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In this study, an open-cut approach using steel-sheet piles and jet grouting piles for waterproofing was proposed to resolve the problem that ordinary pipe-jacking equipment cannot cross areas with existing anchor cables in soft stratum. The case history of a pipe-jacking project of a sewage treatment plant in the Jinan East Railway Station area was investigated. The mechanical properties of steel-sheet piles, horizontal displacement of piles, and ground surface settlement in the anchor-cable crossing area were investigated based on in situ observations. Numerical investigations were performed using the finite element method (FEM). The effects of existing anchor cables on the mechanical behaviors of retaining structures, deformation variation of the ground, and stability of the excavation were studied. The results indicate that the composite supporting structures of steel-sheet piles and jet grouting piles have a positive effect on waterproofing and deformation control in areas with existing anchor cables. When the steel-sheet pile touched the anchor cable during pile jacking, the compressive stress at the pile cap increased rapidly until it reached 62.8 MPa (the maximum pressure provided by the pile-pressing machine), which is twice the pressure under ordinary conditions. The maximum horizontal displacement of the retaining pile, δv, increased linearly with the excavation depth He. Existing anchor structures behind the excavation can restrain the deformation of the ground and retain the structure to a certain extent. The δv value of the pile with existing anchor structures behind is 6.5 mm or approximately 0.01% of the He value, which is 70% of that of the retaining pile without existing anchor structures. “Groove type” ground surface settlements are found on both sides of the excavation. The maximum ground settlements δh are 0.29% He and 0.05% He, respectively. The plastic zone at both sides of the excavation bottom extends to the ground surface with an angle of about 45°. When an excavation fails, the plastic zone range in the ground with existing anchor cables is significantly larger than it is in the ground without anchor cables. The key contribution of this research is to provide an effective and low-budget treatment for pipe-jacking crossing through an anchor-cable group region. The findings from this study also provide industry practitioners with a comprehensive guide regarding the specific applications and mechanical performance of the crossing excavation for obstacle treatment.
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1 INTRODUCTION
With the growing demand for urban development, the construction of urban underground pipelines continues to grow. In cities, particularly in densely populated urban centers with heavy traffic volumes, the pipe-jacking technique can become particularly important when building underground pipe galleries (Ji et al., 2018; Ji et al., 2019; Li et al., 2021a). However, in most cities, the development of underground space has often been unplanned for a long time. Therefore, underground obstacles (e.g., waste foundations, reinforced concrete blocks, and underground pipelines) are inevitable during the pipe-jacking process, causing much inconvenience. Additionally, with deeper excavations in cities, anchor-cable structures have gradually become a common obstacle in the construction of urban railway systems and pipe galleries. If the head of a pipe-jacking machine touches a steel strand of an anchor cable during tunnel construction, then the steel strand and the machine can become entangled. This can lead to cutter head wear and jamming (Cheng and Lu, 2015).
Early research studies on tunnel or pipe construction crossing obstacles focused on the shield tunneling method. Wang et al. (2013a) and Wang et al. (2013b) studied cutter configuration for the direct shield cutting of large-diameter piles, based on several cases of shield tunnel projects in China. Their results indicate that the continuous shield cutting of large-diameter piles is feasible with an adequate cutter configuration. Yan and Chen (2011) conducted a series of effective analyses and research during shield cutting using numerical simulation. Xu and Zuo (2021) investigated the application of the JH-2 (Johnson-Holmquist-2) constitutive model for concrete or rock to simulate the process of metro shield cutting of a reinforced concrete pile. These studies provide important guidance for numerical investigation of shield tunneling crossing obstacles. However, research on the pipe-jacking crossing obstacle, especially the case of that crossing anchor cables, is still limited.
Cheng and Lu (2015) developed a risk assessment method for complex pipe-jacking construction projects. Their results indicate that issues during pipelines as they cross underground obstacles caused serious risks for construction. Xu et al. (2022) studied a pipe-jacking machine for crossing obstacles based on a case study of gas pipeline construction in China. Meanwhile, several methods have been explored for pipe jacking passing through areas with existing anchor cables. Qiao (2016) and Ye (2017) conducted tests using methods such as drilling into the pipe to obtain anchor cables or pulling out anchor cables after punching stress relief holes around the anchor cable, they then carried out economic and technical comparisons. Finally, they used a modified directional casing drill TT40. The soil was cut using a casing with a diameter of 200 mm, and the steel strand was separated from the anchorage grout using a casing with a diameter of 138 mm. Wang (2012) and Li (2014) studied a case history of pulling out existing anchor cables during the construction of the Zhengzhou Subway Line 1. An existing anchor treatment that combines manual hole excavation, and a hydraulic jack and reaction frame was used to pullout the anchors. This provided a solution to the engineering challenge of pulling out a large area of deeply buried anchor cables in a narrow space. Lv (2017) proposed a treatment that combines the removal of anchor cables by opening the earth chamber with pressure, manual excavation of shafts, and pullout of anchor cables with hydraulic jacks during the construction of cable tunnels in Shenzhen, China. A large area of deeply buried anchor cables was removed quickly and successfully. Han et al. (2019) proposed an innovative method for removing the anchors, which uses high-pressure jet grouting piles to pretreat the soil in the anchor-cable area prior to construction and dry rotary drilling to remove the anchor cables after the completion of reinforcement. These studies primarily focused on methods to remove the anchor cables prior to construction based on the location of the anchor cables and the surrounding environment. However, most of these treatments are complicated and have low construction efficiency. Few studies have focused on the mechanical response of an area with existing anchors during obstacle removal. Yuan et al. (2014) investigated the mechanical effects of a shield machine crossing existing bridge piles. They then analyzed the variation in the stress and horizontal deformation of the retaining structure and the ground settlement under different working conditions during the construction process. Fu et al. (2018) analyzed the deformation of soldier piles and the ground after the removal of anchor cables and during excavation construction, which was based on in situ observations and numerical simulations. Their results indicate that the treatment of the slope setting on the side of the excavation of the station is feasible. Although some beneficial technologies for pipe jacking across existing anchor groups have been proposed, the current technology is still in its infancy. Meanwhile, the theory of construction mechanics effect has not received much attention. Thus, further research is required on construction technology and theory for the rapid removal of existing anchor cables.
Given these technical issues, this study has conducted a comprehensive comparison of various treatments for existing anchor cables. Based on a case study of a construction project for an inlet and outlet pipe network of a sewage treatment plant in the Jinan East Railway Station area, a pipe-jacking crossing technology that uses a steel-sheet pile and a jet grouting pile for waterproof and open-cut method to cross the anchor-cable area was developed. The settlement of the ground behind the pile wall and the deformation of the retaining structure during the excavation of the existing anchor-cable area were analyzed based on in situ observations. Combined with a finite element method (FEM) simulation, the mechanical behavior of the excavation during construction under conditions with and without existing anchor cables was investigated. This study of construction technologies and mechanical effects will help provide theoretical guidance for the engineering issue of pipe-jacking crossing an anchor-cable area.
2 PROJECT BACKGROUND
2.1 Project profile
The inlet and outlet pipe network of the sewage treatment plant is located in the Jinan East Railway Station area and belongs to the Daxin River sewage division. The pipeline was constructed using the pipe-jacking method. Figure 1 shows the line plan of the pipe-jacking crossing the existing anchor-cable area. An RC circular pipe with an inner diameter of 1.5 m and a buried depth of approximately 6.5 m was used for the pipeline. The southern part of the pipe-jacking line is located near the sewage treatment plant. The deep excavation of the sewage treatment plant was supported using tieback-anchored pile walls (see profile in Figure 2). As shown in Figures 1, 2, the pipe-jacking line must cross the first level of the anchor-cable structure, with a crossing length of approximately 60 m. The pile wall of a previous deep excavation was reinforced by tieback anchors, with five rows consisting of three or four strands and with a design inclination of 15° to the horizontal in a 0.15 m diameter drilling hole. According to the National Bureau of Standards (NBS) (GB/T 5224-2003) (National Bureau of Standards of China (NBS), 2003), each strand has a total cross-sectional area of 1.4 × 10−4 m2 with a nominal diameter of 15.2 mm, consisting of seven wires with a diameter of 5 mm and strength of 1860 MPa. The vertical spacing between the tieback anchors was 3 m. The horizontal spacing of the tieback anchors was 1.5 m. The free and fixed lengths of the anchors are shown in Figure 2.
[image: Figure 1]FIGURE 1 | Plan of the pipe jacking line.
[image: Figure 2]FIGURE 2 | Profile of the retaining structure for the deep excavation of the sewage treatment plant.
The construction site is located in complex surroundings—adjacent to high-voltage lines, operating railway lines, and an existing sewage treatment plant (see Figure 3). As shown in Figure 3, working shaft JCWS1 was adjacent to the Shijiazhuang-Jinan high-speed railway line, which was in service at a distance of 40 m from the railway bridge pier. In addition, the working shafts JCWS1, JCWS2, and JCWS3 were next to 220-kV high-voltage transmission towers. Working shaft JCWS2 was approximately 15 m away from the high-voltage transmission towers.
[image: Figure 3]FIGURE 3 | Location of the pipeline from the high-speed railway and transmission tower.
2.2 Geology and hydrology
The jacking pipe passed through a stratum composed of silty clay with a high silt content. The mechanical properties of in situ soils were obtained from laboratory experiments of the soil samples. The soil samples were obtained by a borehole at site. The mechanical properties of the soils are listed in Table 1. The ground at the site was a water-rich stratum with a high groundwater level. The groundwater level at the site was approximately 1.5 m. Thus, on this basis, engineering problems such as excavation surface failure and gushing water can easily occur.
TABLE 1 | Mechanical properties of soils.
[image: Table 1]3 CONSTRUCTION TECHNOLOGIES FOR PIPE-JACKING CROSSING AN EXISTING ANCHOR-CABLE GROUP
3.1 Project difficulties
The primary construction challenges are based on the geological conditions, surrounding environment, and pipeline scenario of this project, which include
1) The area crossed by the existing anchor-cable group was large. The actual position of the anchor cables may deviate from the designed position owing to the construction deviation and geological conditions. Therefore, it is difficult to accurately identify the position of the anchor structure.
2) Anchor cables were densely distributed at the site. The normal pipe-jacking method for crossing this zone could would cause the anchor cables to be caught in the earth chamber of the pipe-jacking machine and wound screw conveyor, which would cause a failure of normal excavation and tunneling, and even damage the pipe-jacking machine.
3) The crossed soil layers are mostly composed of saturated silty clay with low mechanical properties, which belong to soft and water-rich strata. Therefore, excavation surface failure and gushing water can easily occur on this ground, which would present a high construction risk.
4) The working space at the construction site is restricted because it is adjacent to a deep excavation and a newly built structure at a distance of approximately 15 m. In addition, during the construction process, it is necessary to protect buildings and control their deformation.
3.2 Comparison of treatments for pipe jacking crossing an anchor-cable group
When the jacking pipe runs into an anchor group region, measures that deal with the anchor cable or improve the jacking devices need to be adopted to complete the construction of the subsequent sections. Currently, there are practical applications of pipe-jacking machines to cut through underground obstacles, such as isolated rocks and piles (Xu and Zuo, 2021). However, these pipe-jacking machines are under development and the technology is still in its infancy. Meanwhile, direct crossing large-scale anchor-cable structures has not yet been reported. Anchor tendons are often composed of strong and tough steel strands, which can easily wind around the cutter and damage the pipe-jacking machine. Based on the different anchor crossing and geological conditions, the anchor structures can be removed using different devices.
Based on this analysis, in this study, seven different treatments of pipe-jacking crossing anchor-cable group were compared and analyzed. The comparison and analysis results are listed in Table 2.
TABLE 2 | Treatment comparison for the anchor-cable obstacle.
[image: Table 2]The advantages and disadvantages of various anchor-cable treatments are listed in Table 2. At the construction site in this study, the construction space is limited because the main structure located in the existing excavation has been constructed. Meanwhile, the friction and grip force of the anchor-cable structure are added because there are deviations in the anchor-cable drilling angles and serpentine drilling line. Therefore, it is not feasible to directly remove anchor cables and casing operations. The anchor-cable cutting method and rotary drilling machine method with full-casing and full-slewing drilling machines require complete removal of all anchor cables in the area of pipe jacking, which requires a great deal of engineering. In addition, the technology of direct cutting of anchor cables with a pipe-jacking machine and manual excavation of a transverse passageway is not yet mature. Therefore, the anchor-cable treatment of a steel-sheet pile and jet grouting pile for a waterproof and open-cut excavation method for crossing the anchor-cable area is proposed. The waterproofing is placed at the side wall of the excavation, with the joint efforts of a steel-sheet pile and high-pressure jet grouting piles at the rear. The anchor cables were removed using the open-cut excavation method. This scheme presents low risks and overcomes the problem of removing the anchor cables in the soft and water-rich stratum, and thus promotes the boring construction that assists in the jacking pipe’s rapid crossing of the anchor-cable section.
4 TREATMENT OF THE STEEL-SHEET PILE AND JET GROUTING PILE FOR THE WATERPROOF AND OPEN-CUT METHOD FOR CROSSING AN ANCHOR-CABLE AREA
4.1 Key construction technologies
In this case history, the treatment of 15 m-long Ⅳ Larsen steel-sheet pile, steel wales and jet grouting pile for a waterproof and open-cut excavation method for crossing the anchor-cable area was adopted. The profile of the steel-sheet pile is shown in Figure 4. The excavation depth of the excavation is approximately 8.5 m. Meanwhile, a 1.1-m working space is left on both sides of the jacking pipe at the bottom of the excavation. The steel wales were made of double-spliced 56C I-beams, which were set at 1 and 3.5 m below the top of the steel-sheet pile. Double-spliced 400 × 200 HN steel was installed between the steel wales as an internal support. Every 4 m of the steel strut support was welded to the steel wales and angle steel was welded at both ends of the support to prevent the support from falling off.
[image: Figure 4]FIGURE 4 | Profile of the steel-sheet pile support.
When the jacking pipe is about to be jacked into the anchor-cable area, Larsen sheet piles are applied within the construction control sideline but were placed away from any anchor cable (Figure 5). The ground is unloaded at the deeper excavation section within the range of 1.5 m on both sides of the steel-sheet pile, with a slope setting rate of 1:1.5.
[image: Figure 5]FIGURE 5 | Steel-sheet pile above the anchor cables cannot be overlapped. (A) Gap at pile head. (B) Gap between piles.
High-pressure jet grouting pile was set for waterproofing at the rear, without a steel-sheet pile (see Figure 6). The single pipe method was used for jet grouting and a jet grouting pile tightly coupled with the Larsen steel-sheet pile was adopted. The two drilling and intubation processes can be combined. Grouting is achieved with the help of jetting or vibration of the jet pipe. When the jet pipe sinks to the designed depth, the pressure of the high-pressure mud pump is increased to the designed construction value (20–40 MPa), which allows for 30 s of bottom-sitting and jetting. The drill bit is rotated while jetting and the drill pipe is lifted at the designed speed.
[image: Figure 6]FIGURE 6 | Overlapping of jet grouting piles and steel-sheet piles.
After the construction of the steel-sheet pile and jet grouting pile was completed, the anchor cable was cut with a toothless saw to release the tension stress of the anchor cable. The two severed sections of the anchor cables remained in the stratum as free ends. When the jacking pipe had crossed the anchor-cable area, the excavation was backfilled, the Larsen steel-sheet pile was pulled out in time for reuse, and sand was filled to reduce the ground settlement and displacement caused by excessive soil removal from the piles.
The construction method that is proposed in this case study to overcome the challenges from the pipe jacking crossing the anchor-cable group has significant advantages. First, the construction technologies used in this method are mature and reliable. Second, the cost of this method is acceptable, and is lower than those of the methods listed in Table 2. Third, waterproofing using a combination of Larsen steel-sheet piles and high-pressure jet grouting piles is effective and increases the stability of the excavation. Finally, high construction speed can shorten the construction period.
4.2 Study of the mechanical characteristics of a steel-sheet pile that is jacked into an existing anchor-cable area
It is important to measure whether the pile runs into the anchor-cable structure and learn about the mechanical characteristics of the steel-sheet pile during the construction process when applying a steel-sheet pile near an anchor-cable area. Therefore, we used a ZX-FBG-S01A surface fiber Bragg grating (FBG) sensor to monitor the mechanical response of the pile and actively take relevant effective measures for control or remedy to maximize the construction quality and safety of the soldier piles.
4.2.1 Basic principle of a surface FBG sensor and the layout of the measuring points
Surface FBG sensors were used to monitor the steel-sheet piles. Changes in the strain, stress, or other physical quantities measured around the grating cause a change in the grating period or refractive index of the fiber core, which leads to a wavelength shift of the grating FBG signal. The changes in the strain and stress of the steel-sheet pile can be obtained by measuring the wavelength shift, which can be derived from the following equation:
[image: image]
where λ is the measuring wavelength of the strain grating, in nm; λ0 is the initial wavelength of the strain grating, in nm; λt is the measuring wavelength of the temperature-compensated grating, in nm; λ’t is the initial wavelength of the temperature-compensated grating, in nm; a is the temperature sensitivity coefficient of the temperature-compensated grating, in nm/°C; b is the temperature coefficient of strain grating, in nm/°C; and K is the primary term coefficient of strain. This equation shows that the wavelength of the fiber grating is linearly related to the strain.
The layout of the fiber-optic grating sensors is shown in Figure 7. The sensors are placed vertically and welded in the middle of the grove side of the steel-sheet pile at approximately 0.5–1 m from the pile top. The two sensors were arranged symmetrically at a horizontal interval of 150 mm to obtain the measured wavelength of the strain grating of the steel-sheet pile under axial compression.
[image: Figure 7]FIGURE 7 | Position of the fiber grating sensor.
4.2.2 Analysis of the observation results
The measured wavelengths of the strain grating during the press-in and pullout of the steel-sheet pile were monitored throughout the process. The test signals were highly volatile because of the violent vibrations generated during the press-in and pullout of the steel-sheet pile. Therefore, FFT filtering is used to effectively filter the high-frequency signals and reduce the effect of vibration with a low-pass filter.
The mechanical characteristic curves of the measured and filtered values during the process of driving the steel-sheet pile into the anchor-cable area are shown in Figure 8. This figure also shows that before the steel-sheet pile was pressed in, there was no obvious deformation of the pile body and the wavelength fluctuated regularly. This indicates the high sensitivity of the FBG sensor. When the steel-sheet pile is pressed into the soil normally, the stress on the pile cap is roughly linearly related to the press-in depth. The soil layer is relatively uniform, and the maximum stress and strain are 31.2 MPa and 151.4 με, respectively. Subsequently, the steel-sheet pile was slowly pulled out. With the second press-in of the pile, the stress and deformation of the pile cap increased to the peak of the first press-in. When the steel-sheet pile touched the anchor cable during the press-in process, the compressive stress in the steel-sheet pile cap increased rapidly until it reached 62.8 MPa, which is the maximum pressure of the pile-pressing machine. The corresponding final strain of the pile body was 304.8 με, which is two times more than when the anchor cable was not touched.
[image: Figure 8]FIGURE 8 | Comparison curve of mechanical characteristics of steel-sheet pile pressed into anchor-cable area.
5 FIELD MEASUREMENT AND NUMERICAL INVESTIGATION
5.1 Field measurement analysis
The excavation followed an east–west direction. To further analyze the supporting effect of the steel-sheet pile and the settlement behind the pile during the excavation of the existing anchor-cable area, inclinometers behind the piles and settlement measuring points were laid during the construction (see Figure 9). Settlement measuring points were laid behind the position where the inclinometers were embedded. Seven surface settlement measuring points were laid in each group, perpendicular to the direction of the side wall of the excavation, at distances of 3, 5, 8, 11, 15, 20, and 25 m from the excavation.
[image: Figure 9]FIGURE 9 | Layout of monitoring points.
5.1.1 Deformation variation of the sheet pile
The soil on the south side is the area crossing the anchor-cable group, which is reinforced by the anchor-cable structure. Thus, the pile on this side exhibited a small horizontal deformation. Therefore, this study mainly focused on the horizontal displacement of the pile on the north side of the excavation. Figure 10 shows the horizontal displacement curves of the piles at monitoring points Z1 and Z2 at various excavation depths. Figure 10 shows that the deformation at the top and bottom of the steel-sheet pile was relatively small because it was affected by the internal support constraints. The middle part of the pile protrudes into the excavation, showing a typical “fish-belly” deformation pattern. With an increase of the excavation depth, the horizontal displacement of the pile top did not change significantly. The maximum horizontal displacement of the steel-sheet pile was located at the bottom of the excavation, where He = 6.5 m (He represents the excavation depth). The maximum horizontal displacements of the piles at Z1 and Z2 are 6.01 and 5.83 mm, respectively, which are approximately 0.092% and 0.089% of the excavation depth He. The overall deformation was much smaller than the monitoring warning value (National Bureau of Standards of China (NBS), 2019). The anchor-cable area is supported by steel wales and internal support, combined with reinforcement with jet grouting pile waterproof at the rear of the steel-sheet pile. This can effectively suppress the deformation of the retaining structure.
[image: Figure 10]FIGURE 10 | Horizontal displacement curve of retaining pile. (A) Z1. (B) Z2.
The relationships between the maximum horizontal displacement δv and excavation depth He of the excavation with and without anchor cables were analyzed. According to the results from a previous study (Han et al., 2017), δv increases approximately linearly with He. In this study, the measured data of excavation were collected for comparison, and the soldier piles were divided into a strut system and a tieback system based on the support type (see Figure 11). As shown in Figure 11, the statistics from the literature (Masuda, 1993; Ou et al., 1993) show a significant dispersion and a large deformation range of the retaining structure: δv is 0.03%–0.58% He and 0.14%–0.60% He, respectively, with a mean value of 0.28% He. The excavations at both sites were alternating strata of sand and clay. The design and construction technology of the support structure are relatively backward, which results in large deformation of the retaining structure. According to the statistics in the literature (Khoiri and Ou, 2013), the two square deep excavations retained by underground diaphragm walls and constructed with the top-down method were located in sandy soil stratum, with δv varying from 0.14%–0.33% He and with a mean value of 0.23%He.
[image: Figure 11]FIGURE 11 | Relationship between maximum horizontal displacement of retaining structures and excavation depth.
According to the statistics in the literature (An and Gao, 2007; Li et al., 2008; Zhao et al., 2015), the variation range of the excavation data using pile-anchor support is reduced, with the δv between 0.03% and 0.14% He, indicating that the tieback system can provide superior control of the deformation of the retaining structure of the excavation. Among them, the soil layer where the excavation is located (An and Gao, 2007) has geological conditions similar to those of this project. It is primarily mucky and silty clay, which is soft. Therefore, the cable-anchored piles are adopted in the soft soil excavation, which effectively controls the deformation of the support structure and soil.
The average values of maximum lateral displacement under the support of the strut system and tieback system are 0.26% He and 0.11% He, respectively. This indicates that the tieback system can provide superior control of the deformation of the retaining structure of excavation with the improvement of construction technology. In this study, the maximum horizontal displacement δv of the soldier pile on the north side of the excavation was 0.09%–0.27% He, with a mean value of 0.15% He. Compared to the ordinary internal support system, the support method of the steel strut system combined with the jet grouting pile at the rear can better control the deformation of the retaining structure of excavation. There is an existing anchor structure on the south side of the excavation and the maximum lateral displacement of the soldier pile δv is 0.12% He, on average. This indicates that the existing anchor cable can reinforce the soil layer crossing the excavation to a certain extent. Therefore, the support scheme of the Larsen steel-sheet pile, steel wale support, and jet grouting pile waterproofing is better for controlling the deformation.
5.1.2 Ground surface settlement behind the piles
To analyze the surface settlement outside the excavation, representative measuring points on the north side of the excavation were chosen (see Figure 12). This figure shows that the surface settlement curve is in the “groove type.”. The settlement value first increases and subsequently decreases with the increase of distance, and the maximum surface settlement is observed at 8 m from the edge of the excavation. The settlement in the surrounding area increased with the excavation depth. The maximum settlement δh is 19.1 mm, which is approximately 0.29% of the excavation depth He. The settlement at 25 m from the edge of the excavation is 3.5 mm, which gradually tends to 0.
[image: Figure 12]FIGURE 12 | Ground surface settlement curve behind pile.
5.2 Numerical model
5.2.1 Numerical model establishment
To further analyze the overall safety of the support structure, the finite element numerical simulation method is used to investigate the mechanical effect of a retaining structure on the excavation and the stratum deformation variation in an area where the anchor cables cross. The influence of the anchor cables of the excavation support of the existing sewage treatment plant on the stability of the excavation was investigated. Considering the model’s accuracy, the influence of excavation on horizontal and vertical directions is generally around 3–5 times that of He (Wang et al., 2022). According to the dimensions of the existing excavation and the crossing excavation in the project, in this model the influence range of the excavation crossing the excavation on the depth and width around is considered to be 3.5 times of excavation depth. In addition, considering the calculation scale, half the size of the existing excavation was considered for modeling. Because the excavation across the anchor-cable area was longer in the longitudinal direction, the excavation angle effect was not significant. Therefore, the longitudinal extension size of the model was reduced and the final geometric dimension of the model was set to 79 m × 39 m × 24 m, using 61,150 elements; as shown in Figure 13. The normal movement was restrained for the lateral boundaries. All movements were restrained at the bottom boundary. All movements were allowed at the top of the boundary.
[image: Figure 13]FIGURE 13 | Profile of the numerical model.
The soil layer at the site is primarily silty clay. Given that the soil layer in the site is uniformly distributed, it is simplified for analysis. The Hardening-Soil (HS) model was used as the soil constitutive model. Taking the Mohr–Coulomb as the failure criterion, this model can consider both shear hardening and compression hardening, and can accurately reflect the nonlinear mechanical characteristics during soil loading and unloading (Zhao et al., 2018). The HS model implements 11 parameters (e.g., strength parameters, stiffness parameters, and advanced parameters), which were obtained from the triaxial and consolidation tests. The stiffness parameters in the HS model consist of three stress-dependent stiffness parameters, Eref50, Eref oed, and [image: image], which are defined as the secant, oedometer, and unloading-reloading stiffness moduli at the reference pressure pref, respectively. The strength parameters of the soil are described by cohesion c, friction angle φ and dilation angle ψ. According to the PLAXIS user’s manual and existing experience (Brinkgreve et al., 2010; Khoiri et al., 2014), 2[image: image]=2[image: image]=[image: image] is taken for silty clay. The model considered the fluid-structure interaction effect, and the initial water level was located 1.5 m below the ground surface. Precipitation simulation and seepage analysis were conducted simultaneously during the excavation and precipitation.
The construction processes in the model primarily includes construction of existing excavation and stratified construction of the crossing excavation. There were 21 construction steps involved in the numerical investigation. The construction of existing excavation consists of unloading and slope setting, construction of cast-in situ bored piles, stratified precipitation of excavation, main soil excavation, and side wall anchor-cable support. Displacement clearing was carried out, and then construction of the crossing excavation was carried out, which mainly included the Larsen sheet pile support, steel strut installation, and anchor-cable removal in the excavation region.
The mechanical parameters of retaining structures in the numerical model are listed in Table 3. For the pile wall, the lateral force is the main load acting on the pile wall. The nonvolume, linear elastic plate elements, which can provide bending resistance, were used to simulate the behavior of the pile wall. The mechanical parameters of the piles were replaced by those of a diaphragm wall according to the equivalent of lateral stiffness. The equivalent wall had a thickness of 0.112 m. Soil–wall interaction was simulated with a zero-thickness interface element. The interfacial strength reduction factor Rinter was set as 0.6 (Khoiri and Ou, 2013). The separation and slip characteristics of soil–wall interaction were taken into account. The existing excavation was supported by a cap beam and anchor cable. The piles were anchored using five rows of prestressed anchor cables. The anchor cable was simulated with an implanted truss unit with a vertical spacing of 3 m and a horizontal spacing of 2 m. Prestress was applied to the anchor cables. The prestress designed value was 200 kN. The steel wales, cap beams, and steel struts were simulated with beam elements.
TABLE 3 | Mechanical parameters of retaining structures in the numerical model.
[image: Table 3]To further analyze the influence of the anchor cable of the existing excavation on the stability of the crossed excavation, the mechanical effect of the retaining structure and the stratum deformation variation with and without anchor cables were studied. The cases of the ground with and without existing anchor cables were named Case 1 and Case 2. To ensure that the pile displacement of the existing excavation in Case 2 is the same as that in Case 1, this study used the displacement control method (DCM) to apply displacement to the existing excavation sidewalls to simulate the effect of previous excavation under the corresponding working conditions (Cheng et al., 2007). In the numerical investigation, the deformation of the piles of the existing excavation in Case 1 at each calculation step was recorded. When Case 2 was calculated, the nodes of piles of the existing excavation were controlled using displacement boundary according to the results recorded in Case 2. Based on this setting, the mechanical effect of anchor cables could be analyzed according to a comparison between Case 1 and Case 2.
5.2.2 Numerical model validation
To verify the accuracy of the finite element model and the selected parameters, the calculated values of Case 1 and measured values of pile horizontal displacement and surface settlement when the excavation is excavated to the bottom of the excavation (He = 6.5 m) are shown in Figures 14, 15, respectively. Due to the limitation of the clinometer, the measured deformation at the bottom of the soldier pile was 0. To facilitate the comparison between the numerical calculated results and measured data, the horizontal displacement curve of the pile from the numerical simulation was panned to the point where the horizontal displacement of the pile bottom was 0. Figure 14 shows that the change trend of the finite element simulation results and the measured results are basically consistent, especially at the peak of deformation at the pit bottom. There is a certain deviation between the measured and calculated values of horizontal displacement of the piles because the inclinometers were installed in the ground behind the steel-sheet piles. Figure 15 shows that the calculated value of surface settlement is soundly consistent with the measured results on site, and the surface settlement is in a “groove type.” The actual settlement value near the edge of the excavation was slightly larger than the calculated value, which was primarily due to the soil loss between piles during construction. By comparison, the calculated results are basically consistent with the measured data. This indicates that the accuracy of the model can meet the requirements of the research analysis.
[image: Figure 14]FIGURE 14 | Horizontal displacement comparison curve of retaining pile.
[image: Figure 15]FIGURE 15 | Comparison curve of surface settlement behind pile.
5.3 Numerical result analysis
5.3.1 Analysis of the mechanical effect of the retaining structure crossing the excavation
The horizontal displacement of the piles of Case 1 and Case 2 on both sides of the excavation is compared in Figures 16, 17, where L1 and L2 represent the positions of the internal supports. This figure shows that with the anchor-cable retaining, the peak horizontal displacement of the pile gradually increases with the excavation and its location moves down with the excavation. The maximum displacement in each stage occurs near the excavation bottom. The steel-sheet pile on the left-hand side of the excavation (e.g., the side adjacent to the existing excavation) shows an obvious displacement turning point at the application of internal support. Meanwhile, the horizontal displacement of the steel-sheet pile on the right-hand side (e.g., the side far from the existing excavation) is primarily affected by the lateral earth pressure behind the pile due to the large amount of soil behind the pile and also because the influence of internal support under the earth pressure is smaller.
[image: Figure 16]FIGURE 16 | Comparison of horizontal displacement of the retaining pile on the right-hand side of the excavation. (A) He=1 m. (B) He=3.5 m. (C) He=6.5 m.
[image: Figure 17]FIGURE 17 | Comparison of horizontal displacement of retaining pile on the left side of excavation. (A) He=1 m. (B) He=3.5 m. (C) He=6.5 m.
Figures 16A, 17A show that without the anchor-cable support, the horizontal displacement curve of the soldier pile deviates greatly from the pile top toward the excavation at the early stage of excavation. This presents a typical deformation pattern of cantilever support structure, especially for the right-hand steel-sheet pile, of which the horizontal displacement changes completely opposite to that when with the anchor cable. This indicates that the anchor-cable group in the soil can obviously correct the tilt of the soldier pile. The deformation of the top of the soldier pile of Case 2 gradually decreases after the excavation, and following the application of wales and internal support. The trend of the horizontal displacement of the pile of Case 1 is basically the same as that of Case 2 from a position of 3 m from the pile top. The maximum horizontal displacement of the pile δv of Case 2 is 9.2 mm, which is approximately 0.014% of the excavation depth He, and is 41.5% greater than that of Case 1.
5.3.2 Analysis of stratum deformation variation
In addition to the horizontal displacement of the soldier pile, the environmental effect caused by the removal of the existing anchor cable using the open-cut excavation method is also crucial. Figures 18, 19 show the comparison curves of the ground settlement of both sides of the crossing excavation, the upper surface of the anchor-cable area, and the soil at 3 m underground of two Cases, respectively. Figure 18 shows that the settlement trend around the excavation of Case 1 is basically the same as that of Case 2, both presenting a groove shape. The major influence range of the settlement of Case 2 is twice the excavation depth, which meets the requirement of the horizontal range of the influence area (Hsieh and Ou, 1998). The influence range of the settlement of Case 1 is slightly larger as the integrity of the soil behind the excavation improves (Han and Lee, 2020). The settlement peaks δh at the surface and 3 m below the ground in the natural soil layer of Case 1 are 19.2 and 17 mm, respectively, both at 9 m from the excavation. When there are no anchor cables, the settlement peaks δh lag slightly, and are 17.8 and 15 mm, respectively, at 10 m from the excavation, which are 1.4 and 2 mm lower than those with anchor cables.
[image: Figure 18]FIGURE 18 | Settlement curves at the right side of Case 1 and Case 2. (A) Surface settlement. (B) Soil settlement at 3 m underground.
[image: Figure 19]FIGURE 19 | Settlement curves at the left-hand side of Case 1 and Case 2. (A) Surface settlement. (B) Soil settlement at 3 m underground.
Figure 19 shows that the settlement curve pattern at the left-hand side basically matches that at the right-hand side of the excavation and is consistent with the settlement change pattern of the support structure of a piled anchor. Figure 19A shows that with sufficient support, the surface settlement on the side near the existing excavation side is only 1.6 mm, whereas the surface settlement on the side of crossing excavation increases due to the weakness of the anchor cable. Because of the support of the existing anchor cable and the soldier piles on both sides, the peak of surface settlement is controlled at 3.3 mm, which is much smaller than the 19.2 mm on the right-hand side of the soldier piles.
5.3.3 Excavation stability analysis
The stability of an excavation or slope is important for a project’s safety (He and Kusiak, 2017; Li et al., 2021b; Li et al., 2021c; Cui et al., 2021; Zhou et al., 2021; Li et al., 2022). The methods of excavation stability analysis include the limit equilibrium method, limit analysis method and strength reduction method. The strength reduction method is used often in finite element analysis to calculate the stability of the excavation. Specifically, the strength parameters c and φ are reduced through small increments until the limit state of the soil is reached. The minimum safety factor and failure mode (Han et al., 2022) of the excavation construction are then determined according to various shapes, loads, and boundary conditions. The stability safety factor Fs of the excavation is determined using the following equation:
[image: image]
where c0 and φ0 are the initial strength parameters when defining the soil properties, and cr and φr are the reduced soil strength parameters. The strength reduction method was used to calculate the overall instability state of the excavation, and the reduction ratio was the stability safety factor of the excavation. The safety factors of excavation stability of Case 1 and Case 2 were calculated to be 2.3 and 1.5, respectively, which are high and this indicates that an excavation collapse will not easily occur.
Figure 20 shows the equivalent strain of the soil, which reflects the damage contour of the excavation surface when the soil reaches the limit state in the process of strength reduction. Figure 20A shows that the maximum plastic strain occurred on both sides of the excavation bottom and the plastic strain area extended in all directions at an angle of approximately 45°. Under the constraint of the anchor cable, the plastic strain area of the soil layer is smaller on the left-hand side of the crossing excavation and the deformation of the excavation bottom is well controlled. When compared with Figure 20B, it can be seen that without anchor cables, the plastic strain area is larger, extending from the bottom of the crossing excavation to the sidewall of the existing excavation, and the largest deformation occurs at the bottom of the crossing excavation. The bottom of the excavation swells. This indicates that the anchor cables in the sidewall of the existing excavation can effectively suppress the equivalent strain of soil during the excavation of the crossing excavation.
[image: Figure 20]FIGURE 20 | Comparison of equivalent plastic strain of the excavation. (A) Equivalent plastic strain of Case 1. (B) Equivalent plastic strain of Case 2.
6 CONCLUSION
Based on the construction project of the inlet and outlet pipe network of Jinan East Railway Station Area Sewage Treatment Plant, the following conclusions were drawn through the compilation and analysis of the on-site measured data during the excavation of the anchor-cable area. The conclusions were also based on the analysis of the mechanical effects of the retaining structure and stratum deformation variation with and without anchor cables using finite element simulation. The construction method presented in this case study guarantees the safe construction of the pipeline. This is a beneficial attempt for the pipe jacking crossing through obstacles and is an important guideline for other obstacle crossing project.
1) A construction scheme of the steel-sheet pile and jet grouting pile for waterproof and open-cut excavation for crossing the anchor-cable area is proposed for the engineering problem of pipe jacking crossing the dense anchor-cable section in soft and water-rich strata. When the steel-sheet pile is pressed in and touches the anchor cable, the compressive stress at the pile top rapidly increases to twice the stress in the case of the normal press-in. The maximum lateral displacements of the retaining structure on both sides of the excavation δv are 0.15% He and 0.12% He, respectively. This indicates a strong ability to control deformation.
2) The surface settlements on both sides of the crossing excavation are in “groove type,” increasing first and then decreasing with the increase of distance, which is consistent with the settlement change pattern of the support structure of the piled anchor. The maximum soil settlement δh is 0.29% He and 0.05% He, respectively. This indicates that the anchor cables of the existing excavation can effectively control the settlement of soil outside the excavation.
3) Without an anchor-cable support at the existing excavation sidewalls, the top of the soldier pile of crossing excavation presents a typical deformation pattern of the cantilever support structure. The maximum displacement at all stages occurs near the excavation bottom. The maximum horizontal displacement of the pile is 9.2 mm, which is 41.5% higher than that observed with the anchor cable. This indicates that the anchor-cable group in the soil can effectively control the deformation of the retaining structure.
4) The maximum plastic strain during the excavation construction occurs on both sides of the excavation bottom and the plastic strain area extends in all directions at an angle of approximately 45°. With anchor cables, the plastic strain area on both sides of the excavation is smaller and the deformation of the excavation bottom is well controlled; without anchor cables, the plastic strain area on both sides of the excavation is larger, which leads to an obvious decline in the stability of the excavation. The anchor cables in the sidewalls of the existing excavation can effectively suppress the equivalent strain of soil during the excavation of the crossing excavation.
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Treatment

Direct pullout of anchor
cables

Pipe-jacking machine
cutting the anchor cable

Pullout of anchor cable with
the casing (Qiao, 2016)

Manual excavation of the
working shaft and transverse
passageway (Wang, 2012)

Vertical cutting method with
a full-casing full-slewing
drilling machine (Wau et al,
2020)

Ground cutting anchor-
cable technology with a
rotary drilling machine (You
and Yan, 2017)

Open machine cutting
anchors and manual
excavation prospecting well
and advanced treatment (Lv,
2017)

Highlights

Pullout the anchor cables from
the excavation on one side of the
anchor-cable crossing area with
a large-tonnage jack and
reaction frame. This method can
be combined with casing drilling
and pulling technology.

Improve the head of the pipe-
jacking machine, optimize the
cutter cutting system, configure
special tools that can cut steel
strands, and reasonably regulate
the excavation and cutting
parameters.

Specially processed three-wing
drill bit is adopted, and high-
pressure blast is used in the hole
for slag discharge. The drilling
angle is as far as possible
consistent with that of the
existing anchor cable, and the
irregular anchoring body is set
in the casing as a whole, When
drilling to the end of the anchor
bolt, for every section of casing
pulled out and every section of
cement broken, a section of
strand can be cut. Finally,
cement mortar is used to seal the
hole.

Pour concrete bedding at about
50 cm below the anchor-cable
position in the working shaft of
the anchor-cable section. If no
anchor cable is observed in the
working shaft, then a transverse
passageway needs to be
constructed at the anchor-cable
position; the anchor cable
should be pulled out with a light
anchor pullout device in a
narrow underground space, and
the concrete should be backfilled
in time.

In an area with anchor-cable
obstacles, a full-casing full-
slewing drilling machine should
be used to cut the soil, and a
special grab bucket should be
used to grab out all the cuttings
and then mortar should be used
for backflling; triple-pipe high-
pressure jet grouting pile should
be used for added reinforcement
between the piles; afterward, the
drilling machine should be
moved for the construction of
the next pile.

First use a rotary drilling
machine to cut the anchor cable
on the ground to release the
tension stress of the anchor
cable, and bring some anchor
cables out in the meantime; the
two severed sections of anchor
cables remain in the stratum as
free ends; adjust the boring
parameters during the boring
and crossing operation of the
jacking pipe to extrude the
anchor cables as free ends into
the soil on both sides of the pipe.

Open the cabin and remove the
anchor cable entangled in the
cutter. For the treatment of the
anchor-cable section in front,
locate the anchor cable through
an exploratory well of the
application retaining wall, cut
the anchor cable and then pull it
out with a hydraulic anchor
puller, with power driven by a
winch.

Application scopes

1. Good stratum stability

2. Sufficient pullout resistance
and stiffness of the jack and
reaction frame

3. Sufficient working space

4 Long enough exposed part of
the strand

1. Special tools that can cut
steel strands

2. Reasonable regulation and
control of excavation and
cutting parameters

1. Short anchor cables to be cut

2. Good stratum stability

3. Certain working space

It is necessary to reduce the
impact of anchor cable
treatment on underground
pipelines and ground traffic;
2. Small amount of engineering
earthwork;

3. Good stratum stability

1. Enough operation space on
ground;

2. Dense distribution of anchor
cables;

3. The anchor cables need to be
quickly, thoroughly, and
efficiently removed

1. Higher requirements for
ground construction
conditions and surrounding
environment

2. The anchor cables need to be
quickly and efficiently removed
thoroughly

1. Good stratum stability

2. High construction quality of
retaining wall, guaranteeing the
safety of the operators

3. The schedule of construction
is not tight

Advantages

1. Simple implementation

2. Low engineering cost

1. Convenient application

2. Basically no effect on
underground pipelines and
ground traffic

1. The problem that the strand is
easy to break is solved

2. The anchor cable is located in
the centre of the drilling tool,
exerting less impact on the
pipelines and ground traffic

3. Lower safety risk in
construction

1. Effective climination of the
influence on the surrounding
soil and pipeline;

2. Thorough removal of anchor
cables

3. Less requirement for working
space

1.5tep-by-step construction is
acceptable, contributing to
flexibility of the construction
period

2. Thorough removal of anchor
cables

3. Lower construction risk

4. Less influence on the
surrounding soil

1. The process is mature and the
anchor cables are removed
thoroughly

2.Controllable construction
safety risks

3. Flexible arrangement of
rotary piles

4. Smaller engineering
quantities

1. Thorough removal of anchor
cables

2. Greater flexibility in
construction

3. Less influence on the
surrounding environment

Disadvantages

1. Insufficient pullout resistance

2. Rusting of anchor head of anchor
cable, resulting in easy pulling out of
tendons

3. Prone to soil disturbance in the
process of pulling, affecting the
stability of soil layer

1. Steel strand is easy to wind
around the cutter, causing damage
to the pipe-jacking machine

2. Serious wear and tear on the
cutter head

1. The drilling angle needs to be
consistent with that of the existing
anchor cable, and the anchor cable
should be easy to be cut offin case of
too long anchor cable

2. High engineering cost

3. Long construction period and
stricter requirements for working
space

1. If the manually excavated hole is

deep or there is groundwater within
the excavation area, then there may
be certain risks

2. There are restrictions on the use
of the process

1. Larger area occupation and
higher working space requirements

2. Higher engineering cost

3. Higher influence on underground
pipelines and ground traffic

1. Larger area and higher working
space requirements

2. Needs for pipeline relocation and
traffic diversion in the drilling area

1. The existing pipeline under the
road needs to be relocated, which
difficult and affects the construction
period

2. Existence of safety hazards
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