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Abstract

:

During the long-term operation of tunnels, surrounding rock undergoes creep effects under environmental loads, resulting in changes in the aging evolution model of stress and deformation in surrounding rock and lining, which affects the long-term operational safety of the tunnel. Therefore, using the model test device for time-dependent characteristics of stress and deformation of weak surrounding rock and lining structure in operational tunnels, taking into account the influence of tunnel burial depth and lateral pressure coefficient of surrounding rock, a model test on time-dependent characteristics of stress and deformation in weak surrounding rock and lining structure was conducted, and the stress and deformation time-varying curves at key locations of surrounding rock and lining were obtained. The time characteristics of surrounding rock stress, the contact force between surrounding rock and lining, internal force, and displacement of lining structure were analyzed. Research findings indicate that the stress of surrounding rock, the internal force and displacement of lining structure, and the contact force between surrounding rock and lining all increase and tend to be stable over time under constant load. This implies that the stress and deformation of the surrounding rock and lining structure exhibit time-dependent changes. With changes in burial depth and lateral pressure coefficient, significant variations are observed in the various indicators of stress and deformation in the surrounding rock and lining structure, indicating both time-dependent and long-term characteristics in terms of stress and deformation. The research results provide basic data support for the study of the time-dependent characteristics of stress and deformation between weak surrounding rock and lining structures in operational tunnels and can provide theoretical and technical guidance for the long-term service status discrimination and disaster prevention and control of operational tunnels.
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1. Introduction


Numerous tunnels are being implemented in the highway, railroad, and municipal domains as the scope of tunnel and subterranean engineering work keeps growing. According to statistics, China has opened 21,055 km of railroad tunnels, 9691 km of subways, and 21,999 km of highway tunnels [1,2]. Tunnel traffic in a variety of fields has also transitioned from the high-speed construction phase to the comprehensive operation and maintenance phase. China has complicated geological conditions, with many tunnels passing through soft ground. During the tunnel operation process, the soft surrounding rock’s creep effect causes the surrounding rock and lining structure to deform in a complex way over time. This deformation has become a crucial factor affecting the tunnel structure’s long-term safety. The soft surrounding rock causes creep effects when environmental loads act on it. This causes the lining structure to be unable to withstand the increasing pressure of the surrounding rock, which can result in lining deformation, cracking, or even failure, among other issues that have a direct impact on the tunnel lining structure’s long-term safety. There are clear time-dependent characteristics in the stress and deformation of the tunnel’s surrounding rock and lining structure, and these features vary depending on the operating stage. Research on time-dependent characteristics is therefore very important from a theoretical and practical point of view to identify the service state and to prevent and control diseases.



Many academics are currently conducting extensive research on the stress and deformation properties of the surrounding rock and lining. According to Liu et al.’s theoretical research [3], there is a complicated connection between the lining structure and the surrounding rock, and by modifying the lining structure’s deformation, the surrounding rock’s stress and energy release can be controlled. The elasticity analysis of the non-hydrostatic stress field in the two scenarios of complete and smooth contact between the surrounding rock and lining resolution has been explored by Einstein et al. [4], Yu et al. [5], Li et al. [6], Lu et al. [7], and Caeeanza et al. [8]. The interaction mechanism between the tunnel lining and surrounding rock has been the subject of systematic studies by Fang et al. [9], Zhou et al. [10], Lu et al. [11], and Zhao et al. [12].



In terms of experimental research, Du et al. [13] considered the impact of the post-lining cavity on the interaction between the surrounding rock and lining and conducted an indoor modeling test in the case of the Wushan Tunnel, analyzing the position and size of the post-lining cavity on the structural stability of the tunnel. Xu et al. [14] conducted research and development as well as the formulation of similar materials for surrounding rock and lining, on the basis of which they conducted research on the cracking mechanism of tunnel lining crack damage and the characteristic law of the physical field response of the tunnel surrounding rock and lining structure. Wu et al. [15] and Hu et al. [16] studied the stress and deformation characteristics of surrounding rock and lining structure under bias conditions by taking into account the influence of adverse geological conditions on tunnels, whereas Yang et al. [17] and Sheng et al. [18] considered the impact of water on the surrounding rock. Cui et al. [19] and Wang et al. [20] conducted indoor model tests on the mechanical behavior of lining based on specific tunnel projects to investigate the bearing characteristics of new concrete lining under a weak surrounding rock environment. Qiu et al. [21], Li et al. [22], and Zhou et al. [23] took into consideration the influence of the excavation method and support parameters, carried out indoor model tests, and conducted a systematic and in-depth study on the deformation and force characteristics of the surrounding rock and lining structure after excavation and support.



In numerical simulation research, Ma et al. [24], Liu et al. [25], and Lu et al. [26] combined numerical simulation with the real needs of a tunnel project to study the influence of lining method and important lining parameters on the overall safety of the tunnel. A proposed method for calculating the common bearing capacity is given. The interaction and force deformation characteristics of the tunnel’s surrounding rock and lining structure were studied by Jia et al. [27] and Ren et al. [28] using finite element software. The accuracy of the numerical calculation method was confirmed by comparing it with theoretical analyses and on-site measurements. Ren et al. [29] used finite difference software to study the mechanical model of the imperfect interface between the surrounding rock lining and its analytical method to improve the force mechanism of the contact interface and to propose a method of determining the common bearing capacity of the surrounding rock-lining system. Fan et al. [30] investigated the damage and rupture mechanism of the shallow tunnel’s lining using discrete element software and summarized the assessment process for the lining’s impact on the tunnel’s stability support.



The stress and deformation properties of the surrounding rock and lining structure are currently the subject of much domestic and international research, yielding many novel findings. However, the following issues persist: lack of research on the tunnel’s operation period results in an unclear evolution law for the stress and deformation of the surrounding rock and lining during long-term tunnel maintenance and makes it challenging to accurately predict operational diseases. Research on the stress and deformation characteristics of the surrounding rock and lining structure is primarily taken into consideration during the tunnel’s construction. Because of this, it is difficult to forecast operational diseases, and it is uncertain how the surrounding rock and lining will change in terms of stress and deformation during long-term tunnel operation and maintenance.



Theoretical analysis, numerical simulation, and model test are the main methods to study the time-dependent characteristics of stress and deformation of tunnel surrounding rock and lining structure, among which, the physical model test can more accurately reflect the stress and deformation characteristics and can provide fundamental data support for clarifying the time-dependent evolution mechanism of stress and deformation. Given the pressing need for the long-term operation and maintenance safety of subterranean projects and tunnels, as well as the deficiencies in the current body of research, this study employs a physical model test method to investigate the time-dependent characteristics of stress and deformation of weak surrounding rock and lining structure in operational tunnels. Additionally, the study aims to clarify the time-dependent evolution mode of stress and deformation of surrounding rock and lining structure and analyze the impact of varying burial depths and lateral pressure coefficients on these parameters. The relevant results can offer theoretical references for determining the operational tunnels’ long-term service state as well as for preventing and controlling disasters.




2. Experimental Outline


2.1. Model Test Similarity Criteria and Material Preparation


The basic project for this study is Qingdao Metro Line 6, with a tunnel depth of 10.3–18.8 m. The tunnel’s lining measures 6 m in OD and 5.4 m in ID. It primarily travels through weak and unstable fully to moderately worn diorite, where the creep effect is clearly visible. Consequently, the medium-weathering diorite is chosen as the prototype surrounding rock in this paper’s physical model test. Similar materials for the surrounding rock and lining are then prepared and chosen based on a similarity criterion. Finally, research is conducted on the time-dependent characteristics of the surrounding rock and lining structure of the operational tunnel stress and deformation.



The fundamental similarity ratios used in the model test are the geometric similarity ratio (    C   L   = 30  ) and the unit weight similarity ratio (    C   γ   = 1  ), and the similarity ratio between the prototype value and the model value of each physicomechanical parameter is derived according to the principle of the similarity theory: the similarity ratio of Poisson’s ratio, strain, and angle of internal friction is 1 (    C   μ   =   C   ε   =   C   φ   = 1  ), and the similarity ratio of the strength, cohesion, and elastic modulus is 30 (    C   σ   =   C   c   =   C   E   = 30  ). According to the similarity ratio calculation, the physical and mechanical parameters of the model material must be obtained to meet the parameter requirements [31,32]. The similar material ratios of the surrounding rock and its physicomechanical parameters [33] are shown in Table 1 and Table 2.



The ratios     C   L     =     C   σ     =     C   E     = 30 were taken into consideration when formulating lining structural materials. For this lining concrete, the proportion of comparable ingredients was 1:0.9 for water to gypsum. For this test, a monolithic lining model with a 20 cm outside diameter and a 1 cm wall thickness was utilized. Table 3 displays the model and prototype materials for the lining [34].



The reinforcement of the lining model is built of wire mesh with a diameter of 1.1 mm, which is combined with the design papers of the dependent project tunnels and relevant literature [34,35]. The lining model is developed as a monolithic tube sheet since it is difficult to build in pieces due to its tiny size and brittle gypsum composition. Figure 1 displays the tunnel lining model as well as the lining structure specimens made of similar materials.




2.2. Model Test Device


The main body of the model box, the continuous pressure loading system, and the data acquisition system were all independently designed as part of the model test equipment for the time-dependent investigation of stress and deformation of weak surrounding rock and lining structure in operational tunnels. As shown in Figure 2, the model box body’s internal space measures 1.25 m × 1.25 m × 0.3 m.



To achieve the upper pressure and side pressure of the material in the model box for long-lasting, smooth, and constant control and loading, the constant pressure loading system consists of two-force application units that are vertical and horizontal. The force application unit is outfitted with a servo motor elevator to simulate the application of the load.



The major parameters that are monitored during the test are the surrounding rock stress, the internal force and displacement of the lining structure, and the surrounding rock-lining contact force. Figure 3 illustrates the sensor configuration.



Earth pressure cells are used to measure the surrounding rock stress and surrounding rock-lining contact force in the tunnel. Beginning at the top of the arch, measuring points are placed every 45° around the ring’s perimeter, with eight measuring points per ring. Measuring points are also placed every 10 cm, three horizontally at the arch waist of the lining structure on each side, four vertically upward at the top of the arch, and two vertically downward at the bottom of the arch. Using the formula for determining the internal force of the beam, the strain value determines the internal force of the lining structure. Resistive strain gauges, with 16 measuring points organized in a ring, are placed along the inner and outer sides of the circular lining structure at 45° intervals, starting from the top of the arch. Displacement sensors that are measured inside the lining track the displacement of the lining structure. The displacement sensors are positioned at 45° intervals along the counterclockwise direction within 180° of the top to bottom of the arch, and another symmetrical measuring point is placed at the horizontal position of the right arch waist. The aforementioned monitoring data are gathered using the XL2101G static resistance strain gauge (Produced by Qinhuangdao Xieli Technology Development Co., Qinhuangdao, China) and sent to computer software for data processing, analysis, and storage.




2.3. Experimental Scheme


The design of the model test study program takes into account the tunnel burial depth and the lateral pressure coefficient, which are significant parameters that impact the stress and deformation time-dependent characteristics of the surrounding rock and lining structure. Based on the investigation and design data of the dependent project, the burial depth and lateral pressure coefficient values were determined for the test. Table 4 illustrates how the test conditions are set up. Three conditions for the tunnel burial depth—15, 30, and 45 m—and two types of coefficients for the lateral pressure coefficient—0.3 and 0.5—are chosen.



The lateral pressure is maintained constant in working conditions 1–3, and a graded loading mode is used to mimic the variation in tunnel burial depth by varying the loading in the vertical direction. This allows for the study of the impact of burial depth on the time-dependent characteristics of surrounding rock and lining stress and deformation. To study the influence of the lateral pressure coefficient on the time-dependent characteristics of surrounding rock and lining stress and deformation, working conditions 4 and 5 are established, and the graded loading mode is used to simulate the change in lateral pressure coefficient by varying the loading load in the horizontal direction. The loading cycle of each stage of the graded loading mode is set to 8 days because pre-experimental data indicate that the changes in stress and deformation characteristics of the surrounding rock and lining structure after 8 days of loading are very minimal.



The main test steps are as follows: (1) calculating and evaluating the quality of each component material, mixing the materials, and placing the resulting surrounding rock-like material in the model box; (2) creating the tunnel lining structure and burying it as indicated in Figure 4 when the test filler reaches the tunnel’s height; (3) installing the data acquisition system in accordance with the test program; (4) waiting for the model to finish laying the overall model before performing the overall maintenance; and (5) following the completion of the maintenance, executing the constant pressure loading test in accordance with the predetermined test program.





3. Time-Dependent Evolutionary Patterns of Stress and Deformation in Surrounding Rock and Lining Structure


The weak surrounding rock creates a creep effect under environmental pressures during the long-term operation of tunnels, which impacts the long-term operating safety of tunnels by resulting in complicated time-dependent evolutionary patterns of stress and deformation in the surrounding rock and lining. Test group 1 was initially chosen to track changes in the stress of the surrounding rock, the internal force and displacement of the lining structure, and the contact force between the surrounding rock and lining structure in order to analyze the time-dependent evolutionary patterns of stress and deformation of the surrounding rock and lining structure.



3.1. Analysis of Surrounding Rock Stress


Four measurement points were positioned horizontally on the left and right sides of the tunnel arch waist in order to track the radial stress of the surrounding rock in that direction. Figure 5 illustrates the variation in the radial stress of the surrounding rock in that direction at the arch waist. Over time, the surrounding rock stress mostly experiences growth and stabilization phases. The surrounding rock stress grows during a steeply increasing phase that ends with a convex curve after loading. The stress generated by the surrounding rock during loading causes a large, abrupt change in the curve, which is then convex and tends to stabilize. At this point, the surrounding rock stress enters the stabilization phase, and the curve continues to change slowly over time while the stress of the surrounding rock increases and the growth rate is small. This demonstrates how the surrounding rock stress has a time-dependent feature that changes over time as a result of the creep effect of the surrounding rock. Additionally, in the horizontal direction at the tunnel’s arch waist, the stress initially rises and subsequently falls with an increase in radial distance; the sizes of the stress on the left and right sides are almost equal, and the rule of change is also consistent.



Five measurement points were positioned vertically at the top of the tunnel arch and three at the bottom of the arch to track the radial stress of the surrounding rock in the vertical direction. Figure 6 illustrates the change in the radial stress of the surrounding rock in the vertical direction. It is comparable to the horizontal trend of surrounding rock radial stress at the arch waist, and over time, the surrounding rock stress primarily moves through the growth and stabilization stages. Additionally, it demonstrates how the surrounding rock stress changes over time due to the creep effect of the surrounding rock. The magnitudes of the upper and lower sides of the stress are almost equal, and the rule of change is consistent as the stress drops in the vertical direction with an increase in radial distance.




3.2. Analysis of Internal Force and Displacement of Lining Structure


A total of 16 measurement sites were placed on the inner and outer surfaces of the liner model in order to track the internal force of the lining structure. Figure 7 illustrates the internal force imparted to the lining structure. Among these, compression produces a positive axial force, while tension on the lining’s outer surface and compression on its inner surface provide a positive bending moment. The loading moment, midway moment, and end moment of the test are represented by the values of t = 0, 98, and 196 h, respectively. The lining’s maximal axial force, 196.1 kN, is found at the left arch’s waist. The lining’s internal force is essentially spread symmetrically from left to right and up and down. The entire lining is under pressure. The top of the arch experiences the greatest bending moment, which is 25.0 kN·m (absolute), whereas the upper and lower arch girdles experience essentially no bending. The outside surface of the lining is tensile at both sides of the arch girdle, and the bottom and top of the arch are pressured. The axial force increases from the middle moment to the ending moment and from the loading moment to the middle moment, respectively, and is stronger at all points along the lining at the ending moment than at the loading moment. Consequently, it suggests that the creep effect of the surrounding rock has a time-dependent characteristic that causes the internal force of the lining structure to change over time.



Six measuring stations were positioned inside the lining structure to track its displacement; the displacement of the lining structure is depicted in Figure 8. The tunnel’s inner lining deformation is seen as a positive direction of deformation. Over time, the displacement of every position in the lining structure primarily goes through two stages: deformation and stability. Every curve in the deformation stage mutates initially and then tends to stabilize, with the exception of the left and right arch waists, where the deformation protrudes outward; at all other points, the deformation occurs to the interior. The vault experienced the greatest displacement of 1.50 mm out of all the locations where the lining structure was present. While the displacements at the foot and bottom of the arch decreased over time as a result of the surrounding rocks settling, the displacements at the top of the arch and the left and right arch waists increased over time, but the growth rate eventually slowed and reached a stable state. As the test came to a close, displacement varied at every site in comparison to the instantaneous displacement in the deformation stage, with the maximum displacement increment being 0.39 mm. This suggests that the lining displacement likewise possesses the time-dependent characteristic of changing over time.




3.3. Analysis of Contact Force between Surrounding Rock and Lining Structure


Eight measurement points were placed on the surrounding rock and lining contact surface to track the surrounding rock-lining contact force. The contact force between the surrounding rock and lining structure is pressure, and it varies, as Figure 9 illustrates. This change’s trend is comparable to the surrounding rock’s radial stress in the horizontal direction at the arch waist in Section 3.1. As time goes on, the surrounding rock-lining contact force primarily goes through the deformation stage and the stabilization stage. It also demonstrates how the surrounding rock’s creep effect causes the rock-lining contact force to change over time, exhibiting a time-dependent characteristic. The lining structures were subjected to the pressure of the surrounding rock in the following order: left and right arch waist > left and right spandrel > left and right arch foot > arch crown > arch bottom. However, when the pressure increment was calculated as a percentage of the instantaneous pressure at the time of loading, the right arch waist had the smallest incremental proportion and the left and right arch top the largest.





4. Analysis of Factors Influencing the Time-Dependent Characteristics of Stress and Deformation in Surrounding Rock and Lining Structure


4.1. Influence of Burial Depth on Time-Dependent Characteristics of Stress and Deformation in Surrounding Rock and Lining Structure


The stress and deformation of the surrounding rock and lining are significantly influenced by the burial depth (db), and the time-dependent characteristics of the stress and deformation of the surrounding rock and lining may differ depending on the burial depth. At burial depths of 15, 30, and 45 m, the time-dependent characteristics of stress and deformation in the surrounding rock and lining structure are examined when the lateral pressure coefficient is 0.3. The surrounding rock stress, the internal force and displacement of the lining structure, and the surrounding rock-lining contact force are all monitored during the model test.



Figure 10 and Figure 11 illustrate how the surrounding rock stress varies under different burial depth conditions. The surrounding rock stress fluctuates sharply in response to changes in burial depth before gradually stabilizing over time. The surrounding rock stress increases as tunnel depth increases, and the time-dependent characteristics of these changes become more evident. As an illustration, consider the monitoring point A1 in Figure 10. The load retention process caused the radial pressure to increase by 0.41 kPa at a tunnel depth of 15 m, and at a tunnel depth of 45 m, it increased by 2.07 kPa. The time-dependent characteristics of stress and deformation in surrounding rock and lining are significantly influenced by the tunnel burial depth. The three types of burial depth conditions of surrounding rock stress, as well as the 3.1 section of surrounding rock stress, are consistent in terms of size and distribution. As the radial distance grows, the surrounding rock stress increases vertically, climbs, and then falls horizontally, and on both sides, the stress size and distribution change symmetrically in both vertical and horizontal directions.



Figure 12 illustrates how the surrounding rock-lining contact force varies under various burial depth circumstances. Similar to the surrounding rock-lining contact force in Section 3.3, the surrounding rock pressure on each portion of the lining under varying burial depths follows the same order, which is likewise left and right arch waist > left and right spandrel > left and right arch foot > arch top > arch bottom. When compared to the force at the same location at a burial depth of 30 m, the surrounding rock-lining contact force at the left arch girdle increased significantly at 45 m. Similarly, the force at the right arch waist increased significantly by approximately 4.7 kPa, and the pressure increment at the remaining locations increased as the burial depth increased.



Based on the aforementioned analysis, the loading method of grading three times is used to simulate the change in tunnel depth. As a result, there are three stages of changes in the surrounding rock stress and the surrounding rock-lining contact force, and each stage has growth and stabilization stages of the stress. The growth stage is the process of the curve increasing steeply after loading to the point where the curve shows a convex process. The curve initially changes dramatically upon loading, which is caused by the surrounding rock producing stress and rapid growth during the loading moment. Afterward, the curve tends to convex and stabilize, bringing the surrounding rock stress into the stabilization stage. This demonstrates that both the surrounding rock stress and the surrounding rock-lining contact force have the time-dependent characteristic of changing with time due to the creep effect of the surrounding rock. Additionally, as burial depth increases, not only does the stress increase, but its time-dependent characteristic becomes more evident.



Figure 13 illustrates how the lining’s displacement changes depending on the burial depth. At each stage, there was an abrupt change in the displacements, which later increased over time, but the growth rate slowed down and eventually reached the steady creep stage. The left and right arch waists exhibit the least amount of deformation, while the arch crown experiences the most deformation. At a burial depth of 30 m, the arch crown exhibits 3.81 mm of deformation, and at a depth of 45 m, this location experiences 6.29 mm of deformation. These findings demonstrate the significant impact of burial depth on the time-dependent variation of the lining displacement, leading to a continuously fluctuating deformation over time.



Figure 14 illustrates how the internal force of the lining structure varies at various burial depths. At 15 and 30 m below ground, the axial force increment ranges are 3–10 kN and 6–13 kN, respectively, and the absolute value of the bending moment increment at the arch crown is 0.60 kN·m and 0.98 kN·m, respectively. These results demonstrate that as tunnel depth increases, so does the internal force of the lining, and the time-dependent characteristics of these changes become more apparent. At the arch foot and spandrel, the bending moment is nearly zero, and the variation is negligible.




4.2. Influence of Lateral Pressure Coefficient on Time-Dependent Characteristics of Stress and Deformation in Surrounding Rock and Lining Structure


The stress and deformation of the surrounding rock and lining are significantly influenced by the lateral pressure coefficient (clp), and the time-dependent characteristics of the stress and deformation of the surrounding rock and lining may differ depending on the lateral pressure coefficient. In this model test, the impact of changing the loads loaded in the horizontal direction by setting up conditions 4 and 5 based on conditions 1 and 2 was realized by altering the surrounding rock stress, internal force and displacement of the lining structure, and surrounding rock-lining contact force.



Figure 15 and Figure 16 illustrate how the surrounding rock stress changes under various lateral pressure coefficient circumstances. The surrounding rock stresses at all measurement points, with the exception of A1 and B1, increased significantly in the horizontal direction after the lateral pressure coefficient was changed from 0.3 to 0.5, while they slightly decreased at A1 and B1. The instantaneous stresses at measurement points A1, A2, A3, and A4 at a lateral pressure coefficient of 0.5 and a lateral pressure coefficient of 0.3 differ at the first moment of load application by −0.22, 2.24, 2.26, and 2.75, respectively, and at measurement points B1, B2, B3, and B4 by −0.32, 2.43, 2.17, and 2.53, respectively. The changes in the surrounding rock stress were minimal in the vertical direction. A range of stress-reduction zones forms near the tunnel’s horizontal direction as a result of the surrounding rock’s lower strength and larger compressive stress concentration. Using Figure 15a as an example, the monitoring point A1 is located in this zone, and as a result, its surrounding rock stress is lower than that of the monitoring points A2, A3, and A4.



Figure 17 illustrates how the surrounding rock-lining contact force changes with varying lateral pressure coefficients. In accordance with the law of the contact force of surrounding rock and lining in Section 3.3, the lining structure is subjected to the pressure of surrounding rock in the following order when two different lateral pressure coefficients are used: left and right arch waist > left and right spandrel > left and right arch foot > arch crown > arch bottom. The pressure of the surrounding rock at the six measurement places reduces with a change in the lateral pressure coefficient, and this also results in a drop in the pressure increment during the stabilization stage. It is evident that the lateral pressure coefficient lessens the force acting on the lining structure and has a significant impact on the lining force action.



Figure 18 depicts the lining structure’s radial displacement changes under various lateral pressure coefficients. The largest deformation happens at the arch crown when two distinct lateral pressure coefficients are utilized. The displacements of each measurement point decreased to varying degrees as the lateral pressure coefficient increased. This indicates that the lateral pressure coefficient plays a significant role in the tunnel structure’s safety and that increasing the lateral pressure coefficient is beneficial for reducing the deformation of the tunnel lining structure.



Figure 19 illustrates how the lining structure’s internal force varies under various lateral pressure coefficients. When the lateral pressure coefficient is between 0.3 and 0.5 at a burial depth of 15 m, the incremental range of axial force at each position is 3–10 kN and 4–12 kN, respectively. This indicates that as the lateral pressure coefficient increases, the axial force of the lining increases as well, and the time-dependent characteristic of the axial force of the lining becomes more evident. Additionally, the bending moment change does not follow the axial force change rule. As the lateral pressure coefficient increases, the absolute value of the bending moment appears to decrease to varying degrees throughout the rest of the position, with the exception of the left and right arch foot and spandrel at the bending moment throughout nearly 0.





5. Conclusions and Discussion


The model test of surrounding rock and lining structure stress and deformation time-dependent characteristics was conducted based on the creep effect of weak surrounding rock medium. The stress and deformation time-dependent characteristics of operational tunnels under various burial depths and lateral pressure coefficients were examined. The following are the paper’s conclusions and discussion:




	
By examining the stress and deformation of the surrounding rock and lining structure over time, one can observe that, as long as the load remains constant, the surrounding rock’s stress, the lining structure’s internal force and displacement, and the contact force between the lining and surrounding rock all increase over time and eventually tend to stabilize. It suggests that the surrounding rock and lining structure’s stress and deformation have an evolutionary characteristic that changes with time;



	
When the radial distance increases in a vertical direction, the surrounding rock stress reduces, whereas, in a horizontal direction, the surrounding rock stress increases and then declines. The stress size and pattern of change on both sides of the tunnel are nearly the same, regardless of whether the orientation of the forces is vertical or horizontal. With the exception of the left and right arch waists, where the deformation protrudes outward, the lining structure deforms quickly under pressure. All other positions experience internal distortion, with the arch top experiencing the greatest amount of deformation. In accordance with the lining structure’s surrounding rock pressure, which goes from large to small order: Left and right arch waist > left and right spandrel > left and right arch foot > arch top > arch bottom;



	
The surrounding rock stress, lining structure internal force, and surrounding rock and lining structure contact force all increase as tunnel burial depth increases, making the time-dependent characteristics of the change more evident. Burial depth also has a significant impact on the lining deformation of the time-dependent changes, with the arch top consistently experiencing the greatest deformation;



	
Increases in the lateral pressure coefficient have a significant effect on the surrounding rock stress in the horizontal direction while having little effect on the vertical direction. Additionally, the lateral pressure coefficient has a significant influence on the axial force of the lining structure, the bending moment and displacement of the lining, and the contact force between the surrounding rock and the lining, all of which experience varying degrees of reduction. These findings suggest that the lateral pressure coefficient plays a critical role in the long-term safety of the tunnel structure and that an increase in the lateral pressure coefficient is beneficial to the control of the stress and deformation of the tunnel lining structure;



	
The stress and deformation evolution of the surrounding rock and lining during long-term tunnel operation and maintenance has been obtained in this study, which can offer theoretical references for the identification of the operational tunnels’ service state as well as for the prediction, prevention and control of diseases. However, the monitoring period of the model tests should be extended in subsequent studies in order to obtain more comprehensive experimental data on the long-term behavior of the surrounding rock and lining structure. This will allow for the detection of trends and evolutionary patterns that may be missed in shorter monitoring periods, which could serve as a foundation for a more robust and reliable tunnel design approach.
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Figure 1. Lining structure specimens made of similar materials and tunnel lining model. 






Figure 1. Lining structure specimens made of similar materials and tunnel lining model.



[image: Applsci 14 05447 g001]







[image: Applsci 14 05447 g002] 





Figure 2. Model test device. 
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Figure 3. Layout of the data acquisition system. 
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Figure 4. Pre-embedding of tunnel lining structure. 
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Figure 5. Variation of radial stress of surrounding rock in horizontal direction at arch waist. (a) Left measurement point; (b) Right measurement point. 
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Figure 6. Variation of radial stress of surrounding rock in vertical direction. (a) Top measurement point; (b) Bottom measurement point. 
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Figure 7. Internal force of lining structure. (a) Axial force; (b) Bending moment. 
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Figure 8. Radial displacement of lining structure (Ac for arch crown, Ab for arch bottom, Awl for left arch waist, Awr for right arch waist, Sl for left spandrel, Afl for left arch foot). 
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Figure 9. Contact force between surrounding rock and lining structure. 
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Figure 10. Variations in the surrounding rock’s horizontal radial tension at the arch waist of the tunnel with varying burial depths. (a) Left measurement point; (b) Right measurement point. 
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Figure 11. Variation in the vertical direction of the radial stress in the tunnel surrounding rock at varying burial depths. (a) Top measurement point; (b) Bottom measurement point. 
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Figure 12. Variation of surrounding rock-lining contact force under different burial depths. 
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Figure 13. Variation of radial displacement of lining structure under different burial depths (Ac for arch crown, Ab for arch bottom, Awl for left arch waist, Awr for right arch waist, Sl for left spandrel, Afl for left arch foot). 
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Figure 14. Internal force of lining structure under different burial depths. (a) Axial force; (b) Bending moment. 
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Figure 15. Variations in the surrounding rock’s horizontal radial tension at the arch waist of the tunnel with varying lateral pressure coefficients. (a) Left measurement point; (b) Right measurement point. 
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Figure 16. Variation in the vertical direction of the radial stress in the tunnel surrounding rock at varying lateral pressure coefficients. (a) Top measurement point; (b) Bottom measurement point. 
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Figure 17. Variation of surrounding rock-lining contact force under different lateral pressure coefficients. (a) Measuring points at the top, waist, and bottom of the arch in the tunnel; (b) Measuring points at the spandrel and arch foot in the tunnel. 
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Figure 18. Variation of radial displacement of lining structure under different lateral pressure coefficients (Ac for arch crown, Ab for arch bottom, Awl for left arch waist, Awr for right arch waist, Sl for left spandrel, Afl for left arch foot). 
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Figure 19. Internal force of lining structure under different lateral pressure coefficients. (a) Axial force; (b) Bending moment. 
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Table 1. Each constituent material accounted for the mass percentage of similar material in surrounding rock (%).
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	Iron Powder
	Quartz Sand
	Barite Powder
	Water
	Cement





	0.204
	0.305
	0.254
	0.136
	0.101










 





Table 2. Physicomechanical parameters of similar materials of surrounding rock.
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	Index
	Prototype

Rock
	Target

Parameter
	Measured

Parameter





	Unit weight   γ  /(KN·m−3)
	24.5
	24.5
	24.5



	Strength     σ   c    /MPa
	16.80
	0.56
	0.55



	Elastic modulus E/MPa
	4500
	150
	142



	Poisson’s ratio   μ  
	0.22
	0.22
	0.23



	Cohesion c/kPa
	700–1500
	23–50
	36



	Angle of internal friction   φ  /(°)
	50.0
	50.0
	41.3










 





Table 3. Physicomechanical parameters of similar materials of lining structure.
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	Index
	Prototype

Material
	Target

Parameter
	Measured

Parameter





	Strength     σ   c    /MPa
	32.5
	1.08
	1.10



	Elastic modulus E/MPa
	34.5
	1.15
	1.22










 





Table 4. Test conditions.
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	Condition

Number
	Simulated

Burial Depth/m
	Vertical Load/kPa
	Lateral Pressure Coefficient
	Lateral

Load/kPa





	1
	15
	17
	0.3
	5.1



	2
	30
	31
	0.3
	9.3



	3
	45
	45
	0.3
	13.5



	4
	15
	17
	0.5
	8.5



	5
	30
	31
	0.5
	15.5
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