universally applicable arrangement for all tunnel blasting cases.

Four pairs of cut holes (eight holes in total) are arranged in the Qi Jiazhuang tunnel,
as shown in Figure 1. All these holes are detonated simultaneously in conventional wedge
cut blasting. The proposed wedge cut precise delayed blasting method is a blasting time
sequence developed in this study, which divides these cut holes into initial cut holes (green)
and secondary cut holes (blue). After the initial cut holes detonate, the rock in that zone
is fractured and ejected outward under the combined action of explosion stress wave
and detonation gas, thereby forming a blast-induced free surface. Then, the secondary
cut holes detonate after a certain delayed time. By altering the initiation sequence of the
wedge cut holes and adopting electronically detonated caps to implement a rational and
precise delayed time, this method can improve blasting performance while simultaneously
reducing blasting vibration.
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the initial cut holes @—— the secondary cut holes

Figure 1. Layout of proposed wedge cut delayed blasting.

3. Rock Breaking Mechanism of the Proposed Wedge Cut Delayed
Blasting in Tunnel

As an important engineering technology, rock blasting has been widely applied in
mining, construction, energy, and other fields. Therefore, a thorough understanding of
rock breaking mechanisms is crucial for improving engineering efficiency and ensuring
project safety. The cavity block model of wedge cut delayed blasting in tunnel is shown
in Figure 2. The cavity block for the initial cut holes is represented by the yellow area in
Figure 2. A1AyA3A4 represents the free surface; C;C,C3Cy represents the bottom of the
cavity for the initial cut holes. A1Cy, AyCy, A3C3, and A4Cy represent the cut holes with
alength of L. B1Cy, BoCy, B3C3, and B4Cy4 represent explosives with a length of L.. A;By,
AjB,y, A3B3, and A4B, represent stemming sections with a length of Ls. d; represents the
collar spacing, d, represents the spacing between cut hole bottoms, a represents the spacing
between adjacent cut holes, 6 represents the inclination angle of the cut holes, dj, represents
the diameter of the cut hole, and d. represents the diameter of the explosive. The specific
representatives can be seen in Figure 2.

When the explosives (B1Cy, B,Cy, B3Cs, and B4Cy4) are detonated simultaneously,
cracks propagate in the rock between adjacent cut holes under the combined action of the
explosion stress wave and detonation gas. These cracks eventually cause the cavity bound-
ary to separate from the surrounding rock, resulting in the formation of a complete cavity.
Subsequently, the cavity overcomes its self-weight and the frictional resistance of the side-
walls and is ejected outward. This process provides a new free surface for the detonation of
the secondary cut holes and sufficient space for subsequent rock fragmentation.

To simplify the mechanical analysis of cavity formation in wedge cut delayed blasting,
the following assumptions are adopted.

(1) The rock breaking process is divided into two stages: the stress wave-dominated
crack initiation and propagation stage, and the gas pressure-dominated cavity expansion
and rock ejection stage.

(2) Before the gas pressure-dominated cavity expansion and rock ejection stage begins,
cracks between adjacent cut holes and toward the free surface are assumed to be partially
penetrated under the action of the explosion stress wave, so that the rock in the cut region
can be treated as a detachable blasting rock.

(3) The resistance to rock movement during the stage of the stress wave-dominated
crack initiation and propagation mainly consists of shear resistance, tensile resistance,
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self-weight, and frictional resistance. Since this stage is dominated by rock movement after
crack development, the shear resistance is evaluated using the Mohr—Coulomb criterion as
an engineering approximation [25], rather than a complete dynamic failure criterion for the
entire blasting process.

(4) During the gas pressure-dominated stage, the detonation gas is assumed to rapidly
fill the effective cavity space and exert an equivalent pressure on the surfaces of the rock.
The present model focuses on the dominant gas pressure loading and does not explicitly
quantify the transient contribution of secondary shock waves after cavity formation.

(5) The rock is assumed to move mainly toward the free surface and along the direction
of the minimum resistance line, and the short-duration dynamic interaction is represented
in an equivalent mechanical form rather than by a full high-rate constitutive model.

Cs_

Figure 2. Cavity block model of wedge cut delayed blasting.

It should be noted that the Mohr—Coulomb criterion is not used here to describe the
instantaneous failure caused by the initial high-rate stress wave, but rather to estimate
the equivalent shear resistance during the stress wave-dominated crack initiation and
propagation stage after crack initiation. Therefore, its use in the present study is an
engineering simplification for the analysis of cavity formation and rock ejection, rather
than a complete dynamic failure description for the entire blasting process.

Therefore, the rock breaking process of wedge cut delayed blasting can be summarized
as follows: the initial cut holes are detonated first, and the explosion stress wave initiates
and propagates cracks between adjacent cut holes and toward the free surface. After
sufficient crack development and cavity formation, the detonation gas continues to act on
the fractured rock mass, driving cavity expansion and rock ejection. After a precise delayed
time, the secondary cut holes are detonated. Based on the above staged mechanism,
the formation of cavity by the initial cut holes should satisfy two conditions: (1) the
explosive-induced load acting on the upper boundary of the cavity along the direction of
the minimum burden must exceed the sum of the shear resistance around the cavity and
the tensile resistance at the cavity bottom; (2) under the action of the detonation gas, the
cavity rock mass must overcome its self-weight and frictional resistance and be ejected out
of the surrounding rock. On this basis, the rock breaking process of wedge cut delayed
blasting in tunnels is divided into two stages, namely the stage of fracture propagation and
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the stage of cavity ejection, and the corresponding criteria are established for each stage.
These two stages are not only used to describe the physical process of rock breaking but
also provide the basis for the corresponding cavity formation criteria.

3.1. The Stage of Fracture Propagation

In this stage, the objective is to determine whether the explosive-induced load is
sufficient to cause crack penetration and separation of the cavity block boundary from the
surrounding rock. For engineering simplicity, the load acting on the cavity block boundary
and the resisting forces are represented in an equivalent mechanical form.

Figure 3 shows the top view of the forces acting on the cavity block. f1, f{, f2, and f;
represent the shear resistances acting on surfaces AjAyCyCq, AgA3C3Cy, AyA1C1Cy, and
ApA3C3Cy, respectively. T represents the tensile resistance acting at the cavity block bottom
C1CyC3Cy4. Fy, Fy, F3, and F4 represent the blasting load acting on the cut hole walls after
the detonation of the explosive B1Cy, BoCy, B3C3, and B4Cy, F1 = Fp = F3 = Fy4.

FT

G (C) G (C)

( F,(F)

A

E(E)?

’ Ffl(f;)

Al (A4) Az (A3 )

Figure 3. Top view of the force in wedge cut cavity block.

The shear resistance f1 can be expressed as follows [26]:
f1 = (C+0’1 tan(p)(dl +d2)LSiI’19/2 1)

where ¢ represents cohesion; ¢ represents internal friction angle. o; represents normal
stress. The shear resistance f; in surfaces A3A4C4Cs is equal to f1. The shear resistance f,
can be expressed as follows:

fo=(c+oxtang)al ()

where 0, represents horizontal tectonic stress. The shear resistance f} is equal to f. There-
fore, the total shear resistance f experienced by the wedge cut in the direction of the
minimum resistance line can be expressed as follows:

f=2fi+2f;sinf = [(c + oy tan @) (dy + d2) + 2(c + 0, tan ¢)a] L sin 6 (3)
The tensile resistance T can be expressed as follows:

T = lezO't (4)
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where o} represents tensile strength. After the explosive is detonated, the blasting load P

acts on the cut hole wall [27].
2 v
P = M (LC> (5)
21+y)\ L

where py represents the density of the explosive, kg/m3; D represents the detonation
velocity of the explosive, m/s; n represents the pressure increase coefficient when the
detonation products impact the cut hole wall, n = 8-10; and 7y represents the adiabatic
expansion index of the detonation products, v = 3.

Accordingly, the resultant force F acting along the minimum burden line of the cavity
can be expressed as follows:

_4p _ npodyLD* (LT
F=4F = 7(1 ) T cos 6 (6)

Therefore, the criterion for ensuring fracture penetration during the stage of fracture
propagation can be expressed as follows:

F>f+T=[(c+otan @) (dy +dy) +2(c + 0 tan ¢)a] L sin 6 + adyo; (7)

Equation (7) is the fracture propagation criterion for the initial cut holes, rather than
the final Equation for calculating the optimal delayed time.

3.2. The Stage of Cavity Ejection

After the initial cut holes form a complete cavity, the fractured rock inside the cavity
is treated as a detachable blasting block. The analysis in this stage focuses on the gas
pressure-driven cavity ejection process, rather than the instantaneous high-rate failure
induced by the initial explosion stress wave. To improve the effectiveness of the secondary
cut holes blasting, the cavity rock should be fully ejected from the cut cavity [28].

Vo = (Ib - If) /M ®8)

where V| represents the initial velocity of the cavity rock block at the moment it separates
from the surrounding rock; M represents the mass of the cavity block; I, represents the
initial impulse of the detonation gas and the cavity block; and I represents the impulse
due to frictional resistance acting on the cavity block.

Iy = (S P + Mg)t

4
If = 1‘21 SifoPyt ®)
where S), represents the cross-sectional area of the charged section of the cut holes in the
axial direction of the cavity block; S; represents the contact area between the cavity block
and the surrounding rock; ¢ represents the dynamic friction coefficient between the cavity
block and the surrounding rock, § = 0.2; and P;, represents the initial pressure acting on the
cavity block at the moment of separation from the surrounding rock, and its variation with

1.55
. 1 [am
Py, =P [0.27/ (0.58(?;7 \/: 0.83)] (10)

Substituting Equations (9) and (10) into Equation (8) gives the initial velocity V. Due

time is expressed as:

to the small advance per cycle of the cut blasting process, the cavity block can be regarded
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as undergoing uniformly accelerated motion along the direction of the resistance line under
the action of the blast load and detonation gas. The resultant force K acting on the cavity
block during ejection is as follows:

4
K:Shpm_Mg_ZSiéfpm (11)
i=1

When the cavity block is fully ejected, V1 > 0. According to the law of conservation of
energy, the following relation can be obtained:

1

EMVlZ — %MVO2 = —KLsin6 (12)

Thus, the initial velocity Vj should satisfy the following condition:

4
Vo > J [2 <shpm -Mg—Y. Si(Sme> Lsin 9] /M (13)

i=1

By combining Equations (7) and (13), the cavity formation criteria for wedge cut
blasting can be derived. These criteria not only help clarify the rock breaking mech-
anism in tunnel excavation but also provide a basis for precise delay-time calculation,
thereby improving the effectiveness of wedge cut blasting and enhancing the safety of
tunnel excavation.

4. Calculation of Delayed Time for Wedge Cut Blasting

Delayed time is the one of key factor affecting the vibration and rock breaking perfor-
mance in wedge cut blasting. Thus, the Anderson superposition principle is introduced to
determine the optimal delayed time for wedge cut blasting.

4.1. Anderson Superposition Principle

Anderson et al. [29] proposed a method for predicting the vibration waveform of
group hole blasting based on linear superposition theory. This method involves measuring
the vibration waveform of a single hole blasting in the field and linearly superimposing it
to obtain the vibration waveform of group holes blasting. Since the vibration waveform
measured from a single hole blasting accurately reasonably reflect the geological charac-
teristics of the blasting site, this method can be applied under various blasting conditions.
When applying the Anderson superposition principle to the linear superposition of single
cut hole blasting vibration waveforms, the vibration waveform of delayed group cut holes
blasting V/(f) can be expressed as:

n
V(t) =) o(t+At) (14)
i=1
where At; represents the initiation delayed time between the i cut hole and its neighboring
cut hole, v(t) represents single cut hole vibration waveform, and n represents the type of
cut holes.

During the process of tunnel wedge cut blasting, the charge quantity, free surface,
and other conditions vary among different types of cut holes on the tunnel face, leading to
significant differences in the blasting vibration waveforms. Therefore, it is inappropriate to
use a single cut hole vibration waveform to superimpose the vibration waveform of group
cut holes. This study introduces a method for obtaining the vibration waveforms of different
types of cut holes through field measurements, followed by waveform superposition
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calculations to determine the vibration waveform of grouped cut holes under precise delay
conditions. The expression can be expressed as:

V(t) = Z Vi(t+ At 1) (15)

n
i=1
where V(t) represents the vibration waveform generated by the i-th type of cut hole.

4.2. Fitting Method for Blasting Vibration Waveforms

The vibration waveforms of different types of cut holes were obtained through field
single-hole blasting tests under controlled delayed conditions. Because the measured
waveforms are discrete data points for different types of cut holes, these waveforms cannot
be directly used for superposition calculations under different delayed times. Therefore,
the measured waveforms should be fitted into continuous functional expressions to enable
subsequent superposition calculations.

Since current vibration monitoring equipment cannot automatically adjust the moni-
toring time according to the actual blasting vibration in real time, the sampling time is set
before the experiment. To ensure that the complete vibration waveform is captured, the
sampling time is often longer than the actual vibration duration, leading to some irrelevant
data being included in the monitoring results. Before fitting, the measured single cut hole
vibration waveform must be truncated to the effective vibration interval [0, {] in order to
remove irrelevant data outside the actual vibration duration. The truncated waveform
was then fitted using the Gauss function to obtain a continuous functional expression for
subsequent superposition calculations. The fitting expression for the waveform of a single
type of cut hole based on the Gauss function is as follows [30]:

(t: — b))
o(t) = iaje G (1<i<Q (16)

The fitting coefficients a;, b; and c; represent the amplitude, position, and width
parameters of the Gaussian components, respectively; and m denotes the fitting order. The
fitting quality of the fitted function was evaluated using R?.

4.3. Calculation of the Precise Delayed Time for Wedge Cut Blasting

Based on Equation (20) and MATLAB programming, the vibration waveforms for
group cut holes under different delayed times are calculated, and the PPV data correspond-
ing to these waveforms are extracted to support the optimization of delayed time design in
field blasting. The specific procedure is as follows:

(1) Field tests on different types of cut holes and acquisition of the corresponding vibra-
tion waveforms

Based on the field blasting conditions, the precise delayed characteristics of electronic
detonators are used to set an appropriate delayed time between adjacent cut holes in the
test section to avoid mutual interference between the vibration waveforms of adjacent cut
holes. Each experiment is repeated more than three times, and a representative waveform is
selected as the basis for subsequent calculations to improve the reliability of the measured
vibration waveforms.

(2) Fitting of blasting vibration waveforms using the Gauss function

First, the waveforms are truncated to remove irrelevant data. Then, MATLAB R2022a
is used to fit the waveforms of different types of cut holes using the Gauss function to
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my - . my -
Vi) = Vi) + Vot +nat) = Y ae T 4 Y e
=1 =1

obtain the corresponding fitted waveform functions. The truncation intervals of different
waveforms should be kept consistent to facilitate subsequent superposition calculations.
Additionally, the blasting vibration waveforms should decay to approximately zero within
the truncated time interval. The velocity functions V(t) and V;(t) corresponding to the
initial cut holes and secondary cut holes, respectively, can be expressed as follows:

(ti - b]] )2
my N Ci
Vi(t)= ¥ aje n
i oy (1SI<0) (17)
i~ Y
my N C: :
Va(t) = X aje J2
=1

(3) Superposition of the fitted waveform functions based on the Anderson superposition
principle

The delay accuracy of electronic detonators can reach +1 ms, which provides a practi-
cal basis for calculating the optimal delayed time based on the Anderson superposition
principle. Superposition calculations were performed with a delayed time increment of
At =1 ms between different types of cut holes to obtain the variation in PPV with different
delayed times by using MATLAB programming.

Based on the above analysis, the precise delayed blasting velocity function V;(t) for
wedge cut can be expressed as follows:

(t = bj,)? ((t; +nAt) — b))

2 ,(n=0,12,...,7) (18)

The vibration superposition calculations for different delayed times were performed,
and the PPV-delay relationship can be expressed as follows:

T, = F{V,()}(n =0,1,2,...,0) (19)

where the interval of delayed time ¢ is [0, ]. Within this interval, there exists a specific time
Ty, at which the PPV reaches its minimum.

Based on the above analysis, the rock breaking and cavity formation process in wedge
cut delayed blasting is divided into two stages. During the fracture propagation stage, the
duration f; can be expressed as follows:

t; =L./D (20)

For the cavity ejection stage, L,, represents the ejection distance of the cavity block. Ac-
cording to the literature, when Ly, = 0.1 m, the blast-induced free surface can be considered
fully formed. Since the ejection distance is short, it can be assumed that the cavity block
moves at a constant speed, and the time for this stage ¢, can be expressed as follows:

ta = Lw /00 (21)
Thus, the Tyin time required for the free-surface formation can be expressed as follows:

Tmin =t +t2=L:/D+0.1/v (22)
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The initial cut holes provide a new free surface for the secondary cut holes to blast
effectively. When T, > T, it indicates the PPV is minimized at the delayed time T, and
the free surface has already formed, thereby resulting in the best blasting performance. The
optimal delayed time T can be expressed as:

T = Tm(Tm 2 Tmin) (23)

Therefore, the optimal delayed time is determined by jointly considering the minimum
delayed time required for free-surface formation and the delayed time corresponding to the
minimum PPV. Thus, the optimal delayed time determined in this study is case-dependent
and should be interpreted together with the specific tunnel geometry, rock conditions,
and cut hole layout. Unlike empirical delayed selection, the present study determines the
delayed time from both the cavity-forming process and waveform superposition, which
provides a more transparent engineering basis for delay-time design.

5. Application Research on Wedge Cut Delayed Blasting in
Shallow-Buried Tunnel

5.1. Engineer Background

The new national road 109 is one of the crucial transportation routes connecting Beijing
and Hebei. The route is illustrated in Figure 4. A residential building and several utility
poles are present on the ground surface, resulting in a relatively complex surrounding
environment for blasting operations. Therefore, it is necessary to control the PPV induced
by cut blasting at the site. The field conditions of the Qi Jiazhuang tunnel are shown in
Figure 5.

s
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Figure 5. Field conditions of Qi Jiazhuang tunnel.
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5.2. Blasting Parameters

Considering the stability of the surrounding rock, cross-section dimensions, and initial
support design of the Qi Jiazhuang tunnel, the bench method is employed for the IV-grade
surrounding rock sections. The designed advancing distances for the upper and lower
benches are 2 m and 4 m, respectively, with a distance of 50 m between the upper and lower
benches. During the blasting construction of the upper bench, the blastholes are arranged
as cut holes, auxiliary holes, and perimeter holes, with a sequential setting of detonation
times to gradually expand and complete the blasting excavation. For the lower bench,
horizontal auxiliary holes and perimeter holes are arranged, with the detonation times
arranged sequentially from top to bottom, fully utilizing the free surface formed by the
blasting excavation of the upper bench while controlling the impact of blasting vibrations
on the lining structure and nearby surface structures. Figure 6 shows the blastholes layout
and detonation sequence for the upper bench of the Qi Jiazhuang tunnel, and Table 1 lists
the blasting parameters for the Qi Jiazhuang tunnel.

Figure 6. Holes arrangement and initiation sequence of Qi Jiazhuang tunnel (unit: m).

Table 1. Conventional blasting parameters of Qi Jiazhuang tunnel.

. Single Total
Step Blasthole Types Delayed Time ]]? lastl;loles Blasthole ?&aSﬂ;’le Charge
(ms) ength (m) Charge (kg) umber (kg)
wedge cut holes 0 29 1.8 8 144
auxiliary holes 50 2.6 1.6 6 9.6
auxiliary holes 100 22 1.2 10 12.0
auxiliary holes 150 22 1.2 4 4.8
Upper auxiliary holes 200 2.2 1.2 16 19.2
auxiliary holes 250 22 12 19 22.8
auxiliary holes 300 22 1.0 31 31.0
surrounding holes 350 22 0.6 51 30.6
auxiliary holes 400 22 1.4 13 18.2
Total 158 162.6

In the left tunnel, the measure points were arranged on the surface as shown in
Figure 7. According to on-site measurement, the distance from the blasting center was 20 m.
When the measure points were arranged, the x-direction corresponds to the tunnel exca-
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vation direction, the y-direction was the horizontal tangent direction, and the z-direction
was vertical.

Measure
point

Figure 7. Measure point of the Qi Jiazhuang tunnel.

Figure 8 shows the typical vibration velocity time-history curve during the conven-
tional wedge cut blasting, with the PPV of 1.82 cm/s, 3.36 cm/s, and 4.48 cm/s in the
x-, y-, and z-directions, respectively, indicating that the PPV is greatest in the z-direction.
Figure 9 shows the Hilbert marginal spectrum from this test. The dominant frequency in
the x-direction is mainly between 65.4 and 76.5 Hz, with a dominant vibration frequency of
65.5 Hz; the dominant frequency in the y-direction is mainly between 68.3 and 75.2 Hz, with
a dominant vibration frequency of 72.4 Hz; and the dominant frequency in the z-direction
is mainly between 70.8 and 78.8 Hz, with a dominant vibration frequency of 73.7 Hz.

6 T T T T T

x-direction

: ! - — — y-direction

Vibration velocity/cm/s

20 40 60 80 100 120

Time/ms

Figure 8. Time-history curve of blasting vibration velocity of measure point.

When the dominant vibration frequency f > 50 Hz, the safe allowable vibration
velocity is v < 3.0 cm/s [31]. Therefore, the PPV in the z-direction exceeds the threshold
specified in the blasting safety regulations during the conventional wedge cut blasting
in the Qi Jiazhuang tunnel, indicating that conventional wedge cut blasting may pose
a significant risk to nearby surface structures, and highlighting the need for vibration
reduction measures. In this study, the vibration control effect is evaluated jointly by the
PPV and the dominant vibration frequency with reference to the blasting safety regulations
in this study.
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Figure 9. Hilbert marginal spectrum.

5.3. Determination of Delayed Time for Wedge Cut Blasting

To obtain the vibration waveforms of the initial cut holes and the secondary cut holes
for subsequent waveform fitting and superposition calculations, a large delay interval was
set using electronic detonators: the initial cut holes were detonated at 100 ms, whereas
the secondary cut holes were detonated at 400 ms. Using a TC-6850 network vibration
meter (Chengdu Zhongke Monitoring and Control Co. Ltd., Chengdu, China), the typical
vibration velocity time-history curve for delayed blasting at the measure point was obtained,
as shown in Figure 10.

4
3 _ x-direction _
2

- - - -y-direction = —-—-— z-direction

Vibration velocity/cm/s

-3} ' i
-4 I . ] L ] . 1 \ 1 \ ] .
0.1 0.2 0.3 0.4 0.5 0.6
Time/s

Figure 10. Time-history curve of blasting vibration velocity of measure point under delayed time.

Since the vibration response in the z-direction is the controlling component in the
present tunnel case, the measured vibration velocity waveforms in the z-direction shown in
Figure 10 were extracted for waveform fitting. According to Equation (17), each representa-
tive single-hole waveform was fitted by a multi-Gaussian function, and the corresponding
fitting coefficients 4, b; and ¢; were obtained. The fitted parameter values for the different
types of cut holes are listed in Tables 2 and 3. The coefficients of determination (R?) of the
fitted waveforms are 0.97 and 0.99, respectively, indicating that the fitted functions can
adequately reproduce the measured vibration waveforms and are suitable for subsequent
waveform superposition analysis. After that, by combining Equation (18), the PPV—delay
relationship is shown in Figure 11, while the vibration reduction rate is shown in Figure 12.
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Table 2. Fitting parameters of V(t).
1 2 3 4 5 6 7 8 9 10 11 12
a; —-0.528 —-1163 1.193 2252 2676 —2951 2321 2291 1899 2167 1265 —0.809
b]- 0.102 0.115 0.121 0.127  0.133 0.140 0.147  0.153 0.159 0.166 0.172 0.178
Gj 0.001 0.002 0.003 0.003 0.003 0.002 0.002 0.002 0.002  0.002 0.002 0.002
Table 3. Fitting parameters of V(t).
1 2 3 4 5 6 7 8 9 10 11 12
a; -0.887 1.117 3495 3.051 —1962 1397 —-1462 1235 —-1.193 0.607 —0.287 —0.316
b; 0.114 0.120 0.128 0.130 0.139 0.145 0.151 0.157  0.163 0.169 0.175 0.185
Cj 0.003 0.003 0.003 0.004 0.002  0.002 0.002 0.002 0.002 0.002 0.001 0.002
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Figure 11. The superimposed PPV-delay relationship under different delayed time.
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Figure 12. The vibration reduction rate with different delayed time.

Figure 11 shows that when the delayed time increases from 1 ms to 8 ms, the su-
perimposed PPV decreases from 4.5 cm/s to 1.5 cm/s. As the delayed time increases to
13 ms, the superimposed PPV rises to 4.0 cm/s. When the delayed time reaches 21 ms, the
superimposed PPV decreases to 2.0 cm/s. Upon further increase to 27 ms, the superim-
posed PPV again rises to 3.8 cm/s. Finally, when the delayed time increases to 33 ms, the
superimposed PPV gradually decreases to 2.7 cm/s and tends to stabilize.

Figure 12 shows that when the delayed time is 8 ms, the minimum superimposed PPV
is recorded at 1.5 cm/s, achieving a vibration reduction rate of 62.5%. This vibration velocity
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satisfies the allowable vibration threshold for the relevant frequency range specified in the
blasting safety regulations. Furthermore, according to Equation (22), under the surrounding
rock at the tunnel application site, the minimum time for forming a new free surface is
T'min = 6.7 ms, which is less than 8 ms, indicating that the new free surface has already
formed when the delayed time reaches 8 ms.

5.4. Evaluation of the Effects of Wedge Cut Delayed Blasting

To further verify the rationality of the delayed time optimization method and evaluate
the blasting performance under different delayed times, field tests were conducted in the Qi
Jiazhuang tunnel. Based on the predicted PPV-delay relationship shown in Figure 11, four
representative delayed times, i.e., At =0, 8, 20, and 35 ms, were selected for comparative
field validation. Among them, 8 ms corresponds to the optimal delayed time predicted by
the proposed method, while 20 ms and 35 ms were introduced as additional validation
cases in the medium and long delayed ranges. For each delayed time, 10 blasting tests
were carried out under similar geological and construction conditions. The utilization rate
of blastholes, the rate of large fragments, PPV, and dominant vibration frequency were
statistically analyzed and compared to evaluate the influence of delayed time on cavity
formation quality, rock fragmentation, and blasting vibration characteristics. Due to the
large size and quantity of fragmented rock, direct measurement using square hole sieves
was not feasible. Therefore, Split-Desktop software v3.1 was used for quantitative analysis.

It should be noted that PPV and dominant vibration frequency are adopted as vibration
safety indicators with reference to the blasting safety regulations, while the blasthole
utilization rate and large fragment ratio are used as comparative engineering performance
indicators to evaluate cavity formation quality, fragmentation performance, and excavation
efficiency under the same field conditions.

(1) The utilization rate of blastholes

Figure 13a,b show the representative cavity formation results and residual blasthole
depth produced by conventional wedge cut blasting and the 8 ms delayed time in the Qi
Jiazhuang tunnel. It can be seen that conventional wedge cut blasting results in poor cavity
formation, and under-excavation occurs at the bottom of the cut cavity in the surrounding
rock. In contrast, the 8 ms delayed blasting time leads to a marked improvement in cavity
formation, and clear half-hole traces can be observed in the surrounding rock after blasting
(the red lines in Figure 13b). Figure 14 further compares the blasthole utilization rates
under four delayed times (At = 0, 8, 20, and 35 ms). The average utilization rates are
77.4%, 95.8%, 88.9%, and 85.5%, respectively. Compared with conventional blasting, the
blasthole utilization rate increases by 23.8%, 14.9%, and 10.5% under the 8, 20, and 35 ms
delayed times, respectively. Among them, the 8 ms time achieves the highest blasthole
utilization rate, indicating that this delayed time provides the best coordination between
blast-induced free-surface formation and the detonation of the secondary cut holes. The
20 ms and 35 ms delayed times also improve the blasthole utilization rate compared with
conventional blasting, but their performance is lower than that of the 8 ms delayed time.
This suggests that an appropriate delayed time can significantly enhance the cavity-forming
effect and excavation efficiency, whereas an excessively long delay weakens the synergistic
rock breaking effect between the initial and secondary cut holes.
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Figure 13. Performance of wedge blasting in the Qi Jiazhuang tunnel.
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Figure 14. The utilization rate of blastholes under different delayed times in Qi Jiazhuang tunnel.

(2) The rate of large fragments

Figure 15a,b show representative fragmentation patterns produced by conventional
wedge cut blasting and the 8 ms delayed blasting time in the Qi Jiazhuang tunnel. Con-
ventional blasting generates a considerable number of large fragments and exhibits poor
fragmentation uniformity, whereas the 8 ms delayed blasting time produces fewer large
fragments and a more uniform fragment size distribution. After image analysis using
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(a) conventional blasting (b) delayed blasting

Split-Desktop software (Figure 16), the large fragment ratio was quantified, and the cor-
responding results are summarized in Figure 17. The average rate of large fragments for
At =0, 8, 20, and 35 ms are 22.1%, 7.2%, 12.7%, and 15.7%, respectively. Compared with
conventional blasting, the large fragment ratio is reduced by 67.4%, 42.5%, and 29.0%
under the §, 20, and 35 ms delayed times, respectively. The 8 ms time yields the lowest
large fragment ratio, demonstrating the most favorable fragmentation effect. Although the
20 ms and 35 ms delayed times also outperform conventional blasting, their improvements
are less pronounced than those of the 8 ms delayed time, indicating that excessive delay
reduces the synergistic rock breaking effect. Overall, the results confirm that a properly
selected delayed time can effectively reduce large fragments, improve mucking efficiency,
and lower construction costs.

= W

Figure 15. Crushed rock of wedge cut blasting in Qi Jiazhuang tunnel.

(a) conventional blasting

Figure 16. The treatment of crushed rock of wedge cut blasting in Qi Jiazhuang tunnel.

(3) The PPV and the dominant vibration frequency

The PPV and the dominant vibration frequency in the z-direction at the measure point
in the Qi Jiazhuang tunnel were summarized under four delayed times, and the results are
summarized in Figures 18 and 19. The average PPVs for At =0, 8, 20, and 35 ms delayed
times are 4.1, 1.9, 2.6, and 2.9 cm/s, respectively, while the corresponding average dominant
vibration frequencies are 77.8, 110.5, 97.8, and 90.2 Hz. Among them, the 8 ms delayed time
yields the lowest PPV and the highest dominant vibration frequency, indicating the best
comprehensive vibration control effect. Compared with conventional blasting, the PPV
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is reduced by 53.7%, 36.6%, 29.3%, under the 8, 20, and 35 ms delayed times, while the
dominant vibration frequency increases by 42.0%, 25.7%, and 15.9%, respectively. Although
the 20 and 35 ms delayed times also reduce the PPV and increase the dominant vibration
frequency compared with conventional blasting, their improvements are less pronounced
than those of the 8 ms delayed time. These results demonstrate that an appropriate
delayed time can effectively reduce vibration wave superposition and shift the vibration
response toward a higher frequency band, mitigating the adverse influence of blasting
vibrations on the surrounding environment and reducing the risk of resonance-induced
structural damage.
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Figure 17. The rate of large fragments of crushed rock under different delayed times after wedge cut
blasting in Qi Jiazhuang tunnel.
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Figure 18. The PPV of wedge cut blasting under different delayed times in Qi Jiazhuang tunnel.
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Figure 19. The dominant vibration frequency of wedge cut blasting under different delayed times in
Qi Jiazhuang tunnel.

6. Conclusions

This study addresses the issues associated with conventional wedge cut blasting,
including high PPV, high rate of large fragments and low blasthole utilization rate. It
explores the mechanisms of rock breaking and the determination of optimal delayed times
for wedge cut blasting, leading to the following main conclusions:

(1) A method for wedge cut delayed blasting that differs from conventional wedge
cut blasting is proposed. The physical and mechanical processes of rock breaking during
wedge cut blasting are analyzed. It is concluded that the development of the cavity can be
divided into two stages: the stage of fracture propagation and the stage of cavity ejection.
Based on the analysis of the force characteristics of the cavity at each stage, a blasting
fracture and cavity formation criterion is established.

(2) The vibration waveforms of group cut holes delayed blasting are obtained. By
considering the differences in vibration waveforms of various types of cut holes and
introducing the Gauss function, a method for linear superposition of single type cut
hole vibration waveforms is proposed. Additionally, a fitting method for the vibration
waveforms of wedge cut precise delayed blasting is presented. A calculation Equation for
the precise delayed time of wedge cut blasting is presented based on the development of
the rock breaking and cavity formation processes.

(3) In shallow-buried tunnel excavation blasting, the PPV in the vertical direction (z)
is maximized. For the IV-grade surrounding rock section of the Qi Jiazhuang tunnel, the
optimal delayed time for wedge cut blasting is determined to be 8 ms. Compared with
conventional blasting, the 8 ms time increases the average blasthole utilization rate by
23.8%, reduces the large fragment ratio by 67.4%, decreases the PPV by 53.7%, and increases
the dominant vibration frequency by 42.0%. Although the 20 ms and 35 ms times also show
improved performance relative to conventional blasting, the 8 ms time provides the best
overall effect.

(4) The optimal delayed time determined in this study is determined by jointly con-
sidering the free-surface formation requirement and the minimum PPV condition. This
value should be understood as a case-specific result for the Qi Jiazhuang tunnel, rather
than a universal constant. Nevertheless, it is generally consistent with the engineering
practice and previous studies showing that an appropriate millisecond delay between cut
hole groups can improve cavity formation and mitigate vibration superposition.
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Several limitations of this study should be acknowledged. First, it should be noted that
the present simplified treatment does not fully capture the rate dependence of rock strength
under highly dynamic loading, nor does it explicitly quantify the additional dynamic
contribution of secondary shock waves after cavity formation. These issues should be
further investigated through refined dynamic constitutive modeling, higher-resolution
field monitoring, and numerical simulation in future studies. Second, the proposed wedge
cut delayed blasting method and the corresponding optimal delay time were validated
only in the IV-grade surrounding rock section of the shallow-buried Qi Jiazhuang tunnel;
therefore, the applicability of the obtained results to other surrounding rock classes, burial
depths, tunnel geometries, and charging conditions still requires further verification. Third,
the number and layout of cut holes may vary significantly depending on tunnel geometry,
rock conditions, advance demand, and construction constraints in practical engineering.
Therefore, the present eight-hole wedge cut layout should be regarded as a case-specific
design assumption used for method development and validation. Future studies should
focus on multi-site field validation under different geological and construction conditions,
further refinement of the mechanical model through numerical simulation and in situ
monitoring, and the development of a more general design method for wedge cut delayed
blasting that simultaneously considers vibration control, cavity formation quality, and
construction efficiency.
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