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Squeezing deformation in tectonic fracture zones under high in-situ stresses has created great difficulties to deep tunnel construction in Southwestern China. This study reports an investigation on large deformation and failure mechanisms of the Wanhe tunnel on the China-Laos Railway through several field tests including the in-situ stress, loosened zone, deformation monitoring, and internal stresses of steel arches. The dynamic process control method is proposed following the combination principle of stress releasing and support resistance. Further, the dynamic process control measures including the advanced and primary supports, the deep-shallow coupled delayed grouting method, and the double steel arches method were applied on site to resist the deformation development. The results of this study indicate that the rapid growth of the tunnel deformation in the early stage was caused by the squeezing effect, and later the loosening effect led to another growing trend of the vault settlement. The dynamic process control method allows to release the deformation of the surrounding rock in the rapid growth stage. Then, it requires to control the deformation within the reserved range by reinforcing the surrounding rock and increasing the stiffness of supports in the later stage. From the feedback of monitoring results, large deformation of Wanhe tunnel was well released and effectively controlled within the deformation allowance. Thus these countermeasures based on the dynamic process control method can guarantee the construction safety of deep buried tunnels in tectonic fracture zones under high in-situ stresses.
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1 INTRODUCTION
For soft rock with an uniaxial compressive strength below 25 MPa (Ulusay, 2015), squeezing will cause large deformation under high geostress, which has been a difficult challenge in the construction of deep soft-rock tunnels for a long time. Typical squeezing tunnels in the world mainly include the Enasan highway tunnel in Japan (Kimura et al., 1987), the Tauern railway tunnel (Ayaydin and Leitner, 2009; Franz and Harald, 2009) and the Arlberg tunnel (John, 1980) in Austria, the Gotthard railway tunnel (Mezger et al., 2013) and the Simplon tunnel (Milnes, 1973) in Switzerland, the Lyon-Turin Base Tunnel (Bonini and Barla, 2012) connecting Italy and France, Y-Basque high-speed railway tunnels in northern Spain (Iasiello et al., 2021), etc. In China, most of the squeezing tunnels appear in the west, such as the Jiazhuqing tunnel (Zhang, 1997) on Nanning-Kunming Railway, the Wushaoling tunnel (Yang et al., 2006) on Lanzhou-Xinjiang Railway, the Guanjiao tunnel (Wan et al., 2014) on Qinghai-Tibet Railway, the Muzhailing tunnel (Zhang et al., 2010; Wu et al., 2015) on Lanzhou-Chongqing Railway, the Baozhen tunnel (Li et al., 2013) on Yichuan-Wanzhou Railway, etc. A large number of monitoring data from these projects showed that the squeezing deformation had the characteristics of large magnitude, large rate, and long duration, which led to the failure of the tunnel supports and even affected the operation stage.
Large squeezing deformation on site is difficult to control during tunnel construction. Generally, the controlling principles of large deformation include the stress releasing principle, the support resistance principle, and the combination principle of stress releasing and support resistance. The representative of stress releasing principle is the New Austrian tunneling method (NATM), which emphasizes the use of flexible support to release the rock deformation energy and make the most strength of rock mass itself so as to reduce the deformation load acting on the support structures (Jeong et al., 2014; Cao et al., 2018). Methods followed this principle mainly include increasing the reserved allowable deformation (Vrakas and Anagnostou, 2016; Guan et al., 2020; Zhang D. L. et al., 2022), driving the energy-absorbing rock bolts into the soft rock mass (VandeKraats and Watson, 1996; Li et al., 2014), arranging a compressible layer between rock and lining (Wang et al., 2012; Wu et al., 2018; Tian et al., 2021; Zhang Q. et al., 2022), using yielding supports such as steel arches with sliding connections (Cantieni and Anagnostou, 2009; Horyl et al., 2013; Rodríguez and Díaz-Aguado, 2013) or shotcrete lining with highly deformable elements (Radoncić et al., 2009; Barla et al., 2011; Schubert et al., 2018; Tian et al., 2018). However, for soft rock tunnel under high in situ stress, using only the controlling principle of stress releasing will easily lead to the plastic yielding and failure of the surrounding rock (Tian et al., 2016; Tan et al., 2017; Cao et al., 2018). Conversely, the purpose of the support resistance principle is to restrain the squeezing deformation energy of the soft rock. Methods following this principle can be categorized as active control and passive control based on different supporting mechanisms (Wu et al., 2021). Active control refers to improving the bearing capacity of the surrounding rock, which can be implemented in two ways. One is arranging advanced supports such as small pipes and pipe roofs before tunnel excavation (Deng et al., 2022). The other is reinforcing the surrounding rock after excavation by grouting (Kang et al., 2021) or applying strengthened rock bolts (Wu et al., 2020; Sun et al., 2021). Passive control refers to strengthening the supporting structures to restrain rock deformation. Common methods following the passive format include thickening the shotcrete (Mezger et al., 2017), using heavy steel arches (Tan et al., 2022), reducing the arch spacing, supplementing additional layers of the initial lining (Chen et al., 2019), applying new types of supporting structures with high strength (Wang et al., 2017; Wang et al., 2018), etc. However, to resist the deformation load of the squeezing rock, common supports have limited bearing capacity. Many engineering cases following the resistance principle showed that heavy supports frequently failed to restrain large squeezing deformation and eventually needed a large amount of repairs during tunnel construction (Kimura et al., 1987; Ortlepp and Stacey, 1998; Aksoy et al., 2012). Using only the controlling principle of support resistance is considered uneconomical and impractical (Wu et al., 2021). Therefore, for soft-rock tunnels under high in situ stress, the control of the large squeezing deformation ought to be based on the combination principle of stress releasing and support resistance. This means that it is necessary to not only allow the rock mass deformation to exert its bearing capacity, but also to prevent the rock failure and control the deformation within the reserved range by reinforcing the surrounding rock or strengthening support structures. This can be defined as the principle of dynamic process control, which means that the development of squeezing deformation should be controlled in process. However, there are few tunneling cases following this principle in the existing research. Most squeezing tunnels were still finished through multiple removals of supports, re-profiling of tunnel sections and design changes, which greatly increased the engineering cost and delayed the construction period.
In recent years, as an important part of the Belt and Road Initiative, the Sichuan-Tibet Railway (Zhang C et al., 2022) and the Trans-Asian Railway (Rowedder, 2020) are under construction. There are more and more tunnelling projects in southwestern China. The tectonic movement of plates in the Southwest (especially the Yunnan-Guizhou Plateau) is complex, which causes strong tectonic stress accumulated in deep formation (Qiao et al., 2022; Wang et al., 2022). Joints and faults are formed when the rock formations are damaged by the squeezing of tectonic stresses (Zhang Q. et al., 2022; Lin et al., 2023; Ma et al., 2023). Deep rock masses in these geological structures are broken with developed fractures and poor integrity, which is called the tectonic fracture zone. Due to poor self-stabilization ability and high in-situ stresses field, severe squeezing deformation easily occurs during the tunnel construction. The China-Laos railway is an important part of the TAR (Trans-Asian Railway) plan, which connects Kunming in China and Vientiane in Laos. The Wanhe tunnel of the China-Laos railway from DK32+100 to DK32+725 passes through a tectonic fracture zone, which was the broken Yanshanian granite strata with well-developed fractures and in the shape of breccia. The maximum burial depth of the tunnel is more than 500 m. Serious deformation was encountered during construction. In this paper, the Wanhe railway tunnel was presented as a case study to discuss deformation characteristics and failure mechanisms of deep buried tunnels in tectonic fracture zones under high in-situ stresses. Further, this paper proposed the countermeasures of large deformation based on the dynamic control principle and process, which can provide a reference for similar tunnel construction in tectonic fracture zones under high in-situ stresses.
2 PROJECT OVERVIEW
2.1 Project background and engineering geology
The China-Laos railway connecting Kunming, China and Vientiane, Laos is an important part of the TAR (Trans-Asian Railway) plan, which is of great significance for China to implement the Belt and Road strategy and promote the development of the ASEAN Free Trade Area. The railway section in China starts from Kunming, Yunnan Province and ends at the Mohan on the China-Laos border, with a total length of 507 km. The Wanhe tunnel is located between the Eshan Station and Luoli Station, which is the second longest tunnel of the China-Laos railway with a length of 17.44 km. The starting and ending points of the tunnel are located at DK22+468 and DK39+909. Figure 1 shows the locations of the China-Laos railway and the Wanhe tunnel. The Wanhe tunnel is a double-track railway tunnel with a large section. The height and span of the tunnel are respectively 12.03 m and 12.96 m. The composite lining is used as the tunnel support system, which contains primary support, waterproofer, and secondary lining (shown in Figure 2). Figure 3 shows the geological conditions in the longitudinal sections of the Wanhe tunnel. The maximum buried depth of this tunnel is about 586 m. The Wanhe tunnel passes through two active fault zones, which are a reverse fault called Gongjipo and a normal faultnamed Lijiashan. The surrounding rock of the Wanhe tunnel is severely affected by the tectonic movement with developed faults and folds. The lithological characters of Wanhe tunnel consist of slate interbedded with sandstone, granite, sandstone interbedded with shale, mudstone interbedded with sandstone, and Quartz diorite. Laboratory experiments were conducted on core samples taken from core drilling. The mechanical properties of rock units, including density, uniaxial compressive strength, Young’s modulus, and Poisson’s ratio, are presented in Table 1.
[image: Figure 1]FIGURE 1 | Locations of the China-Laos railway and the Wanhe tunnel.
[image: Figure 2]FIGURE 2 | Cross section of the Wanhe tunnel.
[image: Figure 3]FIGURE 3 | Geological conditions in the longitudinal sections of the Wanhe tunnel.
TABLE 1 | Physico-mechanical parameters of rock units.
[image: Table 1]2.2 Failure problems of large deformation
From July 2018 to March 2019, during the construction of the Wanhe tunnel from DK32+725 to DK32+100, large deformations frequently occurred at the vault and side wall. This section was excavated by the three-bench-step method and was supported with shotcrete, anchor bolts, steel arches, and lock-foot anchor pipes. According to the on-site monitoring of the railway section from DK32+475 to DK32+415, the maximum vault settlement reached 763.9 mm, and the maximum horizontal convergence reached 720.2 mm, which exceeded the deformation allowance and caused the cracking of shotcrete and the bending of steel arches. Failure problems of the primary supports on site are shown in Figure 4. The exposed stratum during the excavation of this heavily deformed section was the broken granite with well-developed joints, which is mostly in the shape of breccia as shown in Figure 5. Affected by complex tectonic movement, the originally hard granite in the deep (with the burial depth of nearly 500 m) was squeezed into broken rock mass with poor self-stabilization ability, which was easy to fail especially under high in-situ stresses during tunnel excavation.
[image: Figure 4]FIGURE 4 | Typical diseases of large deformation. (A) Shotcrete cracked. (B) Steel arches were twisted.
[image: Figure 5]FIGURE 5 | Rock mass of large deformation sections. (A) Fractured granite exposed on the excavation face. (B) Fractured granite behind the primary suppor.
3 FIELD INVESTIGATIONS
3.1 Level of in situ stress
The level of in situ stress is an important factor causing large deformation of tunnels. To explore whether the failure of the Wanhe tunnel was induced by high geostress or not, in situ stress test using the hydraulic fracturing method was conducted before the tunnel construction. Figure 6 shows the test principle of the hydraulic fracturing method (International society for rock mechanics, 1987). σH represents the maximum horizontal principal stress around the borehole, and σh is the minimum horizontal principal stress. It can be deduced that the tangential stress (σθ) around the borehole in the direction of σH is 3σh-σH. When the hydraulic pressure exceeds the sum of the tangential stress (σθ) and the rock tensile strength (Rt), the borehole wall will be fractured. Thereby, define the hydraulic pressure at this time as the initial fracturing pressure Pi with the formula as Eq. 1. Then, re-pressurize the borehole wall to make the fracture open again, and define the pressure at this time as the fracture reopening pressure Pr, which is equal to the tangential stress σθ (Eq. 2). When the fracture depth exceeds 3 times the borehole diameter, the hydraulic pressure will remain steady. It can be defined as the steady pressure Ps, which is equal to the in situ stress σh as shown in Eq. 3. By combing the Eqs 1–3, the maximum horizontal principal stress (σH) and minimum horizontal principal stress (σh) can be solved. After fracturing, use a directional imprinting machine to record the length and direction of the fractures. Thus the direction of the maximum horizontal principal stress can be obtained.
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[image: Figure 6]FIGURE 6 | Test principle of the hydraulic fracturing method. (A) Test principle. (B) Typical testing result.
A borehole at DK33+58 with a depth of 450 m was drilled on site with the location shown in Figure 3, which is close to the tunnel section suffered large deformation. Figure 7 is the photo of the drilling on site. Seven measuring points at depths of 155.0 m, 213.0 m, 255.0 m, 303.7 m, 365.2 m, 389.1 m, and 444.0 m were selected for the test respectively. The directions of the maximum horizontal principal stress at depths of 303.7 m and 444.0 m were tested after fracturing. Table 2 shows the testing results of the borehole at DK33+58. In addition, the vertical stress (σv) is calculated according to the gravity of the rock mass. Figure 8 shows the distribution of stress with depth. The direction of the fractures at the depth of 444 m recorded by imprinting is shown in Figure 9. Thus, the distribution rules and characteristics of the in situ stress in the Wanhe tunnel can be summarized as follows:
(1) The horizontal principal stress increases almost linearly with depth, except for the test point at the depth of 300 m. For measuring points with a depth less than 400 m, the magnitudes of three principal stresses show the characteristics of “σv >σH> σh,” which indicates that the in-situ stress field is dominated by the gravity of the rock mass. This is because the shallow soft rock mass can release the horizontal principal stress through rock deformation. The ratio of the maximum horizontal principal stress (σH) to the vertical stress (σv) is defined as the maximum lateral coefficient (Kv), which is mainly in the range of 0.6–0.8 for those testing points within the depth of 400 m. It can be noticed that the horizontal principal stress tested at the depth of 300 m is greater than the vertical stress with a maximum lateral coefficient of 1.6. The reason for this is that the shallow strata were affected by unloading, denudation, and weathering for a long time, which led to complex horizontal stress distributions. For measuring points with a depth greater than 400 m, the magnitudes of three principal stresses show the characteristics of “σH >σv> σh,” and the maximum lateral coefficient ranges from 1.1 to 1.3. This indicates that the tectonic stress increases with depth and is dominant in the deep in situ stress field.
(2) The imprints of the fractures tested by the directional stamping machine are clear enough. It can be seen in Figure 9 that the fractures are vertical and symmetrical. The directions of the maximum horizontal principal stress at the depths of 303.7 m and 444.0 m are N33°W and N50°W, respectively, which is close to the trend of two active fault zones that the Wanhe tunnel passes through. This indicates that the directions of the maximum horizontal principal stress tested on site can represent the direction of the tectonic stress field. In addition, the direction of the maximum horizontal principal stress is nearly parallel to the direction of the tunnel axis with a small intersection angle, which indicates that the deformation of the tunnel section mainly depends on the minimum horizontal principal stress and vertical stress.
(3) The measuring point at the depth of 444 m is close to the large deformation section of the Wanhe tunnel. The maximum horizontal principal stress, minimum horizontal principal stress, and vertical stress at this point are 15.31 MPa, 10.92 MPa, and 11.77 MPa, respectively. In situ stress at this depth is dominated by horizontal tectonic stress. According to uniaxial compressive strength testing results of rock specimens, the uniaxial compressive strength (Rc) of soft granite at the large deformation section is 1.8 MPa. Thus the ratio of the uniaxial compressive strength (Rc) to the maximum principal stress (σmax) is 0.12. In accordance with code for design on railway tunnels in China [TB10003—2016, (Code for design on railway tunnel, 2017)], the region with such a strength-stress ratio is located in a high ground stress area, which can easily lead to large squeezing deformation of surrounding rock.
[image: Figure 7]FIGURE 7 | Borehole drilling on site.
TABLE 2 | Testing results of in situ stress by hydraulic fracturing method.
[image: Table 2][image: Figure 8]FIGURE 8 | Distribution of principal stresses with depth.
[image: Figure 9]FIGURE 9 | Direction of the fractures recorded by stamping. (A) Depth: 303.7 m. (B) Depth: 444 m.
3.2 Loosened zone of surrounding rock
Tunnel excavation will induce stress redistribution, plastic deformation, and fracture propagation in the surrounding rock, thus resulting in a loosened zone around the tunnel. Especially for deep soft rock tunnels under high in-situ stress, expansion of the loosened zone will further worsen the development of tunnel deformation. Therefore, the extent of the loosened zone is an important factor affecting the squeezing deformation. To assess the loosened zone of the Wanhe tunnel, ultrasonic wave testing was conducted after tunnel excavation. Since the wave speed depends on the strength of the medium, the ultrasonic wave propagates more slowly in the loosened zone with soft and broken rock (Chen et al., 2015; Xu et al., 2018). The test principle and specific test process are shown in Figures 10, 11.
[image: Figure 10]FIGURE 10 | Test principle of loosened zone.
[image: Figure 11]FIGURE 11 | Test process of loosened zone on site. (A) Drill the testing borehole. (B) Check the size of borehole. (C) Send the ultrasonic wave transmitter and receivers to the borehole. (D) Acquire velocity of ultrasonic wave.
Firstly, drill several boreholes from the tunnel section to the deep by using the drilling machine of the pipe roof. Then, send the ultrasonic wave transmitter and receivers to the hole bottom, and inject water into this area as one kind of couplant. After that, the ultrasonic wave was emitted from the transmitter by operating the non-metal ultrasonic detector and received by two receivers after propagating in the rock mass. Thus the velocity of the ultrasonic wave (vp) can be determined by Eq. 4, of which the △L is the distance between two receivers and the tTR is the time when the receivers pick up the ultrasonic wave. By moving the transmitter and receivers 0.2 m each time from the bottom to the entrance and repeating the above steps, the wave velocity of surrounding rock at different borehole depths can be obtained. Ultrasonic waves propagate with lower velocity in soft media. Therefore, the wave speed in the loosened zone is lower than in other regions of the surrounding rock. According to Tan’s research (Tan et al., 2022), the depth of the loosened zone at this borehole is the section with a lower average wave velocity.
[image: image]
The Wanhe tunnel was excavated by the three-step method. Six boreholes with a depth of 20 m and a diameter of 10 cm were drilled in each test section of the tunnel. These boreholes were respectively located at both sides of the steps, with a distance of 1.8 m from the hole center to the step boundary. Since the drilling machine of the pipe roof cannot drill the deep hole at the vault, the depth of the loosened zone at the vault was estimated as the average of the testing results at the upper bench. Due to the hole collapse at the bottom, the maximum depth that the transmitter can reach was about 16–18 m on site. The distribution curve of the wave velocity with the hole depth at the DK32+460 section is shown in Figure 12, which was tested 45 days after excavation. Thus, the distribution characteristics of the loosened zone can be summarized as follows:
(1) By taking the testing results of borehole A2 as an example, the evaluation process of the loosened zone depth is introduced. The borehole A2 is located on the right side of the upper step, and the maximum testing depth was 16.0 m. According to the testing results, the wave velocity at the depth of 14.4 m is the largest reaching 2.923 km/s. There was severe velocity fluctuation in the depth range of 0 m–12.6 m, which was mainly caused by weak rock mass or discontinuous fractures. However, when the testing depth exceeded 12.5 m, the wave velocity increased significantly. The average wave velocity in the depth range of 0 m–12.6 m was 0.476 km/s, which reached 1.887 km/s in the depth range of 12.6 m–16.0 m. Thus, based on the average wave velocity, it can be indicated that the depth of the loosened zone at the A2 is 12.6 m. Based on this evaluation method, the depths of the loosened zone at other boreholes are respectively considered as 11.6 m (A1), 9.0 m (B1), 14.0 m (B2), 4.0 m (C1), and 6.8 m (C2).
(2) According to the testing results of the wave velocity, the loosened zone boundary of the surrounding rock at the DK32+460 section can be obtained as shown in Figure 12. It can be seen that the maximum depth of the loosened zone is 14.0 m, which is located at the right side of the middle step. In contrast, the loosened zone depth at the left side wall is only 4.0 m. In addition, the loosened zone area on the right side of the surrounding rock is slightly larger than that on the left side. The gravity of the loosened rock mass will directly apply to the supporting structure, which will further worsen the development of tunnel deformation.
[image: Figure 12]FIGURE 12 | Loosened zone of the Wanhe tunnel tested on site.
3.3 Deformation evolution characteristics
The monitoring plan was implemented immediately to measure the vault settlement and horizontal convergence when the Wanhe tunnel suffered large deformation. On-site monitoring was carried out at least once a day and lasted for nearly 3 months, so as to obtain the whole process of the deformation development. Figure 13 shows the evolution curves of deformation and deformation rate at section DK32+460 of the Wanhe tunnel. Point V1 is the monitoring point for vault settlement. Line A1-A2, B1-B2, and C1-C2 are respectively used for monitoring the side wall convergence at the upper bench, middle bench, and lower bench. According to the monitoring results, the tunnel deformation characteristics are presented as follows:
(1) The evolution of vault settlement had gone through three stages, namely, the rapid growth stage, the slow growth stage, and the secondary growth stage. After the excavation of the upper bench, the vault settlement (Point V1) increased rapidly within 20 days, while the maximum deformation rate of which reached 100.5 mm/d on the 17th day. After 20 days, the deformation rate decreased significantly and entered the slow growth stage with a maximum deformation rate of 11.1 mm/d. However, on the 33rd day, the deformation rate of the vault showed another growth trend, which reached 69.6 mm/d. Since 50 days after the excavation of the upper bench, the accumulative vault settlement at section DK32+460 reached 763.9 mm, which far exceeded the allowable deformation and caused cracking of the vault shotcrete.
(2) The horizontal convergence was most severe at the side wall of the middle bench, which increased significantly within 20 days after excavation. Then the horizontal convergence increased slowly with decreased deformation rate. After 30 days of middle bench excavation, the horizontal convergence remained constant with the accumulated value of 720.2 mm, which caused the side wall cracking and bending of steel arches. The accumulated horizontal convergences at the side wall of the upper bench and the lower bench respectively reached 498.3 mm and 399.6 mm.
(3) The entire deformation of the section at DK32+460 showed an obvious deformation characteristic of “vault settlement > middle bench convergence > upper bench convergence > lower bench convergence”. The magnitude of the vault settlement is close to the middle bench convergence, which indicated that there is severe tectonic stress in the formation. In addition, the deformation development has the characteristics of the large growth rate and long duration in the early stage. In the later stage, the deformation development of vault settlement showed another growth trend with an increase of the deformation rate.
[image: Figure 13]FIGURE 13 | Deformation curve of DK32+460 section. (A) Evolution curve of deformation. (B) Evolution curve of deformation rate.
3.4 Internal stresses of steel arches
Strain gauges are arranged at DK32+460 section to monitor the internal stress of the steel arch. As shown in Figure 14, a total of nine monitoring points were placed on the tunnel profile. Among them, 5 points (G1∼G5) are at the upper bench, G6 and G7 are at the middle bench, and G8 and G9 are at the lower bench. Strain gauges are arranged on the upper and lower flanges of the steel arch. Based on the testing results of internal stresses, the distribution of axial forces and bending moments can be obtained, as shown in Figure 15. It can be seen that the maximum axial force of the steel arch is located at the arch shoulder, which reaches 1747.6 kN. The maximum bending moment is located at the vault, which reaches 75.0 kNm. The stresses in both the vault and the shoulder exceeds the yield strength of the steel arch, which indicates that failure of support would happened at these two places. Field investigations on site showed that the steel arches at the vaults and shoulders were twisted and bended.
[image: Figure 14]FIGURE 14 | Test scheme of the internal stress of steel arches. (A) Strain gauges. (B) layout of the strain gauges.
[image: Figure 15]FIGURE 15 | Testing results of the internal force. (A) Axial force. (B) Bending moment.
4 FAILURE MECHANISMS INCLUDING SQUEEZING AND LOOSENING EFFECTS
Through the analysis of on-site monitoring results, the failure mechanism of the Wanhe tunnel can be summarized as squeezing effect and loosening effect, which are explained as follows:
(1) The rapid growth of Wanhe tunnel deformation in the early first stage was caused by the squeezing effect. Due to tunnel excavation, the stress state of rock mass changes from a three-dimensional state to a two-dimensional state. Then the rock stress begins to redistribute with the release of deformation to reach a new equilibrium state. The field test results showed that the Wanhe tunnel was located in the broken granite stratum with low strength and high geostress. Thus tunnel excavation caused great disturbance to the surrounding rock, resulting in a sharp increase of the tangential stress around the tunnel section and a large amount of rock deformation squeezing the supporting structures. After 20 days, the tunnel deformation entered the slow growth stage, which means that most of the squeezing deformation had been released.
(2) The other growth trend of the vault settlement in the later stage was caused by the loosening effect. Figure 16 is the diagram of the convergence confinement method. GRC is the ground response curve, which represents the relationship between the rock pressure and the tunnel deformation. SCC is the support characteristic curve, which represents the relationship between the support force and the tunnel deformation. After tunnel excavation, the rock pressure gradually decreases with stress release and deformation development. The rock pressure at this stage is mainly the squeezing pressure. When the tangential stress around the tunnel section exceeds the yielding strength of the surrounding rock, plastic deformation and fracture propagation will develop in the rock mass, thus resulting in a loosened zone around the tunnel. The field test on site showed a significant loosened zone around the Wanhe tunnel, which created loosening pressure on the supporting structures and further worsened the tunnel deformation.
[image: Figure 16]FIGURE 16 | The convergence confinement method.
5 DYNAMIC PROCESS CONTROL MEASURES AND EFFECTIVENESS ASSESSMENT
5.1 Dynamic process control method
According to the on-site monitoring results, the deformation state of the tunnel in tectonic fracture zones under high in-situ stresses was considered to be a dynamic process, which was not usually instantaneous and showed an obvious space-time effect. Deformation is the most direct indicator to reflect the state of the surrounding rock. It has the characteristics of large growth rate and long duration in the early stage caused by the squeezing effect and showed another growth trend in the later stage due to the loosening effect.
Based on these characteristics, this paper proposed the dynamic control process method. This method is based on the combination principle of stress releasing and support resistance. It first allows the rock mass deformation to exert its bearing capacity. Then, it requires the reinforcement of rock and the strengthening of supports to prevent rock failure and control the deformation within the reserved range. Figure 17 is the flowchart of the dynamic control process method. It requires the control measures to be taken in process by identifying the evolution stages of deformation through on-site monitoring. Details are described as follow: 1) Firstly, predict the deformation grade and determine the deformation allowance based on the ratio of the uniaxial compressive strength to the maximum principal stress through on-site measurement. 2) Before the tunnel excavation, advanced supports are installed to prevent the tunnel face instability. 3) After excavation, the flexible primary supports including the shotcrete and the steel arches should be conducted in time to form the ring closure of the tunnel, which is the premise of subsequent construction safety. 4) In the rapid growth stage, it allows to release the deformation of the surrounding rock based on the stress releasing principle to fully utilize the original bearing capacity of the surrounding rock. 5) When the deformation rate decreases significantly and enters the slow growth stage, active control methods are used to reinforce the surrounding rock in time to improve the resistance. 6) If the deformation rate shows another growing trend in the later stage, based on the support resistance principle, the passive control methods are used to strengthen the supporting structures and restrain the rock deformation within the reserved range.
[image: Figure 17]FIGURE 17 | Dynamic process control method.
5.2 Dynamic process control measures
5.2.1 Deformation grade and deformation allowance
Predicting the potential squeezing intensity and the deformation grade is the premise of the squeezing tunnel construction, which can improve the applicability of the control measures. In this paper, the deformation grade of the Wanhe tunnel was determined according to the Code for Tunneling in Squeezing Rock in China [Q/CR9812-2019, (Code for Tunnelling in Squeezing Rocks, 2019)], which divides the squeezing potential into three grades with the index of rock strength-stress ratio as shown in Table 3. According to the field testing results on site, the ratio of the uniaxial compressive strength (Rc) to the maximum in-situ stress (σmax) is 0.12. Thus the deformation grade of the Wanhe tunnel can be determined as Grade Ⅲ, which means that the tunnel has great squeezing potential. Further, the Code [Q/CR9812-2019, (Code for Tunnelling in Squeezing Rocks, 2019)] gives the recommended values of deformation allowance for different deformation grades in Table 3. Considering the previous maximum deformation monitored on site, the proposed deformation allowance of the Wanhe tunnel was 500 mm in this study.
TABLE 3 | Classification standard of deformation grade and suggested deformation allowance.
[image: Table 3]5.2.2 Advanced support and primary support
Due to weak rock mass with developed joints, collapses at the top of the tunnel face often occurred during excavation. To prevent the tunnel face instability, an advanced support scheme was proposed during the Wanhe tunnel construction. Steel tubes of 6 m in length, and 76 mm in diameter were used as the advanced pipe roofs, which were arranged above steel arches with 40 cm circumferential spacing and 3.6 m longitudinal spacing. The angle between the steel pipe and the longitudinal direction is about 1°–2°. There are grouting holes at the ends of the steel pipes. The grout in the advanced pipe roof was the cement paste, which can bond the steel tubes and rock mass to improve the effect of advanced support. After installing the advanced supports, the Wanhe tunnel was excavated through the three-step method and supported with the primary support in time. The primary support consisted of steel arches, shotcrete, and anchor bolts. The steel arches are made of shaped steel of I20b with 0.6 m spacing. Shotcrete with the strength of C25 and the thickness of 27 cm was used on site. Anchor bolts of 3.5 m in length and 25 mm in diameter are installed at intervals of 1.0 m. This is a flexible support system with deformation release ability.
5.2.3 Active control measure-deep-shallow coupled delayed grouting
Grouting is one kind of active control method to improve the bearing capacity of surrounding rock by bonding the broken rock mass with slurry. However, for deep buried tunnels in tectonic fracture zones, the fissures in the surrounding rock are compacted by high in-situ stresses in the early stage, which makes it difficult to inject the grout. Therefore, the delayed grouting method following the dynamic control principle is proposed in this paper. It firstly allows to release the deformation of the surrounding rock in the rapid growth stage to develop the fissures in the surrounding rock, thus improving the injectability of grout. The time when the tunnel deformation begins to enter the slow growth stage is suggested as the best grouting timing. Based on the monitoring results of real-time deformation on site, grouting was carried out when the deformation rate decreased significantly during the construction of the Wanhe tunnel.
The thickness of the grouted reinforcement layer depends on the thickness of the loosened ring. The loosened zone is the area where the fissures in the surrounding rock are highly developed after excavation. The injectability of this area is relatively large under high in situ stress. The purpose of grouting is to repair and consolidate the surrounding rock in the loosened ring. In Figure 12, the field test on site showed a significant loosened zone with an average depth of 9.6 m. In order to ensure the range of reinforcement, steel tubes with a length of 6.0 m were selected for grouting. This paper proposed the deep-shallow coupled grouting scheme, the process of which is described as follows:
(1) Firstly, deep and shallow grouting holes were drilled in the surrounding rock with the layout shown in Figure 18. They were arranged in the shape of plum blossoms with distances of 3.0 m (for deep grouting holes) and 1.2 m (for shallow grouting holes) respectively. Steel tubes of 6.0 m in length and 42 mm in diameter were used for the grouting of deep holes, while the tubes with 2.0 m in length and 42 mm in diameter were used for the shallow holes.
(2) When the monitored deformation began to decrease, the loosened and broken rock mass in shallow was grouted first through the steel tubes in the shallow holes. Grouting started from the side wall of the middle bench, then to the spandrels of the upper bench, and finally to the tunnel vault. The grout was the mixture of the ordinary portland cement slurry (with a cement strength grade of 42.5 and a water-cement ratio of 0.8) and the water glass (with a mixing amount of 3%). The grouting pressure was controlled within a lower range from 0.5 to 1.0 MPa to ensure the safety of the primary supports.
(3) When the shallow grouting layer was solidified, the rock mass in deep was grouted through the steel tubes in the deep holes. By increasing the grouting pressure and using high-permeability materials, the slurry can be diffused to the deep, thereby improving the grouting range. During high-pressure grouting, the finished shallow grouting layer can stop the slurry and prevent slurry leakage. Otherwise, the high grouting pressure would damage the soft rock in shallow and further crush the primary supports. The grouting order was the same as that of the shallow holes. The grout material with high permeability and high strength contains the ordinary portland cement slurry (with a cement strength grade of 52.5 and a water-cement ratio of 0.6) and the water reducer (with the mixing amount of 0.7%). The grouting pressure was controlled within the range from 2.0 to 3.0 MPa.
[image: Figure 18]FIGURE 18 | Deep-shallow coupled grouting scheme.
5.2.4 Passive control measure-double steel arches
After grouting, some sections of the Wanhe tunnel continued to deform and even showed another growing trend in the later stage, which seemed difficult to converge within the deformation allowance. Thus, to restrain the tunnel deformation, the passive control method was carried out by supplementing another layer of steel arch. The second layer of steel arch is made of shaped steel of I22b with a spacing of 0.6 m, which were installed on the inverted arches reaching the required strength. Two adjacent arches were connected with the steel bars, which have a diameter of 22 mm and a circumferential spacing of 0.6 m. In addition, a total of six lock-feet anchor pipes with a diameter of 42 mm and a length of 4.5 m were installed at the arch foot of each ring. The end of the lock-feet anchor pipes has grout vent holes, which allows for consolidating the anchor pipes and the nearby rock by grouting so that the arch feet could not sink and slip. In order to transfer the deformation load from the first layer of the primary support to the second layer of steel arches, wooden blocks were used to wedge them.
5.3 Effectiveness evaluation
According to the dynamic process control method proposed in this paper, the large deformation of the Wanhe tunnel (from DK32+725 to DK32+100) was generally controlled by the basic comprehensive measures containing advanced supports, flexible primary supports, and delayed grouting. Further, the deformation of some special sections (sections at DK32+338∼+171, DK32+400∼ DK32+340, and DK32+615∼ DK32+415) still kept increasing without a stable trend after grouting reinforcement. Therefore, the control measure of the double steel arch was supplemented in these sections.
Figure 19 shows the dynamic process control measures carried out on site. As mentioned, monitoring is an efficient approach to evaluate the effect that countermeasures play on controlling tunnel deformation. By real-time measuring during the following construction, the evolution curves of vault settlement with time under the modified controlling measures are shown in Figure 20. The control effect can be evaluated as follows:
(1) Figure 20A shows that the vault settlement of the DK32+155 section had a rapid growth stage lasting 28 days, and then entered a slow growth stage. The rock grouting was carried out on the 29th day. After that, the vault settlement gradually converged and reached stability on the 50th day. The cumulative amount of vault settlement was 375.2 mm, which was less than the deformation allowance. This indicated that the delayed grouting method effectively reinforced the loosened rock mass and well controlled the tunnel deformation.
(2) Since the deformation of the DK32+230 section had no stable trend after grouting, the second layer of steel arch was implemented when the vault settlement reached 450 mm. Figure 20B shows that the deformation rate was greatly reduced after installing the second layer of steel arches. After 29 April 2019, the vault settlement became stable within the deformation allowance and did not increase again. This indicated that the second layer of steel arches had an obvious effect on restraining the development of the rock loosened zone and stabilizing the tunnel deformation.
(3) In addition, the tunnel cracking and steel twisting were greatly reduced in the Wanhe tunnel. These all indicated the rationality and applicability of the dynamic process control measures for large deformation tunnels in tectonic fracture zones under high in-situ stresses. Finally, the Wanhe tunnel completed in March 2020.
[image: Figure 19]FIGURE 19 | Dynamic process control measures on site. (A) Install advanced pipe roof. (B) Deep-shallow coupled delayed grouting. (C) Install the second layer of steel arches.
[image: Figure 20]FIGURE 20 | Deformation evolution after dynamic process control measures. (A) Deformation evolution of DK32+155 section. (B) Deformation evolution of DK32+230 section.
6 CONCLUSION
Based on the Wanhe tunnel of the China-Laos railway, this study discusses the failure mechanisms and proposed the dynamic process control measures for a deep buried tunnels in tectonic fracture zones under high in-situ stresses. The major conclusions of this study are as follows:
(1) In situ stress test through hydraulic fracturing method found out that the tunnel was located in a high geostress field and would be easily squeezed and deformed. The ultrasonic wave testing for the surrounding rock showed a significant loosened zone around the tunnel, which would further worsen the tunnel deformation. Deformation evolution had the characteristic of rapid growth in the early stage caused by the squeezing effect. In the later stage, the vault settlement had another growth trend due to the loosening effect of the surrounding rock. The squeezing and loosening effects lead to stresses in the vault and shoulder exceeding the yield strength of the steel arches.
(2) Aiming at the failure mechanism, this study proposed the dynamic process control method based on the combination principle of stress releasing and support resistance. It first allows to release the deformation of the surrounding rock in the rapid growth stage and then requires to control the deformation within the reserved range by reinforcing the surrounding rock and strengthening support structures in the later stage. Further, the dynamic process control measures were proposed in this paper including the advanced and primary supports, the deep-shallow coupled delayed grouting method, and the double steel arches method.
(3) Based on the in situ monitoring results, it was found that the vault settlement and horizontal convergence were well released and controlled with the dynamic process control measures and finally reached stability within the deformation allowance. In addition, tunnel cracking and steel twisting were greatly reduced. Finally, the construction of the Wanhe tunnel was well finished. This study suggests that the proposed measures can guarantee the construction safety of deep buried tunnels in tectonic fracture zones under high in-situ stresses.
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Rock types Density (kg/m?) Young's modulus Poisson’s ratio v Uniaxial compressive strength

E (GPa) a. (MPa)

Slate (2.20-2.50) x 10° 3.60-7.30 0.23-0.32 320-8.35
Sandstone (2.45-2.56) x 10° | 6.75-18.60 0.16-0.35 852-25.30
Shale (2.38-2.45) x 10° 5.20-15.30 0.18-0.39 210-5.50
Mudstone (2.40-2.52) x 10° 2.18-15.30 0.20-0.35 205-13.50
Granite (2.60-2.80) x 10° | 050-6.35 0.36-0.48 1.80-8.00
Quartz diorite (2.20-2.40) x 10° 6.72-13.75 0.26-0.37 2.80-9.00
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