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In the natural geological environment, there are many joints, faults and cavities. These natural defects will have an impact on the stability of tunnels. This paper investigates different conditions of surrounding rock: intact surrounding rock, surrounding rock with open-flaw and surrounding rock with filled-flaw under the true triaxial test. The effect of different surrounding rock conditions on the internal failure characteristics of tunnel under true triaxial conditions is explored. According to the characteristics of energy evolution and chaos theory, the failure characteristics inside the tunnel is divided into stages. The results show that: 1) The failure characteristics in the tunnel are different for different surrounding rock conditions. The failure characteristics do not represent the stability of the surrounding rock of the tunnel; 2) The trend of energy dissipation is different under different surrounding rock conditions. The elastic stage of the surrounding rock is shortened and the dissipation energy shows an earlier upward trend as its integrity declines. 3) When analysing the tunnel, chaos theory can give early warnings about the instability of the surrounding rock, but it can not give early warning of particle spray and spalling inside the tunnel.
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1 INTRODUCTION
At present, the geological environment around the tunnel excavation is becoming more and more complex, and there are many natural defects such as faults and cavities around the tunnel. These defects can have unpredictable consequences for the failure of surrounding rock.
Many scholars have explored the influence of these natural defects on surrounding rock, by carrying out laboratory tests (Wang H. et al., 2020; Li et al., 2021; Li et al., 2022; Yang et al., 2022; Zhang et al., 2022; Xue et al., 2023b). Prefabricated flaws usually include open flaws, filled flaws and a combination of prefabricated flaws and holes. For open cracks, (Zhang et al., 2020), studied the influence of prefabricated flaws on rock fracture toughness and provided a reference for the accurate measurement of limestone fracture toughness through experiment and numerical analysis. (Chen et al., 2022).studied the influence of prefabricated flaw size on mode I crack propagation of rock, and clarified the influence of prefabricated flaws on the directional crack propagation mechanism. (Liu X. X. et al., 2021). carried out shear tests on rock samples with prefabricated flaws, taking into account the influence of the existence of cracks on crack propagation when rock shear failure occurs.
Natural rock joints are usually filled with materials such as sand, clay and broken rock fragments as weak bonds. For filled-flaw, (Zhang and Zhu, 2020), studied the influence of such filled flaws on the mechanical strength and failure characteristics of the rock mass and calibrated the parameters of various types of samples based on the uniaxial compression test (Zhou et al., 2021). monitored the degree of damage to rock by acoustic emission through defects with different filling materials. In addition, the qualitative analysis of crack behaviour was carried out by acoustic emission (AE) and photographic capturing technologies, which provide a theoretical memory for fracture behaviour and damage assessment of cracks (Sharafisafa et al., 2019). studied the influence of filling materials on the deformation and failure behaviour of 3D-printed rock-like Brazilian disk specimens with defects by static compression load and digital image correlation (DIC) technology. They found that the filling of the material can significantly increase the peak stress of the sample.
Natural geological conditions are usually not single fractures but are a combination of many fractures. Scholars have studied different fracture combinations. For combined fracture, (Wang et al., 2020d), studied the energy evolution and failure characteristics of combined cracks under fatigue load. The influence of stress amplitude on rock fatigue is investigated by 3D CT (Li and Cai, 2021). studied a specimen with open holes in the cross joint and explored the energy evolution process of the joint in the process of crack initiation (Mehranpour et al., 2018). extended the existing rock mass strength criteria. The 284 numerical simulation results of multi-axial, triaxial and biaxial compression tests of jointed rock blocks with one or two joint groups by PFC3D software were analysed, and two new three-dimensional rock mass strength criteria were established.
Scholars usually use AE (Worley et al., 2019; Zafar et al., 2020), DIC (Fakhimi et al., 2018; Afrazi et al., 2022; Xue et al., 2023a) and energy evolution (Chen et al., 2019; Wang et al., 2020c; Wang et al., 2022) to facilitate the study of crack propagation. The energy evolution analysis of rock is based on the assumption that there is no heat exchange in this process after the external work is done on the rock, and the deformation of the rock is converted into elastic energy and dissipated energy (Xie et al., 2005). The energy evolution analysis enables scholars to better understand the propagation of internal cracks in the compression stage of rock (Meng et al., 2019). studied the energy evolution law of lithology and loading rate on the whole process from deformation to failure. They then analysed the micro-mechanism of accumulation and dissipation of rock energy, and proposed a non-linear evolution model (Logistic equation) to provide theoretical support for an early warning system for engineering disasters (Wang C. L. et al., 2020). analysed the energy dissipation, energy conversion mode and stress-energy mechanism of rock failure induced by cyclic loading and unloading, and demonstrated the laws of stress release and energy dissipation during rock failure from the energy perspective (Liu G. L. et al., 2021). summarised the damage evolution model of rock, revealed the failure and instability mechanism of rock under load, analysed the relationship between crack development, damage evolution and energy evolution, and proposed a more specific understanding of the rock failure process.
At present, researchers paid more attention to the crack extension in rocks under different stress circumstances, and less attention is paid to the overall stability of the tunnel induced by the crack extension. There were few studies establishing the correlation of energy evolution with the failure at tunnel wall. In this paper, using a true triaxial experimental machine to simulate the underground stress environment, and use an embedded micro camera to capture the failure inside the tunnel, which can better obtain the crack propagation. Then the failure behavior inside the tunnel and energy evolution characteristic are correlated. Combining chaos theory with the energy evolution process clarifies the advantages and disadvantages of applying chaos theory to evaluate tunnel stability, and it provides further theoretical support for understanding the internal failure of tunnels from the perspective of energy evolution.
The innovation of this article is highlighted as follows: 1) Under true triaxial conditions, failure characteristics at the tunnel wall and energy evolution are correlated, and 2) Combined chaos theory with the energy evolution process, and use it to evaluate the damage degree inside the tunnel.
2 TRUE TRIAXIAL TESTS ON SANDSTONE SAMPLES WITH TUNNEL
2.1 Specimens preparation
True triaxial tests of rock specimens with the tunnel were done by cutting out cubic specimens from the centre with a high-pressure water jet. The dimensions of the specimens were 100 mm × 100 mm × 100 mm, which was suggested by the ISRM (Muralha et al., 2014). The dimensions of the horseshoe-shaped tunnel and the surrounding rock conditions of the specimens are shown Figure 1. The uniaxial compressive strength (UCS) of sandstone is 73.52 MPa, elastic modulus is 5.6 GPa and Poisson’s ratio is 0.12. The prefabricated flaw was made to penetrate the entire cubic specimen along the x-axial direction (Figure 1A). And the flaws were filled with gypsum, with a water to gypsum ratio of 1:5 and The UCS was 7.5 MPa. In terms of surrounding rock integrity, Group Intact displayed more integrity than Group Filled-flaw.
[image: Figure 1]FIGURE 1 | Test specimens: (A) distribution of tunnel and flaws; (B) intact specimens; (C) open-flaw specimens; (D) filled-flaw specimens; (E) QKX-ZSZ-4000 test equipment.
2.2 Stress path
The QKX-ZSZ-4000 rigid servo loading system was used in this research. In this system, the maximum vertical load can reach 4,000 kN and the maximum lateral load can reach 2,400 kN. The stress path in this test is shown in Figure 2. The stress path has two stages: an initial stage and a step stage. The initial stress for this test is the burial depth of 500 m and step loading is used to simulate the tunnel excavation process. Before arriving the initial pressure, the σx, σy, and σz loading rate was 0.5 kN/s. When the stress in all three directions reached 11.5 MPa, the directions of X and Y continued to be loaded at a rate of 0.5 kN/s, while σZ remained unchanged. When σX and σY reached 17 MPa, the direction of X continued to be loaded at a rate of 0.5 kN/s, while σY and σZ remained unchanged. When σX reached 29 MPa, σX was maintained for 30 s when the stress reached the initial pressure (σx=29 MPa; σy=17 MPa; σz=11.5 MPa), the loading method changed to 0.1 mm/min. In the step-loading stage, the σZ was maintained 60 s for every 10 MPa increase. For example, when σZ was 11.5 MPa at the beginning, it was loaded to 21.5 MPa at a loading rate of 0.1 mm/min, and maintained the resulting stress for 60 s. When σZ decreased to 90% of the peak stress, the experiment was terminated.
[image: Figure 2]FIGURE 2 | Stress path used in the test.
To ensure that the sample was not damaged during the unloading, it was done in stages unloading was employed. First, σx and σy stresses remained unchanged, while σz was decreased to 29 MPa. Then σy remained unchanged while reducing σx and σz stress to 17 MPa. Finally, the three stress were unloaded to 0 at the same time.
2.3 Test results
The triaxial test results of the three specimens are shown in Figure 3. The peak stress of specimens with intact surrounding rock was 89.63 MPa, with open-flaw it was 81.05 MPa and with filled-flaw it was 85.59 MPa. Peak stress decreased continuously due to defects in the surrounding rocks.
[image: Figure 3]FIGURE 3 | Test results: (A) intact specimens; (B) open-flaw specimens; (C) filled-flaw specimens.
Figure 4 shows the failed tunnel under true triaxial loading. Symmetrical V-shaped grooves appear on both sides of the intact specimens. In open-flaw specimens, the open-flaw appears at the upper right of the tunnel, and the V-shaped grooves on the right become a particle spray line. In the filled-flaw specimens, the V-shaped grooves on the right are bigger than on the left. This phenomenon means that the surrounding rock conditions affects the stability of tunnel.
[image: Figure 4]FIGURE 4 | Internal images of the tunnel before and after debris cleaning: (A) intact specimens; (B) open-flaw specimens; (C) filled-flaw specimens.
3 BIFURCATION AND CHAOTIC CHARACTERISTICS OF ROCK ENERGY EVOLUTION
3.1 Chaos theory and logistic system
Chaos theory implies that systems evolve from an ordered state to a disordered state and outlines the mechanism of the formation of random processes in a deterministic system. Logistic systems are simple chaotic systems (Zhang and Gao, 2012; Zhang, 2021). The Logistic equation is as follows:
[image: image]
The different form is obtained by continuous time discretisation.
[image: image]
Where [image: image] is the state of [image: image] at time [image: image], [image: image] is the state of [image: image] at time [image: image]; [image: image] is a dimensionless parameter.
Figure 5 is a diagram of the Logistic equation. It shows that this equation divides the process into stability area, Bifurcation and chaos through [image: image]. Table 1 shows the relationship between the state of [image: image] and the eigenvalue of [image: image] (Zhang et al., 2000; Zhuang et al., 2017).
[image: Figure 5]FIGURE 5 | Solution graph of Logistic equation.
TABLE 1 | Critical value of each area.
[image: Table 1]3.2 Chaos theory and stress
This research explores the relationship between maximum principal stress and energy density. We can write Eq. 1 in the following formula (Zhang, 2021):
[image: image]
Where [image: image] is the elastic energy corresponding to time [image: image]; [image: image] is the elastic energy corresponding to time [image: image]; [image: image] is the iterative growth factor of energy, and [image: image] is the maximum value of energy accumulation in the rock. Based on this equation, the relationship between the increase of maximum principal stress and the internal energy accumulation of the rock was studied, and the effect of different surrounding rock conditions was considered.
Figure 6 shows the relationship between the iterative growth factor [image: image] and maximum principal stress. Under the three surrounding rock conditions, the value of [image: image] increased exponentially with the increase of the maximum principal stress. This process can be divided into three stages: 1) Before [image: image] approaches 3.0000, the surrounding rock is in the stability stage, and surrounding rock is continuously compressed. 2) When [image: image] approached 3.0000 (Point A), the surrounding rock became unstable and the [image: image] increased rapidly. 3) When [image: image] reached 3.5699 (Point B), the bifurcation process ended, and the surrounding rock entered the chaos stage. When [image: image] is at 3.0000 is usually considered to be the crack initiation stress. Beyond this point, the surrounding rock begins to fail.
[image: Figure 6]FIGURE 6 | Variation of [image: image] with maximum principal stress under the three surrounding rock conditions: (A) intact specimens; (B) open-flaw specimens; (C) filled-flaw specimens.
Comparing the intact specimens, the open-flaw specimens and the filled-flaw specimens showed that the decrease in the surrounding rock integrity does not directly affect the crack initiation stress of the surrounding rock. The crack initiation stress of intact specimens, open-flaw specimens and filled-flaw specimens are 72.76, 65.61, and 77.47 MPa respectively.
4 ENERGY EVOLUTION CHARACTERISTICS IN THE ROCK DEFORMATION PROCESS
4.1 Energy calculation principle
In the process of rock compression, the deformation of rock usually includes elastic deformation and plastic deformation. The process of energy transformation can also be divided into elastic strain energy and dissipated energy. Elastic strain energy is stored in the rock mass and energy is dissipated by damage to the rock mass. In the true triaxial test, the specimen is deformed due to compression. Assuming that there is no heat exchange in the process (Xie et al., 2009), the energy input by external work is the total energy [image: image].
[image: image]
Where [image: image] is the elastic energy, and [image: image] represents the dissipated energy.
But a true triaxial test would consider not only the maximum principal stress acting on the rock but also the confining pressure applying energy to the rock. So, the total energy [image: image] can be understood as: 
[image: image]
Where [image: image] is the total energy, [image: image], [image: image] and [image: image] are the energy generated by the deformation in three directions, respectively. [image: image], [image: image] and [image: image] can be expressed as:
[image: image]
[image: image]
[image: image]
Where [image: image] and [image: image] are maximum principal stress and maximum principal strain; [image: image] and [image: image] are intermediate principal stress and intermediate principal strain; [image: image] and [image: image] are minimum principal stress and minimum principal strain.
According to Eqs 6–8, the elastic strain energy is:
[image: image]
Where [image: image] and [image: image] are the elastic modulus and Poisson’s ratio, respectively.
4.2 Analysis of energy evolution characteristics
The loading plate was modified to observe the crack development in the tunnel. The loading plate in the axial direction of the tunnel is grooved, and a micro camera was placed in the loading plate to record the crack propagation in the tunnel (Figure 7). The resolution of the micro camera is 3,840 × 2,160 pixels, capture 30 photos per second. The diameter of the observation hole of the micro camera is 20 mm, which is smaller than the diameter of the opening in the sample. The effects of the observation hole of the micro camera on the stress calculation are not incorporated in the current study.
[image: Figure 7]FIGURE 7 | Micro cameras and capture sample.
Figure 8 shows the relationship between energy evolution and stress, and the captured image shows the crack propagation state in the tunnel at different periods.
[image: Figure 8]FIGURE 8 | Energy evolution characteristics under the three surrounding rock conditions: (A) intact specimens; (B) open-flaw specimens; (C) filled-flaw specimens.
Energy evolution means the elastic energy stored in the rock is transformed into dissipated energy. The accumulation rate of energy in the surrounding rock is correlated with the loading rate. It is also obviously related to the structure of the surrounding rock (Figure 8). Furthermore, there are also many factors affecting the energy evolution in rocks.
In this research, the elastic energy under the three surrounding rock conditions has the same trend. Before the initial stage of loading, the surrounding rock is in the stage of pore compaction. The storage speed of elastic energy is slow. With the increase of stress, energy is continuously accumulated in the surrounding rock. At the same time, because the pores in the surrounding rock are compacted, a little elastic energy is transformed into dissipated energy. When the surrounding rock enters the elastic stage, the trend of energy accumulation is consistent with the trend of stress loading. It shows that elastic energy increases rapidly. However, with the rapid drop of stress, the elastic energy also decreases rapidly.
Dissipated energy shows some differences under different surrounding rock conditions. The dissipated energy increases slowly with the increase of stress at the initial stage. As the rock enters the elastic stage, the dissipated energy decreases slightly. The dissipated energy rises rapidly at the moment before the surrounding rock becomes unstable. There are some differences in the evolution characteristics of dissipative energy. When the rock enters the elastic stage, there is only a small decrease of dissipated energy in Group Open-flaw, which means that the open-flaw group continues to fail when the surrounding rock enters the elastic stage.
Internal images of some feature points are captured to better observe crack propagation in tunnels, which are divided into stages according to the level of dissipated energy. Point a represents the end of the first rise of dissipated energy, Point b represents the end of the linear segment after the dissipation energy first reaches the peak, and Point c represents the turning point where the dissipated energy rises again. At Point A ([image: image] =3.0000) the surrounding rock is close to the limit of energy storage, representing the transition of the surrounding rock from a state of stability to bifurcation, and at Point B ([image: image] =3.5699) the surrounding rock enters the chaotic stage.
Compare the images captured at each feature point and observe the image features at each stage. Point a and Point b are in the stable period (before Point A). In the characteristic point, no obvious damage is found in the surrounding rock but there is damage in the surrounding rock at Point A. This phenomenon is caused by the work that was done outside the surrounding rock, and energy is stored in the rock. The deformation of the surrounding rock concentrates the stress to a certain point in the tunnel. Point b shows the surrounding rock that is always between Point A and Point B. At Point c, the surrounding rock is damaged, and the damage at this stage is spalling. After Point B, the surrounding rock enters the chaos stage, and the damage becomes buckling failure.
So, the next step in the tunnel is particle injection. Before the surrounding rock enters the bifurcation process, the particle ejection phenomenon will occur inside the tunnel. When the surrounding rock enters the bifurcation process, there will be a spalling failure in the tunnel. V-shaped grooves on both sides of the tunnel are characteristic of spalling damage. Large buckling deformation of the tunnel occurs when the surrounding rock is in the chaos stage.
Compare captured images under different surrounding rock conditions. There is no crack generation at Point a or Point b in the stability stage. The surrounding rock is often damaged close to Point A, which represents the surrounding rock entering the bifurcation process. It is obvious that the damage of Group Intact and Group Filled-flaw in the bifurcation process seems to be more serious but the dissipative energy of the two groups in the bifurcation process is in a lower value. The dissipative energy of Group Open-flaw rises continuously. This means that the surrounding rock of Group Intact and Group Filled-flaw in the bifurcation process is stable but the surrounding rock of Group Open-flaw may be unstable in the bifurcation process.
In addition, the dissipative energy at the bottom (Point c) is always between Point A and Point B. This phenomenon can prove that the bifurcation process is a continuation of the previous stage. It belongs to the process in which the surrounding rock is in the stage of stability and failure. This is the same as the stage after Point B. After Point B, the dissipative energy will increase rapidly.
In this work, the energy limit of Group Intact is 0.697 MJ/m3, Group Filled-flaw is 0.635 MJ/m3 and Group Open-flaw is 0.486 MJ/m3. As the integrity of the surrounding rock decreases, the energy stored in the surrounding rock also decreases significantly.
4.3 Dissipated energy ratio under the three surrounding rock conditions
Figure 9 shows the evolution of the dissipated energy ratio. The dissipated energy rate is the ratio of dissipated energy to total energy. This ratio can reflect the rate at which elastic energy is transformed into dissipated energy at each moment. When the dissipated energy ratio rises, more damage occurs to the surrounding rock.
[image: Figure 9]FIGURE 9 | Dissipated energy ratio under the three surrounding rock conditions.
Before the initial stress, the rock is in the stage of pore compaction, and a large number of pores are compacted with a high dissipated energy ratio (Figure 9) but a low dissipation energy value (Figure 6). In this step-loading process, loose pores in the surrounding rock have compacted. After the initial stress, with the increase in stress, the energy dissipation gradually decreases in a linear phase with different slopes under different surrounding rock conditions. It was found that the integrity of the surrounding rock decreased with the higher dissipation energy ratio in the whole loading process.
Another interesting phenomenon is that the dissipated energy ratio of Group Filled-flaw (0.645 MJ/m3) near the initial stress is close to that of Group Open-flaw (0.648 MJ/m3). However, the dissipated energy ratio of Group Filled-flaw (0.064 MJ/m3) is closer to Group Intact (0.034 MJ/m3) at the later stage of loading. This may reflect that the damage to Group Filled-flaw was similar to that of Group open-flaw in the early stage (Figure 8 open-flaw specimens (c) and Figure 8 filled-flaw specimens (c)) and similar damage to Group intact in the later stage (Figure 3). The same particle ejection phenomenon occurs in Group Open-flaw and Group Filled-flaw in the early stage because of the prefabricated flaws in the surrounding rock. The flaws of Group Filled-flaw are filled with gypsum but gypsum is not very strong and there will always be some spaces between the gypsum and the surrounding rock. These can cause cracks extending from the prefabricated flaw to the inside of the tunnel. When the stress is about to reach peak value, the gypsum filled in the prefabricated flaw inhibits the further collapse of the prefabricated flaw, and new damage is generated in the tunnel. Filling the open flaw brings different forms of failure to the tunnel. This complex failure results in more fragments in the tunnel, but it also significantly increases the peak stress of the surrounding rock.
5 DISCUSSION
The compression failure of rock is a complex process with a strong unpredictability (Hirata and Imoto, 1991; Zhang, 2021). Through chaos theory and energy evolution, the current stress state can be analysed, and the current state of the surrounding rock can be quickly and accurately predicted.
There are also different forms of failure inside the tunnel under different surrounding rock conditions. When open flaws appear around the tunnel, only particle spray failure occurs in the tunnel, but the surrounding rock may be close to instability damage. When open flaws are filled, spraying particles and spalling fragments in the tunnel will increase, but the peak stress will rise.
Figure 10 shows the characteristic strain energy under different surrounding rock conditions. The characteristic strain energy of different groups is significantly different. As the integrity of surrounding rock increases, the total elastic strain energy (0.660 MJ m-3, 0.778 MJ m-3, 0.834 MJ m-3) and elastic strain energy (0.486 MJ m-3, 0.635 MJ m-3, 0.697 MJ m-3) increase. However, there is no significant difference in the dissipative energy (0.312 MJ m-3, 0.306 MJ m-3, 0.328 MJ m-3) by surrounding rock during final failure.
[image: Figure 10]FIGURE 10 | Comparative analysis of characteristic strain energy.
These phenomena indicates that the fracture of tunnel surrounding rock mainly affects the elastic strain energy accumulated in the surrounding rock. The dissipative energy after the ultimate failure of the surrounding rock is not affected by these fractures. But the rate of energy dissipation is different during the elastic process. Group F and Group I showed a downward trend and Group O showed a slow upward trend during the elastic process (Figure 8). It indicates that the main function of fracture filled is to suppress the deformation of surrounding rock and improve the ability of surrounding rock to store energy. Then, it explains the impact of fractures around tunnels on the stability of tunnel surrounding rocks from the energy perspective.
The application of chaos theory to rock is still being explored. In this study, chaos theory has been verified as able to determine whether the surrounding rock is stable or unstable, but it cannot accurately predict particle spray and spalling failure. In this research, we use chaos theory to analyse the damage inside the tunnel. The surrounding rock is in a stable stage, which does not mean that there is no failure in the tunnel. It only means that the surrounding rock will not lose stability, but the particle spray and spalling failure will still occur. However, we can use shotcrete support and other methods to prevent spray and spalling failure. When the surrounding rock is in the bifurcation process ([image: image] =3.0000), spalling failure becomes more frequent. At this stage, the surrounding rock will not be unstable, and we should pay attention to this phenomenon and reinforce the tunnel. When the surrounding rock is in the chaos stage ([image: image] =3.5699), the tunnel should be reinforced immediately because the surrounding rock can become unstable at any time.
It should be noted that the failure characteristics in the tunnel analysed in this paper are generated under conditions of increasing maximum principal stress, which may be different from practical engineering. However, analysing the current state of the tunnel and the surrounding rock by energy evolution and chaos theory is a reliable way to understand the failure characteristics of the surrounding rock.
6 CONCLUSION
In this paper, the true triaxial load is applied to a tunnel with a four-centre arch, and the internal failure characteristics of the tunnel are analysed from the perspective of energy evolution.
In this research, we changed the conditions of the rock surrounding the sample tunnel. Surrounding rock conditions include intact surrounding rock, open-flaw surrounding rock and filled-flaw surrounding rock. We found that the peak stress of the surrounding rock of the tunnel increased significantly after filling the open flaw, but it was slightly lower than that of the intact surrounding rock.
There are remarkable differences between the failure characteristics and mechanisms for the surrounding rock under different conditions. The different conditions of the surrounding rock also affected the process of energy evolution. As the integrity of surrounding rock increases, the dissipation energy of surrounding rock in the elastic stage becomes lower and led to the increases in the energy stored in the surrounding rock (0.486 MJ/m3, 0.635 MJ/m3 and 0.697 MJ/m3).
The energy dissipation ratio can reflect the process of failure. The same failure behaviour has the same energy dissipation ratio. At the initial stage of step loading, the dissipated energy ratio of Group Filled-flaw (0.645 MJ/m3) and Group Open-fl0.697aw (0.648 MJ/m3) was similar and both had the same trends in failure. In addition, both Group Filled-flaw (0.064 MJ/m3) and Group Open-flaw (0.034 MJ/m3) have V-shaped grooves on both sides of the final failure characteristic.
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