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The sandy cobble stratum presents a high risk for underground tunnel construction due to its low cohesive properties and susceptibility to loosening and falling. The use of Advanced ductule for grouting reinforcement inevitably results in vibrations, and understanding how these vibrations propagate is crucial in selecting tunnel engineering support schemes and responding to accident risks. Based on a bored tunnel under construction in Xi’an, field vibration propagation characteristics testing were carried out for advanced ductile installation. The time-history response and frequency distribution characteristics of the vibration velocity within the tunnel face under sandy cobble stratum conditions were studied, and the law of vibration propagation attenuation within the tunnel face range was obtained. The results showed that: 1) During the conduit drilling process, the tunnel face mainly experienced vertical vibrations, with the horizontal velocity amplitude accounting for only 15%–20% of the vertical velocity amplitude. At a distance of 1.0 m from the conduit, the vertical velocity amplitude reaches 10.602 mm/s, and the vibration energy concentrates mainly in the frequency range of 150–250 Hz. At a distance of 1.5 m from the conduit, the bidirectional vibration velocity significantly attenuates; 2) The vibration characteristics within the tunnel face can be classified into three primary areas: “Loose and Falling” area, “Significant Vibration” area, and “Vibration Attenuation” area. Loose, falling and significant vibrations occurred mainly within a range of about 1.25 m around the conduit. 3) As the diameter of the conduit decreases, the amplitude of vertical vibration velocity decreases by about 20%. By reducing the design diameter of the advanced ductule in a reasonable manner, it is possible to effectively mitigate the impact of vibration caused by the sandy cobble stratum during installation. This can yield a positive impact, curtailing the occurrence of the tunnel’s collapse phenomenon and ensuring its stability.
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1 INTRODUCTION
The sandy cobble stratum is a high risk layer during the construction of underground tunnels, given its loose nature. In the past, collapse accidents occurred frequently during the excavation process of these tunnels, posing a significant danger to the safety of engineering construction. Advanced ductile reinforcement methods are commonly used due to their cost-effectiveness, uncomplicated construction process, and minimal space requirements. Upon completion of the earthwork excavation in a single cycle of tunnel construction, a grid arch is quickly erected. High-pressure air picks are used to form perforations according to the contour line of the Advanced Ductule layout determined by the design, followed by manual insertion of the ductule, ensuring that the exposed length meets the design specifications. The tail of the ductule is welded to the grid arch to ensure stability and structural integrity. However, during the installation of the advanced ductules, vibrations are inevitably generated, leading to the loosening and collapse of the cohesionless sand and gravel layer. This problem commonly occurs in a variety of engineering practices, with collapse depths and heights ranging from tens of centimeters to several meters. This problem can affect the stability of the face and arch of the tunnel, and in severe cases, lead to a counterproductive effect (Zhou et al., 2018; Liu et al., 2020; Di et al., 2022; Qin et al., 2022; Le et al., 2023). At later stages, this problem can only be solved through a large amount of initial support and grouting behind it, which not only affects the safety of tunnel construction, but also increases investment.
Currently, researchers are placing greater emphasis on major technical issues that arise in tunnel excavation in sandy cobble strata, such as surrounding rock pressure (Zhang et al., 2017; Lin et al., 2021; Zhang et al., 2022), support systems (Li et al., 2020; Cheng et al., 2023), grouting reinforcement (Mei et al., 2021), and deformation control (Zhang et al., 2017; Lin et al., 2021). However, when it comes to construction details, relatively little research has been done. This has resulted in a high proportion of engineering accidents due to inadequate implementation of ideal designs. Therefore, some scholars have proposed the prudent use of advanced ductule in these formations. For example (Wu, 2009), conducted systematic field tests on ductules with different diameters, studying maximum drilling depth, conduit failure, and local collapse under three conventional drilling methods for advanced ducts. A design scheme is recommended for advanced ductules with fine diameters, short lengths, and high frequencies, which is more feasible for construction. At present, the most commonly used installation methods for ductules are high pressure air guide holes, pneumatic picks, or a combination of both. High pressure wind drilling is less disruptive to formation and is suitable for pure sand layers; however, it may not solve the problem of large particle size pebbles in sand and gravel layers. The combination of air pick-up and drilling is currently the most popular method used in sand and gravel layers. However, the jacking of the air pick inevitably causes some disturbance to the sandy cobble layers.
Due to the special mechanical properties of the sandy cobble layer, scholars (Guo et al., 2018; Wu et al., 2022; Fang et al., 2023) have conducted several field vibration propagation attenuation tests on environmental vibration problems induced during shield tunnel excavation in the past. However, there has been no systematic study of vibration effects during bored tunnel construction. However, the vibration effect during the formation of ductules in sand and gravel underground tunnels exists objectively, leading to frequent local tunnel collapse accidents. This paper intends to select a tunnel under construction in Xi’an to conduct in-situ vibration monitoring tests, analyze the propagation law of vibration during the drilling process of advanced ductules, and provide a basis for addressing the collapse risk of sand and gravel layers during tunnel implementation.
2 EXPERIMENTAL PROCEDURE
2.1 Geological overview of the test site
This vibration monitoring test is located in Baqiao District, Xi’an City, Shaanxi Province. This tunnel is carried out using the “bending tunneling method”, with an advanced length of 3–5 m on the upper step and a spacing of 0.5 m between the grid arches. The length of excavation per step is consistent with the grid arch space.
Figure 1 shows the geological profile of the test section. The soil layer in the tunnel body is mainly composed of alluvial-proluvial silty clay, sand, and middle pleistocene alluvial gravel. The observed long-term phreatic water level was found to be 25.5 m below the ground surface and below the tunnel base. At the top of the tunnel arch, there is a layer of sand and gravel, that is, about 2 m thick. The soil layer within the tunnel body mainly consists of round gravel, pebbles, and medium sand. Inside the tunnel base, the soil layer is mainly composed of silty clay.
[image: Figure 1]FIGURE 1 | Geological profile of the test section.
Figure 2 shows the particle size distribution curve of the characteristic soil layer at the test section location. The pebble layers on the experimental site appear to have an uneven distribution, with the original rock being mainly composed of granite particles ranging in size from 3 to 7 cm, and the maximum size being 12 cm. About 28% of the particles are larger than 10 cm, including a mix of gravel sand and round gravel, along with some clay filling. The gradation of cobble layer is also uneven, with the original rock mostly consisting of granite particles ranging in size from 0.2 to 2 cm, and a maximum size of 3 cm. In this layer, moderate amounts of gravel, sand, and pebbles are present, along with some clay filling. As for the medium sand layer, it has an uneven quality, with granite being the predominant rock type. The main mineral components of this layer are feldspar and quartz, along with moderate amounts of gravel sand, round gravel, and some clay filling.
[image: Figure 2]FIGURE 2 | Particle size distribution curve of characteristic soil layers at the test section.
2.2 Advanced ductule and installation methods for testing
Taking into account factors such as tunnel operating space, advanced ductile processing and manufacturing capabilities, and slurry diffusion requirements, two sets of ductile diameters and three kinds of lengths of ductile material were prepared for the test. The advanced ductules is produced using φ 32/φ 42 mm steel ductules, which are segmented into lengths of 1.5, 2.0, and 3.0 m. One end is made into a conical shape 300 mm long and sealed using a hot melt machine, as shown in Figure 3A). A joint is provided at the end of the conduit, which is directly connected to the high pressure pneumatic pick. Use a high-pressure impact force to place the leading ductules inside the sand layer, as shown in Figure 3B).
[image: Figure 3]FIGURE 3 | Schematic diagram of using small conduits and installation methods in the experiment.
2.3 Test conditions and monitoring points layout
Supplementary Table S1 presents the experimental conditions for this study, detailing the advanced ductile test. The test was performed under different specifications of ductules, powered by high pressure pneumatic picks. In the event of encountering large diameter pebble layers during installation, and if they cannot be easily driven through, the installation angle of the conduit will be adjusted accordingly. If the conduit cannot be adjusted, the vibration test will be terminated. Once the test is complete, the actual location of the advance conduit into the soil will be marked. The conduit will be pulled out from the inside of the formation, and the length of the conduit will be recorded. In addition, the condition of the conduit body and the characteristics of the sealing section will be observed.
To monitor vibration levels during the installation of advanced ductule, three sets of vibration monitoring points are installed around the installation site with a horizontal separation of 0.5 m between each point. These monitoring points are located along the tunnel face and empty surface as shown in Figure 4, with both horizontal and vertical vibration pick-ups installed at each point. The purpose of recording the horizontal and vertical components of vibration in real time at each monitoring point is to analyze the attenuation and propagation of vibration in the surrounding sand and gravel layer within a radius of 1.5 m of the conduit installation.
[image: Figure 4]FIGURE 4 | Layout of vibration test monitoring points and schematic diagram of implementation points for each working condition.
Figure 5A shows the layout of field vibration monitoring points. The vibration pickup uses 891-II and 941-B speed sensors, which offer ranges of 0.3 and 1.4 m/s, respectively. The frequency response range of the sensors is 0.17–100 Hz. The vibration data acquisition instrument used herein is a dynamic signal acquisition analyzer with a model INV3060A, as shown in Figure 5B. Before installing the vibration pick-up, a pit is hand-dug at the tunnel face, and a wooden board is placed horizontally as a support platform. The vibration pickup is placed above the wood panel to ensure accurate recording of the direction of the vibration component, as shown in Figure 5C. The data collection system is then connected. To verify the correct installation and accurate data transmission, we check the stability of each monitoring point and any changes in the data. If no significant fluctuations or anomalies are observed, we consider the vibration pickup properly connected and the data transmission line accurately established, as shown in Figure 5D.
[image: Figure 5]FIGURE 5 | Schematic diagram of the arrangement, installation, and calibration of vibration pickup measuring points.
3 ANALYSES OF FIELD MEASUREMENTS
3.1 Actual installation depth and ductules body characteristics
Supplementary Table S1 summarizes the actual penetration depth of the conduit across each test condition. There are large diameter pebble layers distributed within the range of conduit installation, which cannot be fully penetrated. During the installation process, the angle is difficult to adjust and cannot avoid the pebble body. Finally, the conduit is continuously installed for about 3 min before terminating the test.
During the installation of the advanced ductules, sand and gravel were loose and fell above the actual installation position and within the free range of the side wall. It can be observed that the structure of the conduit body is basically intact, and the sealing section has undergone severe deformation and damage.
3.2 Characteristics of vibration propagation
Figure 6; Figure 7; Figure 8; Figure 9 shows vertical and horizontal velocity response curves and velocity spectrum characteristics at each vibration monitoring point during TC1 installation.
[image: Figure 6]FIGURE 6 | Vertical velocity frequency distribution characteristics at each vibration monitoring point during TC1 installation.
[image: Figure 7]FIGURE 7 | Vertical velocity time-history curve at each vibration monitoring point during TC1 installation.
[image: Figure 8]FIGURE 8 | Horizontal velocity frequency distribution characteristics at each vibration monitoring point during TC1 installation.
[image: Figure 9]FIGURE 9 | Horizontal velocity time-history response curves at each vibration monitoring point during TC1 installation.
During the implementation of the advanced ductule, the maximum vertical peak velocity was observed at a distance of 1.0 m from the conduit installation point, specifically at monitoring point 2, reaching a velocity of 10.602 mm/s. The vibration energy of the ductules was mainly concentrated in a frequency range of 150–250 Hz. At a distance of 1.5 m from the installation point (monitoring points 3), the vertical peak velocity is reduced to 3.906 mm/s, with most of the vibration energy distributed in the frequency range of 50–150 Hz. Similarly, at Monitoring Point 1, located 0.5 m from the installation point, the vertical peak velocity was found to be 5.077 mm/s, which fell between velocities recorded at Monitoring Points 2 and 3. The dominant vibration frequency at this point was similar to that observed at Monitoring Point 3, but with a reduction in vibration energy compared to Monitoring Point 2.
Combined with the field implementation process, the reason for this law of attenuation of vibration velocity is that within the range of vibration monitoring points 1–2, the vibration energy caused by the installation of advanced ductules dissipated in the form of loose and falling surrounding sand and gravel, thereby reducing the vibration velocity test value.
Compared to vertical vibration, horizontal vibration during installation ductules has a narrow range of numerical values. At a distance of 1.0 m from the installation point (monitoring points 2), the horizontal vibration velocity reaches its maximum, with a velocity amplitude of 2.054 mm/s. This amplitude is 20% of the vertical velocity amplitude at the same monitoring points. At monitoring points 3, located 1.5 m from the installation point, the horizontal velocity amplitude is 0.513 mm/s, which accounts for 15% of the vertical velocity amplitude. These findings suggest that horizontal vibration is less impactful than vertical vibration during the installation of advanced ductule.
The vibration energy of the ductules is mainly concentrated in the frequency bands 0–50 and 125–200 Hz at a distance of 1.0 m from its installation position (monitoring points 2). At a distance of 1.5 m from the ductile installation position (monitoring points 3), horizontal vibration energy is distributed over a wide frequency range of 50–250 Hz, and its velocity amplitude significantly decreases. This test result correlates with the law of vertical velocity attenuation.
3.3 The Influence of ductules diameter on the vibration characteristics
Figures 10, 11 shows the vertical and horizontal velocity spectrum characteristics and velocity time history curve of vibration monitoring points 2 under two different conduit diameter conditions (TC1 and TC4).
[image: Figure 10]FIGURE 10 | Velocity frequency distribution characteristics of vibration monitoring points 2 under two different conduit diameter conditions (TC1 and TC4).
[image: Figure 11]FIGURE 11 | Velocity time-history curve of vibration monitoring points 2 under two different conduit diameter conditions (TC1 and TC4).
During the installation of ductules of different ductules diameters, the sand and gravel layers at the installation site exhibited similar spectral distribution characteristics. Vibration energy was observed to be mainly vertical, with the majority of its frequency concentrated between 150 and 250 Hz. Meanwhile, horizontal vibration energy was found to be mainly distributed in two frequency bands, at 0–50 and 125–200 Hz.
Reducing the diameter of the duct leads to a decrease in its vibration energy. In the frequency range of 150–250 Hz, when the conduit diameter is reduced from φ 42 to φ 32 mm, the corresponding vertical vibration velocity decreases from 1.31 to 0.80 mm/s. The maximum vertical velocity amplitude also decreases from 10.602 to 8.165 mm/s with a reduction ratio of 20%. Horizontal vibration spectrum characteristics remain similar under both conditions with maximum horizontal velocity amplitudes of 2.436 and 2.054 mm/s respectively. These values are within a relative range.
4 DISCUSSION
4.1 Vibration law of ductules installation
During the installation of advanced ductules, the vibration effect caused by the interaction between the structure of the conduit body and the sand and gravel layer of the tunnel, as well as the diffusion and attenuation law within the face range of the tunnel, are prominent problems in identifying the range of loose and collapsed sand and gravel bodies, optimizing support measures for concealed excavation tunnels, and responding to engineering risks.
Figure 12 shows the propagation attenuation characteristics within the tunnel face range. The main statistical objects are velocity amplitudes at each monitoring point under two types of advanced ductile diameter conditions.
[image: Figure 12]FIGURE 12 | Characteristics of velocity amplitude attenuation within the range of the palm during the installation of advanced ductule.
During the installation of advanced ductule, the vertical and horizontal velocity amplitudes within the tunnel face exhibit similar patterns of diffusion attenuation. This is because sand and gravel in the range of 25–75 cm around the location of the advanced ductile installation undergo “loose and fall”, leading to the dissipation of vibration energy. From the test results, it was observed that the amplitude of the vibration velocity has a numerical range. The maximum amplitude of the vertical and horizontal vibration velocity was found to occur at a distance of 1.0 m from the installation position of the ductules (monitoring points 2).
The vibration velocity within the tunnel face decreases significantly as the distance from the installation position of the conduit increases. For example, when comparing Measurement Point 3 with Point 2, there is an attenuation of 50%–60% in its vibration speed. Further, it was observed that as the diameter of the conduit decreases (from φ 42 to φ 32 mm), the amplitude of the bidirectional velocity reduces by about 20% at a distance of 1.0 m (monitoring points 2) from the installation position of the ductules.
To summarize, during the advanced ductile installation process, the range of vibration disturbance within the tunnel face is mainly concentrated within 1.5 m of the installation location in the sandy cobble stratum. Based on the vibration response characteristics obtained from this field monitoring, the center position of adjacent measurement points is used as the regional boundary, the disturbance propagation attenuation characteristics of the sand and gravel layer are classified into three areas: “Loose and Falling” area, “Significant Vibration” area, and “Vibration Attenuation” area. Figure 13 shows the specific division diagram. These findings provide a better understanding of the dynamic characteristics of the advanced ductile installation process and can be used to improve future operation and maintenance practices.
[image: Figure 13]FIGURE 13 | Schematic diagram of disturbance area division for advance ductule installation in sandy cobble stratum.
4.2 Suggestions for engineering measures
By conducting field monitoring vibration characteristics during advanced ductule installation in sandy cobble stratum, the vibration propagation characteristics and attenuation laws within the tunnel face range during the process of using high pressure pneumatic picks for jacking were presented. In order to effectively control the engineering risks of sandy cobble stratum, the following engineering measures and suggestions are proposed:
(1) It is recommended to carefully consider the advanced ductules grouting reinforcement scheme during the design process of the support scheme for the sandy cobble stratum underground excavation tunnel; It is recommended to prioritize the use of low vibration drilling methods such as high-pressure air drilling, and the use of high-pressure air picks for direct jacking is only recommended as an auxiliary measure.
(2) If it is necessary to use it, it is recommended to minimize the diameter and length of the conduit as much as possible to reduce the risk of loosening, falling, or even collapse of the sandy cobble layer caused by disturbance during installation; It is recommended to take cover protection measures for the sand and gravel layer within 1.25 m around the advance conduit;
(3) Before the excavation of bored tunnels, it is necessary to thoroughly investigate the particle size distribution characteristics of sandy cobble layer, and evaluate the feasibility of the advanced ductules installation plan; ensure welding quality, improve the strength of the conduit mouth, and ensure the success rate of the first installation of the advanced ductules.
5 CONCLUSION
In this article, a series of research work was carried out on the time-history response law and velocity spectrum distribution characteristics of vibration velocity in the face of the tunnel by conducting field vibration propagation characteristics testing tests for advanced ductules installation under sandy cobble stratum. The vibration energy diffusion and attenuation law during the advanced ductules installation process was obtained. It has certain reference significance for optimizing the design of excavation support schemes for underground tunnels under such geological conditions. The main conclusions are as follows:
(1) During the design and construction process of underground excavation tunnels in sandy cobble stratum, the drilling plan of advanced ductule should be reasonably matched with the characteristics of the strata. If not properly selected, significant vibration effects will occur, leading to the risk of loosening, falling blocks, and even collapse of the surrounding sandy cobble stratum.
(2) During the installation of advanced ductule, when encountering a large diameter pebble layer, the vibration velocity within the tunnel face area increases significantly, mainly in the vertical direction, with a horizontal velocity amplitude of about 15%–20% of the vertical direction. Before tunnel excavation, the stability of the sandy cobble stratum under vibration should be evaluated according to the specific geological conditions of the site.
(3) During the installation of advanced ductule, the vibration propagation characteristics within the tunnel face can be divided into three main areas: “Loose and Falling” area, “Significant Vibration” area, and “Vibration Attenuation” area. During the excavation and support process of bored tunnels, effective protective measures should be taken to control the loosening and falling of sand and gravel layers within the range of 0–0.75 m around the advance conduit. Sand and gravel layer in the range of 0.75–1.25 m around have a large amplitude of vibration velocity. During the excavation and support process of underground tunnels, it is necessary to minimize the disturbance to the strata within the area. If necessary, reinforcement measures can be taken to maintain the stability of the tunnel face;
(4) Based on the vibration monitoring results under different conduit diameter conditions, it is recommended to reasonably reduce the design diameter of the advanced ductules during the bored tunnel construction process, which has beneficial effects on suppressing the collapse of sandy cobble stratum and maintaining the stability of the tunnel face.
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