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Abstract

:

Straight-wall arch cross-sections are usually designed at the entrance and exit tunnels of subway stations, and dense underground pipelines often cross these cross-sections at close range. Among these pipelines, gas pipelines have the highest risk level. Therefore, it is necessary to reduce the deformation influence of underground crossing construction on existing gas pipelines. Based on the No. 2 entrance and exit tunnel project of Zhongshan Road Station of the Hohhot Metro Line 2, using the methods of numerical simulation and field monitoring, this paper has particularly investigated the influence of straight-wall arch tunnel construction by applying the pre-grouting reinforcement and double-side drift method to the deformation of existing gas pipelines. The research results show that the double-side drift method is an efficient and sustainable construction method for straight-wall arch tunnels, which can effectively reduce the crossing construction disturbance to overlying gas pipelines. The measured maximum settlement of the existing gas pipeline is 18.46 mm, and the maximum settlement of the new tunnel vault is 22.86 mm, with both values satisfying the requirements for deformation control. The simulation results are consistent with the measured results of gas pipeline settlement. This study shows that the safety control scheme employed in the field with a tunnel excavation step of 6 m, stratum reinforcement with upper semi-section grouting, and a grouting reinforcement range of 2.0 m is reasonable and effective. This scheme can provide a reference for the deformation control of similar underground gas pipelines in the crossing construction of straight-wall arch tunnels at close range.
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1. Introduction


With the continuous increase in people’s demand for traveling, the construction planning of urban rail transit in China is increasing progressively, with the emergence of many energy-saving, efficient, and environmentally friendly subway tunnels with open excavation, underground excavation, or a combination of both methods in the promotion of sustainable urban development. In urban central business areas, dense underground municipal pipelines are often encountered in the construction of subway tunnels. Close-range construction of subway tunnels imposes a serious impact on various pipelines, among which gas pipelines are one kind of municipal pipeline with the highest risk level. Deformation or even cracking of existing gas pipelines is likely to be caused by the construction disturbance of subway tunnels. Disaster accidents such as gas damage, leakage, and explosions caused by the construction of subway tunnels occur from time to time, which pose a serious threat to national property and the safety of people’s lives. How to better protect gas pipelines in the process of tunnel excavation has become a key issue in the development of urban tunnels.



At present, numerous scholars have conducted extensive research and achieved a series of research results regarding the response of existing pipelines to undercrossing construction of tunnels. The research methods that were adopted included analytical solutions, numerical simulations, model tests, and field monitoring. Two analytical solutions incorporating the elastic-continuum model and the Pasternak model were formulated to estimate the deflection and bending moment of two adjacent pipelines situated above a newly constructed tunnel [1]. The tunnel–pipeline–soil interaction problem was also examined from an elastic-continuum-based approach [2,3]. When using the Winkler model to analyze the impact of tunnel excavation on existing pipelines, one of the key issues is to evaluate the subgrade modulus under external soil displacement. An expression of the Winkler subgrade modulus for a pipeline buried at an arbitrary depth and subjected to soil displacement with an arbitrary curve shape was given [4]. Underground pipelines with joints also remain worth studying. Regarding joints of pipelines as rational springs, a Winkler solution based on the improved Winkler modulus was proposed to analyze the response of jointed pipelines due to tunneling [5]. Moreover, tunnel excavations can cause ground surface settlement, which in turn affect the mechanics characteristics and structural integrity of adjacent pipelines [6,7,8,9,10]. Although some valuable insights have been gained from the theoretical analysis, there are few working conditions studied for analytical solutions, and numerical simulations can effectively compensate for this deficiency. Based on the boundary element model, a displacement-controlled two-stage method was presented to predict the deformation behavior of existing pipelines subjected to tunneling-induced deformations in layered soils [11]. The influence of tunnel excavation on surface and existing pipeline deformation were studied by establishing a finite difference model corresponding to actual engineering [12,13,14,15]. When studying jointed pipelines through numerical simulations, the joints were usually simplified as hinges [16]. Capable of solving problems in a complex field, three-dimensional numerical studies were widely applied to predict the displacement of different types of pipelines [17,18,19]. It is very common that two or more pipelines in the ground exist beneath or close to the newly built tunnels to be excavated in practice. Centrifuge tests were conducted to investigate the tunnel–pipeline–soil interaction and the response of pipelines to multi-tunneling [20,21,22,23]. In numerical studies, the parameters of the numerical models are difficult to determine accurately and conform to reality. Field monitoring remains a reliable method for comprehending the interaction [24,25,26]. Although scholars have conducted a lot of research on the newly constructed tunnels crossing underground pipelines, existing research has mostly simplified the tunnel construction process, which cannot truly reflect the impact of such crossing engineering on gas pipeline deformation. In addition, there is relatively little research on the response of gas pipelines during the straight-sided arch tunnel under-crossing construction.



Based on the No. 2 entrance and exit tunnel project at the Zhongshan Road Station of the Hohhot Metro Line 2, the advance grouting reinforcement scheme and tunnel excavation scheme were first presented. Then, the influence of grouting reinforcement form, grouting reinforcement range, and tunnel excavation step on the settlement of gas pipeline caused by the double-side drift method of straight-wall arch tunnel was analyzed using a three-dimensional finite element numerical simulation. The rationality and reliability were verified by comparing with the measured data.




2. Project Overview


2.1. Project Outline


The Zhongshan Road Station of Hohhot Metro Line 2 is located on the south side of the intersection of Xilingol South Road and Zhongshan East Road. The No. 2 entrance and exit of this station consist of one underground excavation tunnel and one open-cut foundation pit, as shown in Figure 1. The underground excavation tunnel is in the form of a straight-wall arch section. With a total length of 16.40 m, this tunnel is composed of a standard section and an expanded section. Figure 2 shows the cross-sectional dimensions of this tunnel. A double-side drift method was applied in the construction of the straight-wall arch tunnel. Steel grid frames, steel meshes, and C25 sprayed concrete with a thickness of 35 cm were used for the primary support of the tunnel, and for the secondary lining, C35-reinforced concrete construction with a thickness of 60 cm was used.



Right above the underground excavation tunnel, there lies an orthogonal gas pipeline. This gas pipeline is made of cast iron, with an outer diameter and wall thickness of 30 cm and 3 cm, respectively. With a buried depth of 2.17 m, the pipeline has a vertical distance of 2.7 m from the primary support of the tunnel. Figure 3 shows the longitudinal profile of the No. 2 entrance and exit of the Zhongshan Road Station.




2.2. Project Geological Conditions


According to the geological survey report, from the surface downward, the stratum of the underground excavation tunnel in the No. 2 entrance and exit of the station is composed of plain fill, round gravel, silty sand, and grit, while the stratum where the gas pipeline lies primarily consists of plain fill. The soil structure here is loose, with strong water permeability and a poor self-stabilization capacity. Figure 4 shows the geological profile of this project. As shown in this figure, elevations of some parts are marked. For example, “1049.60” means that this part has an elevation of 1,049.60 m. Groundwater in the tunnel belongs to the Quaternary phreatic water type, with an aquifer thickness of about 10.00–14.00 m. In the stage of detailed exploration, the measured field underground water depth ranged from 8 m to 8.80 m.




2.3. Field Construction Scheme


2.3.1. Grouting Reinforcement Scheme


The soft soil layer at the tunnel vault of the underground excavation section in the No. 2 entrance and exit was reinforced through ahead grouting, with a grouting range of 2.0 m outside the excavation contour line of the upper section, and the layout angle of the grouting pipe was adjusted according to the pipeline’s actual situation. With a first grouting length of 12 m and an excavation length of 10 m, a sealing batholite with a length of 2 m was reserved. Meanwhile, in order to avoid grout leakage, a grout wall was set before grouting. Strength-grade C25 shotcrete with mesh reinforcement and a thickness of 300 mm was used to build the grout wall. Also, double-layered steel mesh with a diameter of 6.5 mm was used, with a distance of 150 mm between every two steel bars. During construction, every mesh was fixed on the steel anchor rod and welded firmly with the main reinforcement of the grid. Grade HRB400 steel bars with a diameter of 22 mm and a length of 1.5 m were used to build the steel anchor rod, with a spacing of 500 mm between every two steel bars. Grouting holes were arranged in the pattern of a plum blossom, with three rows arranged from outside to inside. The length of each leading conduit is 2 m and the diameter and wall thickness of the grouting pipe are 32 mm and 3.25 mm, respectively. Also, with an external plug angle of 15°, the grouting pipe has a circumferential spacing of 350 mm. Cement and sodium silicate mixed slurry were used with a grouting filling influence radius of 0.8 m, a grouting speed of 30–50 L/min, and a grouting pressure of 0.8–1.5 MPa. Figure 5 shows the schematic diagram of grouting reinforcement.




2.3.2. Tunnel Excavation Scheme


A double-side drift method was applied to construct the straight-wall arch tunnel, with the main construction stages shown in Figure 6. In this figure, “Stage 1” represents the lead grouting and the excavation of the No. 1 pilot tunnel, “Stages 2–6” represents the excavation of the No. 2–No. 6 pilot tunnels, and “Stage 7” represents the demolition of the partition wall for building the secondary lining structure. After the excavation of soil mass on the upper step of the No. 1 pilot tunnel, the steel mesh was hung, and the lattice girders of the tunnel arch, side walls, and partition wall were erected, with the foot-locking anchor rod settled and concrete sprayed.



The No. 2 pilot tunnel was excavated with its support constructed, with a no less than 6 m longitudinal excavation step distance between the No. 1 and No. 2 chambers. Then, the No. 3 and No. 4 chambers were excavated, and their primary supports were built, with the longitudinal excavation step between the No. 1 and No. 3 chambers, as well as that step between the No. 2 and No. 4 chambers, no less than 6m. Then, the No. 5 chamber was excavated after the building of its primary arch support and a temporary inverted arch. After that, the excavation of the No. 6 chamber was carried out. Then, the bottom secondary lining was built, and after the removal of some parts of the temporary partition wall, the upper structure of the secondary lining and its bracing were built, with the remaining part of the temporary partition wall demolished.






3. Analysis of Finite Element Numerical Simulation


3.1. Establishment of Numerical Model


3.1.1. Model Establishment


Figure 7 shows the three-dimensional numerical model established with a size of 100 m × 20 m × 50 m. This study was modeled using the 3D finite element software Midas GTS NX (2020). The constitutive model used for soils was Mohr–Coulomb, which corresponds to the prototype materials in the actual engineering. The soil, tunnel structure, and gas pipeline were all simulated using 3D solid elements. The primary support and middle partition were modeled using 2D plate elements. In order to restrict the horizontal movement, the top and side surfaces of the model were set as a free boundary and a displacement boundary, respectively. The ground surface was set as a displacement boundary to restrict the movement along the vertical direction.




3.1.2. Calculation Parameters


The stratum calculation parameters with stratum distribution simplified into a homogeneous and stratified pattern are listed in Table 1. The simulation of the grouting reinforcement area was realized through the changes in stratum properties, and the parameters of the grouting reinforcement area were settled through reference to the engineering cases of similar underground excavation tunnels. Also, the calculation parameters of the primary support, secondary lining, and partition wall were determined based on design data. The structural calculation parameters are listed in Table 2.





3.2. Numerical Simulation Scheme


In the construction of straight-wall arch tunnels, the close-range crossing of the underground gas pipeline using double-side drift method poses a relatively high risk. This paper has applied the control variable method to perform the numerical simulation analysis under nine groups of working conditions corresponding to those three aspects of the form and scope of the grouting reinforcement area and the excavation steps of tunnels. The aim is to investigate the influences of different safety control schemes on pipeline deformation in the construction of new straight-wall arch tunnels crossing existing underground gas pipelines. The specific numerical simulation design schemes are listed in Table 3.



Among these schemes, Scheme 1 was used as a basic safety control scheme to compare different working conditions. In Schemes 1–3, the influences of three different types of grouting reinforcement areas on the deformation of gas pipelines were primarily investigated, with the types of grouting reinforcement areas shown in Figure 8. The influences of four different ranges of grouting reinforcement on the deformation of gas pipelines were primarily studied in Schemes 1 and 4–6. Also, the influences of four different tunnel excavation steps on the deformation of gas pipelines were investigated in Schemes 1 and 7–9, with the schematic diagram of excavation steps shown in Figure 9.




3.3. Control Indexes


According to the Code for Risk Management of Underground Works in Urban Rail Transit (GB 50652-2011) and the Code for Design of City Gas Engineering (GB 50028-2006) [27,28], in this paper, the accumulated control values of tunnel vault settlement and gas pipeline settlement were set at 30 mm and 20 mm, respectively.




3.4. Results of Numerical Simulation


3.4.1. Types of Grouting Reinforcement


The settlement trough curves of the gas pipeline under different working conditions of grouting reinforcement are shown in Figure 10. Also, the fitted settlement trough parameters of the gas pipeline are listed in Table 4. The results of the numerical simulation show that the type of grouting reinforcement has a significant influence on the settlement of underground pipelines. Under a full-section grouting type, the maximum settlement, offset, and settlement trough width of the gas pipeline reach their smallest values. The settlement of gas pipelines under the schemes of full-section grouting and upper semi-section grouting reach the values of 11.06 mm and 18.23 mm, respectively, with the latter being 39% higher than the former. With no grouting reinforcement, the maximum settlement of the gas pipeline reaches a value of 26.17 mm. The difference between the fitted value of gas pipeline settlement through the modified Peck formula and the numerical simulation results has a maximum value of 1.54 mm. It is worth noting that because pilot tunnels at the left side were excavated first, the maximum settlement of the gas pipeline tends to appear at the left side of the center line of the straight-wall arch tunnel.



The development of gas pipeline settlement under different grouting reinforcement types is shown in Figure 11. Tunnel grouting reinforcement can effectively control the settlement of the overlying gas pipeline, with the effect of full-section grouting being superior to the effect of upper semi-section grouting. After the grouting reinforcement, gaps in soil masses can be filled, and the strength of soil masses can be improved, thus reducing the stratum settlement caused by tunnel construction. The upper semi-section grouting reinforcement scheme proposed field can effectively control the settlement of the gas pipeline and save time and materials compared with the full-section grouting reinforcement scheme. Therefore, it is appropriate to employ this scheme for field construction.




3.4.2. Grouting Reinforcement Range


When the upper semi-section grouting reinforcement is applied on site, its range will also have a certain influence on the settlement of the gas pipeline. With the consideration that there is a vertical distance of 2.69 m between the primary support and the gas pipeline, the maximum grouting range was set at 2.5 m. Figure 12 shows the settlement trough curves of the gas pipeline under working conditions with different grouting reinforcement ranges. Also, the fitted settlement trough parameters of the gas pipeline are listed in Table 5. With the increase in grouting range, the maximum value of gas pipeline settlement gradually decreased, with a decreasing value of gas pipeline offset and an increasing width of settlement trough. With the grouting range increased from 1.0 m to 2.0 m, the maximum value of gas pipeline settlement, which is close to 20 mm, changed slightly. When the grouting range was increased to 2.5 m, the value of gas pipeline settlement dropped to 12.41 mm. There will be an optimal control effect under a grouting range of 2.5 m. However, because the grouting area is too close to the gas pipeline, grouting construction could have some impact on the gas pipeline. Therefore, a final decision was made on site that grouting should be carried out within an outward range with a 2.0 m distance from the outer contour line of the tunnel.




3.4.3. Step Distance of Tunnel Excavation


Figure 13 shows the settlement trough curves of the gas pipeline under different step distances of tunnel excavation. Also, the fitted settlement trough parameters of the gas pipeline are listed in Table 6. The maximum settlement value of the gas pipeline increases with the step distance of tunnel excavation. With a relatively large step distance of tunnel excavation, failing to close the tunnel lining promptly will result in intensified settlement of the upper soil mass, which in turn leads to increased pipeline settlement. Under tunnel excavation step distances of 2 m and 4 m, the maximum settlement of the gas pipeline reaches values of 12.23 mm and 13.62 mm, respectively. Under tunnel excavation step distances of 6m and 8m, the maximum pipeline settlement reaches values of 18.23 mm and 23.16 mm, respectively, representing a large increase compared with the maximum pipeline settlement under working conditions of excavation step distances of 2 m and 4 m. The fitted maximum settlement values of the gas pipeline are relatively close to the simulation results. However, there is no great change in the width of the settlement trough. In order to control the settlement of the gas pipeline reasonably, in the actual construction, a step distance of 6m was selected for tunnel excavation.






4. Field Monitoring Data Analysis


4.1. Field Monitoring Scheme


Figure 14 shows the arrangement of the field measuring points. A total of eight measuring points were arranged in the tunnel, with two rows of measuring points arranged in the expanded section and three measuring points arranged in each section. There were three monitoring sections, which were 0.5 m, 6.5 m, and 12.5 m away from the entrance section of the tunnel. The measuring points of the gas pipeline are represented with the letter “R”, and the measuring points of the vault settlement of the underground excavation tunnel are represented with the letter “G”. The uplift and settlement of the gas pipeline and tunnel vault are represented with the positive and negative values of their vertical displacements, respectively. When the horizontal distance (L) between the tunnel surface and monitoring points is less than 2B, measure once every two days. When L is greater than 2B and less than 5B, measure once every two days. B is the width of the tunnel.




4.2. Analysis of Monitoring Results


4.2.1. Gas Pipeline Settlement


Figure 15 shows the settlement duration curve of the gas pipeline. Settlement is the primary movement pattern of the gas pipeline, with the largest settlement of the gas pipeline measured at the measuring point GXC-RQ2-03, directly above the No. 5 pilot tunnel. When the No. 1 and No. 2 pilot tunnels were connected on 17 May, the maximum settlement of the gas pipeline was measured at 3.66 mm. When the No. 3 and No. 4 pilot tunnels on the right side were connected on 1 June, an increase in the settlement of the gas pipeline on the upper right side of the tunnel was witnessed. When the No. 5 and No. 6 pilot tunnels were connected on 14 June, there was a significant settlement of the overlying pipeline caused by the soil mass excavation in the middle of the straight-wall arch tunnel. When the middle partition wall was demolished and the secondary lining structure was constructed on 21 July, the settlement of the gas pipeline increased greatly.



Figure 16 shows the cross-sectional settlement trough of the gas pipeline.



After the connection of the No. 1 and No. 2 pilot tunnels, a relatively large settlement appeared on the left side of the gas pipeline, with a relatively small settlement occurring on the right side of the pipeline. With the penetration of the No. 3 pilot tunnel, a significant settlement emerged on the right side of the gas pipeline, which is caused by the upper excavation of soil mass on the right side of the tunnel. However, the soil mass in the middle of the tunnel was not excavated. Therefore, the pipeline settlement at the tunnel vault was slightly less than that settlement on both sides of the tunnel, with the pipeline deformation presenting a “W-like” pattern. After the penetration of the No. 4 pilot tunnel, there appeared continuous settlement on the right side of the pipeline. Also, with some construction having been performed on the soil mass in the middle section of the tunnel, there was an apparent settlement of the middle pipeline. At this time, although the overall deformation of the pipeline still exhibited a “W-like” pattern, it presented a more symmetrical shape than that shape at the previous stage. After the penetration of the No. 5 pilot tunnel, a significant increase in settlement was witnessed in the middle of the pipeline. At this time, the pipeline deformation presented a “V-like” pattern, with a maximum settlement value of 8.03 mm, which accounts for 43.5% of the final settlement value. The reason lies in that, with the excavation of the upper soil mass in the middle of the tunnel, some soil mass support at the tunnel vault was lost, and settlement emerged at the primary support undergoing relatively large loading of surrounding rocks, thus further leading to increased settlement in the middle of the pipeline. With the penetration of the No.6 pilot tunnel, on the basis of the settlement at the previous stage, the pipeline settlement continuously increased, with a maximum settlement value of 9.83 mm, accounting for 53.2% of the value of the final settlement. When the temporary middle partition wall in the tunnel was demolished, and the secondary lining structure was constructed, the pipeline settlement reached a value of 18.46 mm. This is because when the support of the tunnel was removed, the overall structural stiffness of the tunnel dropped, thus resulting in the great settlement of the whole tunnel structure and the upper part of the gas pipeline. At this time, the settlement of the pipeline reached its maximum value, which is less than the deformation control value of 20 mm. Therefore, the influence of the crossing construction of the newly built underground excavation tunnel at the No. 2 entrance and exit of the subway station on the deformation of the existing gas pipeline is within a safe and controllable range. However, it is worth noting that the final pipeline settlement after the completion of the construction is close to the standard of safety control. Therefore, it is suggested that construction quality should be vigorously controlled during the construction process to minimize the impact of human factors on pipeline safety. The width of the transverse settlement trough (L) could be determined according to the Peck formula. i represents the width coefficient of the gas pipeline settlement trough. L is about six times i. Based on the measured data the pipeline settlement trough width coefficient (i) is 6.75 m in the nonlinear fitting. The width of the affected settlement zone (6i) is 40.5 m.




4.2.2. Settlement of Tunnel Vault


Figure 17 shows the settlement duration curve of the vault of a straight-wall arch tunnel. At the early stage of the straight-wall arch tunnel, a slight settlement appeared at the tunnel vault, indicating a slight disturbance in the construction on the soil mass. With the penetration of the No. 2 pilot tunnel on 16 May, significant increases in the vault settlement at the measuring points GDC-1 and GDC-2 were witnessed. When the No. 3 and No. 4 pilot tunnels were connected on June 1st, the vault settlement values of the tunnel fell into a range of 5.3 mm to 11.7 mm. When the No. 5 and No. 6 pilot tunnels were connected on 14 June, continuously increased settlement was witnessed at the tunnel vault, with a maximum settlement value of 14.82 mm there. When the secondary lining structure was constructed on 21 July, significant settlement appeared at the tunnel vault, with the vault settlement during this stage accounting for around 35.1% of the total settlement. Also, the largest settlement was measured at the measuring point GDC-5. The reason lies in that, with the temporary middle partition wall demolished, the tunnel vault lost its support, and the secondary lining structure in the middle of the tunnel did not reach its expected strength. Meanwhile, the measured maximum value of tunnel vault settlement is 22.84 mm, which is less than the specified value of 30 mm according to the control standard of tunnel vault deformation.





4.3. Comparison of Simulation and Measurement Results


The measured value of the final settlement of the tunnel vault measuring point GDC-2-2 is 17.42 mm, while the simulated value is 15.68 mm, a difference of 10%. The measured value of the final settlement of the measuring point GDC-2-5 is 22.84 mm, and the simulated value is 21.86 mm, with a difference of 4.3%. Figure 18 shows the comparison of simulated and measured settlement results of the gas pipeline with the measuring point GXC-RQ-3 taken as an example. There is a good fitting degree between the two methods of numerical simulation and measured data analysis in terms of the variation pattern of gas pipeline settlement, with less than 10% differences between those values obtained through these two methods during different construction stages. The following pattern can be obtained through both numerical simulation and measured data analysis: the deformation of the gas pipeline during the construction process of a straight-wall arch tunnel crossing the underground gas pipeline at close range primarily presents a pattern of settlement, with significant pipeline settlement at the construction stages of middle pilot tunnels and secondary lining structure. In the numerical simulation, the soil layer was simplified, with an excavation step distance of 6m in each pilot tunnel and a single time of grouting reinforcement, while in the actual construction, the length of grouting reinforcement each time was 10 m. Therefore, the measured data are slightly higher than the simulated data. In the numerical simulation, the procedure of timely construction of secondary lining upon the removal of the middle partition wall with a certain length during the middle partition wall removal and secondary lining construction period was strictly followed, while in the actual construction, there was a time effect with the lagging secondary lining construction.





5. Conclusions


This article is based on the No. 2 entrance and exit tunnel project of Zhongshan Road Station of the Hohhot Metro Line 2. Using the methods of numerical simulation and field monitoring, this paper has particularly investigated the influence of straight-wall arch tunnel construction, applying the pre-grouting reinforcement and double-side drift method on the deformation of existing gas pipelines. The main conclusions are as follows:




	(1)

	
The application of the advanced grouting reinforcement measure is conducive to the control of gas pipeline settlement, with a broader range of grouting reinforcement bringing about a smaller settlement of the gas pipeline. Using the method of upper semi-section grouting reinforcement to prevent the grouting area from being too close to the gas pipeline, a grouting reinforcement range of 2.0 m was determined in this study, with a calculated maximum value of gas pipeline settlement being 18.23 mm.




	(2)

	
The entrance and exit tunnels of the subway station are constructed with a straight-wall arch structural pattern, and the application of a double-side drift method in the construction can reduce the stress concentration of the lining, thus representing an efficient and sustainable method for tunnel construction. A smaller step distance of excavation brings about a smaller settlement of the gas pipeline. Under an excavation step distance of 8 m, the maximum settlement of the gas pipeline reached a value of 23.16 mm, which is higher than the control value. Therefore, it is appropriate to apply an excavation step distance of 6m on site.




	(3)

	
With the application of the advanced grouting reinforcement method in the construction of the straight-wall arch tunnel, the use of the double-side drift method in the building of the tunnel body can effectively reduce the influence of crossing construction on the settlement of overlying gas pipeline. The measured maximum settlement of the gas pipeline reached a value of 18.46 mm, with the maximum settlement of the tunnel vault reaching a value of 22.86 mm. Both values are lower than the specified value of the control standard, indicating a successful application of the proposed deformation control measure in this project.
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Figure 1. Plan view of the site. 
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Figure 2. Tunnel cross-sectional dimensions (unit: mm). (a) Standard section and (b) expanded section. 
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Figure 3. Longitudinal cross-section of the site. 
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Figure 4. Engineering geological profile (unit: m). (a) Geological cross-section profile, and (b) geological longitudinal section profile. 
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Figure 5. Diagram of grouting reinforcement (unit: mm). (a) Cross section; (b) longitudinal section. 
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Figure 6. Diagram of double-side drift method construction. 
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Figure 7. Three-dimensional numerical model. (a) Overall structure; (b) relative position of tunnel and gas pipeline. 
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Figure 8. Grouting reinforcement form. (a) Without grouting; (b) upper semi-section grouting; and (c) full-section grouting. 
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Figure 9. Diagram of excavation steps. 
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Figure 10. Settlement trough curves of gas pipeline under different grouting reinforcement types. 
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Figure 11. The development of gas pipeline settlement. 
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Figure 12. Settlement trough curves of gas pipeline under different grouting reinforcement ranges. 
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Figure 13. Settlement trough curves of the gas pipeline under different step distances of tunneling. 
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Figure 14. Layout of field measuring points. (a) Gas pipeline, and (b) straight-sided arch tunnel. 
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Figure 15. Settlement duration curve of the gas pipeline. 
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Figure 16. Cross-sectional settlement trough of the gas pipeline. 
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Figure 17. Settlement duration curve of the vault. 
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Figure 18. Comparison between simulation and measurement. 
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Table 1. Physical and mechanical indexes of the surrounding soil.






Table 1. Physical and mechanical indexes of the surrounding soil.





	Stratum
	Thickness (m)
	Unit Weight (kN/m3)
	Young’s

Modulus (MPa)
	Poisson’s Ratio
	Cohesion (kPa)
	Angle of

Friction (°)





	Backfill
	3.6
	19
	10
	0.36
	3
	36



	Round gravel
	2.7
	20
	25
	0.35
	0
	36



	Silty sand
	5.9
	20
	24
	0.32
	0
	31



	Gravelly sand
	2.0
	20.7
	25
	0.30
	0
	34



	Silty clay
	35.8
	19.8
	18
	0.30
	37
	16



	Grout
	2.0
	21
	52
	0.23
	90
	36










 





Table 2. Physical and mechanical index of structure.
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	Type
	Unit Weight (kN/m3)
	Young’s Modulus (MPa)
	Poisson’s Ratio





	Primary support
	19
	21
	0.30



	Secondary lining
	25
	30
	0.17



	Partition wall
	19
	21
	0.30



	Gas pipeline
	7.3
	160
	0.30










 





Table 3. Numerical simulation scheme.






Table 3. Numerical simulation scheme.





	Scheme
	Grouting Reinforcement Form
	Grouting Reinforcement Range (m)
	Step Distances of Tunneling (m)





	Scheme 1
	Semi-section grouting
	2.0
	6.0



	Scheme 2
	Full-section grouting
	2.0
	6.0



	Scheme 3
	Without grouting
	2.0
	6.0



	Scheme 4
	Semi-section grouting
	1.0
	6.0



	Scheme 5
	Semi-section grouting
	1.5
	6.0



	Scheme 6
	Semi-section grouting
	2.5
	6.0



	Scheme 7
	Semi-section grouting
	2.0
	2.0



	Scheme 8
	Semi-section grouting
	2.0
	4.0



	Scheme 9
	Semi-section grouting
	2.0
	8.0










 





Table 4. Settlement trough parameters of gas pipeline under different grouting reinforcement types.
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	Grouting Form
	Simulated Maximum Settlement (mm)
	Fitted Maximum Settlement (mm)
	The Difference between

Simulated and Fitted

Maximum Settlement (mm)
	Offset

(mm)
	Settlement Trough Width (mm)





	Full-section grouting
	11.06
	10.57
	0.49
	−0.09
	6.32



	Semi-section grouting
	18.23
	17.15
	1.08
	−0.14
	6.63



	Without grouting
	26.17
	24.63
	1.54
	−0.25
	7.31










 





Table 5. Settlement trough parameters of gas pipeline under different grouting reinforcement ranges.
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	Grouting Range (m)
	Simulated Maximum Settlement (mm)
	Fitted Maximum Settlement (mm)
	The Difference between

Simulated and Fitted

Maximum Settlement (mm)
	Offset

(mm)
	Settlement Trough Width (mm)





	1.0
	19.55
	18.64
	0.91
	−0.25
	5.48



	1.5
	19.01
	18.44
	0.57
	−0.18
	5.71



	2.0
	18.23
	17.15
	1.08
	−0.14
	6.63



	2.5
	12.41
	11.20
	1.21
	−0.08
	7.02










 





Table 6. Settlement trough parameters of gas pipeline under different step distances of tunneling.






Table 6. Settlement trough parameters of gas pipeline under different step distances of tunneling.





	Step Distances of Tunneling (m)
	Simulated Maximum Settlement (mm)
	Fitted Maximum Settlement (mm)
	The Difference between

Simulated and Fitted

Maximum Settlement (mm)
	Offset

(mm)
	Settlement Trough Width (mm)





	2.0
	12.23
	10.89
	1.34
	−0.19
	7.08



	4.0
	13.62
	12.25
	1.37
	−0.15
	6.95



	6.0
	18.23
	17.15
	1.08
	−0.14
	6.63



	8.0
	23.16
	22.86
	0.30
	−0.13
	6.36
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