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Abstract. To study the structural deformation risk caused by the construction of 

a double-track shield tunnel passing under the terminal building, this paper 

takes the Zhengzhou-Xuzhou Intercity Railway passing under the airport termi-

nal building project as the background and uses the Midas GTS NX finite ele-

ment software to simulate the construction process of a double-track shield tun-

nel passing under Terminal 1 of Xinzheng Airport. By comparing and analyzing 

with the on-site monitoring results, the reliability of the finite element model 

was effectively verified. The influence of shield tunnel construction on soil de-

formation and pile foundation response was analyzed and compared with the 

monitoring and control standards of relevant specifications. Studies show that 

the peak of surface settlement caused by double-track construction converges 

towards the midpoint of the axes of the two tunnels, and the maximum settle-

ment increases from 2.19mm for a single track to 3.11mm. The development 

law of the vertical displacement of the foundation is mainly related to the rela-

tive spatial positions of the left and right tunnels as well as the crossing pro-

gress. After the double-track shield tunnel was connected, the maximum lateral 

differential settlement of the pile foundation at the verification point was 

0.63mm, and the maximum longitudinal differential settlement was 1.13mm, 

both of which met the specification requirements and the operational needs of 

Terminal 1. This study deepens the understanding and recognition of the con-

struction process of double-track shield tunnels and can provide a reference for 

similar tunnel projects. 

Keywords: Shield tunnel; Numerical simulation; Terminal building; Pile re-

sponse 

1 Introduction 

The construction of urban rail transit plays a significant role in alleviating urban traf-

fic pressure and promoting modernization. However, the ground disturbance caused 

by shield construction poses a potential threat to the safety of pile foundations of ad-

jacent buildings. However, the laying of subway lines often involves complex under-

ground space layouts, which inevitably have an impact on the pile foundations of 

adjacent buildings. In recent years, with the increase of engineering practice, the prob- 
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lem of newly-built subway tunnels passing through existing buildings has gradually 
emerged, attracting widespread attention in the academic circle. 

At present, many scholars have conducted research on the impact of shield con-
struction on buildings and achieved a series of results, providing a theoretical basis 
for the safety and efficiency of subway construction. Tang et al. [1] aimed at the engi-
neering problem of metro shield tunnels passing under existing group pile founda-
tions, taking the low socket friction type group pile foundation as the research object, 
and revealed the mechanism of shield construction on group pile foundations. Studies 
show that when a tunnel passes under a group of piles, the settlement of the pier cap 
increases significantly with the increase of the area and the number of piles. When the 
tunnel passes through laterally, the horizontal displacement of the pier cap increases 
more significantly. Hu et al. [2] conducted research on the surface settlement and 
deformation problems caused by the construction of hyperbolic shield tunnels in soft 
soil areas by combining numerical simulation with on-site monitoring. The results 
show that the settlement channel offsets towards the inner side of the tunnel bend, and 
its position and the maximum settlement amount are affected by the radius of curva-
ture. The excavation of adjacent parallel double-bend shield machines can increase 
the offset and maximum settlement of the existing settlement troughs. Zhang et al. [3] 
Based on the Peck formula, introduced key parameters such as soil characteristics, 
face displacement and longitudinal settlement, and constructed a stratum settlement 
prediction model for single-track and double-track shield construction. Studies show 
that optimizing the construction spacing of the leading and trailing tunnels can signif-
icantly suppress soil settlement. The proposed coefficient of change in the morpholo-
gy of the settlement trough can accurately represent the distribution characteristics of 
the settlement trough under different burial depth conditions.Nasser et al. [4] In this 
study, focusing on the disturbance problem of the existing structure caused by the 
construction of new tunnels, combined with on-site monitoring and finite element 
numerical simulation, analyzed the case of the intersection project of Cairo Metro 
Line 3 and the sewage tunnel. Studies have shown the influence of tunnel Angle, 
spacing, soil quality and grouting on deformation. It is found that grouting is a key 
parameter for controlling deformation, and the significant influence range is concen-
trated within 3-4 times the tunnel diameter at the intersection point. Nematollahi et al. 
[5] aimed at the interaction problem between double-track shield tunnels and existing 
pile foundations in the construction of urban underground transportation networks. By 
comparing two constitutive models, namely the linear elastoplastic (MC model) and 
the nonlinear complete plastic (CYsoil model), they analyzed the influence of tunnel 
construction on adjacent pile foundations and the effect of pile foundations on exist-
ing tunnels. Studies show that the MC model cannot accurately predict surface settle-
ment and the forces on tunnels and pile foundations. It is recommended to adopt con-
stitutive models such as CYsoil for design. The excavation of shield tunnels signifi-
cantly affects adjacent buildings. Researchers [6-7] conducted an in-depth analysis of 
its influence on the stratum and existing pile foundations. However, most of the exist-
ing studies have focused on conventional buildings. For airport terminals with heavy 
loads and settlement sensitivity, the influence mechanism of double-track shield ma-
chines in clayey silt soil layers is still lacking in universality. 
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This paper takes the project of the double-track shield tunnel passing under Termi-
nal 1 between Xinzheng Airport Station and Zunda Road Station as the background. 
Based on the Midas GTS NX finite element software, a numerical model is estab-
lished to systematically study the influence law of shield construction on adjacent pile 
foundations in the clay silt soil layer. Through analysis, the deformation law of the 
soil and the mechanical response characteristics of the pile foundation were revealed. 
It was verified that the deformation of the building pile foundation conformed to the 
control standards, providing theoretical guidance for the normal construction of the 
shield tunnel and ensuring the safety of the adjacent airport terminal building. 

2 Project Overview 

2.1 Overall Overview of the Section from Xinzheng Airport Station to 
Zunda Road Station 

As shown in Fig 1, the shield tunnel between Xinzheng Airport Station and Zunda 
Road Station starts from Xinzheng Airport Station and successively passes under the 
drop-off platform and Terminal 1 of Terminal 1, the cargo apron, the first runway 
(cargo runway) of the airport and its taxiway. Then it crosses the planned fourth and 
fifth runways and taxiways, and after passing through the farmland on the south side 
of Xinzheng Airport, it arrives at Zunda Road Station. The engineering route succes-
sively passes through three major functional sections: the core operation area of the 
airport, the long-term planned development area, and the peripheral ecological protec-
tion area. 

 
Fig. 1. Xinzheng Airport Station to Zunda Road station 
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2.2 Overall Overview of the Section from Xinzheng Airport Station to 
Zunda Road Station 

Fig 2 shows the positional relationship between the interval tunnel and the pile foun-
dation of Terminal 1. The interval tunnel passes under Terminal 1 at the sections from 
right DK24+065.556 to right DK24+217.214 and from left DK24+092.903 to left 
DK24+233.947. The superstructure of Terminal 1 adopts a reinforced concrete frame 
structure. The roof is supported by a steel structure with curved beams, cables and 
inclined columns. The roof is a metal plate roof. The column grid is mainly arranged 
in a 12-meter square grid, and locally densified to 2.7 to 6 meters. The burial depth of 
the newly-built tunnel is 26 meters, and the length of the pile foundation of the adja-
cent buildings is 18 meters. The shield tunnel adopts the general wedge-shaped lining 
ring staggered assembly process. The outer diameter of the lining structure is 6.2m, 
the inner diameter is 5.5m, the width of the lining ring is 1.5m, and the thickness is 
0.35m. Special attention is paid to the influence of stratum loss during the construc-
tion period on the existing pile foundation. 

As shown in Figure 3, this project selects high-strength prestressed concrete pipe 
piles as the foundation carriers to construct a composite pile foundation system. The 
pile foundation structure system consists of three specifications. The first one is a 
1200mm×1200mm square single-pile foundation, with a total of 8 units arranged. The 
second type adopts a 1200mm×2400mm rectangular double-pile foundation, with 13 
units set up. The third type is a polygonal three-pile foundation, with a total of 61 
units configured, and the total number of pile foundations is 82. The cross-sectional 
dimensions of the columns are designed differently according to the types of pier 
caps. The first two types of pier caps are equipped with columns with a diameter of 
600mm, while the column diameter of the polygonal pier cap is strengthened to 
800mm. The pile foundation uniformly selects D400 mm×90 mm friction-type pre-
stressed pipe piles. The effective pile length is uniformly set at 18m, and the concrete 
strength grade of the pile body is C80. The concrete strength grade of the foundation 
and column structure is C30. 

 
(a) Floor Plan Diagram 
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(b) Sectional View Illustration (m) 

Fig. 2. The position relationship between the section tunnel and the pile foundation of T1 ter-
minal 

 

(a)Single-pile 
cap 

(b)Two-pile cap (c)Three-pile cap 

Fig. 3. Pile Foundation Structural System Schematic Diagram (mm) 

3 Control Indicators 

Considering the geological conditions around Xinzheng International Airport and the 
structural characteristics of the T1 Terminal building, and with reference to the Code 
for Design of Building Foundations [8], a control standard of 0.002L was adopted for 
differential settlement to derive the monitoring and control standards for the T1 Ter-
minal. These standards are presented in Table 1. 
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Table 1. Monitoring and control standards for T1 terminal 

Soil Classification 

Deformation characteristicsa Medium and low com-
pressible 

soil 

Highly Compressi-
ble Soil 

Frame structure 0.002Lb 0.003L 
Settlement 

difference of 
Masonry wall filled 

side columns 
0.0007L 0.001L 

pile foundation 
adjacent to 

industrial and 
civil buildings 

A structure in which 
no additional stress is 
generated when the 

foundation is not 
settled uniformly 

0.005L 0.005L 

a. The values listed in this table represent the actual final allowable deformation of building foundations; 
b. L denotes the center-to-center spacing between adjacent pile foundations (Unit: mm). 

4 Numerical Modeling 

4.1 Model Parameter Determination 

Table 2. Parameters of Tunnel Structure Materials 

material name 
Elastic Modulus 

(MPa) 
Poisson's ratio 

Unit Weight 
(KN·m-3) 

cap 31500 0.20 25.0 
pile 38000 0.20 25.0 

shield 210000 0.20 78.5 
segment 30000 0.20 26.0 

grout blanket 400 0.23 20.0 

Table 3. Mechanical parameters of different layers 

Floor 
num-
ber 

Rock and 
soil layer 
name 

Unit 
Weight 
(KN·m-3) 

Compression 
Modulus 

(MPa) 

Poisson's 
ratio 

Cohe-
sion 
(KPa) 

friction 
angle 
(º) 

③31 clayey silt 19.2 8.0 0.30 14 22 

③31B silty clay 19 7.5 0.32 27 16 

③41 silty sand 18.5 15.0 0.28 0 27 

③41A clayey silt 19.5 11.0 0.3 14 24.5 

③22 silty clay 19.6 9.5 0.32 32 19 

④21A clayey silt 20 13.5 0.30 18 23 

④21 silty clay 19.7 11.5 0.32 27 18 
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The numerical model of the shield tunnel construction process was established by 
using the finite element software Midas GTS NX, with a focus on analyzing the im-
pact of the new tunnel construction on the terminal building. The specific mechanical 
parameters of each material are shown in Table 2 and Table 3. In the numerical simu-
lation, all structural components are modeled using solid elements. Among them, the 
modified Mohr-Coulomb constitutive model is adopted for the stratum soil, while the 
elastic constitutive model is used for the pier cap, pile foundation segments, shield 
shell, grouting layer and grouting reinforcement. 

5 Numerical Modeling 

 

Fig. 4. Global Finite Element Model 

 
Fig. 5. Relative Position Relationship Between Tunnel and Pile Foundation 
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The model dimensions are 210m×157m×70m (length × width × height), and tetrahe-
dral elements are adopted. The calculation model adopts the displacement boundary 
conditions. The horizontal displacement is restricted around the periphery, the hori-
zontal and vertical displacements are restricted at the bottom, and the top is free. The 
overall calculation model and the relative position relationship are shown in Figures 4 
and 5 respectively. 

6 Analysis of simulation results 

6.1 Select a Check Point 

In view of the large scale of the pile foundation structure in the numerical model, it is 
necessary to focus on analyzing the high-risk areas during the construction stage. 
Based on the basic screening principles, this study selected 12 groups of pile founda-
tion samples with significant risk characteristics for in-depth exploration. The sample 
screening criteria followed the following technical paths: ① Structural diversity crite-
rion: Types of pier caps covering different geometric shapes, load conditions and 
connection methods; ② Risk weighting criterion: Focus on selecting cases where 
there are displacement warnings or stress overlimits in the construction records; ③ 
Operating condition coverage criteria: It includes multiple operating conditions such 
as conventional loads, extreme loads, and combined loads. This research method not 
only achieves the precise positioning of engineering risks, but also the risk assessment 
framework formed by it can provide a reference for similar structures. While improv-
ing the research efficiency, it ensures that the results have engineering universality 
and practical guiding value. In Figure 5, the selection positions of the verification 
points are clearly marked, and in Figure 6, the pile foundations corresponding to each 
verification point are clearly numbered. 

 
Fig. 6. Verification Point Numbering Diagram 
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6.2 Vertical Displacement Cloud Map of Soil Mass 

Fig 7 presents the cloud map of the vertical displacement of the soil after the break-
through of the double-track shield tunnel. Through analysis, it can be known that the 
tunnel arch top area shows obvious vertical settlement deformation characteristics, 
while the arch bottom area presents a uplift phenomenon opposite to the main defor-
mation direction. The occurrence of this deformation phenomenon is mainly attribut-
ed to the three-dimensional soil unloading effect caused by the shield tunnel construc-
tion. Specifically, as the shield tunneling face continues to advance, the vertical stress 
release in the arch top area is caused by the excavation and unloading of the soil 
ahead, which in turn triggers consolidation and settlement. However, in the arch bot-
tom area, affected by construction disturbances, the stress field of the surrounding 
rock soil undergoes redistribution. Coupled with the local changes in the formation 
constraint conditions, it further triggers a displacement response contrary to the main 
deformation trend of this area. The maximum settlement in the tunnel arch top area 
was 8.04mm, while the maximum uplift at the bottom of the tunnel arch was 9.57mm. 

 
Fig. 7.  Cloud Chart of Vertical Displacement of Soil After Breakthrough of Double-Line 

Shield Tunnel 

6.3 Lateral Subsidence Law of Surface 

The surface subsidence data was extracted at the centerline (Y=105m) of the model in 
Fig 4, and the lateral surface subsidence curve was plotted. As shown in Fig 8, this 
curve reflects the distribution law of surface lateral settlement caused by the break-
through of the left and right lines of the tunnel. Through analysis, it can be known that 
during the excavation process of the single-track tunnel, the maximum settlement 
amount is concentrated directly above the tunnel axis, presenting a distribution pattern 
of being high in the middle and low on both sides along the axis direction. Its settle-
ment trough curve is consistent with Peck's empirical formula, presenting a "V" -
shaped curve feature with the tunnel axis as the symmetry axis. After entering the 
construction stage of the double-track tunnel, the excavation of the subsequent tunnels 
enhanced the superimposed effect of the stratum disturbance, thereby causing the 
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maximum settlement extreme point to shift and gradually converge towards the mid-
point of the double-tunnel axis. After the left line was connected, the maximum sur-
face settlement value above the arch top of the left line tunnel was 2.19mm. After the 
double-track breakthrough, the maximum surface settlement occurred at the midpoint 
of the double-tunnel axis, which was 3.11mm, an increase of 0.92mm compared with 
the single-track breakthrough. 

 
Fig. 8. Ground Transverse Settlement After Breakthrough of Double-Line Shield Tunnel 

6.4 Check the Settlement Law of Point Cap 

Fig 9 shows the settlement curve of the bearing cap at the check point during the con-
struction of the double-track tunnel. Through analysis, it can be known that ① Dur-
ing the period when the tunnel excavation passes through the verification point area, 
affected by the disturbance of the tunnel excavation, the settlement of the foundation 
shows a significant phased acceleration. The settlement rate is correlated with the 
spatial relative position of the tunnel excavation face. When the construction disturb-
ance is far away, the displacement growth returns to a stable state. ② The settlement 
amount shows a three-level gradient characteristic of "central concentration - unilat-
eral transition - edge attenuation" from the core area to both sides, fully confirming 
the superimposed influence law of double-track tunnel construction on the surround-
ing environment. ③ After the double-track tunnel was completed, the cumulative 
settlement of the pier caps 3-2 and 4-1 located in the axis area between the two tracks 
reached 2.71mm and 2.70mm respectively. The pier caps 2-2 and 3-1 located above 
the left-line tunnel have settlements of 2.23mm and 2.56mm respectively. The 5-2 and 
6-1 foundations located above the right-line tunnel resulted in settlements of 2.21mm 
and 2.28mm respectively. The minimum settlement of the edge pier caps (1-1, 1-2, 2-
1) far from the tunnel structure is between 0.55 and 1.60mm. 
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(a)1-1~6-1cap 

 

(b)1-2~6-2cap 

Fig. 9. Settlement of Verification Point Cap During Construction of Double-Line Tunnel 

6.5 Check the Settlement of the Pile Foundation at the Verification 
Point 

Fig 10 shows the vertical displacement cloud map of the pile foundation at the verifi-
cation point, which visually reflects the settlement distribution characteristics of the 
group pile foundation after the double-track shield tunnel is completed. The group 
pile foundation effectively converts the differential settlement between local pile bod-
ies into the rigid displacement of the pile cap through the cooperative deformation 
mechanism of the pile-earth-cap composite structure. This characteristic essentially 
reflects the overall coordinated response ability of the group pile system to stratum 
disturbances. Affected by the collaborative working mechanism of the pile group 
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system, the deformation responses of each pile foundation within the same pile foun-
dation range show significant spatial coordination characteristics. The relative dis-
placement difference of the pile foundation is significantly reduced. The overall mani-
festation is the synchronous settlement mode of the pile foundation group. The maxi-
mum settlement of the 2-3 pile foundation is 2.71mm, and the minimum settlement of 
the 1-1 pile foundation is 0.55mm. 

 
Fig. 10. Cloud Chart of Vertical Displacement of Verification Point Pile Foundation 

7 Verification of Simulation Results and Monitoring Data 

Table 4 simultaneously lists the finite element simulation and on-site monitoring re-
sults of pile foundation deformation. Through comparative analysis, it is found that: 

According to the deformation control standard of Terminal T1 in Table 1, when the 
spacing of the pile foundation at the verification points is 6m and 12m, the settlement 
difference control index should be strictly limited to within 12mm and 24mm respec-
tively. The maximum lateral differential settlement occurred between Pile foundations 
No. 2-1 and No. 2-2, with a maximum value of 0.63mm. The maximum longitudinal 
differential settlement appeared between pile foundations No. 1-2 and No. 2-2, with a 
maximum value of 1.13mm. Both were significantly lower than the control standard 
limits, verifying that the settlement of the pile foundations met the deformation con-
trol requirements. 

Regarding the settlement error, the error of Pile foundation No. 1-1 with the small-
est settlement was 9.84%, and the error of Pile foundation No. 3-2 with the largest 
settlement was 8.45%. This was mainly due to the fact that key parameters such as the 
load of the superstructure and the active load were not taken into account during the 
modeling. 
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The model significantly improves the calculation efficiency by reasonably simpli-
fying the assumptions (such as homogenizing the strata and ignoring the detailed 
structures). Compared with the actual monitoring data on site, the finite element simu-
lation results generally show the characteristic of systematically low. 

Nevertheless, the error of the finite element simulation is still within an acceptable 
and reasonable range, and the on-site monitoring results effectively verify the reliabil-
ity and accuracy of the finite element model. It provides a reference basis for the safe-
ty risk control during the construction process and also improves the numerical analy-
sis level of the underpass construction of double-track shield tunnels. 

Table 4. Comparison of finite element simulation of Pile foundation deformation and on-site 
monitoring results 

Pile foundation 
number 

On-site monitoring of 
sedimentation vol-
ume (mm) 

Finite element simu-
lation of settlement 
amount (mm) 

Sedimentation er-
rora (%) 

1-1 0.61 0.55 -9.84 
1-2 1.21 1.10 -9.09 
2-1 1.75 1.60 -8.57 
2-2 2.38 2.23 -6.30 
3-1 2.82 2.56 -9.22 
3-2 2.96 2.71 -8.45 
4-1 2.85 2.70 -5.26 
4-2 2.73 2.52 -7.69 
5-1 2.77 2.55 -7.94 
5-2 2.41 2.21 -8.30 
6-1 2.52 2.28 -9.88 
6-2 1.89 1.72 -8.99 

a.The sedimentation error is calculated by using the corresponding "(simulated value - monitored value)/monitored value" 

8 Conclusion 

This paper, based on the tunnel project of Zhengzhou-Xuchang Intercity Railway 
(Zhengzhou Section), utilizes Midas GTS NX finite element software to simulate the 
construction process of a double-track shield tunnel passing beneath the T1 Terminal 
of Xinzheng Airport. Focusing on the selected verification point areas, it analyzes the 
impact of shield tunnel construction on soil deformation and pile foundation respons-
es. By comparing the finite element simulation results with the deformation control 
standards for building pile foundations, the following conclusions are drawn: 

1. Model Validation and Foundation for Analysis Through reasonable assumptions
and simplifications, an integrated finite element model for double-track shield tun-
neling was established, successfully simulating the sequential construction process 
of the left and right tunnels. Comparative analysis with field monitoring data veri-
fied the reliability and accuracy of the model, laying a solid foundation for subse-
quent analysis of terminal pile foundation deformation. 



 
 
 

fied stratum disturbance superposition, validating modified Peck curve predictions.  

 

 
actual needs of the operation and management of Terminal 1 of the airport. 

 

nal of Railway Engineering Society, 39(11): 94-99. 

2. Due to the excavation of the tunnel soil, the surrounding soil was disturbed. The
vertical displacement in the area of the tunnel arch top and arch bottom was the
most significant. The maximum settlement of the tunnel arch top was 8.04mm,
while the uplift value of the tunnel arch bottom was 9.57m. The double-line con-
struction caused the peak of surface settlement to converge towards the midpoint of 
the axes of the two tunnels. The maximum settlement increased from 2.19mm on a 
single line to 3.11mm, with an increase of 43.6%. Subsequent excavations intensi-

3. After the double-track tunnel is completed, the maximum settlement of the 3-2 pier 
cap located in the axis area between the two tracks is 2.71mm, that of the 3-1 pier 
cap above the left track tunnel is 2.56mm, and that of the 6-1 pier cap above the
right track tunnel is 2.28mm. Among them, the maximum lateral differential set-
tlement of the pile foundation at the verification point was 0.63mm, and the maxi-
mum longitudinal differential settlement was 1.13mm, both of which were signifi-
cantly lower than the control standard limits. This verified that the deformation of 
the pile foundation met the deformation control requirements and could meet the

4. Practical Implications and Methodological Contributions Finite element simula-
tions and field monitoring confirmed that terminal pile deformation remained with-
in regulatory control limits, satisfying T1 Terminal operational management needs. 
The proposed simulation method enhances numerical analysis capabilities for dou-
ble-track shield tunneling, providing a valuable reference for similar tunnel pro-
jects. 
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