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Abstract: By using the finite element software MIDAS/GTS to make a numerical simulation of shield tunnel
crossing neighboring pile, and analyses the deformation characteristics of the single pile and pile in groups.
Results show that the major deformation form of the short pile is incline during tunneling. For the long pile,
bend is the major form. The farther distance between the single pile and tunnel, the smaller the maximum axial
force and bending moment of the pile. The deformation and stress of piles in the front row were larger than
those of rear row, and the distribution of horizontal displacement, axial force and bending moment of piles in
the same row were almost identical. The horizontal displacement of pile in groups is slightly bigger than the
single pile at the same location, and the settlement of the pile in groups is slightly smaller.
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1. Introduction

Shield, as a common method of tunnel construction which has made great improvement, still causes strata
displacement and ground subsidence. Due to Metro project locate in the area which is crowded with buildings,
and most buildings are in the form of pile foundation, sometimes shield tunnel will drive through adjacent to
pile foundations, the shield construction will certainly affect the internal force and deformation of pile
foundations, and a certain degree of loss will happen to the stability and the safety of upper structure [1].
Therefore, in order to protect the upper structure and to ensure tunnel construction smoothly, the study aims to
unveil the effects of tunneling on adjacent pile foundations which will lead us to acknowledge the serious
practical significance of this constructing method. Chen L T. Poulos G and Loganathan (1999) [2] have
analyzed the deformation of the piles based on the two-stage method. Loganathan (2000) [3] took advantage
of centrifuge experiment, in order to simulate the effects of tunneling on adjacent pile foundations. Zhu Feng-
bin (2008) [4-5] make numerical simulation results of pile deformation caused by shield tunneling compared
with the results of centrifuge experiments. Ding (2014) [6-7] studied the influence of underground pipeline by
shield construction by means of finite element method. Yuan haiping and Zhu dayong (2014) [8] have
analyzed the stresses and the horizontal deformation of the piles and the ground settlements under different
working conditions purring the process of shield advancing based on the mechanical principle of coupled
springs for bridge-pile structures and the finite difference method.

Based on the shield tunneling crossing building foundation on Hefei Metro Linel, this paper will use the
finite element software MIDAS / GTS to simulate the effects of shield-driven tunnel crossing pile foundations.

2. Numerical analysis on influence of shield tunneling to single pile

In this paper, tunneling-induced single pile’s deformation were analyzed by MIDAS / GTS, and the results
were compared with the two-stage method.

2.1. Numerical model and related parameters of single pile

The shield tunnel has an outside diameter of 6.0m, lining thickness of 0.3m, grouting thickness of 0.15m, and
buried depth of 18m. Considering the area that shield tunneling might affect, the distance of 25m was selected
as the left and right margins, and the distance from the center of tunnel to the bottom of model is 19m. The
width of the final model is 50m, height is 50m, and length is 45m. In order to facilitate the simulate calculation,
the longitudinal length of each tunnel excavation is 1.5m. The soil is divided into four layers, and its constitutive
model is Mohr- coulomb [9] physico-mechanical parameters of materials are shown in tablel.
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Tablel Physico-mechanical parameters of materials

Gravit Elastic . . .
Material densit))// modulus P0|s_son Cohesion(k FOI’IC
(KN/m?) (MPa) ratio Pa) )
Miscellaneous fill 16.5 9.2 0.43 14 194
Plastic clay 19.1 17.9 0.35 15 38
Hard plastic clay 19.7 24.8 0.33 15 42
Base rock 27 450 0.21 35 56
Grouting material 20 100 0.3 291 30
lining segment 25 30000 0.2
Piles and pile caps 26.2 35000 0.2

2.2 The results of numerical simulation of single pile’s displacement

Numerical analysis changed length and position of the pile to study the features of pile behavior caused by
tunneling.

(1)Analysis of single pile's vertical displacement in different lengths

Piles in different lengths were put at right side of shield tunnel, stayed in the same horizontal and the interval
between the pile and the tunnel was 5m. As figure 1 shows, when the pile length is 15 m, the change of the
vertical displacement along the pile shaft is small and its values are about 5.5 mm. The reason is that piles' axial
stiffness is much larger than soil's, so the piles' compression deformation caused by shield tunneling is very
small, which makes the whole pile shaft have consistent subsidence trend. When piles' length exceeds 19m, the
bottom of the pile is below the embedment depth of shield tunnel and the settlement of strata around piles'
bottom is small. Therefore, the vertical displacement of the pile reduces as its length increases.

In addition, as figure 1 shows, single pile's vertical displacement analyzed by two-stage method is larger than
the calculation results of MIDAS/GTS, but they have the same change trend. The reason is that without
considering the interaction between the pile and the surrounding strata during the calculation process of the two-
stage. [10-12]

(2)Analysis of single pile's vertical displacement in different locations

This paper simulates the changes of the piles' vertical displacement in the process of shield tunneling at
different locations of the tunnel. As the figure 2 shows, the maximum vertical displacement is located at the top
of the pile, as the piles' depth increases, the vertical displacement decreases slightly. In addition, the vertical
displacement of the pile increases as its distance to the shield reduces. Before the shield reaches the bottom of
the pile, as the figure indicates, the vertical displacement of the pile increases while its distance from it to shield
decreases, and the maximum appears in the shield leaving. After that, with the strata restore balance gradually,
pile's vertical displacement decreases slightly.

(3)Analysis of single pile's horizontal displacement in different lengths

As figure 3 shows, when the piles' length reaches 15 m, the upper part of the pile inclined towards the tunnel
and the bottom of the pile deviate from the tunnel direction, the major deformation form of pile is incline. When
the pile's length exceeds 19m, it can be seen from the figure that the curve of the pile's horizontal displacement
appeared two turning points, the bending deformation of the pile shaft is more obvious. The reference [13]
believes that the reasons for the above-mentioned phenomena is: with the increase of pile's length, it gradually
left the influence area of tunnel excavation. In addition, its slenderness ratio also increases, which makes the pile
shaft occur significant bending.

(4)Analysis of single pile's horizontal displacement in different locations

The changes of the piles' horizontal displacement in the process of shield tunneling at different locations of
the tunnel are shown in the figure 4. Results show that the horizontal displacement of the pile is inversely
proportional to the distance from the pile to center of the tunnel. Piles' bending deformation reduces as its
distance to the shield increases, and the changes trend of the horizontal displacement along the pile shaft is
consistent with the mentioned above.

&3



4:2 (2015) Journal of Civil Engineering and Construction

—e— Finite element method

o Finite element method
-4— Two-stage method

—a— Two-stage method
D % . o 1 :
E 2] : ! g 2 i :
3 4 o 2 i 5
S -4 A . 3 6] i :
S 4 . s 4 ¢
e 61 - . £ = 2 3
g 1 : & -10 A :
a5 -8B 4 * o . e
= i . £ 124 i L3
@ -10- it . 2 4] 4 :
£ A . % A ']
® -12- A + 2 161 i P
£ " ? E .18 P :
0 14+ A .:. i -184 " s
4 . -20
-16 T T T T T T T ! T T T T T T 1
12 11 10 -9 -8 -7 -6 -5 -4 -10 -9 -8 -7 6 -5 -4 -3
Vertical displacement of pile(15m)/mm Vertical displacement of pile(19m)/mm
—»—Finite element method - Finite element method
0 __—4— Two-stage method 0 . —-‘—.TWO-stage method
T A ) 1
2] : 2] ! ]
£ 4 i : £ 1 !
2 6 i . 2 3 1 1
[=§ 1 3 -84
s 3 i ! sa0) 4 ¢
£ 104 i . £ -12] i .
2 .92 i . S -14] A .
£l ! : sael 4 -.
S -161 i 1 g -18 i .
E 1 I £ -204 .
- -184 . 5 1 '
e A & @ -22 I8
2 -20- . . o | |
£ i L] [ -24 A‘ [ ]
i -22 i . W 26 i .
24 ] -28

B of & & 4 8 of o
Vertical displacement of pile(27m)/mm
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Figure 2 The vertical displacement of the pile in different locations
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Figure 3 The horizontal displacement of the pile in different lengths
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Figure 4 The horizontal displacement of the pile in different locations

2.3 The results of numerical simulation of single pile’'s additional axial force

(1)Analysis of single pile's additional axial force in different lengths
As figure 5 shows, when the pile length reaches 15 m, except for the pile top appeared a small portion of
axial tension, the remaining part of the piles' stress were performed axial pressure. When the piles' length
exceeds 19m. As figure indicates, the additional axial force of pile shaft is mainly for axial pressure. In addition,
the upper part of piles' additional axial pressure increases with the increasing value of piles' depth, while the
lower part of piles' additional axial pressure reduces as the value of piles' embedment depth increases. The
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reason is that when the pile is longer, the strata around the upper part of the pile have a significant settlement,
and the relative displacement between the strata and pile produced a negative skin friction on the piles' surface,
which makes the axial force of pile increase. While the settlement of pile and surrounding strata are equal, the
axial force of pile reaches the maximum. Footnotes avoid using footnotes.

In addition, as figure 5 shows, the changes trend of the piles' additional axial force calculated by
MIDAS/GTS are similar to those calculated by two-stage method, but the results of two-stage method is larger.
The maximum piles' axis pressure which is calculated by two methods are both occur near the tunnels'
embedment depth. The reasons for such changes are as mentioned above.

(2)Analysis of single pile's additional axial force in different locations

The changes of the piles' additional axial force in the process of shield tunneling at different locations of the
tunnel are shown in figure 6. It indicates that due to the impact of tunneling decreases with the increase in
distance between the pile and tunnel, the additional axial force of pile shaft is small. The reasons for such
changes are as mentioned above.

-e— Finite element method

—e— Finite element method | »-Two-stage method

. —a— Two-stage method 0] A
4 o AT e
. //_: c 2 A /./
o - o o
E z A .". @ 49 o /'/
2 44 /‘ 4 = 6 B o
. /‘ S /‘ -
= /A . o s P
6 o = -84 AT »

= /‘ L = o
a i L 3 10 P ./'
8 -84 @ - ] A 2
b o / - A .
= A ¢ £ 124 & r'd
S -10 A o a -
i P 7 Eae] N B
B 124 A . 2 .16 \.\ =
= A . 5 = kN
o -14 A N w .1g 4 A .\.

A8 5 g 20—

: -500 -450 -400 -350 -300 -250 -200 -150 -100 -50 ©

T T T T T T T T T T
-500 -450 -400 -350 -300 -250 -200 -150 -100 -50 0O 50

Axial force of pile(15m)/KN Axial force of pile(19m)/KN

—e— Finite element method

Finite element method
= 4 Two-stage method

—a— Two-stage method 0

04 _Aw 7]

2 AT 24

Ea realie € -4

£ 4 Pl £ o

a 4] ‘/", ./. T -84

5 8 AT o % -10]

£ -10 e " g -12

a a v o -14
@ -12 Y . o

= a S 18]

;c: =14 A\“ : 5 -18

2 .16 a, . £ 20
E=] ‘_\ - k=)

o 18 A . o -224

=1 A . 24 ]
£ -20 A \.\ E

w5 A\_‘ "5 w 254

'24 ~a e -28]

550500 450 400 -350 300 250 -200 150100 50 0 -600-550-500-450-400-350-300-250-200-150-100 -50 0 50
Axial force of pile(23m)/KN Axial force of pile(27m)/KN

Figure 5 The additional axial force of the pile in different lengths
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Figure 6 The additional axial force of the pile in different locations
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2.4 The results of numerical simulation of single pile's additional bending moment

As figure 7 shows, piles in different lengths were put at right side of shield tunnel and the interval between
the pile and the tunnel was 5m. With the piles' embedment depth increases, there is a little change in the upper
part of piles' additional bending moment which caused by tunneling. The piles' additional bending moment
increases suddenly when the embedment depth of the pile is close to the tunnel. Later, accompanied with the
continuous increase of piles' embedment depth, the additional bending moment of pile begins to decrease. In
addition, as figure 7 indicates, piles' maximum bending moment increases with increasing value of its length. It
also can be seen from the figure 7 that the maximum bending moment occurs near the tunnels' embedment
depth, this is because that the additional bending moment of the pile is related to its horizontal displacement.

When the piles' length are equal, as figure 8 shows, the additional bending moment of it is inversely
proportional to the distance from the pile to the center of the tunnel and its value reaches 119.3KN « m while
horizontal distance from it to the center of the tunnel is 11m.
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3. Numerical analysis on influence of shield tunneling to pile in groups

This research is based on shield tunneling construction of Hefei city metro line 1, and uses MIDAS/GTS to
analyse the deformation characteristics of the single pile and pile group induced by shield tunneling.

3.1. Numerical model and related parameters of pile in groups

The size of the model and physico-mechanical parameters of materials are as mentioned above. Plane
positional relationships between group piles and tunnel are shown in Figure 9.
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Figure 9 Plane positional relationships between group piles and tunnel
3.2. Analysis of vertical displacement of pile in groups

As figure 10 shows, the vertical displacement of piles in the front row were larger than those of rear row.
Above phenomenon occurs for two reasons: firstly, piles in the front row, which are the closest to the center of
tunnel, so the strata subsidence of this area is greater. Secondly, the piles in the front row had a shielding impact
on the green field soil displacement. Finally, it makes the vertical displacement of the piles in front row are less
than those in the rear row.

In addition, as figure 10 shows, the vertical displacement of each pile along the pile shaft are basically remain
unchanged, the reason is that pile's axial stiffness is much larger than soil's. Due to the group piles' contribution
to the stiffness of the soil around the pile is greater than single piles' contribution, which makes the vertical
displacement of piles in the front row were larger than those of rear row.

3.3. Analysis of horizontal displacement of pile in groups

As figure 10 shows, the changing rule of piles' horizontal displacement in the front row was of little
difference with the pile in the rear row. The upper part of the pile inclined towards the tunnel while the bottom
of the pile deviate from the tunnel direction, and the maximum horizontal displacement occurs near the tunnels'
embedment depth. The reason for this phenomenon have been mentioned in the above.

In addition, the horizontal displacement of piles in the same row were almost same, but those of piles in the
front row were larger than those of rear row. This is because the center of the tunnel near the front row piles, so
the strata's horizontal displacement induced by shield tunneling have great effect on piles in the front row. It
also can be seen from the figure 10 that the changing rule of the group piles' horizontal displacement was of
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little difference with those of single pile at the same position, but the maximum horizontal displacement of pile
group exceeded the single pile of the same position.

3.4. Analysis of additional axial force of pile in groups

As figure 10 shows, the additional axial force of pile group is mainly for axial pressure. The upper part of
piles' additional axial force is proportional to the embedment depth of pile, however, the lower part of piles'
additional axial force is inversely proportional to the piles' embedment depth. The maximum additional axial
force occurs near the tunnels' embedment depth and the reasons for this phenomenon have been mentioned in
the above.

In addition, as figure 10 indicates, the additional axial force of piles in the same row were almost supposed. In
contrast to the single pile at the same position, there was a larger maximum additional axial force of the pile in
groups, but they have the same changes trend.

3.5. Analysis of additional bending moment of pile in groups

As shown in figure 10, the changing rule of the piles' additional bending moment in the front row was of little
difference with the pile in the rear row and the maximum additional axial force occurs near the tunnels'
embedment depth. This is because that the additional bending moment of the pile is related to its horizontal
displacement and this conclusion is consistent with the case of single pile. In addition, the additional bending
moment of piles in the front row were larger than those of rear row, and the distribution of bending moment in
the same row were almost identical.

In contrast to the single pile at the same position, the upper part of group piles' flexural deformation is more
obvious, and the lower part of its flexural deformation is close to the single pile at the same position.
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Figure 10 The mechanical behavior characteristics of pile in groups

89



4:2 (2015) Journal of Civil Engineering and Construction

4. Conclusions

The major deformation form of short pile is incline during tunneling. For the long pile, bend is the major
form. The pile length influence the deformation of a pile observably, especially when the pile end is under the
depth of tunnel buried. The farther the distance between single pile and tunnel, the smaller the maximum axial
force and maximum bending moment of the single pile. When the distance between them reached a certain
degree (12m in this paper), axial force and bending moment of the pile can be neglected. The deformation and
internal force of piles in the front row were bigger than those in the back row. As piles located in the same row,
the changes of horizontal displacement, axial force and bending moment are basically identical. The horizontal
displacement of pile in groups is slightly bigger than single pile at the same location, and the settlement of the
pile in the groups is slightly smaller. The maximum bending moment of pile in groups compared with those of
single pile at the same location, were basically same, and maximum axial force of pile in groups is slightly
smaller.

Acknowledgments

This project 11472005 supported by National Natural Science Foundation of China and Anhui Provincial
Science and Technology Research Project Funding through grant No.1501041133.

References

[1] Xu Ming, Xie Yongning. Effect of shield tunneling on adjacent single-pile foundation [J]. Journal of South
China University of Technology: Natural Science, 2011, 39(4):149-155.

[2] Chen L T, Poulos H G, Loganathan N. Pile Responses Caused by Tunneling. Journal of Geotechnical and
Geoenvironmental Engineering, 1999, 125(3): 207-215.

[3] Loganathan, N.Poulos, H.G, Stewart, D. P. Centrifuge model testing of Tunneling-induced ground and pile
deformations [J]. Geotechnique, 2000, 50(3): 283-294.

[4] Zhu Feng-bin, Yang Ping, et al. Numerical analysis on influence of shield tunnel excavation to neighboring
piles [J].Chinese Journal of Geotechnical Engineering, 2008, 30(2): 298-302.

[5] Zhu Feng-bin, Yang Ping, et al. Research on the Influence of Shield Tunnel Excavation to Neighboring
Single Pile[J].Chinese Journal of Underground Space and Engineering, 2010, 6(2):369-374.

[6] Ding Kewei, Man Dawei, Numerical analysis of Hefei metro shield tunnel construction crossing pile
foundation of building, Civil Engineering and Urban Planning-Mohammadian, Goulias, Cicek, Wang &
Maraveas (Eds),245-248, 2014 Taylor & Francis Group, London.

[7] Ding Kewei, TONG Xuexue, Numerical Simulation Analysis of the Influence of Underground Pipeline by
Shield Construction, Proceedings of 2014 International Conference on Mechanics and Civil Engineering, 2014,
Vol.7: 618-623

[8] Yuan Haiping, Zhu Dayong, et al. Mechanical Behaviours of a Shield Tunnel Adjacent to Existing Viaduct
Pile Foundations [J]. Chinese Journal of Rock Mechanics and Engineering, 2014, 33(7):1457-1464.

[9] Rui Yonggqin, Yue Zhonggqi, et al. Numerical Simulation Analysis on Influence of Tunnel Excavation Types
on Pile Foundation of Building [J]. Chinese Journal of Rock Mechanics and Engineering, 2003, 22(5):735-741.
[10] Wang Shuhong, Zhao Hexini, et al. Analysis of the Impact on Adjacent Pile Caused by Excavation with
Metro Shield Based on Two-Stage Method [J]. Journal of Northeastern University (Natural Science), 2014,
35(6):871-874. (In Chinese)

[11] Huang M' S, Zhang C, Li Z. A Simplified analysis method for the influence of tunneling on ground piles
[J]. Tunneling and Underground Space Technology, 2009, 24: 410-422.

[12] Wang S H, Jiang L, Wang J. Analysis of the earth surface subsidence caused by the dewatering of
Shenyang subway in China [J]. Applied Mechanics and Materials, 2013, 353/354: 1335-1338.

[13]Li Ning, Wang Zhu, et al. Numerical study on subway tunneling-induced pile-foundation
deformations[J].China Civil Engineering Journal, 2006, 39(10):107-111.

90





