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Abstract: In order to investigate the development process of crack formation in shallow-buried sandstone tunnel,
biaxial compression tests were conducted on a similar model of the real straight-walled arched sandstone tunnel.
The results indicate that the initial crack appeared at the arch line on both sides of the tunnel and propagated
downwards, eventually leading to spalling of the rock mass on the surface of the tunnel, forming a V-shaped
groove. Additionally, slab cracks were observed in the straight wall on the right side of the tunnel, which were
approximately parallel to the vertical load. The failure characteristics of the tunnel were closely related to the
fractal dimension of the crack geometry distribution. During the tunnel compaction and elastic deformation stage,
the fractal dimension of the cracks in the tunnel surface increased linearly, while during the crack propagation
stage, the fractal dimension increased gradually, with a sudden increase occurring just before the rock mass reached
its peak load. The acoustic emission results revealed that AE ringing counts and amplitude were inactive during
the first 4239 seconds of the test. And they only increased during the crack propagation stage. The continuous
decrease of the b-value and the sudden increase of the fractal dimension of cracks can serve as a reliable precursor
of tunnel failure.
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1. Introduction

With the development of China's economy, the scale of underground space development is gradually increasing,
leading to an increase in the construction of tunnel engineering [1]. Tunnel failure tests are widely used to analyze
the tunnel deformation process and identify the most dangerous positions Circular and straight-walled arched
tunnels are common types of tunnels used in tunnel engineering. Previous studies have conducted physical model
tests on straight-walled arched tunnels, using different sample sizes and materials. Zhang et al. [2] conducted
biaxial tests on circular sandstone tunnels with dimensions of 500mm >500mm > 200mm. They found that the
circular tunnel first developed tensile cracks at the arch haunch, followed by shear cracks on both sides of the
opening, and finally, the tensile-shear cracks on both sides of the tunnel developed to the top. Gong et al. [3]
applied true triaxial tests on straight-walled arched sandstone tunnels with dimensions of 100mm > 100mm x
100mm. They observed that the failure of the straight-walled arched tunnel mainly occurred between the two arch
feet and the arch haunch, showing typical tensile plate fracture characteristics. Zhang et al. [4] conducted uniaxial
compression tests on 100mm x<100mm =<100mm Straight-Wall-Top-Arch Roadway. They found that the straight-
walled arched tunnel exhibited splitting rock burst phenomenon, and the surrounding rock fracture surface had
undulating, rough features, and the surrounding rock was split into thin blocks. Zhou et al. [5] used similar material
models of straight-walled arched structures of different sizes. They found that the crack surface of the side wall
was approximately parallel to the tunnel wall, while the crack surface of the arch haunch and arch foot is at a
certain angle to the tunnel wall. Pan et al. [6] conducted loading tests on straight-walled arched tunnels in red
sandstone with different filling materials. They found that the straight-walled side of the tunnel without cracks
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experienced an approximately symmetrical peeling failure, while the tunnel with prefabricated cracks exhibited
asymmetric brittle failure. These studies demonstrate that the sample size significantly affects the crack
development characteristics and failure rate of tunnels.

The expansion of internal cracks in tunnels generates stress waves, and acoustic emission contains rich
information about the internal microcrack activity of tunnels. Chmel and Shcherbakov [7] believed that acoustic
emission phenomena can well reflect the development process of internal rock cracks. Hu et al. [8] used acoustic
emission monitoring and ultrasonic testing technology to study the rock damage evolution during tunnel boring
machine (TBM) excavation. They classified the surrounding rock with different degrees of damage into loose zone,
damage zone, and disturbance zone. Kim et al. [9] considered that acoustic emission technology can determine the
cracking stress and damage stress of rocks. Das et al. [10] conducted uniaxial compression tests on tunnel
experiments, and the results showed that acoustic emission technology can analyze and predict the brittle failure
of tunnels.

Although scholars have made fruitful achievements in the study of tunnel damage, previous studies generally
used small-sized real rock models in tunnel model tests, with sample sizes not exceeding 200mm. Tunnel model
tests with sizes larger than 500mm all used similar materials such as cement and gypsum, lacking the failure test
of larger-sized real rock tunnels. This article conducted biaxial compression tests and acoustic emission monitoring
on a 500mm high straight-walled arched sandstone tunnel. The tunnel failure process was visually recorded with
a high-speed camera, and the crack expansion process of the straight-walled arched tunnel was interpreted. Fractal
theory was used to quantitatively describe the crack expansion process, and tunnel failure precursors were explored
through the acoustic emission and fractal dimension.

In summary, this study's findings contribute to the understanding of the crack expansion process of straight-
walled arched tunnels and provide a quantitative method for analyzing the crack expansion process through fractal
theory. The study also highlights the importance of conducting tunnel failure tests on larger-sized real rock tunnels
to better understand the distribution of crack patterns in different tunnels sizes.

2. Experimental Plan Design for Straight-Walled Arched Tunnels
2.1 Model Preparation

At an underground cavern site, a large, naturally weathered sandstone block was manually excavated and
processed into a straight-walled arched tunnel model at a stone factory. The model's dimensions are 450mm x
500mm x 100mm, with a cross-section scaled down according to the actual proportion of the straight-walled arched
tunnel. A straight-walled arched hole that penetrates the sample was cut into the model using a water jet, with a
semi-circular arch radius of 40mm, straight wall height of 80mm, and a bottom length of 80mm, as shown in
Figure 1. The geometric similarity constant of the model test is 1/125. Indoor testing revealed that the compressive
strength of sandstone standard cylindrical specimens was 27MPa, the elastic modulus was 7.8GPa, the density was
2350kg/m?, and the wave velocity was 2540m/s.
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Figure 1. Straight-walled arched sandstone tunnel model
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2.2 Loading Equipment and Observation Devices

The experiment was performed using a modified rock triaxial testing machine that provides a maximum axial
force of 2000kN and real-time monitoring of the load and deformation information of the tunnel. Steel pressure
plates were placed on both sides of the tunnel model and connected to hydraulic pumps for applying confining
pressure to the tunnel. To ensure uniform force distribution on the tunnel model, steel plates with dimensions of
800mm x 300mm x 30mm were placed on the top and bottom of the tunnel. Additionally, all steel plates and the
four side walls of the tunnel were coated with a layer of vaseline oil to reduce frictional effects. The center of the
vertical loading column of the testing machine was aligned with the center of the tunnel along a vertical line to
prevent eccentric compression, as shown in Figure 2.

A high-speed camera was placed in front of the tunnel to record the experiment process at a speed of 1fps. The
PCI-2 type acoustic emission equipment was used to monitor parameters such as ringing count and energy count
during the deformation process of the tunnel. The acoustic emission threshold value was set at 32dB, the resonance
frequency ranged from 20-400kHz, the preamplifier threshold value was 40dB, and the sampling frequency was
1MHz.

LIVLLLE

*

Acou

ey,
lls”
¢ < F'Jlis_s.

*

L]

FTTTTTTTTTT

7 3

Figure 2. Testing loading device
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Figure 3. Biaxial loading test stress path
2.3 Loading Plan

To simulate the initial stress state and excavation depth of 100m, the tunnel is subjected to a confining pressure
of 3MPa on both sides. The vertical load is applied in stages, as depicted in Figure 3. The maximum vertical load
that the sandstone tunnel can withstand is approximately 700kN. The designed loading path for the vertical load
F, is as follows: stress-controlled loading is used to increase F, to 200kN at a speed of 500N/s and maintain it for
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300s. Displacement-controlled loading is used for staged loading, with F increasing by 100kN per level at a speed
of 0.02mm/min. After each level of loading is completed, it is held constant for 300s, Then the loading continues
until the tunnel is damaged. During the experiment, an acoustic emission collection system is implemented to
record acoustic emission information.

3. Analysis of Experimental Results
3.1 Load-Deformation Curve Characteristics of the Tunnel
Figure 4 shows the relation between the vertical load and vertical deformation of the straight-walled arched

tunnel. The deformation of the tunnel can be divided into four stages: pore closure (stage ab), elastic deformation
(stage bc), crack propagation (stage cd), and post-peak drop (stage de) stages.
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Figure 4. Load-deformation curve of the tunnel

The load-deformation curve of the tunnel can be classified into four stages. In the pore closure stage (stage ab),
the original small pores inside the tunnel are gradually compressed, resulting in a concave-shaped load-
deformation curve. In the elastic deformation stage (stage bc), the load-deformation curve shows linear behavior,
and no visible new cracks appear on the tunnel's surface. In the crack propagation stage (stage cd), the load-
deformation curve becomes non-linear from point ¢, with a slow increase in load and a convex curve. This stage
is accompanied by the emergence of macroscopic cracks on the tunnel surface, which continue to expand until
reaching the peak load point d. In the post-peak drop stage (stage de), the bearing capacity of the tunnel rapidly
decreases, internal cracks penetrate through, the surface rock mass peels off, and large-scale damage occurs,
accompanied by a loud noise. The deformation at the peak load is 1.8mm.

3.2 Crack Propagation Characteristics of the Tunnel Surface

The process of surface crack propagation in the sandstone tunnel was captured by a high-speed camera in Figure
5. Att = 4238s (F, = 646.08kN), the tunnel surface showed no sign of cracks or peeling, and the rock pores were
compressed, indicating the elastic deformation stage (stage bc). At t = 4239s (F, = 646.14kN), the rock entered the
crack propagation stage (stage cd), and a crack 1 appeared on the left spandrel sloping downward to the left, while
an arc-shaped crack 2 opened downward on the right haunch due to high stress concentration caused by the slight
curvature near the spandrel (Figure 5(b)). At t = 4240s (F, = 646.27kN), the rock strength reached the peak load
point d. The two haunches of the tunnel were subjected to tangential and compressive stresses. Although crack 1
on the left side did not change significantly, a small rock mass on the left side bulged, and crack 3 rapidly expanded
from the right side of the arch foot along the edge wall to the upper right corner of the spandrel, causing tunnel to
produce a tension crack rock fragment. Additionally, cracks 2 and 4 originating from the right haunch cut and
peeled off the tunnel surface for the first time (Figure 5(c)). At t = 4241s (F, = 123.79kN), the tunnel entered the
post-peak drop stage (stage de). Although crack 1 did not change significantly, the rock mass on the right side of
the tunnel continued to peel off above the already peeled rock mass, and the right side of the tunnel wall produced
a curved deformation of the tensioned rock block that gradually separated from the tunnel wall (Figure 5(d)). Att
= 4242s~4243s (F,= 119.86kN100.91kN), crack 1 did not change significantly, while the peeled rock mass on the
right side formed a "V-shaped groove," and the rock mass that peeled off from the right side of the tunnel wall
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separated from the wall, resulting in brittle failure of the tunnel with a loud noise. Throughout the deformation
process, plate crack failure gradually evolved and developed from the arch foot of the edge wall to the entire edge

wall (Figure 5(e), (f)). The time for crack propagation to the tunnel failure was very short, only 2 seconds,
indicating a significant suddenness in the tunnel failure.

(e) t = 42425, F,= 119.86kN  (f)t=4243s, F,= 100.91kN

Figure 5. Process of surface crack propagation in the tunnel

3.3 Failure Characteristics of Tunnel

Following the failure of the sandstone tunnel, it was observed that the majority of the damage occurred in the
straight wall areas on both sides, as depicted in Figure 6. A crack 1, sloping downward from the spandrel to the
left, was present on the left side of the tunnel while on the right side of the opening, a crack 2 developed

50



horizontally after the rock mass peeled off. As the axial stress increased, the tunnel collapsed on the right side of
the straight wall arch, indicating that defects in the tunnel experienced the most significant stress concentration
under axial stress, with the ultimate failure caused by the combination of a VV-shaped groove and shear cracks. The
extent of damage to the straight walls on both sides of the tunnel varied; however, more severe damage was
observed on the right side than on the left. The arch did not undergo significant damage, and a macro-sized crack
appeared horizontally at the approximate center of the tunnel floor. The final outcome was the brittle failure of the
straight wall arch tunnel, accompanied by a loud noise.

Figure 6. Photos of tunnel failure

3.4 Fractal Characteristics of Cracks in Tunnels’ Surface

The path of crack propagation within the rock mass is complex under the external loads, and the fractal
dimension is the most important parameter for describing fractal geometric characteristics. It can be used to
quantitatively describe irregular phenomena. The box-counting method is used to calculate the fractal dimension
of the crack propagation process. The principle involves covering the newly formed crack with a box of edge
length ri and calculating the required number Ni. When ri—0, Dy is defined as the fractal dimension of the crack
[11].

D, =lim log N, (A) 1)
-0 logr,
Surface cracks of the tunnel were extracted at different times, and a self-written MATLAB program was used
to calculate the fractal dimension, as shown in Figure 7. The relationship between the square size r and the number
of square cells Ni covered by the surface cracks of the tunnel at different times showed a good linear correlation,
with the correlation coefficients greater than 0.996, indicating that the surface cracks of the tunnel have fractal
characteristics. The fractal dimension gradually increased with the increase in the number of cracks.

Figure 8 shows the variation of the fractal dimension of the cracks during the tunnel deformation process, which
exhibited period changes. During the pore closure and elastic deformation stages (I and I1), the fractal dimension
remained relatively stable, with a minimal increase from 0 to 0.03. The surface cracks of the tunnel were only
distributed in small areas and were almost invisible to the naked eye. During the crack propagation stage (l1), the
fractal dimension showed a linear increase, with the value increasing from 0.03 to 1.62, as the tensile and shear
cracks gradually expanded. A sudden change point (a) appeared in the fractal dimension during this stage, and the
value increased from 1.62 to 1.77, corresponding to the peeling off of the right side of the tunnel and the expansion
of the tunnel failure zone. During the post-peak stage (1V), only the tip of the right-side V-shaped groove crack
extended downwards, and the fractal dimension increased slightly, with the value increasing from 1.77 to 1.89.

51



logN (A)=3.13-1.38logr, 12 - logN (A)=-1.89-1.46logr,
D,=138 R2=0.999] D,=146  R™=0.9997
15 10 -
< <
=12 = 8t
2 L3
9 6}
6 L L 4 - L 3
-10 -8 -6 -9.0 215 -6.0 4.5
logr, logr;
(a) t = 4238s, F,= 646.08kN (b) t = 4239s, F, = 646.27kN
12 logN (A)=-1.16-1.62logr, 14 logV,(A)=-1.40-1.74logr,
Dy=1.62  R=0.9971 D=174  RK*=09979
. .
10 12 -
~ sl ~ 10F
2 <
= =
2 2
6+ 8
4t 6l
T T T 1 1 1 L L L 1
8 7 6 5 4 3 9 -8 -7 -6 -5 4 -3
logr, logr;
(c) t = 4240s, F,= 293.12kN (d) t = 4241s, F,= 123.79kN
- logN,(A)=-1.35-1.77logr, 4r logN,(A)=0.46-1 89logr,
D=177  R=0.9994 D;=189 R=0.9962
12 L 12
- 10
;:1 10 g
] =
= £ s}
8 -
6 -
[ ]
1 L 1 1 1 1 4 L 1 1 1
9 8 7 6 5 4 3 7 -6 5 -4 2
logr, logr;

(e) t = 4242s, F,= 119.86kN

Figure 7. The values of the fractal dimension of surface cracks of the tunnel at different times
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Figure 8. The relationship between fractal dimension and deformation of cracks
4. Acoustic Emission Monitoring Results

The curves of the acoustic emission ringing count and amplitude during the tunnel deformation process are
presented in Figure 9 and Figure 10, with deformation represented by Ax.

During the initial loading stage, the acoustic emission activity was weak, and no macroscopic cracks appeared.
Only during the crack propagation stage (4x = 1.77 mm, F,= 645.86 kN), the acoustic emission activity begins to
increase, indicating that the expansion of microcracks inside the rock mass would intensify under higher loads.

At Ax = 1.779 mm (F, = 646.14 kN), the ringing count of the acoustic emission showed the first surge (marked
as O in Figure 9 and Figure 10), gradually increasing to a maximum of 500 times. The amplitude of the acoustic
emission fluctuated between 28-34 dB previously, but began to show an increasing trend, increasing from 32 dB
to 62 dB. A new crack 1 extended downward at a 30 “angle from the left spandrel of the tunnel, and an arc-shaped
new crack 2 appeared on the right haunch (as shown in Figure 5(b)).

At Ax=1.781 mm (F, = 646.27 kN), the ringing count of the acoustic emission showed the second surge (marked
as @ in Figure 9 and Figure 10), and the amplitude also showed an increasing trend, reaching a value of 66 dB.
At this time, a crack appeared on the right shoulder of the tunnel, sloping downwards at a 30=angle. When the
peak load was reached, the ringing count and amplitude of the acoustic emission reached the maximum value, with
the ringing count reaching up to 3277 times and the amplitude reaching up to 70 dB. The crack 2 on the right
haunch cut through the tunnel surface for the first time (as shown in Figure 5(c)).

During the peak load of Ax = 1.782 mm to 1.784 mm (F, = 293.12 kN to 119.86 kN), the ringing count and
amplitude of the acoustic emission sharply decreased. The rock mass on the right side of the tunnel's straight wall
underwent peeling, the tunnel's sidewall underwent bending deformation, and the rock mass on the left side of the
sidewall bulged, ultimately leading to brittle failure of the rock mass (as shown in Figure 5(d)).

4.1 Characteristic of Acoustic Emission b-Value

Acoustic emission is the phenomenon of acoustic waves detected during the energy release of rock deformation.
By analyzing the seismic magnitude and the frequency-related parameter b-value [12, 13], the characteristics of
the tunnel deformation and failure process can be studied. To calculate the b-value, every 100 acoustic emission
events are set as a calculation segment, and the acoustic emission frequency N and the average energy value
representing the magnitude are obtained for this time period [12].

b D IgN; D> M, —AmD IgN; > M,
 AaM I —(Om, ) @
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where, Am is the interval between acoustic emission event classifications, with Am = 0.5; M; is the total number
of acoustic emission events in the ith classification.
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Figure 9. Ringing count-deformation curve

By applying the principle of calculating the b-value of acoustic emission, the variation of the b-value was
obtained by setting every 100 acoustic emission events as a calculation segment, as shown in Figure 11. The b-
value of acoustic emission fluctuated between 0.1 and 0.33 in an upward and downward trend. After entering the
crack propagation stage (starting from point A in Figure 11), the b-value no longer increased but continuously
decreased. This indicates that large-sized cracks have appeared inside the tunnel and are in an unstable propagation
state. When the tunnel is damaged, the b-value of acoustic emission decreases to the lowest point of 0.05. Hence,
it can be concluded that a sustained decrease in the b-value of acoustic emission indicates that the tunnel is about

to be damaged.
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5. Discussion
5.1 Tunnel Failure Mechanism

During the tunnel excavation process, if the stress on the tunnel's straight wall exceeds the shear strength of the
rock mass, it can cause compressive-shear type slip-line failure in the arch foot, sidewalls, and wall foot areas.
This type of failure is shallow and only occurs near the sidewall [14, 15]. On the right side of the tunnel, the rock
mass peels off, forming a "V-shaped groove" due to the separation of the surrounding rock and the tunnel wall
caused by the cracking of the arch foot along the straight wall. The thickness of the peeled-off rock mass is around
3cm. The damage on the left side of the straight wall is relatively mild, with the cut rock block separating from the
tunnel wall but not peeling off (as shown in Figure 12).

Based on the crack evolution process in the tunnel, tensile stress first concentrates on both sides of the straight
wall. When the tensile stress exceeds the tensile strength of the rock mass, tensile cracks appear on both sides of
the straight wall. As the distance to the tunnel boundary increases, the compressive stress on both sides of the
tunnel gradually increases, and the compressive stress concentrates to form shear cracks [16]. As the load increases,
penetrating cracks appear inside the surrounding rock, separating the cutting rock from the tunnel wall, and
continuously expanding, deforming, and peeling off towards the open face. Due to the heterogeneity of the
sandstone tunnel, it ultimately results in asymmetrical floor cracking damage.

Figure 12. Photos of tunnel wall panel cracking and damage
5.2 Signs of Tunnel Failure

The extension of rock fractures follows a distinct fractal pattern. A fractal dimension close to 0 indicates that
there are no cracks on the tunnel surface. A fractal dimension around 1 suggests that cracks of the tunnel surface
tend to be distributed along a certain line. A fractal dimension close to 2 indicates that cracks almost cover the
entire surface of the tunnel [11]. During the pore-closing and elastic deformation phases, the fractal dimension
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gradually increases. A sudden increase in the fractal dimension indicates that the tunnel is about to fail before
reaching its bearing capacity.

In the transition from crack extension to tunnel failure the acoustic emission b-value decreases rapidly and can
serve as an early warning signal of tunnel failure. Shiotani et al. [17] applied acoustic emission technology to
monitor the stability of rock slopes and found that the degree of fracture damage increased as the b-value decreased.
Filipussi [18] observed that every macroscopic crack is accompanied by a rapid decrease of the b-value. The b-
value reaches its minimum value when the crack specimen fails completely. Therefore, the b-value can be used as
a predictive indicator of large-scale events during the rock fracture cracking process.

6. Conclusions

The tunnel wall initially develops tension cracks on both sides, followed by the development of shear cracks
that propagate diagonally downwards towards the far end under bi-directional compressive loading. The tunnel
suffers from asymmetrical damage, with rock mass peeling off on the right side and forming a VV-shaped groove.
The inside of the tunnel is damaged by panel cracking, resulting in the tunnel wall being cut into multiple layers
of thin rock blocks parallel to the side wall and separating from the tunnel wall.

The fractal dimension of cracks of tunnel surface is closely linked to the crack extension process. When the
fractal dimension increases to around 1, macroscopic cracks appear in the tunnel surface. As the fractal dimension
increases rapidly, the tunnel cracks continue to expand, and when it approaches 2, the tunnel fails.

During the deformation process of the tunnel, the acoustic emission b-value constantly fluctuates between rising
and falling. The acoustic emission counts and amplitudes are not active when entering the crack extension stage,
and the acoustic emission activity suddenly increases after the crack extension stage.

Prior to the failure of a straight-walled arch tunnel, there will be early warning signs of a sudden increase in
fractal dimension and decrease in b-value of cracks. The b-value of acoustic emission provides the earliest warning
time, while the fractal dimension of cracks provides the latest warning time. These findings may help engineers
and researchers to develop better monitoring and prediction methods for tunnel stability and safety.

Data Availability

The data used to support the findings of this study are available from the corresponding author upon request.
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