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Soil parameters along the heading direction are subjected to spatial variability during shield
construction, so grouting pressure requires constant adjustment to ensure ground stress sta-
bility. This causes grouting pressure to fluctuate around the design pressure/curve. There-
fore, the influence of the grouting pressure volatility on the adjacent loaded-pile foundation
should be considered in shield tunneling. In this study, a refined numerical simulation of
the shield construction process is conducted using the Fast Lagrangian Analysis of Continua
in Three Dimensions (FLAC3D) software. A total of 300 groups of grouting pressure pa-
rameters with a skewed normal distribution are input into the numerical model. Then, the
influence of the construction parameter uncertainty on the adjacent loaded-pile foundation
is analyzed. Finally, the back analysis method is conducted based on the monitored data to
evaluate how the construction process affects the pile foundation. The calculation results are
compared with those of the traditional finite element method. The results indicate that in
the tunneling process, the grouting pressure fluctuation greatly affects the additional bend-
ing moment of the adjacent pile foundation. Under the influence of the grouting pressure,
the additional axial force and additional bending moment of the pile foundation also follow
the skewed normal distribution. The back analysis results of the pile foundation are greater
than those of the typical numerical method by about 60% 100%, that is using the back
analysis calculation results to evaluate the pile foundation additional response can reduce
the risk.

Keywords: grouting pressure fluctuations, adjacent loaded-pile foundation, normal distribu-
tion, FLAC3D

1. Introduction

In the recent years, an increase in urbanization has resulted in rapid development of urban
underground rail transit and space development projects. Many countries begin to build subways
to address the increasing demand for adaptation. Shield tunneling has many advantages, such as
high efficiency of mechanized construction and a small effect on the underground pipeline, pile
foundation, ground deformation and ground traffic. Therefore, this method is often considered
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the best choice for subway tunnel construction (Liu et al., 2020; Lv et al., 2020; Yang et al.,
2020; Cui et al., 2020).

The adjacent loaded-pile foundation has been used in shield construction, making the mea-
suring points difficult to arrange on the pile. The influence of the shield tunnel construction
process on the adjacent loaded-pile foundation is also hard to evaluate. Such engineering or
research problems are commonly analyzed using three methods: model test, two-stage analysis
and numerical simulation. The first method requires considerable manpower, material, financial
resources and time (Bezuijen and Schrier, 2005; Loganathan et al., 2000). However, given the
effect size, some test results cannot be directly used to guide the engineering practice (Lee and
Bassett, 2007; Lee and Yoo, 2006). In the second method (Wang et al., 2014; Zhang, 2011), the
soil is usually assumed as a uniform elastic medium. The coupling effect between the excavation
of the soil and the response of the pile foundation is also not considered, which is quite different
from the engineering practice. The third method selects the most suitable constitutive model to
reflect the elastoplastic soil characteristics. Thus, it has been widely used in simulating various
complex construction processes, including different working conditions and subway structures
(Chen et al., 2018; Li et al., 2020; Zhang et al., 2020).

Chen et al. (2018) simulated slurry fracturing during shield tunneling using a numerical
method and reproduced the fracture initiation, branching and propagation. Similarly, Li et al.
(2020) used a numerical method to simulate and analyzed the pile underpinning technology dur-
ing shield tunnel crossing bridge pile foundation construction. Zhang et al. (2020) emulated a
curved shield tunnel under yaw excavation loadings by utilizing a numerical simulation method.
They found that under dual action of overcutting and construction loadings, the surface set-
tlement of a curved tunnel was larger than that of a straight-line tunnel. The current study
employed a numerical calculation method to simulate the construction process of a metro tun-
nel. A refined numerical simulation of the shield construction process was conducted using the
Fast Lagrangian Analysis of Continua in Three Dimensions (FLAC3D) software (FLAC3D 3.0,
2009). In this paper, numerical simulation was used to simulate the shield tunnel construction
process and evaluate its influence on the adjacent loaded-pile foundation.

In shield construction, soil material parameters are subjected to spatial variation (Fenton
and Griffiths, 2002; Griffiths and Fenton, 2004; Griffiths et al., 2009; Zhang et al., 2018), and
construction parameters (e.g., grouting pressure) require continuous adjustment with a change of
geological parameters (Aydan and Hasanpour, 2019). Soil parameter spatial variability has been
considered in studying the slope slip (Griffiths et al., 2009), stability of embankment (Zhang
et al., 2018), liquefaction of foundation (Baker and Faber, 2008), and stability evaluation of
a tunnel-boring machine-driven tunnel face (Eshraghi and Zare, 2014). Prior findings showed
that ignoring the spatial parameter variability underestimated the danger of the damage. The
spatial variability of soil parameters and other factors make the grouting pressures fluctuate
around the design pressure/curve during construction. This issue should be highly concerned
when evaluating the effect of shield tunneling on adjacent loaded-pile foundations. Otherwise,
calculation results will be inaccurate. Zheng et al. (2015) showed that among many construction
parameters, the grouting pressure is highly uncertain. They also found that it had the most
significant influence on formation of deformation. So, the influence of the grouting pressure on
the adjacent loaded-pile foundation is studied.

Using the numerical simulation method of previous studies and considering the most impor-
tant influencing factors in the existing literature, a method to evaluate the influence of shield
construction on the adjacent loaded-pile foundation was established. The current paper pro-
ceeds as follows. A numerical model of the shield tunneling of the Taiyuan Metro Line 2 passes
through the pile foundation group of Xuefu Street Highway Bridge is established in Section 2,
and the influence of the grouting pressure fluctuation on the adjacent loaded-pile foundation
is researched in Section 3. A total of 300 groups of grouting pressure data with the skewed
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normal distribution are used as input parameters to simulate the shield tunneling process. Their
effect on the pile foundation group of the highway bridge is evaluated. The numerical method
can be used to predict the influence range of the grouting pressure fluctuation on pile founda-
tion. However, the calculation amount is too large. In order to evaluate the influence on the
pile foundation using the monitored surface settlement data along Line 2, the following two
steps are performed in Section 4. First, a mapping model between grouting pressure follows the
skewed normal distribution and surface settlement is established through artificial intelligence
learning methods. Then, the grouting pressures are derived from the monitored data and input
into the proposed numerical model simulating the shield tunneling. Although this study has
limitations, the simulation results can still provide an idea and basis for further investigations
on the influence of construction parameter uncertainty on the adjacent load-pile foundation.

2. Numerical simulation model and method

2.1. Description of the numerical simulation model

The proposed numerical simulation model was derived from a section of Taiyuan Metro Line
2 between Xuefu Street Station and Changfeng Street Station. This section has length of 105.6 m
and two lines of the shield tunnel. The shield segment has an outer diameter of 6.2 m, thickness
of 0.35m, and width of 1.2m. The buried depth of the tunnels is 10.5m-12.9 m. From Xuefu
Street to Changfeng Street, a downward slope of 2% is also designed. In this study, the analysis
is focused on the influence on loaded-pile foundations when the shield construction crosses the
Xuefu Street Highway Bridge. A pile foundation group of the highway bridge contains 3 x 3
bored piles with diameter of 1.5m and length of 60 m. The closest distance between the left
tunnel and the left pile foundation is 12.5 m, and the closest distance from the right tunnel to
the right pile foundation is 13.8 m, as shown in Fig. 1. The field situation is presented in Fig. 2.
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Fig. 1. Relative positions of the shield tunnel and pile foundation of the viaduct

On the basis of the above design drawings, a 3D calculation model was established with
length of 100m, width of 105.6m (in depth), and height of 65.3m, as shown in Fig. 3. The
distance between the left tunnel construction and the left pile foundation is relatively close. The
distance from the right pile foundation to the left tunnel construction is three times larger than
the tunnel diameter. The influence of the left tunnel construction on the right pile foundation
might be neglected. Therefore, a simulation was carried out only for the left tunnel construction,
and analysis was conducted to determine the influence on the additional response of the left pile
foundation.
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Fig. 2. Field situation of relative positions

Fig. 3. 3D geometric model

2.2. Description and characterization of grouting pressure parameter fluctuation

In shield tunneling, geological parameters along the forward direction of the shield machine
are generally spatially variable. Combined with the influence of human operation factors, the
grouting pressure requires constant adjustment to ensure the ground stress balance and prevent
abrupt changes of ground subsidence or excessive deformation of surrounding structures. This
method will make the grouting pressure fluctuate within a specific range around the design
pressure value/curve. The grouting pressure data analysis and distribution fitting test results of
engineering examples in the literature showed that a skewed normal distribution could describe
the uncertainty distribution law of the grouting pressure. Moreover, its correlation distance is
more reasonable to take four rings (Wang and Yu, 2019). In the current study, a total of 300
groups of data were randomly generated to represent the grouting pressure fluctuation. In each
group, the number of grouting pressure data is equal to the number of shield rings, and they
obeyed the skewed normal distribution. And they would be input into the model in turn in
the next stage of shield construction simulation. The average value of each group of data was
0.18 MPa for the design grouting pressure. The coefficient of variation was the maximum value
of the analysis results, i.e., Cov = 0.25. Finally, its reliability was verified (for more details, refer
to Wang and Yu, 2019).

2.3. Numerical simulation process

After discretization of the above geometric models, a Fast Lagrangian Finite Difference model
was obtained. In the model, eight-node hexahedral solid elements were used for the discretization
of the soil mass. Then, a Mohr-Coulomb constitutive relation was used for simulation. The tunnel
shield machine shell was discrete by the solid element, and a linear elastic constitutive relation
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was adopted given its relatively large stiffness. The tunnel segment was simulated using the line
elastic shell element. The reinforced concrete viaduct cap was modeled 1:1 and dispersed to the
solid element, and the viaduct above the cap and other loads were replaced with an equivalent
load. The pile element in the structural element was used to simulate the bridge pile foundation
group. The soil parameters adopted are shown in Table 1. The other material parameters were
taken as the standard values in relevant design specifications.

Table 1. Soil parameters

Soil Depth Cohesive|Frictional| Modulus of | Natural |Poisson’s
layer h [m] force angle |compression| gravity ratio
number c [kPa] ¢ [°] E [MPa] |p kN/m3]| v []
1-1 Miscellaneous fill] 0 to —1.2 4 5 8 19.0 0.45
1-2 Plian fill —-1.2 to —3.2 4.7 6 10 19.0 0.43
2-3-1 Clayey silt —3.2to —4.5 7.7 18.5 13 19.8 0.4
2-2 Silty clay —4.5 to —11 9.7 11.2 10 19.8 0.4
2-4 Silty-fine sand | —11 to —13.1 3.2 25 19 20.5 0.32
2-3-1 Clayey silt |—13.1 to —17.5| 7.7 18.5 13 19.8 0.4
2-5 Medium sand |—17.5 to —32.9] 2.1 28 30 20.2 0.32
3-3 Silty clay —32.9 to —38.5| 18.6 13.7 16 19.6 0.38
3-11 Cobbly soil |—38.5 to —45.3| 13.2 20.3 14 20.6 0.4
3-4-1 Clayey silt |—45.3 to —65.3 20 18 32 19.6 0.38

Excavated part

Unexcavated
part

Shield shell
X support part

Fig. 4. Schematic of the shield tunneling process

The simulation process was mainly divided into two stages. The first stage was obtaining
the in-situ stress. Specifically, the initial in-situ stress field was the state without viaduct pile
foundation. After pile foundations were added, the displacement velocity field was calculated
until the equilibrium state. Then, the displacement velocity field was cleared as a new initial
stress field. The second stage was a simulation of the shield tunneling process. This stage involved
four steps: shield machine tunneling, shield shell support, grouting pressure support and segment
pipe support. These steps were repeated to simulate the entire shield construction process.
In shield machine tunneling, soil elements in the tunneling range were assigned to the empty
model, and a jacking force was applied to the tunnel face. In the shield shell support, segment
elements were changed into elastic elements, and the shield shell parameters were assigned. In
the grouting pressure support, shield shell elements at the shield machine tail were assigned as
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an empty model, and the grouting pressure was applied to the soil around the tunnel. In this
step, 300 grouting pressure parameters generated earlier were input to the numerical simulation
model. In the segment pipe support, the grouping pressure parameters were removed, and the
shell element parameters at the relative position were changed to the segment pipe parameters.
The schematic of the shield tunneling process is shown in Fig. 4. In theory, a simulation model
containing 88 rings should repeat the second stage discussed above 88 times. However, in the
current study, the simulated construction step excavated two rings considering the time cost of
calculation (for 300 groups of grouting pressure data to calculate 300 models). In other words, the
shield tunneling process of the left tunnel was simulated 44 times in the whole section. Finally,
the influence of shield tunneling processes on the adjacent loaded-pile foundation additional
response was analyzed.

3. Simulation results and analysis

3.1. Simulation results

One of the calculation results of 300 groups of the grouting pressure was extracted and
analyzed. The total displacement cloud map of pile foundations in the vertical direction is
shown in Fig. 5a. The deformation law of nine pile foundations was roughly the same. The
upper part of the pile foundation had the largest downward displacement, and the bottom had
a small upward deformation due to excavation unloading. Therefore, in the subsequent analysis,
the pile close to the shield tunnel and the starting position can be selected as a representative
to analyze the influence on additional deformation of the pile foundation.
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Fig. 5. (a) Total vertical displacement cloud and (b) total axial force diagram of pile foundations

The total axial force diagram of piles is shown in Fig. 5b. The change gradient of the axial
force of four pile foundations at the four corners was larger than that of the rest of the five
piles, and the pile axial force had almost no difference between the four piles at the four corners.
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Therefore, in the subsequent analysis, the pile near the shield tunnel and the starting position
can also be selected as a representative to analyze its effect on the additional axial force of pile
foundations.

Pile z-component moment

9.7495E+05
8.0000E+05
6.0000E+05
4.0000E+05
2.0000E+05
" 0.0000E+05
-2.0000E4-05
-4.0000E+-05
-6.0000E4-05
-8.0000E4-05
-1.0000E+4-06
-1.0075E4-06

/.
Fig. 6. Total bending moment diagram of the pile foundation

The total bending moment diagram of pile foundations is shown in Fig. 6. The change
gradient of the bending moment of piles in front and rear rows was large. The bending moment
at the bottom of these two rows of pile foundations was positive and negative, respectively. The
bending moment gradient of the row near the starting station was slightly larger. Therefore, in
the subsequent analysis, the pile foundation near the shield tunnel and the starting position can
also be selected as a representative to analyze its effect on the additional bending moment of
the pile foundation.

3.2. Analysis of the influence of grouting pressure parameter fluctuation

On the basis of the above analysis, the deformation, axial force and bending moment of the
pile were extracted for 300 groups of grouting pressure parameters, and the influence law of
grouting pressure fluctuation on the additional response of the adjacent pile foundation under
load was analyzed.

The total lateral movement results of the pile foundation for 300 groups of grouting pressures
are shown in Fig. 7a. The lateral movement of the pile foundation was extremely different
considering the grouting pressure fluctuation. In the most unfavorable case, the lateral movement
at the top of the pile is approximately 5 mm. However, the minimum lateral movement of the pile
foundation is 0.3 mm among the 300 groups of calculation results. The total lateral displacement
standard deviation of the pile foundation considering the uncertainty of grouting pressure, with
the maximum value of approximately 0.8 mm, is depicted in Fig. 7b. A reasonable grouting
pressure could effectively control the additional deformation of the pile. Otherwise, it had adverse
effects on the pile deformation and might bring great hidden danger to safety.
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Fig. 7. (a) Total pile foundation lateral displacement under grouting pressure of 300 groups.
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Fig. 8. (a) Total and (b) additional bending moments of pile foundation

The calculation results of the total pile foundation bending moment and under grouting
pressure of 300 groups are shown in Fig. 8a. The additional bending moment during shield
construction under grouting pressure of 300 groups are shown in Fig. 8b. The influence on the
additional bending moment of the pile mainly occurred in depth of approximately 30 m below
the surface, considering the grouting pressure uncertainty. Within this range, the maximum total
bending moment of the pile body was approximately 250 kN-m, and the maximum additional
bending moment was approximately 100 kN-m. In other words, around 40% of the pile bending
moment was caused by the shield tunnel construction. In some sections, the proportion of the
pile additional bending moment value to the bending moment was extremely high. Thus, the
grouting pressure uncertainty had a great influence on the response of the pile additional bending
moment. The additional response brought by the construction parameter fluctuation to the pile
foundation should be fully considered in the design and the strengthening process. Otherwise, it
might lead to safety accidents. The standard deviation of the additional bending moment of the
pile foundation considering the grouting pressure uncertainty is shown in Fig. 9a. The influence
of the grouting pressure fluctuation on the additional bending moment decreased significantly
when the buried depth of the pile foundation was greater than 30 m (approximately 2.5 times
deeper than the tunnel buried depth).

The calculation results of the total axial force of the pile foundation under 300 groups of
grouting pressures are shown in Fig. 9b, and the additional axial force of the pile foundation
during shield construction under 300 groups of grouting pressures are shown in Fig. 10a. The ad-
ditional axial force of the pile had fluctuation characteristics, considering the grouting pressure
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Fig. 10. (a) The additional axial force of the pile foundation and (b) standard deviation of the
additional axial force of the pile foundation

fluctuation in the shield construction. The maximum additional axial force fluctuated within
100-800 kN, but its percentage was less than 10%. Therefore, the shield tunnel construction pro-
cess only slightly affected the axial force of the adjacent loaded-pile foundation. The standard
deviation of the additional axial force of the pile foundation is shown in Fig. 10b. The maxi-
mum influence of the grouting pressure fluctuation on the pile additional axial force occurred
at approximately 10 m below the surface (close to the tunnel buried depths). Moreover, the
maximum value was approximately 135kN.

The histogram of the frequency distribution of the pile additional axial force calculated
for the grouting pressure of 300 groups at the center of the pile foundation (30m) is shown
in Fig. 11a. The additional axial force of the pile at this point roughly followed the skewed
normal distribution. The histogram of the frequency distribution of the pile foundation additional
bending moment calculated by 300 groups of the grouting pressure at 15 m is depicted in
Fig. 11b. Similarly, the additional bending moment at this point roughly followed the skewed
normal distribution. The additional axial force and the additional bending moment of the pile
at other positions also generally followed the skewed normal distribution. A total of 10 sets of
the calculated results were chosen randomly for chi-square tests (x2 tests) to verify whether
they are conformed to the skewed normal distribution (Zhang et al. (2018)). The assumption
that they all obeyed the skewed normal distribution was tested as follows. A total of 20 data
intervals were divided into 18 groups, and the x2 test was conducted. The results showed that
the maximum difference degree was 12.783, which was far less than the difference degree value
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of the x2 test when the significance level was 5% (27.587). Thus, the assumption that the pile
foundation additional bending moment and additional axial force obeyed the skewed normal
distribution was verified.
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4. Additional response evaluation of adjacent loaded-pile foundations based on
monitoring surface subsidence

The numerical simulation considering the grouting pressure fluctuation can predict the influence
range of the pile foundation. However, the calculation amount is too large, resulting in calcula-
tion costs. Adjacent loaded-pile foundations have been used in shield construction, making the
monitoring instrument difficult to arrange on the piles. Ground subsidence along the line and
around the pile foundation is usually monitored during subway construction. Thus, how to use
the monitored surface settlement data should be determined to accurately reflect the influence
of the construction process on the adjacent loaded-pile foundation.

4.1. Establishment and validation of the mapping model

The grouting pressure greatly affects the surface settlement along and around the subway,
and this relationship is highly nonlinear. The flow chart and the purpose of establishing the
mapping model are shown in Fig. 12. On the basis of the BP neural network algorithm, a
mapping model between the previous 300 groups grouting pressures and the calculated ground
surface settlements at different construction stages was established. Then, through the mapping
model, the pressures near to actual grouting ones were restored by back analyzing the monitored
surface subsidence. Finally, after verifying the model, the restored grouting pressures were used
to analyze the influence on the adjacent loaded-pile foundations.

The positional relationship between the monitoring points and the numerical model is shown
in Fig. 13a, and the observation points and the monitoring process are shown in Fig. 13b. The
monitored data of different construction stages are summarized in Table 2.

The monitored data and the mapping model were used to obtain the grouting pressure
values of each ring during construction. However, the data from each back analysis are not
unique. Therefore, ten groups of grouting pressure parameters were obtained by conducting
back analysis ten times. The results were input into the numerical model to calculate the surface
subsidence at ten monitoring points. The simulated results and the monitored data were drawn in
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Fig. 12. Flow chart of the proposed mapping model development

Fig. 13. Monitoring process and positional relationship of monitoring points: (a) positional relationship
of monitoring points, (b) points and process of monitoring

Table 2. Monitored ground subsidence [mm)]

Ring number Number of monitoring points
of shield DBC | DBC | DBC | DBC | DBC | DBC | DBC | DBC | DBC | DBC
construction | 7-5 8-5 9-5 10-5 | 11-1 | 11-2 | 11-3 | 114 11-5 | 11-6
20 —3.13 |—0.54] 1.85 0.83 | 0.77 | 1.03 | 1.19 | 1.17 0.99 | 1.44
26 —2.95 |-3.77| 0.6 | —0.04 |—-1.46|—-0.54|-0.23| —-0.2 | —0.67 |—0.17
32 —7.56 |—4.38| 0.47 0.42 |—-0.22| 0.06 | 0.38 0.2 0.48 | 0.13
38 —8.28 |-5.63| —3.27 | —2.21 |—-0.92|—-0.33| 0.59 | —0.35 | 0.35 | 0.28
44 —-8.23 |—6.13| —4.81 | —4.61 |—-0.45| 045 | 0.3 | —1.21 | —0.71 | 0.22
56 —11.14|—-6.58| —7.86 | —9.41 |—-0.57|—1.18| —=5.3 | —9.75 | —6.95 | —3.46
66 —11.37|—-8.36| —8.47 |—10.89| 1.00 |—0.79|—-7.97|—13.98|—10.81 | —6.76
78 —11.721-9.09| —9.68 | —11.42| 1.09 |—1.14|—-8.08| —14.4 | —11.13|—6.54
84 —12.33|-9.811—-10.22|-10.82| 0.4 |—0.52|—-7.86|—13.89| —9.88 | —5.16
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one coordinate system for different tunneling distances to verify the mapping and back analysis
effects, as shown in Fig. 14. Ten sets of data were concentrated in an extremely narrow range,
and the calculated results were in good agreement with the measured data in terms of trend
and size. Thus, the mapping model and back analysis method were stable and effective.
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Fig. 14. Simulated results and monitored data for different tunneling distances: (a) tunneling to ring 32,
(b) tunneling to ring 56, (c) tunneling to ring 78

4.2. Comparison and analysis of the influence of different methods on the additional
response of pile foundation

The superiority of the proposed method was tested as follows. The back analysis method cal-
culation results of monitored data (average of ten calculations) were compared with the ordinary
numerical method (without considering the grouting pressure fluctuation) for the influence of
the additional pile foundation. The total pile lateral displacement for two numerical calculation
methods is shown in Fig. 15a. The maximum value of pile lateral displacement calculated by
the ordinary numerical simulation method is significantly smaller than that of the back analysis
method.

The pile additional bending moment for two numerical calculation methods is depicted in
Fig. 15b. The maximum additional bending moment obtained by the displacement back analysis
is approximately 2.5 times greater than that of the ordinary numerical simulation method. If
the ordinary numerical calculation results are continually used to evaluate the pile foundation
additional response, the pile additional bending moment will be underestimated with great prob-
ability. This issue will cause great hidden danger to the engineering design and reinforcement.
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Fig. 15. (a) Total pile lateral displacement for two numerical calculation methods, (b) pile additional
bending moment for two numerical methods

When the parameters used in the numerical method cannot reflect the actual project situation,
the calculated results will also lose their significance for evaluation.

The pile additional axial force for two numerical methods is exhibited in Fig. 16. A great
difference exists between the displacement back analysis and the ordinary numerical simulation
results. The back analysis calculation results are larger than the results of the ordinary numerical
method by about 60%-100%. Using the back analysis calculation results to evaluate the pile
foundation additional response can reduce the risk.
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Fig. 16. Pile additional axial force for two numerical methods

5. Conclusion

In this study, the influence of the grouting pressure fluctuation on the adjacent loaded-pile
foundation during shield tunnel construction was examined. The shield tunneling process under
300 groups of grouting pressure data was simulated using a refined numerical method. The
influence rule of the grouting pressure fluctuation was also analyzed. The lateral displacement,
additional axial force and bending moment of the pile foundation were considered in the analysis.
The back analysis method was used based on the monitored settlement data to determine the
effect of construction on the pile foundation. Finally, the results were compared with those of
the common numerical simulation method.
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The following conclusions are derived from the simulation and comparison results:

e In shield tunneling, the pile foundation near the tunnel side and the starting station have
the most obvious internal force changes. Thus, it is selected as a representative to analyze
the effect on its additional response.

e The construction process considering the grouting pressure uncertainty greatly affects the
adjacent pile additional response. The area with the great influence on the additional
bending moment is ranging from 0-30 m below the ground (approximately 2.5 times deeper
than the tunnel depth), and the area with the great influence on the additional axial force
is near the tunnel depth.

e The chi-square (x2) test results show that when the grouting pressure of 300 groups obeys
a skewed normal distribution, the pile foundation additional axial force and additional
bending moment under the influence of the grouting pressure also follow the skewed normal
distribution.

e The pile foundation additional response obtained by conducting the back analysis method
based on the monitored displacement data is larger than that of the ordinary numerical
simulation method. Thus, the back analysis calculation results are safer to evaluate the
influence of shield tunneling on the response of the adjacent loaded-pile foundations.

Finally, it should be pointed out that all the above conclusions were only verified in 10
monitoring results of one model. To improve the accuracy and practicability of the model, more
engineering verification is needed.
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