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Taking the Jiangluling Carbonaceous Shale Tunnel as an example, this study aims to investigate the mechanism of large deformation and design construction technology of carbonaceous shale tunnels. Using theoretical analysis and comparative analysis of numerical simulation and field measured data, the mechanism, mechanical properties, and causes of large squeezing deformation of the Jiangluling Tunnel were analyzed. The study results are as follows: 1) Six failure modes of the support structure can be generated due to the large deformation of the surrounding rocks during the construction of Jiangluling Carbonaceous Shale Tunnel; 2) The causes of large deformation during the construction can be divided into internal and external causes; 3) The deformation degree of the surrounding rock of Jiangluling Carbonaceous Shale Tunnel increases with the burial depth in an approximately linear manner. Under deep-buried conditions, horizontal convergence is more severe than vault settlement in carbonaceous shale tunnels; 4) The deformation of the construction cavern of the Jiangluling Carbonaceous Shale Tunnel typically includes the displacement before tunnel face excavation, tunnel face deformation, and deformation behind the tunnel face. The advance displacement accounts for 30.73% of the total displacement. The influence range of advance displacement is 1-1.2D in front of the tunnel face. These results can provide a reference for the design and construction of carbonaceous shale tunnels.
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1 INTRODUCTION
In China’s Western Development Strategy, the completion of a convenient transportation system is an inevitable demand for economic development and social progress of western regions. In addition, the improvement of the land transportation network is also based on the extension of transportation infrastructure to cold areas with harsh natural conditions at high latitudes and high altitudes. With the rise of railroad and highway construction on the plateau of the Tibetan area in China, the technical aspects of tunnel construction in cold areas with high altitudes are receiving increasing attention from the engineering community. Jiangluling Carbonaceous Shale Tunnel in Gonghe-Yushu Highway, different from carbonaceous shale tunnels at low altitudes, is a special geological condition encountered during construction. Influenced by the environment, the construction process had witnessed hazards such as large deformation, extrusion, and collapse of the surrounding rock, the heave of the tunnel bottom, cracking of the support structure, and lining deformation and failure (GuoLi et al., 2019). At present, as engineering experience and relevant research on the design and construction of carbonaceous shale tunnels in Alpine regions are both relatively scarce worldwide, it is difficult to control the large deformation produced by carbonaceous shale. Therefore, the research on the deformation mechanism as well as design and construction technologies of Jiangluling Carbonaceous Shale Tunnel in Gonghe-Yushu Highway can provide engineering experience for similar carbonaceous shale tunnels in Alpine regions, thus promoting highway construction in Alpine regions.
In recent years, with the development of geotechnical engineering and the progress of science and technology, international research on the complex properties of rock mass mechanics has made great progress. Most research on carbonaceous shale tunnels focused on the mechanical properties, the deformation law and mechanism, and instability failure mechanism of the surrounding rock, and engineering treatment measures. Researchers, such as Wang (Wang, 2010), Tan et al. (Tan et al., 2021), Xie and Chen (Xie and Chen, 2007), and Liu et al. (Gao et al., 2005), have explored the mechanism of large deformation of soft rock tunnels. Studies have shown that the causes of large deformation of tunnels can be attributed to the following two factors: water-swelling behavior of swelling mineral components and squeezing deformation of soft surrounding rocks under high in situ stress.
Zhao (Zhao, 2007) and Sun et al. (Sun and Ling, 1995) analyzed the mechanical properties of large squeezing deformation and explained the definition of squeezing deformation from the perspective of rheology. They classified squeezing deformation as a rheological deformation category with a fast deformation rate and slow convergence rate and systematically analyzed the mechanical mechanism of the occurrence of large squeezing deformation. Dual control measures, prediction of squeezing potential in the preliminary design phase and rating of large deformation in the construction phase, was proposed to overcome large squeezing deformation. Based on theories related to engineering geology and structural mechanics, Tian. (2013) analyzed the deformation and failure mechanism of carbonaceous shale under high in situ stress through the statistical analysis of field monitoring data and sketches of tunnel faces. The influence of bedded rock and soft rock strata on the stability of the tunnel surrounding rock was explored, and the mechanical mechanism of deformation and failure of carbonaceous shale under high in situ stress was revealed. Teng and Tang. (2017), Zhang and Guan. (2000), Tang and Tang. (2012) established a FLAC3d numerical model to analyze the distribution of displacement field, stress field, and seepage field of the tunnel surrounding rock under surrounding rock pressure and groundwater pressure. They have revealed the deformation pattern of carbonaceous shale tunnels under high in situ stress conditions. Some researchers (Duan and Weng, 2012; Gao et al., 2016; Yang, 2016; Bian et al., 2017; Ding et al., 2017) also adopted indoor and outdoor tests, numerical simulations and combined with measured data to study the strength of the surrounding rock, the distribution pattern of the in situ stress field, the range of the surrounding rock broken rock zone, and the macroscopic deformation and failure characteristics of the tunnel. They summarized the deformation law of the surrounding rock for the construction of carbonaceous shale tunnels and proposed control measures for tunnel deformation. The research results provided referential value for the research and analysis of mechanical properties of large deformation in carbonaceous shale tunnels.
In this paper, taking the Jiangluling Carbonaceous Shale Tunnel as an example, the mechanism and mechanical properties of the large deformation of carbonaceous shale tunnels were analyzed through theoretical analysis, numerical calculation, and comparative analysis of field measured data. This research is intended to provide a basis and technical support for similar engineering designs.
2 ANALYSIS OF THE FAILURE PATTERN OF THE SURROUNDING ROCK ON SITE
Jiangluling Tunnel is located in the Gonghe-Yushu (Jiegu) Highway (National Highway 214) with an altitude of 4,280 m above sea level. It is a typical permafrost highway tunnel in a high-altitude cold area. The left line of the tunnel is 2,925 m, and the right line is 2,845 m. Tunnel excavation revealed that the surrounding rock is mainly green-gray, gray-black mud-powder carbonaceous shale and slate interbedding, interspersed with small amounts of quartzite, crystalline limestone, and sand slate in a thin-medium thickness lamellae state. The carbonaceous shale and slate are characterized by mud-powder, thin-very thin bedding structure, poor calcareous cementation and belong to soft rocks. The bedding plane is very prone to crack, softens easily in water, and is subject to serious weathering effects. Stratigraphic fold and extrusion cause the fracture development, and the rock mass is broken, fragmented and plate-like.
The whole Jiangluling tunnel is a typical carbonaceous shale tunnel. Due to the squeezing of carbonaceous shale, the tunnel excavation and initial support were accompanied by engineering problems such as initial support cracking, severe deformation and out of limit, deformation collapse, surrounding rock collapse of the tunnel face, inverted arch floor heave, and secondary lining cracking. The average daily deformation rate was 10–30 mm, and the cumulative maximum deformation reached 40–80 cm. Therefore, the project was extremely risky and difficult to construct. The deformation and failure modes of large deformation of the surrounding rock during tunnel construction are as follows.
2.1 Distortion failure of initial support steels
The initial support steel was twisted due to excessive deformation, and the link part of the steel was weakly stressed and breaks down as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Deformation and distortion failure of steels (Schematic diagram).
2.2 Fracture failure of steel nodes
The connection point of steel was weakly stressed and is damaged first under the surrounding rock pressure, causing fracture failure of nodes as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Fracture failure of steel nodes (Schematic diagram).
2.3 Plastic bulge of the initial support sidewalls
The pressure distribution of the surrounding rock was not uniform, the pressure of the sidewall was locally concentrated, and the local part of the sidewall bulges out inward as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Plastic bulge of the initial support sidewall (Schematic diagram).
2.4 Plastic-squeezing failure of the upper bench of the initial support
The bearing capacity of the support structure was insufficient, resulting in the circumferential crack penetration of the initial support shotcrete and the overall inward extrusion and deformation of the support structure as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Plastic-squeezing failure of the initial support (Schematic diagram).
2.5 Collapse failure of the initial support
Due to the excessive pressure of the surrounding rock, the bearing capacity of the initial support was insufficient, which led to the instability of the support structure and surrounding rock, thus causing collapse failure as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Collapse failure of the initial support (Schematic diagram).
2.6 The failure of inverted arch floor heave
Due to the excessive pressure of the surrounding rock and weak surrounding rock base, the mode of inverted arch floor heave was easy to produce in the case of no initial support for the inverted arch as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Failure of inverted arch floor heave (Schematic diagram).
In combination with the above analysis of the deformation and failure mode of the large deformation of the surrounding rock during tunnel construction and the squeezing deformation that occurred in the Jiangluling Carbonaceous Shale Tunnel project, the large deformation of carbonaceous shale tunnels was found to be characterized by typical soft rock squeezing deformation. In this paper, the mechanical mechanism of large squeezing deformation in Jiangluling Carbonaceous Shale Tunnel was analyzed from the following aspects.
2.7 Crumpled texture of highly compacted carbonaceous shale is the internal cause of large deformation
Fragmentized, straticulate carbonaceous shale is compressed into a compacted body by tectonic extrusion and formed into a crumpled texture by geological movement. After this type of surrounding rock is exposed by tunneling, each bedding is considered as a separate body. Since the highly compacted carbonaceous shale around the excavation contour has a free face to restore its original shape, the swelling effect along the vertical bedding direction is formed, thus releasing the stress formed by the squeezing of the deeply buried strata. The stress releases in the deeply buried carbonaceous shale bedding is shown in Figure 7. According to the field observation of tunnel excavation and support of this type of surrounding rock, the swelling effect of highly compacted carbonaceous shale to restore its original state makes the tunnel excavation and support often emerges problems such as floor heave, excavation contour collapse, distortion and fracture of initial support steel support, shotcrete cracking and spalling, causing significant damage to the initial support.
[image: Figure 7]FIGURE 7 | The stress release in the deeply buried carbonaceous shale bedding.
This type of surrounding rock gradually decreases in density as the time of exposure to air increases. The swelling effect gradually appears until a loose state is formed.
2.8 Engineering disturbance force is the external cause of large squeezing deformation in carbonaceous shale tunnels
After the tunnel excavation, the original natural stress of the rock mass is destroyed, causing the redistribution of stress and local stress concentration in the surrounding rock. Excavation unloading leads to a sharp decrease in the surrounding pressure of tunnel walls. After excavation, the tangential stress [image: image] increases while the radial stress [image: image] decreases, causing stress concentration and reaching the limit on the tunnel wall. When the stress level exceeds the rock mass yield strength and the lower limit rheological threshold, it causes plastic and viscous flow of the surrounding rock and generates deformation that aggravates with time. With increasing deformation, the surrounding rock enters the viscoplastic strain softening stage, and the long-term strength value decreases, which in turn further aggravates the tunnel deformation.
2.9 Non-linear rheology is the essence of large squeezing deformation in carbonaceous shale tunnels
Under the joint action of initial in situ stress field and engineering disturbance force, the stress level of the surrounding rock of the Jiangluling Tunnel cavern exceeded the lower limit of rock mass rheology, causing extrusive soft rock rheology. The rheological properties of carbonaceous shale are mainly controlled by the structural surface of the surrounding rock bedding. The uniaxial compressive strength of carbonaceous shale is low, and the corresponding lower limit of the rheology of the surrounding rock is also low. The stress concentration generated by excavation and unloading can cause high-speed rheology in the plastic state of squeezing rock, i.e., from extrusion deformation to viscoplastic deformation. Soft rock deformation can be basically divided into elastic, plastic, and rheological stages. The elastic and plastic deformation in soft rocks is less significant, while the rheological deformation occupies the main position.
In addition, after tunnel excavation, viscoplastic deformation leads to strain softening and lower long-term strength value of the rock mass. Stress dilatancy mainly contributes to the large squeezing deformation of carbonaceous shale. Moreover, inadequate support strength and improper construction methods directly cause the large deformation of carbonaceous shale.
In order to further analyzed the failure characteristics and mechanical properties of large deformation in the carbonaceous shale highway tunnel, data monitoring was carried out on two typical cross-sections (ZK330+875, ZK330+897) on site. After analyzing the data, the deformation law of the surrounding rock in the carbonaceous shale tunnel was obtained.
According to Figure 8, 9, the deformation of the surrounding rock after tunnel excavation was basically a linear trend, without an obvious convergence trend. The two-bench construction process on site was developing into a three-bench construction process. After excavation, the upper bench was the first bench deformation, and the deformation pattern is linear with a deformation rate of 3–4 cm; the lower bench was the second bench deformation, and the deformation pattern is also linear with the same deformation rate of 3–4 cm; The application of the inverted arch was the third bench deformation, and the deformation pattern is linear with a reduced deformation rate of <1 cm. The monitoring results showed that the cumulative settlement for 20 days was 40–50 cm. The deformation rate of the surrounding rock at the initial excavation was mainly affected by the gradual release of ground stress at the excavation surface. In the later stage, the release of the surrounding rock stress was completed, and the spatial effect of the excavation operating area disappeared. Tunnel deformation was mainly caused by extrusive surrounding rock rheology. The deformation degree of the tunnel cavern gradually increased with time, presenting a rheological state at a constant speed. In the later stage, if the secondary lining is not applied in time, the rheological deformation of the extrusive surrounding rock will not be controlled effectively.
[image: Figure 8]FIGURE 8 | The deformation law of the initial support at Cross-section ZK330+875.
[image: Figure 9]FIGURE 9 | The deformation law of the initial support at Cross-section ZK330+897.
In order to analyze the shape of highway tunnel cross-sections and the distribution pattern of surrounding rock deformation, the data of typical cross-sections were extracted, and their deformation maps were drawn, as shown in Figures 10, 11. According to the figures, the deformation of the upper bench after tunnel excavation was large. The deformation of the lower step was relatively small due to the application of the inverted arch. However, the inward deformation of the upper bench was relatively uniform (i.e., the whole surrounding rock is uniformly extruded and deformed inward), with the characteristics of a typical extruded surrounding rock. The measurement results were basically consistent with the actual deformation.
[image: Figure 10]FIGURE 10 | Deformation diagram of the surrounding rock at Cross-section YK330+920.
[image: Figure 11]FIGURE 11 | Deformation diagram of the surrounding rock at Cross-section ZK330+910.
In order to study the relationship between burial depth and deformation of tunnel surrounding rocks, the data of each monitoring surface in the Jiangluling Tunnel were statistically analyzed. The results showed that there was a relationship between burial depth and deformation of tunnel surrounding rocks. According to Figure 12, the surrounding rock deformation degree of the Jiangluling Tunnel increased with the increasing tunnel burial depth, which is approximately linear. According to linear fitting, when the tunnel burial depth reaches 80 m, the cumulative settlement of the haunch and vault changes abruptly; when the burial depth is between 90 and 100 m, the influence of burial depth on the deformation of the surrounding rock is greater; when the burial depth exceeds 100 m, the cumulative value of the settlement deformation of the tunnel surrounding rock exceeds 30 cm.
[image: Figure 12]FIGURE 12 | Relationship between the vault settlement and burial depth of the left portal of the Jiangluling Tunnel.
According to the deformation of surrounding rock in Jiangluiling Tunnel and the relationship between the deformation and the burial depth of the surrounding rock, the deformation of the surrounding rock of the Jiangluling Tunnel has the typical characteristics of squeezing deformation, fast deformation rate of the surrounding rock, and long duration without convergence.
3 ANALYSIS OF THE MECHANICAL PROPERTIES OF LARGE DEFORMATION OF SURROUNDING ROCKS
By monitoring the interaction law between the surrounding rock and the support structure of the Jiangluling Tunnel, the interaction law between the surrounding rock and the support structure of carbonaceous shale tunnels can be better mastered. Figure 13 showed the laws of initial support surrounding rock pressure with time and excavation process; Figure 14 displayed the law of secondary lining and initial support contact pressure with time and excavation process. As shown in the figure, carbonaceous shale in Jiangluling had obvious rheological characteristics, and the surrounding rock, the initial support effect, and the construction process were related.
[image: Figure 13]FIGURE 13 | The law of the surrounding rock pressure on the left sidewall with time at Cross-section ZK330+875.
[image: Figure 14]FIGURE 14 | The law of left sidewall initial support and secondary lining contact pressure with time at Cross-section ZK330+875.
In Figure 13, the surrounding rock pressure on the left sidewall of the cross-section gradually increased to 0.5 MPa with time and then stabilized. At the initial stage of excavation, the surrounding rock pressure of initial support gradually increased with time, with significant time-space effects. After pouring the inverted arch, the tunnel surrounding rock pressure was redistributed and appeared a decline followed by a rise. The pouring of the secondary lining shared part of the surrounding rock pressure, and the surrounding rock pressure of initial support increased slowly and tends to stabilize. As shown in Figure 14, the contact pressure between the initial support of the left sidewall of the cross-section and the secondary lining grew gradually. The secondary lining was applied on 17 November 2014. At the initial stage of the secondary lining application, the extrusion deformation was suppressed, and the contact pressure increased faster. However, after 78 days of continuous measurements, the secondary lining contact pressure kept growing linearly without a tendency to converge. According to the construction situation on site, it can be seen that the later secondary lining appeared cracking and inverted arch floor heave, and the support structure failed.
In order to analyze the distribution of internal surrounding rock deformation, data were analyzed by multipoint displacement meter method to obtain the thickness range of the broken rock zone of the surrounding rock. The application of the multipoint displacement meter can measure the change of rock displacement at different depths inside the surrounding rock. According to the curve of the displacement amount with time tested by the displacement meter, the convergence of the rock at different depths in the surrounding rock towards the tunnel can be obtained. The large change in displacement with time indicates that the rock mass at that point was fractured. Therefore, according to the magnitude of the change in displacement with time at different points, the broken rock zone and the slightly disturbed zone can be found. (See Figure 15).
[image: Figure 15]FIGURE 15 | Testing principle of multipoint displacement meter method.
The field test results are shown in Figure 16, 17.
[image: Figure 16]FIGURE 16 | The test results of Measuring point 1 at Cross-section ZK331+625 by multipoint displacement meter method.
[image: Figure 17]FIGURE 17 | The test results of Measuring point 1 at Cross-section ZK331+625 by multipoint displacement meter method.
According to Figure 16, 17, the deformation of the surrounding rock at different depths showed a similar pattern, all showing linear growth and gradually stabilizing at the initial stage of deformation. The deep displacement extent of the surrounding rock decreased with increasing depth. However, the axial displacement extent of four measuring points (2 m, 4 m, 6 m, and 8 m) inside the surrounding rock after tunnel excavation was small compared with that of the surrounding rock free face. Monitoring data showed that the surrounding rock deformation reached 60–80 cm after tunnel excavation. After tunnel excavation, the relative displacement between the surrounding rock and the surface within 8 m around the tunnel was close to 0. That is, the surrounding rock within 8 m around the tunnel was shrinking inward at the same time, thus indicating that the radius of the plastic zone of the Jiangluling Carbonaceous Shale Tunnel was larger than 8 m.
Measuring points 1 and 4 were tested by the acoustic method for the field test. The acoustic method was used to determine the extent to which the surrounding rock was affected by the excavation and the size of the broken rock zone by analyzing the variation of the propagation velocity of the acoustic wave in the surrounding rock at different depths behind the initial support. Since the results of the left and right side tests were symmetrical and relatively similar, the results of one-sided tests were shown below. Typical cross-section test results were shown in Figure 18.
[image: Figure 18]FIGURE 18 | Test results of acoustic method at Cross-section YK330+855.
The actual depth of the borehole is 9.5 m in the field test. As shown in Figure 18, the wave velocity difference of sound wave propagation in the surrounding rock within the depth of the measuring point (9.5 m) was small, less than 1.5 km/s. The sound velocity did not have a large abrupt change. It was indicated that the rock mass within 9.5 m around the tunnel was relatively homogeneous after tunnel excavation without abrupt change, which was basically consistent with the lithology of the free face.
4 ANALYSIS OF THE EFFECT OF TUNNEL BURIAL DEPTH ON THE LARGE DEFORMATION OF THE SURROUNDING ROCK
According to the statistical analysis of the monitoring data of each monitoring surface of Jiangluling Tunnel above, the extent of large deformation increases with the increase of tunnel burial depth, indicating that the tunnel burial depth is the main influencing factor for the large deformation of the carbonaceous shale tunnel. In order to further analyze the effect of tunnel burial depth on the large deformation of surrounding rocks, the large deformation of carbonaceous shale tunnels under different burial depth conditions was quantitatively analyzed using FLAC3D software. In the process of simulation, the rock mass adopted the solid element, Mohr-Column model is selected for the simulation. The shell element is used for the initial support, the solid element was used for the secondary lining, and the elastic model was selected for the simulation. Elastic modulus of the initial support is 23GPa, Poisson’s ratioμ is 0.2. Elastic modulus of the secondary support is 33.5GPa, Poisson’s ratioμ is 0.2.The calculation parameters of surrounding rock are shown in Table 1.
TABLE 1 | Calculation parameters of surrounding rock in the numerical model.
[image: Table 1]The burial depth of the tunnel can be selected based on the following equation in turn.
[image: image]
Where, [image: image]—Burial depth of the tunnel, m;
[image: image]— Integer multiple of tunnel excavation width, and [image: image] is taken from 1 to 13
[image: image]— Tunnel excavation width, taken from 13 m
Through data analysis, the vault settlement of the carbonaceous shale tunnel and the deformation of peripheral convergence at different burial depths were shown in Table 2.
TABLE 2 | Calculation results of vault settlement and peripheral convergence of the surrounding rock at different burial depths.
[image: Table 2]As shown in Figure 19, the values of tunnel vault settlement and peripheral convergence increased with increasing burial depth. Moreover, the growth rate of the peripheral convergence was faster than that of the vault settlement. When the tunnel burial depth was less than 52 m, the cumulative value of tunnel vault settlement was larger than that of peripheral convergence. When the tunnel burial depth was more than 52 m, the cumulative value of peripheral convergence was larger than that of vault settlement. In other words, the horizontal convergence of the carbonaceous shale tunnel was more severe than the vault settlement under burial depth conditions.
[image: Figure 19]FIGURE 19 | Variation of the deformation of tunnel surrounding rock with burial depth.
5 ANALYSIS OF THE 3D TIME-SPACE EFFECT OF CARBONACEOUS SHALE TUNNEL DEFORMATION
Before tunnel excavation, the rock mass is in a tri-axial situ stress environment and is in a stable equilibrium state. After excavation, the original natural stress state of the rock mass is destroyed, causing the redistribution of the surrounding rock stress. A part of the insitu stress is released in the form of deformation energy. The other part is transferred to the deeper surrounding rock, and stress redistribution and local stress concentration occur. Stress is constantly adjusted to reach a new equilibrium state that is compatible with the current environment. The engineering disturbance force is the external cause of the large squeezing deformation of carbonaceous shale tunnels. In combination with the construction of the Jiangluling Tunnel, the two-bench with reserved core soil method (Upper bench excavation-Initial support of upper bench- Lower bench excavation-Initial support of lower bench- Inverted arch application- Secondary lining application) was adopted for site construction. A three-dimensional (3D) numerical analysis model was established to analyze the 3D space-time effect of the carbonaceous shale tunnel. The numerical calculation of the 3D model was in a size of 200 (length) * 200 (width) * 90 (depth), as shown in Figure 20.
[image: Figure 20]FIGURE 20 | Schematic diagram of the overall 3D model.
Deformation of the surrounding rock at Cross-section K0+045 was extracted for analysis. The deformation of the surrounding rock at different excavation steps was shown in Table 3.
TABLE 3 | Calculation results of surrounding rock deformation at different excavation steps.
[image: Table 3]According to the calculation results, due to engineering disturbance, the deformation curve of the construction cavern of the carbonaceous shale tunnel was typically composed of three parts: deformation before tunnel face excavation, tunnel face deformation, and tunnel face rear deformation. As shown in Figure 21, before tunnel face excavation, the advanced displacement of surrounding rock was 6.7 cm; after the secondary lining operation, the cumulative displacement of the surrounding rock was 21.8 cm. The advance displacement accounted for 30.73% of the total displacement. Advance displacement occurred within 30 m in front of the tunnel face, and the advance displacement was more significant within 10–15 m (1D-2D) in front of the tunnel face. As exhibited in Figure, the influence of the plastic zone of the surrounding rock after tunnel face excavation also extended to the range of 15 m in front of the tunnel face, which was consistent with the calculation results of advance displacement. In other words, the influence range of the advanced displacement in front of the tunnel face of the carbonaceous shale tunnel was 1–1.2 span. Therefore, it is of great significance to strengthen advanced support to control the surrounding rock deformation during the construction of carbonaceous shale tunnels in Figure 22. With the excavation of the tunnel face, the deformation rate of the surrounding rock gradually decreased. When the tunnel face was dug to 3-4D, the influence of the spatial effect of the excavation of the tunnel face stratum basically disappeared. This pattern shows the time-space effect of carbonaceous shale tunnel construction.
[image: Figure 21]FIGURE 21 | Variation pattern of the vault settlement of the surrounding rock with tunnel excavation steps.
[image: Figure 22]FIGURE 22 | Variation pattern of the vault settlement of the surrounding rock with distance from the tunnel face.
6 CONCLUSION
In this paper, the large deformation characteristics of the Jiangluling Tunnel were analyzed to explore the deformation law of the carbonaceous shale tunnel. Additionally, with the combination of the monitoring data analysis, theoretical analysis, and numerical simulation analysis, the large deformation mechanism of the carbonaceous shale tunnel were analyzed to provide a theoretical basis for the design and construction. The analysis of this paper led to the following conclusions.
1) During the construction of Jiangluling Carbonaceous Shale Tunnel, the support structure can produce the following six failure modes due to large deformation of the surrounding rock: ① Distortion failure of initial support steels; ② Fracture failure of steel nodes; ③ Plastic bulge of initial support sidewalls; ④ Plastic-squeezing failure of the initial support upper bench; ⑤ Collapse failure of initial support; ⑥ Failure of inverted arch floor heave.
2) The causes of large deformation during construction can be divided into internal and external causes. Internal factors are as follows: Crumpled texture of deeply buried and highly compacted carbonaceous shale bedding, low rock strength index, high plastic strain, and large plastic zone range. External factors are as follows: The tunnel excavation cross-section is large, the construction method is not suitable, and the support parameters and support measures are not appropriate.
3) The deformation extent of the surrounding rock of Jiangluling Carbonaceous Shale Tunnel increases with the increased burial depth in an approximately linear manner. Moreover, the rate of peripheral convergence grows faster than that of the vault settlement. When the tunnel burial depth is less than 52 m, the cumulative value of tunnel vault settlement is larger than that of peripheral convergence. In contrast, when the tunnel burial depth is more than 52 m, the cumulative value of peripheral convergence is larger than that of vault settlement. In other words, the horizontal convergence of the carbonaceous shale tunnel is more severe than the vault settlement under burial depth conditions.
4) The deformation curve of the construction cavern of Jiangluling Carbonaceous Shale Tunnel typically includes the advanced displacement before tunnel face excavation, tunnel face deformation, and deformation behind tunnel face. The advance displacement accounts for 30.73% of the total displacement. The influence range of advance displacement is 1-1.2D in front of the tunnel face. The surrounding rock deformation caused by the excavation of the tunnel face arriving specific stratum does not reach the maximum value. With the excavation of the tunnel face, the deformation rate of the surrounding rock gradually decreases. When the tunnel face is dug to 3-4D, the influence of the spatial effect of the excavation of the tunnel face stratum basically disappears.
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The variation law of vault settlement and peripheral convergence of the surrounding rock in the carbonaceous shale tunnel with burial depth was shown below.
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