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Abstract: With the development of infrastructure construction in mountainous areas, the number of
new extra-long tunnels is increasing. However, these tunnels often face the challenge of complex and
variable surrounding rock grades, resulting in a large number of overbreak and underbreak due to
the untimely adjustment of smooth blasting parameters. This study focuses on the optimization of the
peripheral hole charging structure and blasting parameters for extra-long hard rock tunnels, aiming
to improve the effectiveness of smooth blasting technology. The results of this study demonstrate a
significant improvement in the effect of smooth blasting after implementing bidirectional polymer-
ization blasting in the tunnel. A comparison between the bidirectional shaped charge and spaced
decoupled charge blasting reveals that the former yields better results. To obtain accurate data on the
tunnel section profile during excavation, a laser cross-section meter is used for measurement. Fur-
thermore, this study quantitatively compares the optimization effect of smooth blasting parameters.
The multifractal characteristics of the tunnel profile overbreak point sequences are analyzed under
different smooth blasting schemes using the multifractal detrended fluctuation analysis (MF-DFA)
method. It is found that both the spaced decoupled charge and the bidirectional shaped charge
blasting exhibit multifractal features in the overbreak measurement point sequences. The calculation
results of the multifractal features of the tunnel profile under different smooth blasting plans are in
line with the actual situation.

Keywords: extra-long tunnel; smooth blasting; laser profiler; overbreak and underbreak; multifractal
detrending fluctuation analysis

1. Introduction

With the rapid development of economic globalization, the scale and quantity of
railroad tunnel construction in China have significantly increased. China has the largest
number of tunnels, the fastest development speed, and the most complex geological and
structural forms in the world [1]. By the end of 2022, the total mileage of China’s railroads
reached 155,000 km, with over 42,000 km of high-speed railroads in operation. Among
them, 4178 high-speed railroad tunnels, totaling 7032 km, have been constructed, including
105 tunnels longer than 10 km, with a total length of approximately 1339 km. In recent
years, the construction of extra-long railroad tunnels in China has rapidly advanced. With
the gradual expansion of the construction scale of railroad tunnels, tunnel construction
technology is also in constant development [2].

In the process of constructing extra-long tunnels, excavation is the most critical and
time-consuming process, which significantly impacts the construction period. Long tunnels
have limited working faces, large project volumes, complex hydrogeological conditions,
and numerous uncontrollable factors [3,4]. As a result, the construction period of extra-long
tunnels is typically the determining factor for the overall project. With the development of
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infrastructure construction in mountainous areas, the number of new extra-long tunnels is
on the rise. This increase in tunnel construction complexity, longer construction periods,
and higher construction risks pose challenges for dealing with complex geological condi-
tions [5]. Blasting is the first and most crucial process in tunnel excavation, and subsequent
processes such as mucking and support are based on successful blasting operations [6].
The effectiveness of blasting has a significant impact on project progress, quality, and
cost [7], particularly in long hard rock tunnels where smooth blasting plays a critical role in
maintaining the construction schedule [8,9]. Therefore, how to ensure the effects of smooth
blasting in extra-long tunnels will be a difficult problem in tunnel construction.

The effectiveness of smooth blasting in extra-long tunnels is influenced by various
complex factors. In addition to the blasting parameters (perimeter hole spacing, charge,
decoupling coefficient, and minimum burden), the surrounding rock conditions (degree of
fissure development, rock properties, and rock strength) and drilling accuracy also play
important roles [10–13]. Therefore, in tunnels with complex geological conditions and
variable surrounding rock grades, the untimely adjustment of blasting parameters often
leads to a large number of overbreak and underbreak, resulting in project delays [7,14–17].
Relevant project data indicate that the time spent on dealing with construction quality
issues such as overbreak accounts for 30% of the total construction period of the tunnel [18].
Overbreak not only increases the amount of concrete required for the initial support or
even the secondary lining, but also affects the safety of the tunnel cavity [19]. Addressing
underbreak is also a critical aspect of tunnel construction. If underbreak is treated using
drill and blast methods, it can be time-consuming, and dynamite blasting to address
undercutting may lead to overbreak.

It is well-known that new blasting methods such as supercritical carbon dioxide,
soundless chemical demolition agents, and high-pressure gas expansion have the advan-
tages of safety and environmental protection [20,21]. These new blasting methods can
effectively control the overbreak and underbreak problems of tunnel blasting. However,
due to the high cost of new blasting, it cannot be widely used in extra-long hard rock tun-
nels. Traditional blasting is widely used in extra-long tunnels due to its mature technology
and economic benefits. Currently, the optimization of blasting parameters and improve-
ment of blasting equipment are the main focus in the research of extra-long hard rock
tunnel blasting technology [10,22]. The efficiency of blasting construction is a crucial factor
that determines the progress of the entire project. To optimize the drilling and blasting
technology for rapid tunnel boring in hard rock tunnels, scholars have conducted research
on explosive selection, drilling accuracy, trenching program, blasting footage, detonation
network, and other aspects [3,10,23]. Through the improvement of blasting parameters and
blasting equipment, the efficiency of extra-long hard rock tunnel boring projects has signifi-
cantly improved. Some scholars have optimized the blasting parameters using evaluation
and prediction models [24–27]. For instance, Jang et al. [28] predicted the distribution of the
fragmentation size of the debris after blasting using a neural network model, obtained the
relationship between the rock fragmentation size and blasting parameters, and optimized
the blasting parameters accordingly. Ma et al. [29] conducted a series of bursting tests in
the tunnel excavation face to improve the construction efficiency of large section tunnels
and reduce production costs. They determined the critical distance of emulsified explosives
under the bursting hole constraint and proposed the bare surface blasting technology
without a detonating cord. Pan et al. [30] determined the peripheral hole parameters by an
eccentric charging structure and studied the blasting effect of different charging structures
based on the Riedel–Hiermaier–Thoma (RHT) model. They concluded that the eccentric
charging structure has an obvious eccentric pressure and optimized the parameters of
surface blasting to control the phenomenon of under-excavation. Numerous scholars
at home and abroad have conducted extensive research on the quality control of tunnel
smooth blasting, which mainly involves repeated tests and the optimization of blasting
parameters [22,31], computer simulation [32–36], three-dimensional laser scanning [37,38],
and other techniques [39,40], thus proposing reasonable control techniques.
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Multifractals were introduced by Grassberger in the 1980s [41]. The multifractal theory
uses geometric probability to describe the local singularities of measures and functions. It
utilizes generalized information dimensions and multifractal spectra to describe fractal
objects and is an important development in fractal theory [42,43]. Compared with sin-
gle fractal methods, multifractal methods describe the fractal structure through spectral
functions, which can more finely characterize the volatility of fractal objects at different
levels [44]. In recent years, some researchers have applied multifractals to the field of
geotechnical engineering [45–47]. There are a large number of studies in the characteriza-
tion of structural surface features of rock bodies and the characterization of rock acoustic
emission signals [48–50]. In the field of tunnel blasting, Yin et al. [51] calculated the fractal
dimension of tunnel blasting contour lines. The indicator levels and weights were obtained
by cluster analysis and the combined assignment method. An unconfirmed metric model
was established and applied to the tunnel blasting evaluation. Li et al. [52] carried out
explosion tests on granite specimens under different stress states and analyzed the mor-
phology and fractal characteristics of radial fracturing on the rock surface after blasting.
In addition, a large number of scholars have studied the multifractal characteristics of
undesirable geological bodies such as rock bursts, faults, and karsts that may exist in
tunnel construction [53–55]. Therefore, the multifractal theory can be used to analyze the
characteristics of overbreak and underbreak of tunnel blasting contour lines and evaluate
the construction effect of tunnel smooth blasting.

In previous studies on the drilling and blasting method for extra-long tunnels, the
focus has primarily been on optimizing the blasting parameters and improving the drilling
accuracy. The objective of this approach is to reduce the problem of overbreak and under-
break during tunnel excavation and enhance the effectiveness of smooth blasting. However,
for long tunnels with complex and variable surrounding rock grades, the untimely adjust-
ment of blasting parameters often results in significant overbreak and underbreak issues.
To address this challenge, this study employs a combination of theoretical analysis, field
tests, and multifractal analysis to conduct an in-depth investigation into the technology of
smooth blasting in extra-long hard rock tunnels. The main areas of research encompass
the following aspects: (1) Optimizing the peripheral hole charging structure and blasting
parameters to enhance the effectiveness of smooth blasting in tunnels. (2) Measuring the
actual excavation contour line of the tunnel section using a laser section meter. This enables
the acquisition of specific data on the overbreak and underbreak of the tunnel profile
line, facilitating a quantitative comparison of the optimization effect of smooth blasting
parameters. (3) Utilizing the multifractal detrending fluctuation analysis method to analyze
the multifractal characteristics of the sequence of measurement points for overbreak and
underbreak in the tunnel profile under different smooth blasting schemes. The calculated
results are subsequently compared with the actual situation.

2. Materials and Methods
2.1. Overview of the Tunnel Project
2.1.1. Tunnel Project Introduction

A high-speed railway tunnel, classified as an extra-long tunnel, spans a total length of
10.8 km. The tunnel’s inlet mileage is DK102+727.765, while the exit mileage is DK113+573.89,
resulting in a total length of 10,846.125 m. The elevation of the inlet track stands at 460.2 m,
whereas the exit track’s elevation is 264.0302 m. Positioned within the middle mountainous
region of the tectonic structure, the tunnel traverses the mountain range, characterized by
significant terrain undulations. The mountain’s elevation ranges from 250 m to 885 m, with
a maximum difference of approximately 635 m. The mountain slopes are steep, with a
natural gradient of 40◦ to 55◦, and local areas reaching a steepness of around 500 m. The
tunnel itself reaches a maximum depth of approximately 500 m. The surface vegetation
along the tunnel route is dense, primarily consisting of tall trees with weeds and shrubs
interspersed. The tunnel project roadmap and layout plan can be observed in Figure 1.
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Figure 1. The tunnel project roadmap and layout plan.

The tunnel incorporates two transverse holes, with this study focusing on the section
between tunnel DK107+530 and exit DK113+574. The cross-hole is positioned on the right
side of the line’s forward direction and intersects with the main tunnel at DK110+850. The
angle between the cross-hole and the line mileage direction is 60◦, and the overall slope
is 1.3%. The cross-hole’s mileage is PKHDK0+945, 0utilizing double lanes for trackless
transportation, with a length of 945 m.

The mountain structure of the tunnel area predominantly consists of a backward
sloping structure from north to south, primarily exhibiting monoclinic terrain. The slopes
on both sides of the tunnel are steeper. The rock formation at the tunnel entrance is relatively
fragmented, posing risks of dangerous rocks and rockfall incidents. The surrounding rocks
of the mountain consist mainly of metasedimentary siltstone, sandstone, kyanite siltstone,
and Aurignacian siltstone. The tunnel site area contains a fracture zone and several joints.
Three types of parent materials were selected and sent to the Testing Center of Geological
Engineering Survey Institute for rock and mineral identification. The analysis revealed
that the surrounding rock lithology composition is primarily quartz, followed by rock
chips, feldspar, and black mica. Laboratory testing of exploration core samples and cave
slag samples yielded the compressive strength values of the perimeter rock, as shown in
Table 1, with an average value of 118.6 MPa. The study focuses on the work area of the
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tunnel, which has a total length of 3320 m, and the perimeter rock is classified as grade III,
necessitating the use of the full cross-section construction method.

Table 1. Perimeter rock compressive strength test results.

Specimen Number Specimen 1 Specimen 2 Specimen 3 Specimen 4 Average Value

Compressive strength 106.0 MPa 119.1 MPa 129.1 MPa 120.3 MPa 118.6 MPa

2.1.2. Original Tunnel Excavation Design

The study focuses on an extra-long tunnel with a length exceeding 10 km. Smooth
blasting method has been employed to enhance efficiency. Firstly, auxiliary cross-holes have
been installed to increase the excavation working surface, facilitating the construction of a
long tunnel with shorter strikes. Additionally, large-scale machinery such as three-arm rock
drilling carts, hydraulic trestle bridges, and intelligent lining carts have been utilized for
support operations, enabling mechanized and rapid construction of the extra-long tunnel.
However, certain engineering challenges have arisen during construction, significantly
impacting efficiency. For instance, the drilling and blasting method employed exhibits poor
blasting effects, and difficulties arise in the construction of auxiliary cross-holes, resulting
in low efficiency. Furthermore, issues regarding the adaptability of large-scale machinery to
construction conditions are prevalent. Figure 2 illustrates the blasting effect of the drilling
and blasting method employed in construction.
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The original design utilizes conventional blasting parameters, with a peripheral hole
distance of approximately 0.6 m and a distance of 0.8 m between the auxiliary hole and
the tunnel excavation contour line. The hole spacing ranges from 1 m to 1.4 m. However,
during the initial stages of construction, these parameters prove to be poorly adaptable
to the peripheral rock conditions of the long and hard rock tunnel. Insufficient precision
in the drilling and charging operations results in significant overbreak and underbreak
in the tunnel blasting peripheral rock cross-section profile. The charging structure of
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the peripheral holes is located at the bottom, with no utilization of smooth blasting for
construction. As depicted in Figure 2, the half-hole trace rate on the tunnel wall after
blasting is low, resulting in an uneven wall surface and evident overbreak and underbreak.
The maximum value of overbreak at the measuring point of the tunnel section is close to
0.8 m. A significant portion of the explosive energy during blasting is concentrated at the
bottom of the hole, leading to pronounced local crushing after blasting. This particularly
damages the surrounding rock, posing potential risks to the safety, stability, and quality
control of the surrounding rock.

Consequently, it is crucial to promptly adjust and optimize the parameters of smooth
blasting to effectively control the overbreak and underbreak during tunnel blasting. Addi-
tionally, the fractal characteristics of the tunnel profile before and after the optimization
of smooth blasting are analyzed using multifractal theory. The flowchart of the study is
presented in Figure 3.
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2.2. Optimization of Tunnel Smooth Blasting

To address the issue of overbreak and underbreak, the smooth blasting coefficients
were preliminarily optimized and determined. This involved considering factors such as
the number of holes, hole spacing, charge amount, and detonation method, using smooth
blasting theory. The design of the smooth blasting parameters took into account the physical
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and mechanical properties of the surrounding rock, as well as the development of internal
joints and fissures in the rock mass.

2.2.1. Spaced Decoupled Charge Blasting

The peripheral hole blasting parameters and charging structure are crucial factors
influencing the smooth blasting effect. The original peripheral hole blasting parameters for
the tunnel are as follows.

1 Blasting equipment

The explosives are No. 2 emulsified explosives. The length and diameter of the
cartridge are 200 mm and 32 mm, respectively, and the weight of a single cartridge is 200 g.
The detonator is a millisecond differential time-delay detonator with a detonating cord.

2. Parameters of hole arrangement

The layout of smooth blasting holes with spaced decoupled charging is depicted in
Figure 4. The excavation method employed at the site is one-time blasting in full section
with invert arch. A total of 65 peripheral holes were set up, with a spacing of 50–60 cm and
a hole depth of 420 cm. The auxiliary holes adjacent to the peripheral holes were positioned
80 cm away from the tunnel excavation contour line, resulting in a light blasting layer
thickness of 76 cm. The parameters of the blast holes are presented in Table 2.
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Table 2. Parameter settings of the shell hole.

Event Blasthole
Depth (m)

Number
of Holes

Number of
Rolls

per Hole
(Rolls/Hole)

Charge of
Single Hole

(kg/Hole)

Subtotal
Dosage (kg)

Total
Number
of Holes

Total Amount
of Explosives (kg)

Cut hole 4.4 34 14.5 2.9 98.6

252 437.1
Auxiliary hole 4.2 139 10 2 278
Peripheral hole 4.2 65 2.5 0.5 32.5

Floor hole 4.2 14 10 2 28

3. Charge structure

The decoupled charging structure is employed for the peripheral hole blasting. Each
hole has a loading capacity of 0.5 kg, with a loading concentration of 0.2 kg/m and an
interval of 55 cm. The uncoupling coefficient is 1.31. The plugging material used is a
pre-mixed flexible mortar, with a plugging length of 60 cm. The spacing and uncoupling
loading structure are depicted in Figure 5. The other holes are loaded continuously.
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For the peripheral holes of the decoupled charging method, smooth blasting is con-
ducted based on the characteristics of the surrounding rock. Detonating cord connection
is utilized, and the spacing of the peripheral holes is strictly controlled. The holes are
detonated using multi-stage detonators, with a detonation order of hollowing holes, aux-
iliary holes, base plate holes, and smooth blasting perimeter holes. The detonation time
difference between adjacent holes is not less than 50 ms. The detonation time difference
control between the holes in a row and the surrounding hole is between 100 to 150 ms.
The quality of hole plugging is an important factor that affects the smooth blasting effect.
To maximize the explosive energy and extend the effective action time of the blast gas, a
mixture of clay and fine sand with good viscosity is used for plugging the holes. This aims
to improve rock fragmentation and the effect of smooth blasting on peripheral holes.

2.2.2. Bidirectional Shaped Charge Blasting

In the 1970s, shaped charge blasting was applied in geotechnical engineering. Shaped
charge blasting fully utilizes the high compressive and low tensile properties of rocks to
form tangential tensile stress. The coupling effect between the shaped charge tank and the
explosive charge is perpendicular to the direction of the shaped charge [56,57]. Tangential
tensile stress causes initial cracks on the wall of the blast hole. When the radial tensile
stress generated by the explosion stress wave acts on the rock between two adjacent main
cracks, the rock can be pulled apart to form a circumferential crack, which can connect with
each other, thus forming rock fracture. The remaining gas pressure ejects the rock mass,
separating it from the parent rock and maximizing the conversion of detonation pressure
into tensile action on the surrounding rock.

Due to the complex geological conditions of the extra-long hard rock tunnel project,
the smooth blasting effect is not ideal in many instances. To achieve the best smooth
blasting effect, the bidirectional shaped charge blasting technology is introduced into the
smooth blasting construction of the tunnel. The peripheral hole blasting parameters are
reasonably adjusted. The bidirectional shaped charge blasting hole program and the order
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of detonation are similar to the spaced decoupled charging smooth blasting technology.
This study focuses on adjusting the peripheral hole parameters and charge structure.

1. Peripheral hole parameters

Peripheral hole depth is 420 cm, the number of peripheral holes is adjusted to 51,
the hole spacing is adjusted to 60~70 cm, and the thickness of the light explosion layer is
adjusted to 60 cm.

2. Charge structure

The structure of the glossy blasting charge for bidirectional shaped charge blasting is
shown in Figure 6. The peripheral hole is continuously loaded with bidirectional shaped
tube charge. Considering that the bottom of the hole is subject to greater rock entrapment,
the charge is reinforced at the bottom of the hole. In order to improve the utilization rate
of blasting energy, water bags were added at the bottom of the hole and the hole opening.
The incompressibility of water is utilized to increase the time of action of the blasting load.
The length of the poly energy pipe is 250 cm, its equivalent diameter is 23.5 cm, the charge
of a single hole is 0.6 kg, the concentration of the charge is 0.15 kg/m, the non-coupling
coefficient is 1.79, and the length of the blast mud blockage is 40 cm. The other holes are
loaded in the same structure as the conventional smooth blasting.
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Figure 6. Bidirectional shaped charge structure (physical drawing of shaped charge tube and
water bag).

The blasting test utilized a specialized PVC pipe with symmetrical grooves on both
sides, resulting in an equivalent diameter of 23.5 cm. For tunnel blasting, conventional
water bags were employed, filled with water, with a diameter of 3.5 cm and a length of
25 cm.

2.3. Tunnel Profile Measurement

The laser profilometer, also known as the laser tunnel limiter, is widely used in tunnel
section measurement due to its simplicity, high accuracy, and intuitive image. It operates
based on the polar co-ordinate method, which combines polar co-ordinate measurement
with computer technology and specialized graphic post-processing software. This allows
for the convenient acquisition of the actual excavation contour line of the measured tunnel
section and a comparison with the design contour line to obtain overbreak and underbreak
data. The laser profiler can be used to measure both the current section and the forward
section, with the current section primarily used for measuring overbreak and underbreak.
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The distance between each measuring site should be selected based on the specific
conditions of the tunnel site. To facilitate subsequent statistical analysis of the overbreak
and underbreak data, 120 uniformly distributed measurement points are typically used for
each measurement section. Figure 7 illustrates the design and field implementation of the
tunnel profile overbreak and underbreak measurement.
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2.4. Multifractal Detrended Fluctuation Analysis Methodology

Fractal theory can be categorized into geometric self-similarity or uniform fractals, and
statistical self-similarity or non-uniform fractals, also known as multifractals. Geometric
self-similarity is often described using a simple fractal dimension (D), while statistical
self-similarity requires the multifractal spectrum f (α)− α to characterize it. The multi-
fractal spectrum, also known as the singularity spectrum, is a mathematical tool used to
describe the nature of multifractals [58]. It is utilized to analyze data with a multifractal
structure, such as images and time series. The multifractal property refers to the existence of
several different fractal dimensions in a system, where physical quantities exhibit different
fractal characteristics at different scales. The multifractal spectrum measures the fractal
dimensions at these different scales by dividing the fractal body into several small intervals.
The singularity index α represents the fractal dimension of each subinterval, and the corre-
sponding f (α) values represent the fractal dimension of each subinterval. Intervals with
the same α value form a subset of the fractal, resulting in an infinite sequence of different α
values. The multifractal spectral function, f (α), is obtained from this infinite sequence.

The MF-DFA is an extension of detrended fluctuation analysis (DFA) that effectively
reveals the dynamic behaviors in nonlinear and nonsmooth signals. Compared to tradi-
tional multifractal computation methods, MF-DFA utilizes the length of the sequence data
and divides the sequence into equal time lengths in both directions [59]. The polynomials
are fitted to each segment using the least squares method to eliminate the influence of
the non-stationary trend of the time series. MF-DFA analyzes the scalar behavior of the
series at different levels using different orders of fluctuation functions, allowing for a fine
characterization of the fractal features and revealing the multifractal features hidden in
non-stationary time series [60].

The calculation of MF-DFA involves five steps. The detailed calculation process is
shown in Figure 8.
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Step 1: Given a nonlinear, nonsmooth time series x(t) with a sequence length of N
and a sequence mean of x, calculate the cumulative deviation series y(t) with respect to the
mean x:

y(t) =
t

∑
i=1

(x(i)− x) (1)

Step 2: The sequence is y(t), equalized in terms of time scale s and divided into m
equal-length continuous and non-overlapping subintervals:

m = int(N/s) (2)

Since the length of the time series, N, may not be an integer multiple of s, there will be
residual values in the division process. To fully utilize the data information, a reverse-order
processing method is applied. This means that, after the initial positive-order division,
the same operation is repeated starting from the end of the sequence. As a result, 2 m
equal-length subintervals are obtained.

Step 3: A trend is fitted to each subinterval and subtracted from the original time
series. The residual series obtained is denoted as zv(t):

zv(t) = yv(t)− pk
v(t) (3)

Specifically, yv(t) represents the v-th subinterval, while pk
v(t) represents a k-th-order

fitting polynomial for the v-th subinterval. Here, v takes values in the range [1, 2 m] and t
takes values in the range [1, s].
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Step 4: The residual sequence, zv(t), is calculated for each subinterval v. This forms
the F2(s, v) dataset:

F2(s, v) =
1
s

s

∑
t=1

(zv(t))
2 (4)

Step 5: The mean value of the F2(s, v) dataset is calculated, and the q-order volatility
function of the series, Fq(s), is obtained using Equation (4):

Fq(s) =

{
1

2m

2m

∑
v=1

[
F2(s, v)

]q/2

}1/q

(5)

The value of q can be any non-zero real number and is related to the degree of exposure
to fluctuations in Fq(s). It is worth noting that, when q = 2, the MF-DFA degenerates to the
standard DFA. Additionally, when q = 0, there is a limiting form of Equation (4):

F0(s) = exp

{
1

4m

2m

∑
v=1

ln
[

F2(s, v)
]}

(6)

Conventional MF-DFA is prone to pseudo-fluctuations in the division of intervals,
causing interference in the subsequent analysis. In addition, the timing length may not be
able to rectify the sub-interval length, resulting in redundancy of data. If the redundancy is
ignored, it will cause the loss of data information. If the reverse-order processing method
is adopted, the order of the original data will be disturbed, affecting the acquisition of
information. In view of this, considering the special characteristics of the over-undercut
data of the tunnel profile, a sliding window is used here to optimize the way of dividing
subintervals of the traditional MF-DFA. A window of a certain length is used to slide the
values on the sequence according to a certain step size to reduce the pseudo-fluctuation
of the data and make full use of the data information. Let the length of the window be
s, the length of the sequence be N, and take the sliding step to be 1; then, the number of
sub-intervals obtained in one run is N − s + 1, and we replace Equations (5) and (6) with
Equation (7):

Fq(s) =


{

1
N−s+1

N−s+1
∑

v=1

[
F2(s, v)

]q/2
}1/q

, q 6= 0

exp
{

1
2(N−s+1)

N−s+1
∑

v=1
ln
[
F2(s, v)

]}
, q = 0

(7)

The q-order fluctuation function corresponding to a certain scale s can be obtained
by the above steps. By varying the values of s and repeating the above steps, a series of
s− Fq(s) point values are obtained. If there is long-range correlation in this time series,
there will be a power law relationship between s and Fq(s) as shown in Equation (8):

Fq(s) ∝ sh(q) (8)

Taking logarithms on both sides of the above equation gives the form of Equation (9):

lgFq(s) = h(q)lgs + lgb (9)

where Fq(s) is the q-order volatility function of the series, h(q) is the corresponding gener-
alized Hurst exponent, and b is a constant coefficient.

By creating a double logarithmic scatterplot of lgFq(s)− lgs and fitting it, the slope
can be determined as the generalized Hurst exponent, h(q). If h(q) is a constant, this
indicates that the sequence is unifractal without multifractal features. However, if h(q) is a
nonlinear subtractive function of q, this suggests that the sequence exhibits multifractal
characteristics. Specifically, when h(q) < 0.5, the sequence demonstrates a memory process
with inverse persistence. When h(q) = 0.5, the sequence behaves as an uncorrelated
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stochastic process. When h(q) > 0.5, the sequence exhibits a memory process with positive
persistence. Moreover, when h(q) > 1, the sequence behaves as a long-range positively
correlated process with strong non-stationarity.

The fractal intensity and fractal singularity of a time series can usually be character-
ized by the multifractal spectrum f (α) to be characterized by solving Equations (10)–(12)
as follows:

τ(q) = qh(q)− 1 (10)

α = τ,(q) (11)

f (α) = qα− τ(q) (12)

The Renyi index τ(q) is a scalar function that can be used to determine whether a
sequence exhibits multifractal characteristics. If τ(q) is a nonlinear up-convex function of q,
this suggests that the sequence is multifractal. On the other hand, if τ(q) is a linear function
of q, this indicates that the sequence has a single fractal feature. Therefore, the Renyi index
is often used as a criterion to determine the multifractality of a sequence. The singular
intensity α, and the multifractal spectrum f (α), are also important in characterizing the
multifractal properties of a sequence. When the plot of α− f (α) is convex with a single
peak and resembles a quadratic function, this suggests that the sequence has a multifractal
feature. On the other hand, when α− f (α) clusters around a point, this indicates that the
sequence is unifractal.

In addition, the fractal spectral width ∆α and the fractal intensity ∆h are commonly
used to quantitatively characterize the multifractal properties of a sequence. ∆α mainly
reflects the singularity of the over-undercut data of the tunnel profile and the spatial
variability of the sequence. On the other hand, ∆h mainly reflects the fractal intensity of the
sequence and is proportional to the parameter values:

∆h = max(h(q))−min(h(q)) (13)

∆α = max(α(q))−min(α(q)) (14)

3. Results and Discussion
3.1. Analysis of the Optimized Effect of Tunnel Smooth Blasting
3.1.1. Smooth Blasting with Spaced Decoupled Charge

Based on the theory of spaced decoupled charge smooth blasting technology, the
aforementioned decoupled charge blasting design was applied in the test section of tunnel
excavation. The resulting effect of the smooth blasting is depicted in Figure 9.

As can be seen from Figure 9, the tunnel profile was basically shaped after blasting.
However, the tunnel wall exhibits unevenness, and the traces of half-hole marks on the
tunnel wall are not clearly visible. The rate of half-hole marks on the tunnel wall is 56%, and
the maximum unevenness exceeds 30 cm, indicating a noticeable occurrence of overbreak
and underbreak. Upon analysis, it was found that, although the compressive strength of
the tunnel rock reached 118.6 MPa, the integrity of the surrounding rock was poor, with
certain joints and fissures. Additionally, the deep surrounding rock of the peripheral holes
experienced a significant clamping force, resulting in insufficient blasting effectiveness.
Consequently, the incomplete separation of the light blasting layer of rock led to overbreak
and underbreak.
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Figure 9. The effect of spaced decoupled charge of smooth blasting: (a) overall diagram of half-hole
trace; and (b) detail diagram of half-hole trace.

3.1.2. Smooth Blasting with Bidirectional Shaped Charge

To address this issue, the design scheme of bidirectional shaped charge blasting, based
on the theory of smooth blasting technology, was implemented in the test section of tunnel
excavation. After blasting the peripheral hole with a bidirectional shaped charge, the
improved smooth blasting effect is shown in Figure 10.
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As can be seen in Figure 10, the glossy smooth effect was significantly enhanced after
the tunnel was loaded with the bidirectional shaped charge. The excavation contour line of
the tunnel appeared flat after blasting, and the traces of half-hole marks on the tunnel wall
were clearly visible. The rate of half-hole marks on the tunnel wall reached 89%, and the
maximum unevenness was less than 10 cm. Laser sectional meter measurements confirmed
that the tunnel section profile was nearly free of overbreak and underbreak phenomena.

3.1.3. Overbreak and Underbreak of Tunnel Profile of Smooth Blasting

For the long hard rock tunnel perimeter rock section, two different smooth blasting
technologies, namely, spaced decoupled charging and bidirectional shaped charge, were
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tested. Multiple groups of field tests were conducted using distinct smooth blasting
programs. A laser profiler was utilized to scan the tunnel profile after blasting, and the
scanning results are presented in Figure 11. Based on the scanning results, data on tunnel
overbreak and underbreak were extracted. The distribution curves of the overbreak and
underbreak of the tunnel profile are depicted in Figure 12.
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Figure 11. Scanning results of tunnel profile after blasting with two charge methods: (a) spaced
decoupled charge, and (b) bidirectional shaped charge.
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Figure 12. Distribution curve of overbreak and underbreak of the profile of the blasting tunnel section
for two charge methods: (a) spaced decoupled charge, and (b) bidirectional shaped charge.

According to the scanning results shown in Figure 11, the overbreak and underbreak
area of the interval decoupled charge blasting section is calculated to be 13.01 m2, while the
bidirectional shaped charge blasting only resulted in an overbreak and underbreak area
of 4.61 m2. This indicates that the bidirectional shaped charge blasting has a significantly
better smooth blasting effect compared to the interval decoupled charge blasting. As
depicted in Figure 12, the average overbreak value for each measurement point in the
interval decoupled charge blasting is 4.21 cm, with a maximum overbreak value of 7.91 cm
occurring at the right arch shoulder. The overbreak at the right arch shoulder and arch
waist is more pronounced in the interval decoupled charge blasting. On the other hand, for
the bidirectional shaped charge blasting, the average overbreak value at each measurement
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point is 1.99 cm, with a maximum overbreak value of 4.58 cm occurring at the left arch
shoulder. The overbreak values of each area of the tunnel section after bidirectional shaped
charge blasting are not significantly different, indicating that the smooth blasting effect is
better than that of the interval decoupled charge blasting.

To further compare the blasting effects of the two charging methods in extra-long hard
rock tunnels, statistical analysis was conducted, as shown in Table 3.

Table 3. Comparison of the effects of spaced decoupled faceted blasting and bidirectional shaped
charge blasting technology.

Sports Event Spaced Decoupled Charge
Smooth Blasting

Bidirectional Shaped Charge
BSmooth Blasting Efficiencies

Number of smooth holes 65 51 Decrease 21.5%
Semi-porous trace rate/% 56 89 Increase 59.9%

Peripheral hole explosives/kg 32.5 30.6 Decrease 5.8%
Maximum unevenness/cm 30 10 Decrease 66.7%
Amount of concrete m3/m 13.01 4.61 Decrease 64.6%

It can be observed from Table 3 that the bidirectional shaped charge blasting resulted
in a decrease of 14 smooth blasting holes compared to the interval decoupled charge
blasting, with a 21.5% decrease in the number of holes around the optimized blasting
scheme. Additionally, the half-hole trace rate on the tunnel wall increased from 56% to
89%, improving the utilization rate of the shell hole. The explosive dosage of peripheral
holes was reduced by 5.8%, leading to an improved utilization rate of blasting energy.
These improvements effectively addressed the issue of overbreak and underbreak in the
tunnel and saved 8.4 m3 of concrete cubic meters for each meter of advance. As a result,
the optimized smooth blasting scheme ensured the safe and efficient completion of the
extra-long hard rock tunnel.

3.2. Multifractal Characteristics of Tunnel Profile Overbreak
3.2.1. MF-DFA Key Parameters Determination

The characteristics of the non-stationary time series obtained under different com-
putational parameters vary significantly, including the signal time window length and
fluctuation trend. Therefore, it is necessary to try different key parameters and preset
them to obtain more reliable results. The parameter values have different effects on the
calculation results. In order to analyze the fractal characteristics of the overbreak and
underbreak of the tunnel profile before and after the optimization of smooth blasting more
efficiently using multifractal theory, multifractal analysis is conducted on the overbreak
characteristics of the tunnel profile. The fluctuation order q is taken in the range of [−10, 10],
and a double logarithmic scatter plot of lgFq(s)− lgs is plotted. Least squares fitting is
used, and the slope of the fitting line is the generalized Hurst exponent h(q). Taking a set
of overbreak characteristics of the tunnel profile after spaced decoupled faceted blasting
and bidirectional shaped charge blasting as an example, the q-order fluctuation function
Fq(s)− s is fitted using double logarithmic scale, as shown in Figure 13.
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decoupled charge, and (b) bidirectional shaped charge.

3.2.2. Multifractal Characterization of Overbreak Section Profile

A sliding time window optimization MF-DFA is then used to perform a multifractal
analysis on the sequence of overbreak points of the tunnel profile. The fluctuation order q is
in the range of [−10, 10], the scale s is in the range of [10, 100], and the sliding window step
is 1. The changes of the generalized Hurst exponent of the sequence of overbreak points
are shown in Figure 14. The variation of the scalar function τ(q) of the overbreak point
sequence is shown in Figure 15. The multifractal spectrum of the overbreak measurement
point sequence is shown in Figure 16.
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It can be observed from Figure 14 that the generalized Hurst exponent of each over-
break measurement point sequence is not constant for both spaced decoupled charging and
bidirectional shaped charge blasting when q varies between [−10, 10]. Instead, it shows a
nonlinear decreasing trend with q, indicating that each sequence of overbreak measurement
points exhibits obvious multifractal characteristics. It is not sufficient to describe them
with a single fractal theory. Under different fluctuation orders q, the generalized Hurst
exponent curves of partially spaced decoupled charge blasting are concentrated in the
lower fluctuation range compared to bidirectional shaped charge blasting, indicating a
weaker multifractal nature. However, the values of the spaced decoupled charge and



Fractal Fract. 2023, 7, 842 18 of 23

bidirectional shaped charge blasting are significantly larger than 0.5. These h(q) values
indicate that the sequence of overbreak measurement points exhibits good memory and
long-range correlation from the whole to the local components, combining non-stationarity
and randomness.
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Based on the h(q), the scaling function τ(q) is calculated. From Figure 15, it can be
observed that the scalar function of each overbreak measurement point sequence shows
good consistency for both spaced decoupled charging and bidirectional shaped charge
blasting. The function is up-convex, satisfying τ(q) = −1 and exhibiting an overall non-
linear relationship. This further confirms the multifractal characteristics of the overbreak
measurement point sequence.

Figure 16 shows the multifractal spectra of the overbreak point sequence of the tun-
nel profile under different smooth blasting plans. The spectra display a single convex
distribution, similar to a quadratic function curve. The local scales of the multifractals in
the overbreak point sequences vary, indicating the diversity of local changes at different
moments. The singular intensities α are mainly concentrated on the two sides of the image,
reflecting the uneven distribution of the fractal structure in the overbreak point sequence.
This uneven distribution further confirms the multifractal characteristics of the measure-
ment point sequence. The multifractal spectra of the spaced decoupled charge blasting and
bidirectional shaped charge blasting show good overall synergy and stable development
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status. The spectra of the overbreak point sequences in cross-section 4 and cross-section 5
exhibit obvious right hooks, indicating that small fluctuations have a slightly dominant
influence in the overbreak point sequences of these sections. The fractal dimension of the
sub-intervals that characterize the overbreak point sequence with the same singularity
index α is the same. The fractal dimension of the sub-intervals in the overbreak point
sequence is related to the distribution characteristics and fractal strength of the overbreak
point sequence.

In Figure 16, ∆α represents the multifractal spectral width, which characterizes the
multifractal strength of the sequence at the measurement point and the complexity of
the fluctuations. A larger ∆α indicates a stronger multifractal strength and more intense
and complex fluctuations. The opposite is also true. ∆ f (α) represents the proportion of
large and small fluctuations in the sequence. A larger proportion of small and medium
fluctuations in the sequence leads to a larger ∆ f (α). The calculation method for α and
∆ f (α) can be expressed as follows:

∆α = αmax−αmin (15)

∆ f (α) = ∆ f (αmax)− ∆ f (αmin) (16)

Combining Figures 14 and 16, it can be observed that the fractal intensity ∆h and the
width of the multifractal spectrum ∆α of the fractal spectrum of the overbreak measurement
point sequence in cross-section 1 are minimized. This is because the overbreak measurement
point sequences in the same section are not independent of each other but are related to each
other to some extent. Overall, the values of the six cross-section overbreak point sequences
are close to each other, and the fluctuations have similar odd values. The ∆α values are close
to each other, indicating the similar singularity and spatial variability of the fluctuations.
The probability distribution ranges of the fluctuations at each measurement point are
relatively close to each other, but the fractal intensity ∆h values show slight differences.
The fractal strength of the overbreak sequence in the tunnel section after the bidirectional
shaped charge blasting is slightly stronger than that of the spaced decoupled charge
blasting. Based on the actual situation, it can be initially inferred that the optimization
of the tunnel smooth blasting significantly reduces the phenomenon of overbreak in the
tunnel profile, leading to differences in the multifractal characteristics of the measurement
points in each cross-section.

The statistics of multifractal features for the over-undercut sequence of the tunnel
profile under different smooth blasting plans are calculated, and the results are shown
in Table 4.

Table 4. Multifractal characterization statistics.

Index

Cross-Section Cross-
Section 1

Cross-
Section 2

Cross-
Section 3

Cross-
Section 4

Cross-
Section 5

Cross-
Section 6

∆α 0.559 0.695 0.746 0.734 0.737 0.818
∆ f (α) 0.133 0.196 0.137 0.222 0.292 0.644

Comparing the widths of the multifractal spectra ∆α of the cross-section profile over-
break point sequences, it can be observed that the width of the multifractal spectrum for the
spaced decoupled charge blasting is slightly smaller than that for the bidirectional shaped
charge blasting. This indicates that the bidirectional shaped charge blasting results in a
larger multifractal intensity in the overbreak point sequence and slightly more complex
fluctuations. Furthermore, comparing the proportion of large and small fluctuations ∆ f (α)
in the profile undercut point sequences, it can be seen that the bidirectional shaped charge
blasting results in a larger proportion of small and medium fluctuations.

These findings align more closely with the actual situation and indicate that the
optimization of tunnel smooth blasting through bidirectional shaped charge blasting sig-
nificantly reduces the phenomenon of overbreak in the tunnel profile. The intensity of
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the multifractals in the measurement point sequence is larger, and the fluctuation of the
cross-section profile overbreak data is slightly more complex, with a larger proportion of
small fluctuations.

4. Conclusions

For extra-long tunnels with complex and variable perimeter rock grades, the untimely
adjustment of smooth blasting parameters often leads to a significant number of overbreak
and underbreak, resulting in project delays. Therefore, this paper focuses on conducting
in-depth research on smooth blasting technology for extra-long hard rock tunnels in the
context of a high-speed rail project. The research approach combines theoretical analysis,
field tests, and multifractal analysis to provide comprehensive insights. The main research
conclusions are as follows:

1. The peripheral hole charging structure and blasting parameters are improved and
optimized to enhance the effect of tunnel smooth blasting. The implementation of
the bidirectional shaped charge significantly improves the smooth blasting effect.
After blasting, the tunnel excavation contour line becomes flat, and the half-hole trace
marks on the tunnel wall become more distinct. In comparison to spaced decoupled
charging blasting, the smooth blasting effect with a bidirectional shaped charge is
notably superior.

2. The laser profiler is utilized to measure the actual excavation contour line of the tunnel
section, obtaining specific data on overbreak and underbreak. A further quantitative
comparison of the optimization effect of smooth blasting parameters is conducted. It
is observed that the overbreak and underbreak value of each area of the tunnel section
after bidirectional shaped charge blasting does not differ significantly, and the smooth
blasting effect is evidently better than that of spaced decoupled charge blasting.

3. MF-DFA is employed to analyze the multifractal features of the overbreak point
sequences of the tunnel profile under different smooth blasting plans. It is concluded
that both spaced decoupled charge and bidirectional shaped charge blasting result in
measurement point sequences with multifractal features in the overbreak area. The
statistical calculation results of the multifractal features of the tunnel profile under
different smooth blasting plans align more closely with the actual situation.

The smooth blasting tests conducted in this study were carried out in a single surround-
ing rock grade. Future studies can focus on optimizing the smooth blasting parameters and
conducting the multifractal characterization of the sequence of overbreak and underbreak
points for different surrounding rock grades of tunnels.
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