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1. Introduction 
 

With the development of urbanization, rail transit was 

considered an efficient method to resolve traffic congestion 

with its convenient and great delivery capabilities (Mackett 

et al. 1998, Katebi et al. 2015). Shield method was 

extensively adopted in tunnel construction due to its high 

security, rapid digging speed and high automatization 

(Rowe et al. 1983, Asakura and Kojima 2003, Jeon et al. 

2020). Notably, it is inevitable that most urban shield 

tunnels cross areas with densely distributed underground 

municipal pipelines. Additional loads will be generated by 

the pipe-soil interaction during construction, leading to the 

deformation of the adjacent pipeline, which may threaten 
the normal use of the pipeline. Especially for large-diameter 

pressure pipelines, excessive deformation could lead to 

leakage or even fracture of the pipeline and other accidents 

(Vorster et al. 2005, Klar and Marshall 2016, Heama  et al.  
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2021). 

Impacts of shield tunneling for adjacent pipes have been 

investigated by many scholars through field measurement, 

numerical simulation, theoretical analysis, and model test 

(Klar et al. 2007, Civalek et al. 2010, Wham et al. 2016, 

Boulefrakh et al. 2019, Huang et al. 2019, Zhu et al. 2020, 

Sae-Long et al. 2021, Joshi et al. 2024). It was investigated 

the relative position of pipes and tunnels, as well as the 

construction method of the double tunnel, have a great 

impact on pipeline deformation. Pipeline diameter, pipeline 

buried depth, and excavation method played a dominant 

role in pipeline stress (Klar et al. 2008, Liu et al. 2012, 

Deng et al. 2021). In addition, soil properties, especially 

soil loss rates, were also the dominant factors of the stress 
and deformation in the pipeline (Marshall et al. 2010,Zhang 

et al. 2012). Moreover, it was found that grouting 

reinforcement could effectively reduce the settlement of the 

pipeline, and the pipeline deformation was minimized as the 

deep-hole grouting reinforcement range was larger than 0.3 

times the distance between the pipeline and tunnel (Wang et 

al. 2021). 

Based on an actual project of a shallow buried tunnel 

crossed the large-diameter buried pipeline, Li et al. (2020) 

studied the settling law for pipes and ground surface under 

the tunnel-soil-pipe interaction through field measurements. 

The results indicated that monitoring ground subsidence 

over large-diameter pipelines can effectively replace direct 

pipeline monitoring (Joshi et al. 2023b), and that ground 

settlement could be used as an empirical guideline for 

judging the security of the pipeline. Sun et al. (2021) 

investigated the responded of existed pipelines due to non- 
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synchronous boring of double tunnels in clay strata by 

numerical simulation. Results indicated that the settlement 

curve of the pipeline transferred from V-shape to W-shape 

with the decreasing pipeline-soil relative stiffness. The pipe 

settling curve maintained basically symmetry, with the 

maximum settlement of the pipeline occurring above the 

central axis of the twin tunnels. Results indicated that the 
settlement curve of the pipeline transferred from V-shape to 

W-shape with the decreasing pipeline-soil relative stiffness. 

The pipe settling curve maintained basically symmetry, with 

the maximum settlement of the pipeline occurring above the 

central axis of the twin tunnels. 

 Although some research has been conducted, the silty 

fine sand surrounding the pipeline remains highly 

susceptible to disturbance from shield construction due to 

its loose texture, permeability, and low bearing capacity. 

This vulnerability can result in leaks or fractures, 

particularly in large-diameter pressure pipelines. (Liu et al. 

2019, Zhang et al. 2021). At present, the effect regularity is  

 

 

 

still unclear about the double shield tunneling on the 

pipelines in silty fine sand strata. Thus, a case study of the 

pipeline deformation was presented based on a double 

shield tunnel in Taiping Road North-Nantong East Station 

Metro line 2, in the silty fine sand strata in Nantong, China. 

The effects of pipeline diameter, pipeline buried depth, and 

soil characteristics on pipeline deformation were analyzed 
by field measurement and numerical simulation. 

 

 

2. Project overview 
 

The shield zone between Taiping Road North Station 

and Nantong East Station of Nantong Metro Line 2 was 

located in the Chongchuan District of Nanton, China. As 

shown in Fig. 1, the shield tunnels were laid eastward along 

Youth Middle Road after started from Taiping Road North 

Station, crossed two river bridges and an elevated bridge in 

sequence, and finally crossed a large-diameter water supply 

 

Fig. 1 Project location 

 

Fig. 2 Cross-section of shield construction crossing pipe 
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pipe before entered the Nantong East Station. The shield 

zone consisted of two tunnels with a total length of 1.879 
km, separated by 13 to 17 m. The tunnel burial depth 

ranged from 9.3 m to 17.9 m, with an external diameter of 

6.2 m. The width, thickness, and concrete grade of the 

shield lining segments were 1200 mm, 350 mm, and C50, 

respectively. The right tunnel was bored after the 

completion of the left tunnel. 

The water supply pipe traversed by tunnels was a 

spheroidal cast iron pipe with 1.8 m diameter and 28 mm 

wall thickness in medium pressure. Its burial depth was 

about 2.0 m, and the distance from the top of the tunnel was 

6.5 m, as shown in Fig. 2. Eight direct monitoring points at 

5 m intervals above the tunnel were installed to monitor the 

pipe settlement during the construction.  

Besides, Ground surface settlement monitoring points 

were installed along the tunnel axis, with standard sections 

set every 35 meters. For the first 60 m, monitoring sections 

were placed every 5 m; from 60 to 120 m, they were spaced 
every 15 m; and beyond 120 m, every 35 m. Each section 

included 11 points, spaced approximately every 3 m along 

the tunnel axis and at 3, 5, and 10 m intervals outside the 

axis. 

 
 

3. Field measurement results and discussion 
 

3.1 Analysis of monitoring data 
 

The pipeline settlement at different construction stages 

during the left tunnel construction was presented in Fig. 

3(a). The pipeline occurred uplift before the excavation face 

reached below the pipeline, with the maximum uplift value 

of 2 mm occurring above the tunnel axis. This should be 

mainly attributed to the larger shield thrust, increased 

friction of the shield body on the surrounding soil, and 
increased pressure in the soil chamber (Liu et al. 2012, 
Rezaei et al. 2019). A certain degree of fluctuation was 

observed in the pipeline settlement during the tunnel boring, 

after which the vertical displacements of the pipeline above 

the tunnel axis gradually changed from uplift to settlement. 

As the excavation face passed 6 m through the pipeline, the 

shield tail reached below the pipeline and a large settlement 

occurred in the pipeline, with a maximum value of 3.2 mm 

occurring above the tunnel axis. This was mainly attributed 

to the untimely grouting at the shield tail and the soil loss 

by voids, resulting in a large settlement of the soil. After the 

excavation face passed the pipeline 9 m, a certain degree of 

uplift was observed in the whole pipeline with the grouting 

behind segments. Thereafter, the pipeline settlement 

increased as the soil consolidated, and the final settling 

curve conformed to the Gaussian distribution, with a final 

settlement of about 3 mm. 
The settlements of typical monitored points with the left 

tunnel construction were shown in Fig. 3(b). A certain 

degree of uplift occurred was observed in the pipeline 

before the excavation face reached, and the value of the 

uplift at P04 was greater than that at P03. The vertical 

displacement of P03 gradually changed to settlement as the 

excavation face crossed the pipeline, whereas that of P04  

 
(a) 

 
(b) 

Fig. 1 Pipeline settlement during left tunnel construction: 

(a) Settlement at different construction stages and (b) 

Settlement of typical monitoring points 
 
 

remained uplifted. This should be attributed to the different 
deformations of the surrounded soil resulting from the 
friction of the shield body and the rotation of the shield 
cutterhead. It may also be explained by the relatively larger 
tunneling speed of 33 mm/min at this point. The pipeline 
settlement increased rapidly as the shield tail crossed the 
pipeline, and the incremental settlement of P03 and P04 at 
this stage accounted for 60.2% and 54.2% of the total 
settlement increment, respectively. This indicates the strata 
loss caused by the voids of the shield tail was mainly 
responsible for the pipeline settlement. 

To guarantee the safety and stability of the pipeline, the 

shield tunneling speed was constantly maintained at a low 

level in the process of crossing the pipeline, which was only 

44.4% to 73.0% of the normal tunneling speed in this 

project (45 mm/min). After the left tunnel construction, the 

largest settlement of the pipeline was about 3 mm, which 

was much smaller than the settlement limit of the rigid 

pressurized pipeline. This indicates that keeping a low 

speed of shield tunneling through pipelines could efficiently 

reduce the impact of shield construction on pipelines, which  
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Fig. 2 Ground surface settlement at 10 m from the pipeline 

 

 
Fig. 3 Pipeline settlement for double shield construction 

 

 

is similar to the conclusion that shield tunneling speed has 

significant effects on the stability of the strata by Hu et al. 

(2021). 

 

3.2 Impact of double tunnel construction 

 

Fig. 4 illustrated the settlements of ground surface at 10 

m from the pipeline. The phrase "10 m from the pipeline" 
refers to a lateral distance measured horizontally from the 

pipeline. The surface settlement over the tunnel gradually 

increased with the left tunnel construction until its 

completion, and the settling curve was featured with V-

shape, with the maximum settlement occurring over the left 

tunnel axis. With the right tunnel boring, a significant 

surface settlement occurred above the left tunnel, except 

that above the right tunnel. The final settlement curve was 

featured with W-shaped, and the increase above the left 

tunnel axis accounted for 37.5% of the final settlement 

during this phase. This indicates that there was a remarkable 

settlement superposition effect and a secondary disturbance 

effect for the double tunnel construction. 

Compared with other typical engineering data, the 

secondary disturbance effect caused by the subsequent 

shield tunneling in the silty fine sand strata was found to be 

greater than that in the clay and silty strata, but less than 

that in the sand strata. This was attributed to the lower 
cohesion and the looseness structure of the sand and silty 

fine sand, which were more susceptible to construction 

disturbance (Chen et al. 2011, Mathew and Lehane 2013, 

Ocak 2013).  

The pipeline settlement for the double tunnel 

construction was shown in Fig. 5. The pipeline settlements 

induced by the right tunnel boring was still consistent with 

the normal distribution. However, the settling curve was not 

completely symmetrical, with the pipeline settlement larger 

in the upper part of the left tunnel than in the right tunnel. 

This is clearly different from the conclusion drawn by Sun 

et al. (2021), which showed a perfectly symmetrical 

pipeline settlement curve after the double tunnel 

construction in clay strata. 

Besides, the pipeline settlement, which was also the 

surface settlement over the pipeline, was remarkably less 

than the ground settlement 10 m away, this may be 
explained by the shading effect of the pipeline (Shi 2015).  

The shading effect of the pipeline refers to its influence 

on the surrounding soil settlement. Due to the rigid nature 

of the pipeline, it can alter the pressure distribution, 

resulting in a reduction in the settlement rate of the 

surrounding soil and causing stress concentration, which in 

turn affects the deformation and safety of the pipeline. 

Furthermore, the presence of the pipeline can change the 

deformation pattern of the soil, particularly under different 

soil layer conditions, where this effect is even more 

pronounced. Different from the W-shape curve of the 

ground settlement, the final pipeline settling curve was 

featured with V-shape. It was mainly attributed to the 

continuity and integrity of the pipeline deformation, which 

was similar to the characteristics of continuous beams and 

could transfer the bending moment itself. 

 
3.3 Modification of the formula coefficients 

 

Shield excavation induces ground and pipeline 

settlement primarily due to surface loss, stress 

redistribution, soil deformation, and subsequent soil 

reconsolidation (Marshall et al. 2010). Factors such as 

working face thrust, grouting pressure, cutter torque, and 

shield machine vibration further affect the surrounding soil 

during excavation. Therefore, accurately estimating ground 

and pipeline settlement is a complex task. Peck (1969) 

proposed empirical formulas (Eqs. (1) and (2)) based on 

extensive tunneling project data for calculating ground 

settlement. 

2

max 2
exp

2

x
S S

i

 
= − 

 

 (1) 

2

max
2 2

lossV R
S

i i

 

 
= =  (2) 

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). 
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Fig. 4 Comparison between measured data and calculated 

values by the modified equation 

 

 

Ding et al. (2021) modified the settlement formula by 

introducing a surface settlement correction factor (a) and a 

sinkhole width correction factor (b) in Eq. (3). 

( )

2

max 2
exp

2

x
S aS

bi

 
= − 

  

 (3) 

In the context of double shield tunnels, the settlement 

profile is complex and not simply the sum of left and right 

tunnel effects due to their interactions. Suwansawat and 

Einstein (2007) developed an improved equation using the 
hypergeometric method to predict surface settlement for 

double shield tunnels, presented in Eq. (4).  

2 2

max1 max 22 2

1 2

( 0.5 ) ( 0.5 )
( ) exp exp

2 2

x L x L
S x S S

i i

   − +
= − + −   

     
(4) 

( ) ( )

2 22 2

1 2

2 2

1 21 2

( 0.5 ) ( 0.5 )
( ) exp exp

2 22 2

a R a Rx L x L
S x

bi bibi bi

   

 

   − +
= − + −   

        
(5) 

Jiao et al. (2024) observed that the settlement of the 

leading tunnel face in a double shield tunnel is influenced 

by the construction of the trailing face and does not follow a 

straightforward superposition. Thus, Eq. (4) was revised 

and expanded to derive Eq. (5). 
Since the settlement equation considers soil loss rates 

and sinkhole widths, it remains valid regardless of whether 

pipes are present in the soil (Sun et al. 2021). Large 

diameter pipelines typically use robust materials, enhancing 

their rigidity and load-bearing capacity, thereby moderating 

the impact of soil settlement on them. Consequently, 

pipeline settlement closely approximates ground settlement. 

Therefore, by adjusting the correction coefficient 

appropriately, modified formula (5) can effectively calculate 

both ground and pipeline settlements. 

To ascertain the appropriate range for the correction 

coefficients, typical surface and pipeline settlement 

measurements were compared against the calculated values 

from the adjusted equation, as depicted in Fig. 6. It is 

evident that the corrected settlement equation aligns well 

with the observed data. By reverse calculation, the upper 

and lower bounds of the correction coefficients for the 

settlement equations were determined. Specifically, 
correction factor (a) ranges from 0.50 to 0.90, while (b) 

ranges from 0.95 to 1.20. 

 

 
4. Numerical simulation analysis 

 

4.1 Model establishment 
 

A 3D model was established with Plaxis 3D on the basis 

of the project profile, as shown in Fig. 7(a). It should be 

noted that the angle of intersection between the twin tunnels 

and the piled foundations is not precisely 90 degrees. For 

modeling purposes, this intersection angle was simplified to 

90 degrees in the 3D model. The soil layer was simulated 

using the Hardening model of Small Strain (HSS), since the 

HSS model integrates the shear hardening and compression 

hardening of the soil, which is more applicable to the soft 
strata such as the silty fine sand and clay. (Jal-low et al. 

2019). The physical and mechanical parameters of the soils 

were adopted from the geological survey report of the site 

in addition to references to relevant codes and standards. 

The process involves field sampling followed by laboratory 

tests focusing on assessing physical properties, compressive 

strength, shear strength and deformation modulus, as shown 

in Table 1. The model was free-form at the top, with 

double-edge restrainted at the bottom. (Möller and Vermeer 

2008, Nawel and Salah 2015). 

The construction of 54 ring segments, each 1.2 meters 

wide, was simulated for both the left and right tunnels, with 

the exception of the initial stage, which was established as 

an already constructed 15 m. To enhance accuracy in the 

simulation, only one excavation and support ring segment 

was modeled for each phase. The water supply pipe was 

perpendicular to the tunnel, 1.8 m in diameter and 80 m 
long, and located at half the width of the model. The tunnel 

segment was simulated with solid units, and the shield 

machine and water supply pipeline are simulated with plate 

units, without considering the water pressure inside the 

pipe. Their property factors are presented in Table 2. 

Interface units were set up to simulate slab-soil interactions 

between the tunnel and the surrounding soil and between 

the pipe and the surrounding soil. The FEM mesh was 

created at medium density in the whole model and at fine 

density in the pipe and tunnels as well as the soil around 

them, as shown in Fig. 7(b). The model consists of 139,987 

ten-node tetrahedra with 227,623 nodes after the completion 

of the meshing (Hasanpour 2014, Li et al. 2020, Sarfarazi 

and Tabaroei 2020, Joshi et al. 2023a).  

Morever, the equilibrium pressure at the excavation face 

was calculated according to the equation as follows. Where 

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

soil,  denotes the internal friction angle 

( )0

1

1 sin '
n

i i

i

P h 
=

= −
 

(6) 

Based on field construction parameters, the jack thrust 

was measured at 800 kPa, while the grouting pressure at the 

shield tail was approximately 1.1 to 1.2 times the  

201



 

Ning Jiao, Jianwen Ding, Zhaosheng Liao, Xing Wan and Xia Wei 

 

 

 

 

(a) 

 
(b) 

Fig. 5 The 3D FEM model: (a) Distribution of the pipe 

and tunnels and (b) Meshing of the pipe and tunnels 

 

 

equilibrium pressure at the excavation face. Using the 

stratigraphic parameters from Table 1, the equilibrium 

pressure at the excavation surface was calculated to be 

107.7 kPa, increasing with depth at a rate of 9.2 kPa/m. The 

grouting pressure was set at 120.0 kPa, rising with depth at 

a rate of 11.0 kPa/m. Additionally, the overcutting effect 

was simulated by applying soil loss coefficients. 

 

 
 

 
Fig. 6 Comparison between numerical simulation values 

and measured data 

 
 

4.2 Validation by field data 
 

The comparison of the calculated pipeline settlement 

through numerical simulation and measurement was 

presented in Fig. 8. The pipeline settling curves of the 

simulated agreed with monitoring results well, and also 

conformed to the Gaussian distribution. At the end of left 

tunnel boring, the greatest settlement of numerical 

simulation results was larger than that of the measured data, 

with a difference of 0.9 mm. However, the maximum 

pipeline settlement obtained from the numerical simulation 

after the construction of the double tunnels was almost 

equal to that of the measured data. In general, the 

established numeration model could simulate the pipeline 

deformation effectively and precisely. 

Table 1 Physico-mechanical parameters of the stratum 

Soil Materials 
Thickness 

(m) 

Gravity 

(kN/m3) 

Effective 

cohesion (kPa) 

Effective internal 

friction angle (°) 

Elastic modulus (MPa) 

E
ref 

50   E
ref 

oed E
ref 

ur   G
ref 

 0   

Miscellaneous fill 1.8 18.5 18.0 12.0 6.12 5.10 18.30 14.65 

Clayey silt 4.9 18.3 17.1 20.0 4.23  3.84 12.70  10.10 

Silty sand with sandy silt 5.6 19.3 6.6 31.5 8.45 7.69 25.40 20.30 

Silty sand 7.2 19.1 5.0 32.4 7.76 7.06 23.30 18.60 

Silty clay 5.3 17.5 22.5 15.3 2.62 2.38 7.85 6.28 

Silty clay with sandy silt 5.7 17.9 18.2 18.7 3.56 3.23 10.70 8.53 

Sandy silt with silty sand - 18.0 13.5 27.9 5.34 4.85 16.00 12.80 

Note：E
ref

50—Secant modulus; E
ref 

oed—Tangent modulus; E
ref

ur —Unloading/reloading modulus; G
re

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’s 

ratio 

Shield tunneling machine 350 120.0 23.0 11.5 0 

Shield segment 350 27.0 31.0 15.5 0.1 

Water supply pipe 28 72.5 155.0 77.5 0.25 
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Fig. 7 Settlements of ground and stratum surrounding the 

pipeline 

 

 

4.3 Numerical simulation results and discussion 
 

4.3.1 Stratigraphic settlement 
Fig. 9 presented the settlement of ground and stratum 

surrounding the pipeline. The ground surface settling curve 

above the pipeline was V-shape with a maximum settlement 

of 4.5 mm, whereas that 20 m away was featured W-shaped 

with a maximum settlement of 5.8 mm. The strata 

settlement curves below the pipeline location (10 m burial 
depth) and that 20 meters away at the same depth all were 

featured with W-shaped, with almost no difference in 

settlement values and settlement trough width between 

them. It was indicated that the settlement of soil was 

restricted with the shading effect produced by the existence 

of the pipeline, and the restricting effect on the soil above 

the pipeline was obviously greater than that below the 

pipeline. This mainly resulted from that the pipeline was 

similar to a continuous beam structure fixed at both ends, it 

had a certain bearing capacity that enabled to restrict the 

soil settlement above the pipeline. It also verified the 

speculation in the analysis of the measured data. 

 

4.3.2 Pipeline horizontal displacement  
The pipeline lateral displacement after the double 

tunnels construction was presented in Fig. 10. Positive 

horizontal displacement refers to movement in the direction 
of the tunnel boring machine, while negative horizontal 

displacement indicates movement away from the tunnel 

boring machine. An obviously opposite horizontal 

displacement was observed in the top and bottom of the  

 

(a) 

 
(b) 

Fig. 8 Horizontal displacement of the pipeline after the 

construction: (a) Horizontal displacement nephogram 
after double tunnel construction and (b) Horizontal 

displacement of the lower part of the pipeline 

 

 
pipeline. After the construction of the left tunnel, the lower 
part of the pipeline on each side above the left tunnel axis 
produced horizontal displacement in the direction away 
from the tunnel axis, respectively. The horizontal 
displacements of the pipeline at the left side of the left 
tunnel axis were nearly unchanged after the right tunnel 
construction, but that on the right side decreased by a 
certain degree. This was attributed to the reduction in the 
horizontal frictional resistance between the pipeline and soil 
caused by the disturbance of the surrounding soil in the 
right tunnel excavation. 

 
4.3.3 Stress of the pipeline 

The pipeline stresses for various shield constructing 

stages were presented in Fig. 11. Pipeline stress specifically 

referred to the normal stresses experienced by the pipeline 

during various stages of shield construction. The stresses in 

the upper and lower parts of the pipeline at the same cross-

section were opposite during the construction, with the top 

part mostly affected by compressive stress and the bottom 

part mostly affected by tensile stresses. The compressive 

and tensile stresses reached the maximum of 12.0 MPa and  

Table 3 Physical and mechanical parameters for different 

material pipelines 

Pipeline 

Material 

Density 

(kN/m3) 

Elastic modulus 

(GPa) 

Poisson’s 

ratio 

PE 17.5 9.0 0.27 

Concrete 24.0 34.5 0.20 

Cast iron 72.5 155.0 0.25 
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(a) 

 
(b) 

Fig. 9 Normal stresses in pipelines at different 

construction stages: (a) Top part of the pipeline and (b) 

Bottom part of the pipeline 

 

 
11.0 MPa, respectively, as the left tunnel construction was 
completed, both occurred above the left tunnel axis. The 
pipeline stress gradually decreased during the right tunnel 
construction, and the stress in the upper part of the pipeline, 
within 1.2 times the tunnel diameter on both sides of the 
right tunnel axis, gradually changed from tensile to 
compressive, but that in the lower part changed from 
compressive to tensile. In general, the effect of subsequent 
tunnel construction on pipeline stress was much less than 
that of the preceding tunnel, which was consistent with the 
finding of Guan et al. (2020). 

The pipeline material in this project was ink ductile iron, 
its maximum allowable compressive and tensile stresses 
were over 150 Mpa. Therefore, the pipeline was considered 
to be in a safe and stable condition with maximum stress 
within the allowable limits. However, the tensile strength of 
large-diameter pipelines made of concrete and cast iron was 
much less than the compressive strength, resulting in 
vulnerability to tensile damage. 

 
4.4 Parametric analysis 
 

4.4.1 Soil properties 

During the construction of the tunnel, there is a  

 

(a) 

 
(b) 

Fig. 10 Settlement and stress of pipes in different soil 

formations: (a) Stress after the left tunnel construction 

and (b) Pipeline settlement after double tunnel 

construction 

 
 

difference in the deformation of the pipeline in the different 

strata, which is attributed to the closely related pipeline 
deformation and the relative stiffness between pipes and 

soil. In order to investigate the effect of different soil 

properties on the deformation of the pipe, each layer was 

defined with specific parameters including thickness, unit 

weight, effective cohesion, angle of internal friction and 

modulus of elasticity (detailed in Table 1). The tunnel 

diameter, depth and pipe geometry parameters were kept 

constant throughout the analysis. Fig. 12 illustrated the 

settlement and stress of the pipeline in different soil layers, 

and the specific soil parameters are shown in Table 1. The 

stress in the lower part of the pipeline was generally the 

same in different strata, with the maximum value of 13.0 

MPa occurring over the left tunnel axis. The settlement 

trough width and the maximum settlement of the pipeline in 

the silty sand strata were the largest, with a maximum 

settlement of 5.6 mm. Whereas the pipeline settlement was 

roughly the same in the other three strata, the maximum 
settlement was 4.3 mm. As shown in Table 1, there is no big 

difference between the soil parameters of the silty sand 

strata and other strata, except for the cohesive force which  
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(a) 

 
(b) 

Fig. 11 Settlement and stress of pipes under different soil 

loss rates: (a) Stress after the left tunnel construction, (b) 

Pipeline settlement after double tunnel construction 

 

 

is much smaller than other strata. Therefore, the cohesive 

force of the soil strata where the pipeline was located 

played a dominant role in the pipeline settlement. 

 
4.4.2 Soil loss rate 
The soil loss caused by the void at the shield tail was the 

main reason for the pipeline settlement, as indicated by the 
analysis of the measured data in Section 3. Therefore, five 

different soil loss rates (η) were chosen for numerical 

simulation to analyze their effects on pipeline deformation. 

The settlement and stresses of the pipeline with different 

soil loss rates were shown in Fig. 13. 

The stress in the lower part of the pipeline increased 

remarkably as the soil loss rate increased from 0.1% to 

0.5%, the maximum tensile stress increased from 9 MPa to 

28 MPa by 211%, and the maximum compressive stress 

increased from 5.0 MPa to 12.0 MPa by 140%. However, 

the location of the maximum stress occurred always 

remained the same. The pipeline settlement increased 

significantly with the increasing soil loss rate, and the 

position of the largest settlement moved from the upper of  

 

(a) 

 
(b) 

Fig. 12 Settlement and stress of pipelines with different 

materials: (a) Stress after the left tunnel construction and 

(b) Pipeline settlement after double tunnel construction 

 

 

left tunnel axis to the upper of the double tunnel central 

axis. As the loss rate of soil increased from 0.1% to 0.5%, 

the maximum value of pipeline settlement increased from 

2.5 mm to 11 mm, an increase of 340%. 

In general, the soil loss rate had a huge impact on both 

the settlement and stress of the pipeline, which was 

consistent with the finding of Wei et al. (2016). And the 
increase in soil loss rate will cause a higher increase in 

settlement and stress of the pipeline. Choosing reasonable 

construction parameters and grouting at the shield tail in 

time to reduce soil loss is the key to guaranteeing the safety 

and normal use of the pipeline. 

 
4.4.3 Pipeline material 
The materials of the urban municipal pipelines vary 

considerably. Hence, four typical materials of the pipeline 

were chosen to simulate numerically, and the material 

characteristics were shown in Table 3. Fig. 14 illustrated the 

settlements and stresses of pipes in different materials. The 

settlements of cast iron and steel pipe were comparatively 

smaller, and the settlement curve presented V-shape, 
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whereas the settlements of PE and concrete pipe were 

larger, and the settlement curve was approximately featured 
W-shaped. Cast iron and steel pipes had relatively little 

settlement and exhibited V-shaped settling curves, whereas 

PE and concrete pipes had larger settlements and 

approximately exhibited W-shaped settling curves. It was 

mainly attributed to the less stiffness of PE pipe and 

concrete pipe, weaker ability to resist deformation, and 

better coordination with the deformation of the soil in their 

location. This is different from the conclusion drawn by Liu 

et al. (2011), which found no effect of different materials on 

pipeline settlement in clay strata. 

Moreover, the greatest tensile stress of the pipeline 

increased with pipe stiffness, which was opposite to its 

effect on settlement. The maximum stress for PE pipe and 

steel pipe was 1.0 MPa and 14.2 Mpa respectively, which 

was the biggest difference. Consequently, cast iron pipes, 

steel pipes, and other highly rigid pipes are vulnerable to 

tensile damage in the actual construction owing to the 
relatively high tensile stresses they suffer. As for PE pipes, 

concrete pipes, and other less rigid pipes, leakage or rupture 

may occur owing to large deformations at the interface or 

corners of the pipeline. 

 
4.4.4 Pipeline buried depth 
The stresses and settlements of pipelines with different 

buried depths were shown in Fig. 15. As the pipeline buried 

depth increased, the maximum pipeline settlement increased 

firstly and decreased later, reaching the maximum value at 

6m. This was mainly attributed to that the sedimentation in 

the layer where the pipe was located increased with depth, 

resulting in the increase of pipeline settlement. Whereas, as 

the pipeline gradually approached the top of the tunnel, the 

pipeline settlement was gradually decreased by the effect of 

grouting pressure. The stress in the lower part of the 

pipeline gradually increased with the buried depth increased 
from 2m to 8m, and the maximum tensile stress increased 

by 81.5% from 13.6 MPa to 24.5 MPa. Therefore, the 

increasing pipe burial depth had a greater impact on its 

stress and a relatively small impact on settlement. 
 

 
5. Risk assessment of pipelines 

 
There is no unified standard for risk assessment of pipeline 

deformation caused by shield tunnel construction. Since it is 

easiest to monitor the pipeline settlement, most of the 

specifications take 10 mm as the settlement limit value of 

large-diameter rigid pressurized pipes, and 80% and 65% of 

the accumulated settlement as the early warning value. The 

limit value and warning values of the settlement were adopted 

to classify pipeline safety risk levels, and the corresponding 

countermeasures were listed for different risk levels, as shown 
in Table 4, where Spmax represents the maximum settlement of 

the pipeline. 

Fig. 16 represented the layout of pipeline risk levels at the 

soil loss rate of 0.5%, which is the maximum value in actual 

construction. HP and HT denote the pipeline buried depth and 

tunnel buried depth, respectively, and L denotes the distance 

between two tunnels. It can be seen that the borderline of the  

Table 4 Risk classification of large diameter rigid 

pressurized pipes in silty fine sand strata 

Risk 

Level 

Risk 

Description 

Judgment 

Method 

Recommended protection 

and response measures 

Ⅰ High risk 
Spmax > 

10 mm 

Relocating pipelines or 
breakage repair, and 

strengthening monitoring 

Ⅱ Medium risk 

8 mm 

<Spmax< 

10 mm 

Grouting reinforcement or 

suspending the pipeline, 

and strengthening 
monitoring 

Ⅲ Low risk 

6.5 mm 

<Spmax< 

8 mm 

Monitoring during the 

whole construction, and 

reinforcement measures can 
be adopted if necessary 

Ⅳ Minimum risk 
Spmax< 
6.5 mm 

Monitoring the settlement 

during shield tunnel 

crossing pipelines 

 

 

(a) 

 
(b) 

Fig. 13 Distribution of the risk level for pipelines: (a) 3D 

risk level distribution and (b) 2D projection 

 

 

risk level extends towards the ground in an arc shape, and the 

high-risk area is mainly concentrated between the two tunnel 

axes and biased to the preceding tunnel axis. There is no high-

risk area on the pipeline as HP/HT less than 0.2, and the high-

risk area is the largest with the HP/HT of 0.3 to 0.5. As HP/HT 

increases from 0.5 to 0.7, the high-risk area of the pipeline 

gradually decreases owing to the effect of grouting under 
segments. And the high-risk area is only distributed within 

206



 

Deformation of large-diameter pipeline induced by double shield tunneling in silty fine sand strata 

 

0.25L of the inner side of the preceding tunnel axis as the 

HP/HT greater than 0.7. Moreover, the part of pipelines outside 
the 0.85L of the preceding tunnel axis and the 0.75L of the 

subsequent tunnel axis is in the minimum risk area. In 

summary, the risk status of the pipeline can be quickly 

identified by the risk level distribution map of the large 
diameter rigid pressurized pipes in silty fine sand strata, and 

thus corresponding protection measures can be taken. 
 
 
6. Conclusions 
 

In this paper, the impact of double shield tunneling on 

large-diameter pipelines in silty fine sand strata was 

investigated by field measurement and numerical simulations. 

The major findings are as below. 

1. Compared with the perfectly symmetrical settling curve 

of the pipeline at the end of double tunnel construction in clay 

strata, the settling curve was not symmetrical in the silty fine 
sand strata, the position of the maximum settlement was biased 

towards the preceding tunnel. 

2. The construction of the subsequent tunnel had 

significantly less impact on the stress and horizontal 

displacement of the pipeline than the preceding tunnel, but the 

impact on the settlement of the pipeline was almost the same. 

3. There is a significant shading effect of the large-diameter 

pipeline, which would restrict the settlement of the soil above 

the pipeline in the tunnel construction. 

4. The adjusted settlement formula shows good agreement 

with the measured data, facilitating approximate calculations 

for both surface and pipe settlements. The correction factor a 

ranges from 0.50 to 0.90, while b ranges from 0.95 to 1.20. 

5. The elastic modulus and burial depth of the pipeline had 

a great effect on the stress of the pipeline, and a smaller effect 

on the settlement of the pipeline. However, the soil loss rate 

greatly affected both the settlement and stress of the pipeline, 
which would increase remarkably with the increasing soil loss 

rate. 

6. The high-risk area of the large-diameter rigid pressurized 

pipes is mainly located between the two tunnel axes and biased 

to the preceding tunnel axis. The pipeline risk level distribution 

map can quickly identify the risk status of the pipeline and 

facilitate the timely adoption of protective measures. 

By highlighting the asymmetrical settlement patterns 

and the differential impacts of tunnel sequences, it can 

inform engineering practices to mitigate risks. The shading 

effect of large-diameter pipes and the derived settlement 

formulas provide practical tools for predicting and 

managing soil behavior. Additionally, identifying high-risk 

areas enables proactive measures to safeguard pipeline 

integrity, ultimately improving infrastructure reliability in 

similar geological contexts. 

While our findings enhance the understanding of 
tunneling and pipeline settling behavior, they are limited to 

silty fine sand strata, indicating a need for further research 

in other soil types. Future studies should focus on long-term 

pipeline monitoring in diverse soils, developing predictive 

models for various materials and configurations, and 

investigating mitigation strategies for the shading effect of 

large-diameter pipelines. 
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