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Mountain tunnel structures are subject to a variety of diseases with increasing service life. Earlier tunnels may need to be demolished and expanded because of the poor serving capacity. But few studies of tunnel demolition projects are available. Based on the demolition project of Huangmeishan Tunnel, this paper discusses the demolition scheme of the double-arch tunnel, calculates the stability of the slope, and investigates the defects and material performance in the tunnel. The water leakage in the tunnel mainly occurred at the mid-partition wall and the drainage pipe was clogged severely. The largest width of the crack detected is 15 mm. Material performance tests indicated that the concrete material strength exceeded the design values. In the loading test, the largest displacements of the tunnel arch and haunch were 1.73 and 1.32 mm, which verified the safety of heavy vehicles in construction. Finally, suggestions are given to avoid similar phenomena in other tunnels during the design, construction, and operation phase. The novelty of this study lies in its comprehensive analysis of a tunnel demolition project. The findings of this study contribute to enhancing the knowledge and understanding of tunnel demolition and support the safe and efficient execution of future demolition projects.
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1 INTRODUCTION
Mountain tunnels are extensively used in mountainous regions due to their numerous advantages, such as the ability to address geographical and elevation challenges, enhance linear connectivity, reduce travel distances, and improve operational efficiency (Ding et al., 2022; Wang et al., 2022). However, long-term service of highway tunnels often gives rise to various issues, including water leakage (Lin, 2014; Hawley and Gräbe, 2022), lining cracks (Chang et al., 2021; Yike and Yu, 2021), concrete spalling (Kiwamu and Kiyoshi, 2020; Ciro and Isidoro, 2022), reinforcement corrosion (GongHe et al., 2017), and other diseases. These problems severely compromise the structural mechanical properties of the tunnels and even result in tunnel collapse (Zhang et al., 2020). Additionally, due to the escalating traffic volume, existing tunnels may fail to adequately cater to the traffic demand or adhere to current specifications in terms of size (Chen et al., 2018).
Therefore, considering the safety of tunnel operations and the demands of modern public transportation, it is necessary to widen and renovate the existing tunnel (Höllrigl Michael et al., 2015). The tunnel reconstruction scheme is generally divided into two approaches. The first approach involves retaining the existing tunnel while constructing a new tunnel parallel to it. Comprehensive real-time monitoring (Mei et al., 2010; Yang et al., 2017) of the deformation of the existing tunnel is required in this approach, and the mechanical properties of the tunnel structure are strictly required (Wang et al., 2015; Wu et al., 2022). The existing tunnel cannot be repaired or improved. This approach aims to enhance the traffic capacity of the tunnel. The second approach entails the demolition and reconstruction of the existing tunnel. Illustrative instances of such expansions and reconstructions of the existing tunnels include the Fedro’s Tunnel in Switzerland (Gianpiero, 2020), the Nazzano tunnel and Montedomini tunnel in Italy (Zhu et al., 2018), the Fleet line tunnel in the United Kingdom (Bowers and Moss, 2018), and the Chongqing Tunnel in China (Eisch, 1983).
Various studies have been conducted currently relating to the expansion and reconstruction of tunnels. Lunardi (Lunardi, 2012) effectively expanded the existing tunnel without causing disruptions to traffic. They achieved this by implementing a tunnel widening traffic protection shield and the pre-fabricated active arch structures. The operational and construction areas were separated by the implementation of a traffic protection shield, ensuring uninterrupted traffic service during the construction phase. This approach has also been successful in other tunnel projects, such as the Montedomini Tunnel (Zhu et al., 2018). The reconstruction of the waterproofing and sewerage system was conducted with the requirement of ensuring the continual functionality of each lane during daylight hours. Jia et al. (2019) investigated the expansion of a single-arch tunnel to a double-arch tunnel through the model experiments and numerical simulations. The study examined the changes in stress and strain of the lining structure, the stress of the surrounding rock and the surface subsidence. Elevated stress levels were identified in the mid-partition wall lining and the surrounding rock on both sides of the mid-partition during construction. Notably, significant subsidence occurred in the surface of the right tunnel.
However, most existing studies primarily focus on analyzing traffic conditions during tunnel reconstruction and expansion. The construction of new tunnels and the traffic capacity during the construction have been the central issue of research studies. Unfortunately, the dismantling process of existing tunnels is frequently overlooked. The research on tunnel demolition is limited, and the available studies primarily focus on the context of single-arch tunnels. For instance, Han et al. (2022) conducted an analysis of deformation and stress in the lining during the conversion of a single-arch tunnel into a graben, and they also proposed a safety zoning method for the dismantling construction. Additionally, Zheng (2023) detailed the technical scheme employed for the dismantling of the Jinjishan single-arch tunnel, and described the methodology for measuring structural displacement during the dismantling process.
The demolition of existing double-arch tunnels is a complex and challenging project that requires careful planning, execution, and monitoring to ensure the safety and efficiency of the construction. The demolition project poses higher risks compared to tunnel construction due to three key aspects. Firstly, the complexity of geological formations makes it difficult to ensure the safety of tunnel construction (Jiang et al., 2021). The surrounding rock of the tunnel has already been disturbed during the construction of the existing tunnel, which will be further disturbed during the demolition process (Bai et al., 2022). The stability and self-supporting capacity of the surrounding rock are reduced and engineering risks are increased (Yan et al., 2021). Secondly, the structure of the existing tunnels may exhibit damages after years of operation (Jiang et al., 2022), such as the failure of the segment lining (Wang et al., 2019). The demolition of the tunnel negatively impacts the safety of the remaining tunnel structure. The safety risk of the project is heightened (Ding et al., 2014). Thirdly, double-arch tunnels are vulnerable to damage due to their large span and weak joints between the main tunnel and mid-partition wall (Tang et al., 2023). The structural of double-arch tunnels are subjected to complex forces, and there are limited engineering cases available that specifically address the demolition of double-arch tunnels. As a result, the unknown risks associated with the demolition of double-arch tunnels are amplified. Therefore, a detailed investigation into the dismantling of existing tunnels is necessary.
In the current research, Huangmeishan Tunnel was used as an example to introduce the demolition scheme of the double-arch tunnel. The demolition scheme included the construction of a construction platform and the demolition of the vault, sidewalls, and the remainder of the tunnel. Several studies were also carried at the same time including oblique photography, research on major diseases, material performance tests, and the loading test. The distribution of defects such as water leakage, cracks, and lining defects in tunnels after long-term operation were revealed. The mechanical strength of materials including concrete and rebar was also tested during demolition. The safety of the heavy vehicle traffic in construction was verified. This study aims to provide experience reference for similar projects and ensure the construction organization and safety of demolition construction. In addition, the current study could support the evaluation of the structural capability of tunnel in the future work.
2 PROJECT OVERVIEW
The Huangmeishan double-arch tunnel belonged to the Ma’anshan-Wuhu Expressway, located in Ma’anshan City, Anhui Province, China. The design speed was 120 km/h, the tunnel length was 530 m, and the maximum burial depth was approximately 50 m. The width of the construction limit was 10.75 m, and the net height was 5 m. The design elevation of the tunnel pavement ranged from 31.45 m to 33.63 m. The tunnel consisted of an entrance section that was 35 m long, an exit section that was 30 m long, and a rock-covered section. The entrance and exit sections were constructed as open-cut tunnels. The entrance mileage was K4+075, and the exit mileage was K4+605. The Huangmeishan Tunnel was a double-arch and one-way tunnel, the longitudinal slope of the line was 2.4% uphill and 1.52% downhill. Huangmeishan Tunnel location is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Huangmeishan Tunnel location.
The Huangmeishan Tunnel was located at the central part of the southern section of the Ningyan Volcanic Depression in Yangzihuai Terrace. The overlying soil comprised primarily of artificial fill and Quaternary Holocene alluvium. The basement strata mainly consisted of Upper Jurassic Tuff and Yanshanian epidote andesite. The surrounding rock was severely weathered and the rock quality was poor. The main lithology that the tunnel passed is shown in Figure 2. The tunnel area suffered from frequent flooding due to the heavy rainfall and cloudy weather from late June to early July each year.
[image: Figure 2]FIGURE 2 | Geological structure of Huangmeishan Tunnel.
According to the research, the horizontal and vertical alignment of the Huangmeishan Tunnel in the initial Nanjing-Wuhu Expressway failed to meet the current standard requirements. The inadequate distance between the tunnel exits and the interchange ramp exit resulted in frequent traffic accidents and heavy congestion within the tunnel. After evaluating various preliminary design options, the decision was made to repurpose the original tunnel into a graben. As a result, it became necessary to demolish the Huangmeishan Tunnel.
The common methods employed in the dismantling of existing tunnels are blasting demolition and mechanical demolition. The schedule for demolition by blasting is relatively short, but the risks are also higher. Meanwhile, the damage caused to tunnel structures by blasting demolition is uncontrollable. Conversely, mechanical demolition requires more time but is more secure. During the demolition process of the Huangmeishan Tunnel, materials such as steel reinforcement and concrete need to be sampled and tested. The rocks in the mountain are highly weathered and loose, which means a high risk of collapse after blasting. On the other hand, the time required for mechanical demolition construction meets the requirements of the overall project schedule. Therefore, the mechanical blasting method was adopted for the Huangmeishan double-arch Tunnel.
3 DEMOLISHING SCHEME
The procedure for the mechanical demolition of the Huangmeishan Tunnel was divided into two steps, slope excavation and tunnel demolition. Both the entrance and exit sides were excavated and demolished simultaneously to enhance construction efficiency.
3.1 Slope excavation and reinforcement
The slope excavation of the Huangmeishan Tunnel was divided into seven levels, and each level was 8 m deep. The slope rate of 1:1 was applied to grades 1 to 6, while a slope rate of 1:1.25 was used for grade 7. A 10 m wide platform was established in the third level slope, while the remaining platforms were 2 m wide. The main lithology of the slope after excavation was diorite-porphyrite with joint and cracks developed, which shown poor rock integrity. These slopes were considered unstable and required enhanced support. The first, second, and seventh graded slopes were reinforced with anchor stock measuring 10 m in length. The other slopes were reinforced with anchor cable measuring 30 m in length (as shown in Figure 3B). The slopes were excavated in layers from top to bottom, and the excavated earth was transported to either the spoil ground or the roadbed area.
[image: Figure 3]FIGURE 3 | The calculation model of the slope before and after excavation and protection. (A) Before excavation. (B) After protection.
3.2 Assessment of slope stability
In consideration of the climatic conditions specific to the construction area, the rainstorm working condition parameters were employed for the analysis of slope stability. Table 1 presents the values of geotechnical parameters used in this study. The finite element software GEO and the Bishop method were used to investigate the stability of slope excavations and protection. The calculation model of the original slope is given in Figure 3A. The slope reinforcement scheme in the 3.1 section was adopted. The calculation model of the slope after excavation and subsequent protective measures is presented in Figure 3B.
TABLE 1 | The values of geotechnical parameters.
[image: Table 1]The safety coefficient of the slope after excavation and protection is provided in Table 2. Under stormy conditions, all the slope stability factors exceed 1.05, which is the minimum value specified in the slope safety code. As a result, the slope can be generally stable. It can be concluded that the step-by-step excavation and protection measures comply with the code requirements for slope stability.
TABLE 2 | The safety coefficient of the slope after excavation and protection.
[image: Table 2]3.3 Tunnel demolition
The risks associated with demolishing the tunnel are different from those involved in constructing the tunnel. These risks primarily depend on the quality of the tunnel lining, the demolition scheme and method. In this project, the tunnel was dismantled in sections and the length of every section was 21 m. The mid-partition wall was used as the central axis for construction. The demolition process for the Huangmeishan Tunnel is shown in Figure 4. Initially, the open-cut section of the tunnel was demolished, followed by the section located under the rock. The demolition process for each section was divided into four steps (Figure 5), constructing the construction platform, demolishing the vault, the side-wall, and the remaining part of the tunnel.
[image: Figure 4]FIGURE 4 | The demolition process for Huangmeishan Tunnel.
[image: Figure 5]FIGURE 5 | The demolition process of each section.
3.3.1 Dismantling the open-cut section of the tunnel
First, the platform for the pickaxe machine was built from the side slope excavation to 5 m away from the tunnel. The excavator removed the soil from the side slope and placed it over the mid-partition wall, creating the platform for the pickaxe machine to carry out the demolition. The width of the soil cover was wider than the combined width of two pickaxes and an excavator, while the thickness of the soil cover was less than the maximum height of the pickaxe construction. The digging machine was positioned at the centerline of the partition wall in the tunnel, with the pickaxe machine located behind it on both sides.
Then, after the platform was constructed, the pickaxe machine proceeded to remove the vault of the tunnel near the mid-partition wall. The slopes on both sides of the open-cut section of the tunnel were excavated by diggers to form steps, and the width of the steps meets the minimum width for safe construction for pickaxe machines. After that, the remaining vault of the open-cut section was demolished.
Next, the sidewall slope was excavated to create steps. The sidewall of the open-cut section of the tunnel was exposed, and promptly removing it.
Finally, the mid-partition wall and the inverted arch in the double-arched tunnel were demolished.
3.3.2 Dismantling the section under surrounding rock
The steps for dismantling the surrounded rock tunnel were identical to those of the open-cut section of the tunnel, but there are a few additional points to consider. When the construction platform was built, the side slopes were excavated vertically until 4.5 m from the tunnel arch, as the length of the tunnel anchors was 4.5 m.
Afterward, they were excavated horizontally. Rocks were left in place above the mid-partition wall to create a platform for the pickaxe machine. Furthermore, if the entire anchor became visible during excavation, a digger was used to level it in the direction of the tunnel axis. If only the anchor head was exposed, the exposed section was cut off.
4 ANALYSIS OF DEFECTS AND DETERIORATION OF TUNNEL STRUCTURES
Due to the specificity and scarcity of this project, research and testing were carried out at the same time as tunnel demolition, including oblique photography, analysis of tunnel defects, material performance tests, and loading tests (as shown in Figure 6). Then, based on the project of Huangmeishan Tunnel, the measures are proposed to prevent similar problems from occurring in other tunnels.
[image: Figure 6]FIGURE 6 | Research and testing during the tunnel demolition.
4.1 Tracking construction progress through oblique photography
Traditional low-altitude photogrammetry is widely used in many fields such as survey of large areas, security monitoring, disaster emergency response and environmental protection. However, traditional photography is limited to sensors and data processing algorithms. It is difficult to model the realistic construction site because of the lack of sufficient information. In contrast to low-altitude photography, oblique photography collects data from multiple angles. The modeling of oblique photography provides a realistic and comprehensive representation of the ground (Xu et al., 2022; Yang et al., 2022). Additionally, it can help construction managers comprehensively understand the real site information and reduce blind spots in site management (Zhao et al., 2021).
In this project, in order to obtain a detailed and accurate view of the construction scene and track the construction progress in real-time, UAV tilt photography was used to obtain multi-view high-resolution image data. The automatic data processing method was employed to accelerate the generation of detailed 3D models of large scenes. The real demolition process of the tunnel is accurately reconstructed by comparing different 3D models from various angles, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | The 3D scene of Huangmeishan Tunnel.
4.2 Disease analysis of Huangmeishan Tunnel
During the demolition work, manual recording, and Ground Penetrating Radar (GPR) were used to research the distribution and causes of structural and quality defects in the tunnel, including water leakage, cracks, and lining thickness. The distribution of defects in the tunnels after a long period of operation was revealed, which provided useful data for the development of treatment measures.
4.2.1 Diseases of water leakage
Preliminary studies indicated that the Huangmeishan Tunnel was leaking severely and extensively. Figure 8 shows the scene image of water leakage in the Huangmeishan Tunnel. Figure 9 gives the distribution ratio of water leakage area in the tunnel. Figure 10 presents the distribution of water leakage along the tunnel axis.
[image: Figure 8]FIGURE 8 | The image of water leakage disease in Huangmeishan Tunnel.
[image: Figure 9]FIGURE 9 | The distribution ratio of water leakage area in tunnel.
[image: Figure 10]FIGURE 10 | The distribution of water leakage along the tunnel axis.
81 instances of water leakage were found in the left line of the Huangmeishan Tunnel, all of which were distributed in the haunch and side wall of the right tunnel. 76 instances of water leakage were found in the right line of the tunnel, with 89.5% of them occurring in the haunch and side wall of the left tunnel. This shows that the water leakage in the partition wall area of Huangmeishan Tunnel is significant. The waterproof design of the mid-partition wall is a key point during the construction of the double-arch tunnel (Shi et al., 2020).
The reasons for this phenomenon are various, such as design factors, construction factors, hydrological factor, and crack diseases. The mid-partition wall of the double-arch tunnel was in the shape of the letter Y. Water seepage within the mountain was collected above the mid-partition wall, resulting in frequent cracking and water leakage. Figure 11 presents the exposed tunnel drainage pipes after the lining structure is removed, which are severely clogged. Clogging of the drainage system was caused by various factors such as concrete leakage during construction, the deposition of crystals from chemical reactions and the degradation the degradation of drainage pipe performance (Zhang et al., 2022).
[image: Figure 11]FIGURE 11 | The clogged drainpipe in the Huangmeishan Tunnel.
The extent of damage caused by blocked drains was extensive and harmful. The pressure on the support structure increased due to groundwater collecting above the tunnel, potentially leading to cracks in the support structure. A total of 47 cracks were found in the left line of the Huangmeishan Tunnel, with 68.09% of them simultaneously leaking water. Ensuring the quality of tunnel construction is essential to prevent concrete or cement from clogging the drainage system during construction.
Moreover, the geographical location of the Huangmeishan Tunnel inherently facilitates water seepage and leakage. This can be attributed to the tunnel situated in an area that serves as a natural drainage pathway for groundwater. The presence of blockages in the drainage control system within the Huangmeishan Tunnel further exacerbates water leakage.
Therefore, when constructing tunnels in areas with high groundwater levels, new types of drains can be employed to minimize water seepage and leakage issues, such as siphon drains and drains under electromagnetic fields (Zhou et al., 2018). Siphon drainage pipes prevent blockages caused by particle deposits through separating water and soil, and pipes under electromagnetic fields can prevent the formation of crystals.
4.2.2 Disease of cracks
Figure 12 presents the image of crack disease in Huangmeishan Tunnel. Figure 13 gives the distribution ratio of crack disease in tunnel. Figure 14 shows the distribution of crack disease along the tunnel axis. During the crack disease detection in the Huangmeishan Tunnel, a total of 46 cracks were monitored in the left line. Among these, 1 crack occurred in the left side-wall, 42 cracks occurred from the left side-wall to the right side-wall, and 3 cracks occurred in the right side-wall. In the right line, 13 cracks were monitored, and all of them occurred from the left side-wall to the right side-wall.
[image: Figure 12]FIGURE 12 | The image of crack disease in Huangmeishan Tunnel.
[image: Figure 13]FIGURE 13 | The distribution ratio of crack disease in tunnel. (A) The left line. (B) The right line.
[image: Figure 14]FIGURE 14 | The distribution of crack disease along the tunnel axis.
Most cracks have a length of less than 10 m and a width of less than 1 mm. The widest crack detected was found at section YK4+576, measuring 15 mm in width (as shown in Figure 15). It is worth noting that all the existing cracks in the Huangmeishan Tunnel were caused by construction joints.
[image: Figure 15]FIGURE 15 | Crack at section YK4+576.
Tunnel cracks may be caused by water leakage. Take the left line as an example, 32 cracks were found to be leaking water, accounting for 68.09% of the crack issues and 39.51% of the water leakage issues. The clogging of the tunnel drainage system accelerated the formation of sediments in the water. The lining was subjected to prolonged periods of pressure from sediment and water, resulting in lining leakage and cracking disease.
Additionally, the external loads associated with the dismantling process were also a reason for cracking diseases. The stability of the rock beneath the Huangmeishan Tunnel was poor. Above the entrance to the tunnel is a road for heavy vehicles, and Figure 14 shows concentrated cracks on the left and right side-walls of the entrance lining. It can be inferred that the cracks at the portal are caused by external loads.
4.2.3 Monitoring the thickness of the lining
The results of the thickness detection for the lining concrete by GPR at the entrance of Huangmeishan Tunnel are presented in Figure 16. The distribution of insufficient thickness in the second lining along the axis of the Huangmeishan Tunnel is shown in Figure 17. A total of 1,012 records were collected from the left line, with 113 records (11.17%) falling below the design thickness of the lining. Among them, 92 data had a thickness lower than the design value within 5 cm, accounting for 9.09% of the total. Additionally, 20 data were lower than the design value of the second lining between 5 cm and 10 cm, accounting for 1.98%, and 1 data was lower than the design value by more than 10 cm, accounting for 0.10%.
[image: Figure 16]FIGURE 16 | The percentage of insufficient lining thickness at the entrance of Huangmeishan Tunnel. (A) The left line. (B) The right line.
[image: Figure 17]FIGURE 17 | Distribution of insufficient thickness of the second lining along the axis of Huangmeishan Tunnel.
Similarly, 1,020 records were collected from the right line, with 125 records (12.25%) falling below the design thickness of the lining. Among them, 90 data had a thickness lower than the design value within 5 cm, accounting for 8.82% of the total. 29 data were lower than the design value between 5 cm and 10 cm, accounting for 2.84%, and 6 data were lower than the design value by more than 10 cm, accounting for 0.59%.
These results indicate that the thickness of the secondary lining in the Huangmeishan Tunnel fails to meet the requirements. Several factors may have contributed to this issue, including poor construction methods, limited construction monitoring, and inexperienced workers (Lu et al., 2019). Insufficient excavation during tunnel construction and untimely construction of the secondary lining may result in lining defects. This untimely construction could lead to significant deformations in the lining, and the inner contour of the primary lining exceeding the expected contour (Lu et al., 2021; Jiang et al., 2023). Inadequate thickness of the lining can cause stress redistribution, reducing the stiffness of the lining and increasing the risk of collapse (Liu et al., 2020).
4.3 Material performance tests
The concrete rebound hammer was employed for assessing the compressive strength of the secondary lining concrete in the Huangmeishan Tunnel. The design strength for both the sprayed concrete and the secondary lining concrete of Huangmeishan Tunnel was 25 MPa. However, the average of the 48 test results was 50.27 MPa, and all test results exceeded the design value.
The distribution of concrete compressive strength along the tunnel axis is shown in Figure 18. The minimum values of concrete compressive strength often occur at the tunnel entrances or at the deepest part of the tunnel. This is primarily due to the susceptibility of the entrance section to environmental erosion, leading to degradation of the structural performance. Additionally, the tunnel structure at the deepest burial depth was subjected to significant loads, which resulted in the degeneration of the mechanical property of the concrete.
[image: Figure 18]FIGURE 18 | The distribution of concrete compressive strength along the tunnel axis.
Besides, the rebars were sampled and tested during the demolition of the tunnel. The bars were sampled every 50 m, and the length of the samples was more than 50 cm. 11 bars were sampled from mileage K4+125∼K4+575 on the right line, 7 bars were sampled from mileage ZK4+125∼ZK4+575 on the left line, and 6 bars were sampled from mileage 190–550 on the mid-partition wall. The average test results of 23 rebar samples are shown in Table 3. The average corrosion rate of the rebar samples is 45.2%, and the average tensile strength is 556.9 MPa. There is no significant correlation between the yield strength and the sampling location or corrosion rate.
TABLE 3 | The average test results of rebar samples.
[image: Table 3]4.4 The loading test
The tunnel loading test is a method used to assess the strength and stability of a tunnel structure. It provides valuable information about the structural performance by monitoring the response of the structure under load. Conducting an on-site tunnel loading test before the demolition of an existing tunnel is necessary to identify the strength and stability of the tunnel structures under actual load conditions. The tunnel loading test is an important tool for ensuring the safety and reliability of underground infrastructure. It is widely used in tunnel engineering and construction projects around the world.
The demolition of the Huangmeishan Tunnel involved the complete excavation of the mountain above the tunnel, and the tunnel vault will be used as a traffic lane for heavy vehicles. The safety of traffic under shallow overburden conditions needs to be verified in advance. Therefore, a loading test of the tunnel was conducted.
During the tunnel demolition, a construction transport vehicle with a weight of 40 tons (when fully loaded) was used. A fully loaded truck is the maximum load for tunnel dismantling. Hence, a 40-ton load test was carried out at section ZK4+512 in the Huangmeishan Tunnel. The subsidence at the vault and the haunch was simultaneously monitored. Figure 19 presents the time curves of the vertical displacement at the vault and the haunch at section ZK4+512. The maximum vertical displacement of the tunnel arch and haunch after the loading test was determined to be 1.73 mm and 1.32mm, respectively. These findings indicate that the construction vehicles were able to safely move above the tunnel during the study, confirming the reasonableness of the demolition construction scheme.
[image: Figure 19]FIGURE 19 | The time curves of the vertical displacement at the vault and the haunch at section ZK4+512.
5 EVALUATION AND SUGGESTIONS
5.1 Evaluation of the status of the Huangmeishan Tunnel
According to the quality defects and deterioration detection of the Huangmeishan Tunnel, the main problems of the Huangmeishan Tunnel after a long period of service are water seepage, cracks, and insufficient thickness of the second lining. Water leakage in the tunnel may cause damage to the concrete structure of the tunnel lining and reduce the performance of the lining in enclosing the tunnel rock. Localized thickness deficiencies of the tunnel lining may result in cracks defects. The bending moment at the tunnel lining with localized thickness deficiencies will be reduced, but the bending moment of the adjacent lining would be increased. Insufficient thickness of the tunnel lining will directly lead to the reduction of the bearing capacity of the tunnel lining structure. When the insufficient thickness of the tunnel lining is more serious, the tunnel lining may even fracture, collapse, and result in other catastrophic consequences that significantly impact the safety of the lining.
Therefore, during the dismantling process of the Huangmeishan Tunnel, heavy trucks were restricted from passing through sections where thickness defects and cracks were found. Concurrently, enhanced monitoring of convergence deformations around the tunnel entrance was implemented to mitigate safety risks, such as collapses and other potential accidents.
5.2 Suggestions for similar tunnels
Based on the case of the Huangmeishan Tunnel demolition project, this section aims to analyze the reasons and propose measures to prevent similar issues from appearing in the design, construction, and operation phases of other tunnels.
5.2.1 Design reasons and proposed measures
When designing a tunnel, there are limitations on the quantity and depth of investigation and design work. These limitations may prevent the acquisition of complete geological data. For example, factors such as inaccurate classifications of surrounding rock, insufficient understanding of the direction of rock layers, and unclear identifications of geological sections may lead to the lack of specificity during the design. Thus, it is imperative to implement the following measures.
Some advanced techniques and technologies such as ground penetrating radar and seismic surveys, could be employed to obtain a more comprehensive understanding of the subsurface conditions (Yun et al., 2018). The selection of an appropriate tunnel cross-section structure should be based on the specific geological conditions. Additionally, close attention must be paid to the construction site, enabling timely design modifications in response to the actual construction processes and geological conditions encountered.
To mitigate the risk of structural damage, it is recommended to employ a foundation structure for the tunnel arch foot featuring a straight outer side and a rounded inner side. This design configuration helps to distribute stress and prevent concentration, reducing the likelihood of cracking in both the arch foot and the sidewalls.
5.2.2 Construction reasons and proposed measures
In tunnel construction, common construction quality problems are often related to the initial support, the arch, drainage systems, and secondary lining construction processes. To address these issues, the following measures can be implemented.
To optimize the surface blasting effects, the drilling efficiency and precision are suggested to be improved. Specialized tools are employed to enhance the quality of the drainage system, such as an infrared scanning position system, ultrasonic welding, and longitudinal and circumferential water-stops. The flow and quality of concrete for the secondary lining are controlled by employing the window pouring technology. The arch mold grouting construction technique is utilized to minimize hollowing and insufficient thickness of the lining.
5.2.3 Treatment of diseases
Different widths of cracks require different treatment methods. The assessment of cracking is needed as it can be a serious structural issue and risk life. For cracks that do not jeopardize structural safety, Table 4 suggests the recommended treatment methods for cracks of different widths.
TABLE 4 | The treatment methods for cracks of different widths.
[image: Table 4]In the treatment of water seepage, instant sealants and high-performance waterproofing agents are used for direct sealing. A 1–2 mm thick cement-based penetrating crystalline waterproofing material is applied within a minimum range of 40 cm around the water seepage point. The treatment method for water leakage defects is correlated with the location of the leakage. Table 5 provides the treatment methods for different locations of water leakage.
TABLE 5 | The treatment methods for different locations of water leakage.
[image: Table 5]6 CONCLUSION
Based on the demolition project of the Huangmeishan Tunnel, the current paper proposed a demolition scheme for the double-arch tunnel and presented various researches during the demolition. The safety of the Huangmeishan Tunnel structure can be guaranteed after a long period of operation. The conclusions were as follows:
(1) Mechanical excavation was used in this project to demolish the tunnel and the slope stability was analyzed. The demolition scheme of the double-arch tunnel was proposed, including building the construction platform, demolishing the vault, the side-wall, and the remaining part of the tunnel.
(2) Oblique photography combined with automated modeling provides a more comprehensive view of the construction site and surrounding environment. This was confirmed in the Huangmeishan demolition project.
(3) Tunnel dismantling found that most of the leakage damage was distributed by the mid-partition wall, and the drain pipes were clogged severely by cement. Most of the tunnel lining thickness defects were within 5 cm. In the material performance tests, the actual compressive strength of the concrete was 50.07Mpa and the average corrosion rate of the rebar was 45.2%.
(4) The largest displacements of the tunnel arch and haunch after the loading test were 1.73 mm and 1.32 mm respectively, which show that heavy vehicle traffic during tunnel dismantling is safe. The loading test is necessary in tunnel demolition project.
(5) Based on the results of the research, this paper presents recommendations for the lifecycle of similar tunnels. Besides, this study could provide a reference for similar demolition projects, and the results of the research could be applied in future work, such as the development of an evaluation model for the structural behavior of long-term service tunnels.
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