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1. Introduction 
 

With the acceleration of urbanization, the development 

and utilization of underground space has became the very 

important factor affecting the sustainable development of 

society (Jeon et al. 2020). Owing to advantages of high 

efficiency and little construction noise, shield tunneling has 

become the most popular method in urban tunnel 

construction (Koyama 2003, Jin et al. 2018, Xue et al. 

2019, Qian et al. 2021). Notably, most urban shield tunnel 

crosses the areas with densely distributed underground 

pipelines, inevitably leading to the uneven settlement of 

grounds and the adjacent pipelines (Marshall et al. 2010, 

Zhang et al. 2016). Excessive pipeline deformation would 

exceed the bearing capacity of underground pipelines, 

which may threaten the normal use of the pipelines, and 

even cause major safety accidents. 

Reasonable evaluation of pipeline deformation is 

essential for the design and construction of shield tunneling 

projects, which has attracted attention of many scholars. In  
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terms of theoretical analysis, the elastic foundation beam 

model was commonly used to analyze the pipeline 

deformation, among which the Winkler model was the most 

popular, but it ignored the continuity of foundation 

deformation (Tanahashi 2004, Carrier et al. 2005). 

Therefore, many researches modified the Winkler model 

and developed two-parameter models. Typically, the 

proposed Pasternak model introduced the shear modulus on 

the basis of the Winkler model, which enabled 

consideration of the actual shear effect of the soil in the 

vertical direction (Civalek and Ozturk 2010, Khudayarov et 

al. 2019, Boulefrakh et al. 2019, Sae-Long et al. 2021).  

Field measurement helps to evaluate tunnel safety and 

verify the design parameters against the measured results. 

Many scholars examined new and comprehensive 

monitoring systems with the development of electronic 

information technology. Xie et al. (2017) developed a 

multisection deformation measurement method for shield 

tunnel based on terrestrial laser scanner. Yue et al. (2021) 

proposed a tunnel construction real-time monitoring system 

and pipeline deformation detection system based on 

artificial intelligence internet, which enabled monitoring of 

the deformation position and deformation of tunnel and 

pipeline in real time. Moreover, many researches 

established 3D numerical models to analyze pipeline 

deformation or ground surface settlement caused by 

crossing shield tunnels under different conditions (Ding et 

al. 2017, Mohannadpour et al. 2021, Shao et al. 2022, An et 

al. 2022). Zhao et al. (2022) examined the influence of  
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construction conditions and the included angle between 

pipeline and tunnel on pipeline deformation. The results 

indicated that the settlement and deformation area of the 

pipeline increase as the included angle decreases. 

It has been widely accepted that the deformation of the 

grounds and pipelines are dependent upon stratigraphic 

conditions, spatial effects (curvature radius, slope and shape 

of the tunnel), construction parameters and et al. Many 

scholars studied the ground surface settlement caused by 

shield tunneling in soft stratum or sand-cobble stratum 

through numerical simulation, field tests and model tests, 

found that the surface deformation zone caused by shield 

tunneling in sandy cobble stratum was smaller than that in 

soft stratum, and the surface settlement time-history curve 

presented mutability. (Nagel et al. 2010, He et al. 2012, 

Rezaei et al. 2019). As for shield tunneling in the soil-rock 

composite stratum, Ding et al. (2021) and Li et al. (2020) 

examined the influence of hard-layer ratio, construction 

sequence, tunnel spacing on ground surface deformation by 

field monitoring and numerical simulation. It was found 

that in the process of crossing the composite strata with 

different hard-layer ratios, ground surface settlement 

decreased, but the settlement trough width increased with 

the hard-layer ratio increased. Moreover, some scholars 

examined the construction of shield tunneling with large 

slope and small radius curves through data statistics, 

numerical simulations and field tests, it is found that the 

curvature radius and slope of the tunnel played a dominant 

role in the deformation of ground surface and structures 

above the tunnel. (Feng et al. 2022, Huang and Li 2022). 

Especially, Deng et al. (2021) deduced the deformation 

prediction equation of the existing pipeline and analyzed the 

existing pipeline deformation correlated with the shield 

tunneling along the curved section. Results indicated the 

deformation of the existing pipeline were asymmetrically 

distributed, and the settlement of pipeline were negatively 

correlated with the increase in the tunnel curvature radius. 

Currently, the deformation law of pipeline caused by a 

curved shield tunnel in the soil-rock composite stratum is 

still unclear. Therefore, a case study of the pipeline 

deformation was presented based on a double curved shield 

tunnel in Badoushan-Erqiaopark station of Metro line 1, in 

the soil-rock composite stratum in Nanjing, China. The 

 

 

stratum settlement equation caused by the double shield 

tunneling was modified. The effects of hard-layer ratio, 

turning radius of the tunnel, buried depth of pipeline and et 

al. on the pipeline deformation were analyzed by numerical 

simulation. This study can provide reference for the design 

and construction of similar projects. 

 

 
2. Project overview 

 

The shield zone from the Badoushan Station to the 

Erqiao Park Station of Nanjing Metro Line 1 was located in 

the Qixia District, Nanjing, China. As shown in Fig. 1, the 

shield tunnels crossed several villages, factories and Taixin 

Road in sequence, and finally entered the Erqiao Park 

Station. Note that a concrete DN1200 sewage pipe crossed 

along Taixin Road with a buried depth of 10.0 m. In 

addition, a cast-iron DN600 water supply pipeline and a 

cast-iron DN800 water supply pipeline were buried along 

both sides of Taixin Road with buried depth of about 3 m. 

The shield zone started from K22+037.962 to 

K23+107.865 with a total length of 1069.903m. The buried 

depth ranged from 8.1 m to 25.4 m, the distances between 

two tunnels ranged from 6 m to 10 m. The outer diameter of 

the lining ring was 6200 mm. The thickness and width of 

the segment were 350 mm and 1200 mm, respectively. The 

concrete grade of C50 was used for the segment. The left 

tunnel was carried out first and then the right tunnel.  

The typical cross-section of the shield tunneling along 

with soil profiles is presented in Fig. 2. The miscellaneous 

fill and plain fill were distributed in the upper 3.5 m below 

the surface, followed by a deep silty layer to a depth of 20.8 

m. Below the silty layer was a highly weathered sandstone 

layer with a thickness of 1.8 m, and the lower layer was a 

moderately weathered sandstone layer.  

The plain view of monitoring points of the project as 

shown in Fig. 3. The distance between each pipeline 

settlement measuring point and each ground settlement 

measuring point was about 10 m and 5m, respectively. Due 

to site limitations and the lack of inspection wells, the 

indirect deployment method was adopted to bury indirect 

monitoring points in the soil layer above the pipeline to 

monitor the settlement of the pipeline.  

 

Fig. 1 Location of the project 
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The ground surface settlement measuring points were 

installed along the longitudinal direction above the tunnel 

axis. Standard sections were set at the distance of 30 m (25 

rings), whose measuring points were located at 2.5 m, 6 m, 

11 m, and 25 m away from both sides of the tunnel axis. In 

addition to comparing the final settlement at each 

monitoring section, four typical construction stages were 

selected to compare the settlement at different stages, where 

stages I and II were for the left tunnel reached and crossed 

the monitoring section, respectively, and stages III and IV 

were for the right tunnel reached and crossed the 

monitoring section, respectively. 

 

 
3. Results and discussion 

 

3.1 Analysis of monitoring data 
 
The ground surface settlement of three typical 

monitoring sections with different buried depths of the 

tunnel (h) as shown in Fig. 4(a). The ground surface 

settlement and the width of the settlement trough increased 

gradually with decreasing tunnel depth. It can be observed 

that the settlement curve changed from V-shaped to W-

shaped, and the position of the maximum settlement moved 

from the upper of the double tunnel central axis to the upper  

 

 

 

of tunnel axis. Furthermore, the settlement of the upper of 

the left tunnel was larger than the right one, which was 

attributed to the secondary disturbance of the stratum 

around the left tunnel during the right shield tunneling 

(Zhou et al. 2021). 

Figs. 4(b) and 4(c) show the surface settlement at 

different construction stages and the development of ground 

surface settlement of a cross-section with time, respectively. 

The ground surface settlement was small before the arrival 

of the shield machine. The settlement occurred mainly in 

the middle and later stages of the process when the shield 

machine passed through the monitoring section. The friction 

load , radial contraction of the shield shell, and the grouting 

load of the shield tail caused the soil loss in the later stages, 

resulting in predominant ground surface settlement. The left 

shield tunneling had an insignificant influence on the 

ground surface above the right tunnel. In contrast, the right 

shield tunneling had an impact on the stratum around the 

left tunnel, which caused incremental ground surface 

settlement above the left tunnel remarkably. 

The development of pipeline settlement with time as 

shown in Fig. 5. The settlement development of the pipeline 

was generally consistent with that of the ground surface. 

The settlement was smaller before the arrival of the shield 

machine, but it increased remarkably during the middle and 

later stages. Fig. 6 shows the pipeline settlement at different  

 

Fig. 2 Typical geological section 

 

Fig. 3 Plain view of monitoring points 
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(a) Ground settlement of typical monitoring sections 

 
(b) Settlement at different construction stages (DB84) 

 
(c) Settlement development with time (DB84) 

Fig. 4 Measured data of ground surface settlement 

 

 

construction stages. Since the shield machine crossed the 

DN600 feed pipe, the DN1200 sewage pipe, and the DN800  

feed pipe in sequence, the settlement development process   

was the earliest for the DN600, and it was the latest for the 

DN800 feed pipe. The maximum settlement of the DN1200 

sewage pipe was approximately 1.5 to 2 times that of the 

other two pipelines. Moreover, the settlement curve of the 

sewage pipe was featured with a W-shape with the 

maximum pipeline settlement located in the upper of the  

 
(a) Feed pipe(DN600) 

 
(b) Sewage pipe(DN1200) 

 
(c) Feed pipe(DN800) 

Fig. 5 Settlement development of pipelines with time 

 

 

axis of the left tunnel. Differently, the settlement curve of 

the two feed pipes was characterized by a V-shape with the 

maximum pipeline settlement located in the upper of the 

central axis of the double tunnels. The settlement trough 

width of the DN800 feed pipe was the largest, followed 

bythe DN1200 sewage pipe and the DN600 feed pipe. The 

significant differences in the final settlement among the 

pipelines should be ascribed to the differences in the 

diameter, material, buried depth of the pipelines, and the  
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(a) Feed pipe(DN600) 

 
(b) Sewage pipe(DN1200) 

 
(c) Feed pipe(DN800) 

Fig. 6 Settlement curves of pipelines at different 

construction stages 

 

 

angle between the pipeline and tunnel axis (Zhao et al. 

2022). 

 

3.2 Correction of the calculation equation 

 

Ground and pipeline settlement caused by shield 

tunneling is mainly correlated with the ground loss, stress 

redistribution, deformation and reconsolidation of disturbed 

soil (Marshall et al. 2010). In addition, in the process of 

shield tunneling, the surrounding soils will be disturbed by 

the face thrust, grouting pressure, cutterhead torque, and 

shield machine vibration. Therefore, it is very complicated 

to estimate the stratum and pipeline settlement. 

Based on massive measured data of ground surface 

settlement caused by tunneling, Peck (1969) proposed an 

empirical equation to calculate the ground surface 

settlement, as shown in Eqs. (1) and (2). 
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Where Smax denotes the maximum ground surface 

settlement (S), i denotes the width of the ground surface 

settlement trough, η denotes the rate of formation loss 

(Vloss). The formation loss rate (η) can be obtained by 

empirical value, or be back-calculated by Eq. (2) through 

measured data. The settlement trough width (i) can be 

calculated by the Eq. (3) (Celestino et al. 2020). 

°tan(45 / 2)i m R h     
 (3) 

Where m refers to the coefficient ranging from 0.45 to 

0.50. R denotes the radius of the tunnel, h denotes the 

distance from the tunnel axis to surface,  represents the 

average internal friction angle of the soil above the tunnel 

axis.  

For the shield tunneling in the soil-rock composite 

stratum, the properties of rock and soil in each layer are 

quite different. Hence, the calculated settlement using the 

settlement calculation Eq. (1) directly is not accurate 

enough. Ding et al. (2021) modified the settlement 

calculation equation by introducing the ground surface 

settlement correction coefficient (a) and the settlement 

trough width correction coefficient (b), as shown in Eq. (4). 
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  

 
(4) 

For the double shield tunnel, the settlement curve is not 

a simple superposition of the left tunnel and right tunnel 

considering their interaction. Suwansawat and Einstein 

(2007) established an improved ground surface settlement 

prediction equation for the double shield tunneling by the 

hypergeometric method, as shown in Eq. (5). Where x and L 

represent the distance to the central axis of the two tunnels 

and the distance between two tunnel axes, respectively. 
Substituting Eqs. (2) and (4) into Eq. (5) yields the Eq. 

(6), it can calculate the stratum settlement caused by the 
double shield tunneling in the soil-rock composite stratum. 
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The soil loss rate and the settlement trough width are 

used to calculate the settlement without considering the  
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Fig. 7 Comparison between measured data and calculated 

values by the modified equation 

 

 

presence or absence of pipelines, hence the equation is still 

applicable when the pipelines are distributed in the soils 

(Sun et al. 2021). During shield tunneling in the soil-rock 

composite stratum, the final stratum settlement is relatively 

small owing to the high stability of the lower strata and the 

relatively small influence of stratum loss and grouting load, 

where the pipeline settlement is close to the stratum 

settlement. Therefore, the modified settlement Eq. (6) can 

be applied to the settlement calculation of ground surface 

and pipeline settlement by adjusting the correction 

coefficient appropriately. 

In order to determine the value range of the correction 

coefficient, the measured data of typical surface and 

pipeline settlement were compared with the calculated 

value of the modified equation, as shown in Fig. 7. It can be 

seen that the measured data of settlement at both ends far 

away from the tunnel axis was larger than the calculated 

value, which may be explained by the fact that the influence 

of curved shield tunneling is ignored in the calculation 

equation. In addition, the modified settlement calculation 

equation was consistent with the measured data. The upper 

and lower limit value of the modified coefficient of the 

settlement calculation equation was obtained through 

comparison. The correction coefficient a and b ranged from 

0.45 to 0.95 and from 0.90 to 1.25 respectively. For the 

ground surface settlement and pipeline settlement at 

different locations, the value of the correction coefficient 

can be determined according to the tunnel depth, pipeline 

depth, material and pipeline diameter, and other factors. 

 

 
 

4. Numerical simulation analysis 
 

4.1 Model establishment 
 

A 3D finite element model was established based on the 

typical sections of the shield tunnel construction project 

using Plaxis 3D software. The main steps are as follows. 

1. The Length (X direction) × Width (Y direction) × 

Height (Z direction) of the 3D model was 200.0 m ×100.0 

m × 50.0 m, as shown in Fig. 8(a). 

2. Different levels of soil stratigraphy were defined. The 

soil layer and the rock layer were simulated using the 

Hardening model of Small Strain (HSS) and the Mohr-

Coulomb (MC) model, respectively. The physical and 

mechanical parameters of the soil were obtained from the 

geological survey report of the site, which involved on-site 

sampling followed by laboratory tests, as shown in Table 1 

(Roboski, 2001, Nawel and Salah 2015, Sarfarazi and 

Tabaroei 2020, Heama et al. 2021).  

3. Lateral boundaries were restricted for horizontal 

movement and the bottom boundary was restricted for both 

horizontal and vertical movement. But the upper boundary 

of the model was set as a free boundary. 

4. The shield machine, tunnel and pipelines were set, as 

shown in Fig. 8(b). They were regarded as elastic materials 

and were modeled using plate plate units. Their physical 

and mechanical parameters are shown in Table 2. The 

“interface units” were set up to simulate slab-soil 

interactions. 

5. The equilibrium pressure at the excavation face (P0), 

grouting pressure, and jack thrust at the shield tail were 

applied. The equilibrium pressure at the excavation face  

was calculated according to the Eq. (7). 

 0

1

1 sin '
n

i i

i

P h 


   (7) 

Where i and hi represent the weight and the thickness of 

layer i soil,  ' denotes the internal friction angle.  

According to the statistics of the parameters of the field 

construction, it was known that the jack thrust was 800 kPa, 

and the grouting pressure at the shield tail was 

approximately 1.1 to 1.2 times the equilibrium pressure at 

the excavation face. On the basis of the stratigraphic 

parameters in Table 1, the equilibrium pressure at the 

excavation surface was calculated to be 120 kPa, which 

increased with depth at a rate of 15 kPa/m. The grouting 

pressure was taken as 140 kPa and increased with depth 

according to the law of 18 kPa/m. 

6. The finite element mesh was generated. The model 

consisted of 245,809 ten-node tetrahedral with 388,493 

nodes. 

7. The stage construction model was established. 

Besides the initial phase, the construction of 120 ring 

segments with a width of 1.2 meters for left and right 

tunnels was simulated, respectively. In order to simplify the 

calculations and shorten the simulation time, three ring 

segments of excavation and support were simulated for each 

phase. 

8. Calculations were performed until the left and right 

tunnels were built in sequence. 

 

4.2 Validation by field data 
 
The comparison of the calculated pipeline settlement 

through numerical simulation and the measured data is 
presented in Fig. 9. It was found that the measured 
settlement of the pipeline above the left tunnel was slightly 
larger than the simulation result. The secondary disturbance 
caused from the right shield tunneling may be responsible 
for the difference, which was not considered in the  
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(a) Stratigraphic distribution 

 
(b) Distribution of tunnels and pipelines 

Fig. 8 3D numerical model 

Table 1 Physical and mechanical properties of stratum 

Soil Materials 
Thickness 

(m) 

Gravity 

(kN/m3) 

Cohesion 

(kPa) 

Internal friction angle 

 (°) 

Elastic modulus (Mpa) 
Stress index 

E
ref 

50   E
ref 

oed E
ref 

ur   G
ref 

 0   

Miscellaneous fill 1.5 18.4 18.0 12.0 6.1 5.1 31.6 47.4 0.5 

Plain fill 2.0 18.5 15.0 11.6 6.2 5.2 31.2 46.8 0.5 

Fluid plastic silty clay 4.0 19.1 18.0 17.1 5.9 5.9 29.7 44.6 0.8 

Silt with silty clay 4.3 19.2 10.0 29.4 8.6 8.6 43.0 64.4 0.5 

Soft plastic silty clay 3.6 19.1 28.0 18.0 6.3 6.3 31.7 47.5 0.8 

Hard plastic silty clay 5.4 19.6 36.0 22.8 8.5 8.5 42. 5 63.7 0.8 

Highly weathered sandstone 1.8 25.7 80.0 45.0 200.0 -- 

Moderately weathered sandstone -- 26.0 900.0 42.0 4140.0 -- 

*Eref

50: Secant modulus; Eref 

oed: Tangent modulus; Eref

ur : Unloading elastic modulus; Gre

f 0: Shear modulus 

Table 2 Mechanics Parameters of Structural Members 

Structural members Thickness (mm) Gravity (kN/m3) Elastic modulus (Gpa) Shear modulus (Gpa)  
Poisson 

ratio 

Shield tunneling machine 350 120 23 11.5 0 

Shield segment 350 27 31 15.5 0.1 

Feed pipe (DN600) 9.9 73 120 60 0.3 

Feed pipe (DN800) 11.7 73 120 60 0.3 

Sewage pipe (DN1200) 120 25 28 12 0.2 
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(a) Comparison of settlement values 

 
(b) Comparison of deviation value 

Fig. 9 Comparison between numerical simulation values 

and measured data 
 
 
numerical simulation. The difference between the numerical 
simulation and the measured data was within 30%, except 
for some individual points with small settlements. 
Therefore, the established numerical model is believed to be 
rational with acceptable error from the field data. 

 

4.3 Parametric analysis 
 

4.3.1 Hard-layer ratio 
The distribution of soil and rock layers on the tunneling 

face varies considerably in the soil-rock composite stratum. 

The hard-layer ratio , was defined as the ratio of hard-rock 

layer thickness to tunnel diameter within the range of the 

tunnel face (Ding et al. 2021). Fig. 10 compared the final 

settlement and stress distribution of the pipeline at different 

hard-layer ratios.  

As shown in Fig. 10(a), the settlement curves gradually 

changed from W-shape to U-shape as the hard-layer ratio 

increased. Furthermore, the pipeline settlement decreased 

remarkably, and the maximum settlement reduced by 29.8% 

as the hard-layer ratio increased from 0% to 100%. In 

contrast, the settlement trough width was nearly unchanged. 

As shown in Fig. 10(b), the pipeline located at the upper 

part of the tunnel axis was subjected to tensile stress, but 

that located on the upper part of the central axis of the  

 
(a) Pipeline settlement 

 
(b) Pipeline stress 

Fig. 10 Pipeline settlement and stress with different hard-

layer ratios  

 

 

double tunnels and the pipeline on both sides of the tunnel 

were subjected to compressive stress. Thus, the pipeline 

was subjected to uneven stress. It is inferred that the 

pipeline above the tunnel axis was prone to tensile damage 

owing to the far lower tensile strength of the concrete pipe 

than the compressive strength. The stress unevenness and 

the maximum stress of the pipeline gradually reduced by 

increasing hard-layer ratio. The maximum tensile stress of 

pipeline decreased from 4.2 MPa to 1.39 MPa with 

incremental hard-layer ratio from 0% to 100%. 
Therefore, the settlement of the pipeline was relatively 

larger and the stress unevenness was more obvious when 
the hard-layer ratio was smaller, and the part of the pipeline 
located above the tunnel axis was vulnerable to tensile 
damage. The pipeline deformation caused by shield 
construction gradually decreased with increasing hard-layer 
ratio, but the influence range on the pipeline was almost 
unchanged. 

 

4.3.2 Tunnel curvature radius  

The comparison of final settlement and stress of the 

pipeline with different tunnel curvature radii (RT) as shown 

in Fig. 11. It can be seen from Fig. 11(a), the settlement 

trough width caused by shield construction gradually 

decreased with the increasing curvature radius, but the  
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(a) Pipeline settlement 

 
(b) Pipeline stress 

Fig. 11 Pipeline settlement and stress with different 

tunnel curvature radius  

 

 

decreasing rate gradually slowed down. It is noticed that, 

the maximum settlement of the pipeline was nearly 

unchanged with varying tunnel curvature radii, whose 

location was found to be above the tunnel axis invariably. 

The pipeline settlement were asymmetrically distributed on 

both sides of the tunnel, and the differences decreased 

gradually with the increasing curvature radius. 

As shown in Fig. 11(b), the pipeline located at the upper 

part of the tunnel axis was subjected to tensile stress, but the 

other parts were subjected to compressive stress. The length 

of pipeline subjected to tensile stress gradually decreased 

with the increasing curvature radius. In contrast, the tensile 

stress increased slightly, resulting in more concentrated 

stress of the pipeline. 

The included angle between pipeline and tunnel axis 

varies with the tunnel curvature radius. However, the 

variation range of the included angle () is wider owing to 

the complexity of the surrounding pipelines in urban shield 

construction. The final settlement and stress of the pipeline 

with different included angles () is presented in Fig. 12. 

The included angle between pipeline and tunnel axis had 

similar effects on pipeline deformation with the tunnel 

curvature radius. The settlement trough width, maximum 

stress and the length subjected to tensile stress of the  

 

(a) Pipeline settlement 

 
(b) Pipeline stress 

Fig. 12 Pipeline settlement and stress with different 

included angle between pipeline and tunnel axis 

 

 

pipeline decreased with the increasing included angle, but 

the maximum settlement of the pipeline was nearly 

unchanged. Moreover, the position of the maximum 

settlement and maximum stress of the pipeline moved to-

wards the upper part of the tunnel axis gradually. 

Therefore, the length of pipeline deformation caused by 

shield tunneling decreases as the tunnel curvature radius or 

the included angle between pipeline and tunnel axis 

increases. However the settlement and stress of the pipeline 

becomes more concentrated, which poses a great threat to 

the pipeline safety. 

 

4.3.3 Pipeline buried depth 

The final settlement and stress of the pipeline with 

different pipeline buried depths (H) is presented in Fig. 13. 

As shown in Fig. 13(a), the settlement of the pipeline within 

40 m from the central axis gradually increased as the 

pipeline buried depth increased, but the settlement trough 

width of the pipeline decreased slightly. Moreover, the 

settlement curve changed from V-shaped to W-shaped, and 

the position of the maximum settlement moved from the 

upper of the double tunnel central axis to the upper of 

tunnel axis. 

As shown in Fig. 13(b), the stress of the pipeline  
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(a) Pipeline settlement 

 
(b) Pipeline stress 

Fig. 13 Pipeline settlement and stress with different 

buried depth of pipeline  

 

 

increased with the increasing pipeline buried depth, which 

was proportional to the settlement of the pipeline. The 

maximum tensile and compressive stresses of the pipeline 

was 4.86 MPa and 3.68 MPa, respectively. The pipeline was 

considered to be in a stable state with the maximum stress 

within the allowable limit. 

Therefore, the pipeline deformation was positively 

correlated with the buried depth of pipeline. As the pipeline 

buried depth increases, the settlement of the pipeline 

increases and the stress becomes more uneven. 

 

4.3.4 Material and diameter of pipeline 
The materials and diameters of the urban municipal 

pipelines vary considerably. Three elastic modulus of 28 

Gpa (Concrete), 120 Gpa (Cast iron) and 210 Gpa (Steel) 

and three pipeline diameters of 300 mm, 600 mm and 900 

mm were selected for the numerical simulation.  

The final settlement and the maximum stress of the 

pipeline with different materials and diameters as shown in 

Fig. 14. It can be seen from Fig. 14(a), the concrete pipe 

underwent the largest settlement, followed by the cast iron 

pipe and the steel pipe. The settlement curves of the cast 

iron pipes and the steel pipes were V-shaped, but the 

concrete pipes had W-shaped settlement curves. Therefore,  

 
(a) Pipeline settlement 

 
(b) Maximum stress of pipeline 

Fig. 14 Pipeline settlement and stress with different 

material and diameter of pipeline  

 

 

the settlement of the pipeline decreased with the increasing 

elastic modulus of the pipeline, and the settlement curve of 

pipeline changed from W-shaped to V-shaped gradually. 

Moreover, the settlement of the pipeline increased with the 

pipeline diameter, with the smallest increase for steel pipes 

and the largest increase for concrete pipes. The maximum 

settlement of the concrete pipe increased by 27.6% as the 

pipeline diameter increased from 300 mm to 900 mm. 

As shown in Fig. 14(b), the maximum pipeline stress of 

three materials increased with the pipeline diameter, except 

for the compressive stress in the concrete pipe. The 

different law of it was attributed to the changing settlement 

curve of concrete pipe from V-shaped to W-shaped with the 

decreasing pipeline diameter, which results in larger 

compressive stress in the lower part of the pipeline above 

the central axis of the double tunnels. Steel pipe had the 

smallest settlement but the largest stress, which should be 

attributed to its large elasticity modulus and small wall 

thickness. The maximum tensile and compressive stresses 

of steel pipe was 13.8 MPa and 8.7 MPa respectively, but 

the maximum allowable stress of the steel pipe was over 

300 MPa, much greater than the maximum stress of the 

steel pipe, it was still in a stable state. 

Therefore, the shield tunneling had a greater impact on  
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Table 3 Relative sensitivity of each factor 

 

Relative sensitivity 

Settlement of 

pipeline 

Width of pipeline 

settlement trough 

Hard-layer ratio 0.150 0.088 

Tunnel curvature radius 0.031 0.366 

Angle between pipeline and 

tunnel axis 
0.018 0.156 

Buried depth of pipeline 0.119 0.042 

Diameter of pipeline 0.091 0.043 

Elastic modulus of pipeline 0.106 0.029 

 

 

the deformation of the concrete pipeline, and the settlement 

and stress of the pipeline increased with the pipeline 

diameter. 

 

4.4 Sensitivity analysis of parameters 
 
The relative sensitivity analysis was used to analyze the 

influence magnitude of the parameters on pipeline 

deformation, the basic principle of which is as follows 

( ) ( )
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(8) 

Sensitivity factor SR, was defined as the rate of 

percentage of output divided by the percentage of a 

parameter, where x and xLR represent the input variables, f 

(x) and f (xLR) denote the corresponding output, as shown in 

the Eq. (8). 

Sensitivity coefficient SS, is an expansion of the SR and 

a more significant way to assess the source of uncertainty, 

obtained by multiplying the regularized rate of input 

variable, as shown in the Eq. (9). 

 max( ) min( )R R

SS SR

x x

x
 


   (9) 

Where max(xR) and min(xR) denote the maximum and 

minimum values of the parameter variation respectively. 

The relative sensitivity, a(xi), to individual calculation 

results was introduced, which can compare the sensitivity of 

different parameters, as shown in Eq. (10), in which, n is 

the number of parameter variables. 
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(10) 

The relative sensitivity of each parameter on the 

deformation of the pipeline as shown in Table 3. It can be 

seen that the most influential parameter on the settlement of 

the pipeline was the hard-layer ratio, followed by the buried 

depth and the elastic modulus of the pipeline, and the least 

influential was the included angle between pipeline and 

tunnel axis. The tunnel curvature radius and the included 

angle between pipeline and tunnel axis had the greatest 

impact on the settlement trough width of the pipeline, the 

impact of other parameters was essentially small. 

Therefore, in the design of the shield tunnel that crosses 

pipelines in soil-rock composite stratum, the buried depth of 

the tunnel should be increased appropriately to increase the 

hard-layer ratio in the tunnel face. The tunnel curvature 

radius and the included angle between pipeline and tunnel 

should be increased properly to reduce the deformation 

scope of the pipeline. 

 

 

5. Conclusions 
 

The influence of double curved shield in the soil-rock 

composite stratum on the pipeline deformation was 

investigated with field measurement and numerical 

simulation in this study. The main conclusions are as 

follows. 

• The subsequent shield tunnel would cause secondary 

disturbance to the soil around the preceding tunnel, 

resulting in increased pipeline and ground surface 

settlement above the preceding tunnel. 

• The modified settlement calculation equation was 

consistent with the measured data. It can be applied to the 

settlement calculation of ground surface and pipeline 

settlement, the modified coefficients a and b ranged from 

0.45 to 0.95 and 0.90 to 1.25, respectively. 

• When the hard-layer ratio was smaller or the pipeline 

buried depth was bigger, the settlement of the pipeline was 

relatively larger and the stress unevenness was more 

obvious. Consequently, the part of the pipeline located 

above the tunnel axis was vulnerable to tensile damage. 

• The settlement and stress of the pipeline becomes more 

concentrated as the tunnel curvature radius or the included 

angle between pipeline and tunnel axis increases, which 

poses a great threat to the pipeline safety. Shield tunneling 

had a greater impact on the deformation of the pipeline 

made of concrete, and the pipeline deformation increased 

with pipeline diameter. 

• The hard-layer ratio had the most significant impact on the 

pipeline settlement. The tunnel curvature radius and the 

angle between pipeline and tunnel axis played a 

predominant role in the scope of the pipeline settlement 

deformation. 
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