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Abstract: The shield method is commonly employed in the construction of urban subways, and the stability of the excavation surface
is extremely important for the safety of tunnel construction. When constructing tunnels in submerged or water-rich strata, the seepage
force is a key factor affecting the ultimate support force of excavation faces. Uncertainty of natural geotechnical material hydraulic
parameters significantly impacts the seepage force near the face. Based on the classic limit analysis and the random field theory, the
principle of effective stress in saturated soil is introduced, and the stochastic numerical limit analysis method considering the
influence of pore water pressure is established by combining finite element spatial discretization and second-order cone programming.
On this basis, the influence of spatial variability of permeability coefficient on the stability of shield tunnel face in water-rich strata is
studied. The results show that the heterogeneity of the permeability coefficient leads to an increase in the pore pressure gradient at the
face. The increase in the variation of permeability coefficient and the ratio of vertical to horizontal permeability coefficient
significantly increases the support force required to maintain the face stability, and the effect of cross correlation coefficient and
autocorrelation distance is relatively small. The present research can provide theoretical guidance for evaluating the face stability of

tunnels in water-rich strata.

Keywords: tunnel engineering; face stability; spatial variability; seepage force; limit analysis

1 Inroduction

At present, urban subways are constructed mainly
by the shield method. During the shield tunneling
process, insufficient support force at the face will cause
the surrounding soil to collapse, while excessive support
force will cause the heave of upper soil, so the stability
of the face is crucial to tunnel construction safety. In
recent years, various methods, such as theoretical
analysis, numerical simulation and model tests, are often
used to study the stability of tunnel face. Theoretical
analysis is based on the limit equilibrium method and
limit analysis method. Janseen!*! proposed a silo theory
analysis model and obtained an approximate solution
for the slip surface. Horn[? optimized the silo theory
on the basis of Janseen's research and proposed a
three-dimensional limit analysis model for face stability.
Leca et al.! constructed a three-dimensional cone-shaped
failure model for faces of sandy soil based on the upper
bound method of plasticity analysis. Song et al.! studied
the failure mode of the face based on the plane strain
model and obtained the upper bound solution of ultimate
support force based on multi-block cone-shaped failure
mode, considering the spatial heterogeneity of geo-
technical mass. Liang et al.®l used the multi-block
upper limit method and combined it with the log spiral
failure mechanism to derive the calculation formula for
the ultimate support force of the face in nonhomogeneous
clay strata. The above studies have not considered the
influence of groundwater seepage on the ultimate
support force of tunnel faces. Lee et al.[’! proposed a
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formula for calculating the ultimate support force based
on the three-dimensional failure model proposed by
Leca, considering groundwater seepage. The calculation
results showed that the effect of seepage force on the
support force was much greater than the effective stress.
Huang!"! studied the effect of groundwater seepage on
the safety factor of shallow embedded tunnel faces based
on the upper bound limit analysis theory. Mi et al.[®!
investigated the effect of groundwater seepage flow on
the support force and stratum instability model of
shallowly embedded shield tunnel faces based on limit
equilibrium theory with model tests and numerical
simulations. Gao et al.I*! analyzed the stability of tunnel
faces under the joint influence of finite support pressure
and seepage force. Although the above studies have
considered the effect of groundwater seepage on the
stability of tunnel faces, the soil hydraulic parameters
were considered uniformly isotropic and the unfavorable
effect of spatial variability of hydraulic parameters was
not involved.

Natural soils are affected by deposition and loading
history, and their parameters exhibit spatial variability.
It is necessary to consider the uncertainty of soil
parameters in the face stability analysis. Mollon et al.lt’!
considered the soil strength parameters as random
variables and applied the response surface method and
random response surface method to analyze the influence
of soil parameter uncertainty on the face stability. Li
et al.l''! used the BP neural network to establish an
implicit relationship between soil parameters and the
ultimate support force of the face, and discussed the

This work was supported by the National Natural Science Foundation of China (51908053) and the Fundamental Research Funds for the Central Universities

(300102210209).

First author: YUAN Shuai, male, born in 1984, PhD, Associate Professor, resarch interests: geotechnical engineering calculation. E-mail: yuan_shuai@126.com

Published by Rock and Soil Mechanics, 2022



Rock and Soil Mechanics, Vol. 43 [2022], Iss. 11, Art. 7

3154

YUAN Shuai et al./ Rock and Soil Mechanics, 2022, 43(11): 3153-3162

calculation principle of the earth pressure for the face
in shield construction based on the reliability theory.
Sun studied the relationship between the support
pressure of the slurry shield tunnel face and the
reliability index by using the Monte Carlo method.
Mollon et al.*® proposed a failure mechanism for
tunnel faces that could consider the spatial variability
of soil strength parameters under two-dimensional
conditions, and the effectiveness of the method was
verified by numerical calculation results. Eshraghi
et al.** studied the effect of uncertainty of layered soil
parameters on the face stability based on the Monte
Carlo method.

However, studies on the influence of the spatial
variability of soil hydraulic parameters are very
limited. For shield tunnels in water-rich strata, the
non-homogeneity of the permeability coefficient has a
great impact on the seepage field around the tunnel
face, leading to a high local head gradient and greatly
reducing the face stability. To tackle the above problems,
based on limit analysis and random field theory, this
paper introduces the principle of effective stress for
saturated soils, combines second-order cone programming
and finite element methods, and establishes a stochastic
numerical limit analysis method that considers the
influence of pore water pressure. On this basis, the
effects of the coefficient of variation of saturated
permeability coefficient, autocorrelation distance, cross
correlation coefficient, and vertical and horizontal
permeability coefficient ratio on the face stability are
studied to provide important theoretical guidance for
the safe construction of shield tunnels.

2 Random field discretization

Soil hydraulic parameters exhibit obvious spatial
variability. To analyze the effect of seepage forces
separately, the soil strength parameters are assumed to
be uniformly-distributed deterministic values, and
only the saturated permeability coefficients of the soil
are regarded as anisotropic random fields, the cross
correlation of the horizontal and vertical permeability
coefficients is considered. It is assumed that the soil
permeability coefficient is orthogonally anisotropic,
the permeability coefficients in the horizontal and
vertical directions are k, and k, , respectively. Considering
the non-negativity of the permeability coefficient, it is
assumed that the permeability coefficient obeys a
lognormal distribution with reference to the literature!*®],

For the stochastic limit analysis method considering
the spatial variability of hydraulic parameters, it is
first necessary to discretize the hydraulic parameter in
the solution domain spatially. In this paper, the
Karhunen-Loeve series expansion method is used, and
the hydraulic parameter random field can be expressed
as

Hins, (%Y 0) = Hhox, + 2 G, 2 T (6 1)€, () o
J=
X, e, (X;=k,k,)

https://rocksoilmech.researchcommons.org/journal/vol43/iss11/7
DOI: 10.16285/j.rsm.2021.7200

where & is the random event, (X,y) is the coordinate
of any point in the computational domain Q, X, is
the research variable, 4, is the mean of the
logarithmic random field, o, is the standard deviation
of the logarithmic random field, 4, and f,(x,y)
are respectively the eigenvalue and eigenfunction of
the autocorrelation function, and n is the number of the
truncated item. In order to improve the computational
efficiency, Phoon et al.l*! proposed that the first n
terms of the expansion can be truncated for analysis
under the premise of ensuring the computational
accuracy, so that the first n terms are accumulated in
the equation. According to the analysis results of Laloy,
the first 226 terms are taken in this paper®. & s
the independent standard normal random vector and is
generated by Latin hypercube sampling in this paper.
The mean and standard deviation of the logarithmic
random field can be calculated by the following
equations:

;uInXI =
(2

where g, is the mean of the random field, and o,
is the standard deviation of the random field. For the
sake of simplification, the exponential autocorrelation
function is used to describe the spatial correlation of
the permeability coefficient:

P[(Xl’yl) (Xz’yz)]:
_|X1_X2| _|Y1_Y2| 3
exp( —5h exp —§v

where p is the cross correlation coefficient, and o,
and o, are the horizontal and vertical autocorrelation
distances, respectively. Large autocorrelation distances
imply small spatial variability and high soil homogeneity;
conversely, small autocorrelation distances indicate a
large spatial variabilityt*8-1°1,

The independent Gaussian random field is
generated using the above method, and the horizontal
and vertical permeability coefficients of the soil are
generally correlated, and they can be described by the
correlation coefficient matrix R:(pij), i j=k, kK, .
For the correlated permeability coefficient random
fields, the Nataf transformation method®?! can be
used to transform the independent Gaussian random
fields into correlated Gaussian random fields:

H_InX,(X' y!0)=L|:|InX,(X’ y.0) (4

where L is the lower triangular matrix of the
correlation coefficient matrix.

Finally, the random field of permeability coefficient
can be obtained by equal probability transformation:

Hy (%, y,H):exp[I-T,nxi(x,y,e)J (5)
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Detailed discretization process can refer to relevant
literature[20-21].

3 Numerical limit analysis

A rigid ideal plastic body Q is assumed to be
subjected to the combined action of a body force Ag
and a surface force AT , where g and T are the load
distributions given in advance, and A is the load
multiplier to be optimized. The mathematical pro-
gramming form of the upper bound analysis theorem
takes the form

max imize A

s.t. [\ :/1( [ouTgdv + | 5L’|TTde (6)
Q Q

FS

f()<0

where o is the total stress, & is the strain rate, u
is the velocity vector, dV and dS are respectively the
volume increment and surface area increment in the
solution domain, f(o) is the yield function, the
stress and strain in this paper are positive in tension,
and /7, is the load boundary. The effective stress for
saturated soil is introduced:

o'=o+u,l P

where o' is the effective stress, u, is the pore
water pressure, and | is the second order unit matrix.
After substituting Eq. (7) into Eq. (6), we get

max imize A

s.t. [o&TadV = /1[ fouTgdv + | 5UTTde -
Q Q

T,

s

| 6€,u,dV
Q
f(6) <0 (8)

Equation (8) is the mathematical programming of
the upper bound analysis of saturated soil considering
the pore water pressure condition.

The solution domain is discretized using the finite
element shown in Fig. 1, with the triangle corner
points being taken for pore water pressure node and
stress node and the velocity node being triangular
corner points and the midpoint of each side. The pore
water pressure is obtained by seepage calculation, and
then the external power is calculated as a given value.
The velocity field in the element can be expressed by
the element velocity vector d°® as

U=[u v]" =N"d° )

© \elocity node

O Pore pressure node

O Stress node

Fig.1 Finite element for upper bound analysis
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where u and v are the velocity components, and
N is the coefficient matrix composed of velocity
shape functions. The strain rate in the element is

3
=Y L& =N°& (10)
i=1

where L, is the area coordinate, N is the coefficient
matrix composed of stress shape functions, and £° is
the element strain rate vector. The effective stress in
the element is

3
o'=YLo/=N°0" (1D
i1

where N¢ is the coefficient matrix composed of
stress shape functions, and o’ is the effective stress
vector of the element. The strain rate in the element &
can also be expressed as

&=LN"d*=Bd° (12)

where B is the strain matrix, and L is differential
operator related to strainrate and velocity. Substituting
Egs.(9)9-(12) into Eg. (8), the mathematical
programming problem can be expressed as

max imize A

Ne .
s.t. Zéd”(jBTN"deo-’e:

e=1 ol

N, Ny .
/{Zé‘dﬂ(j N“ngv)+ Zé‘dﬂ(] N”TTdSH—
e=1 0

m=1 Fsm
Ne .
de”(j B;uwdv)
e=1 O
f(o))<0 i=12,---3N,
(13)
where N, is the number of elements, N  is the

number of surface force element boundaries, B is
the volumetric strain matrix, and 7, is the element

load boundary. Eq. (13) can be simplified as

max imize A

s.it. Ao’ =Aq+q,—q, (14>
f(e)<0 i=12---3N,

where o'® is the overall effective stress vector, g is
the overall unknown force vector, ¢, is the overall
known force vector, and q, is the equivalent load
vector of the pore water pressure.

It is assumed that the soil obeys the Mohr-
Coulomb vyield criterion, the yield function can be
expressed as
7, =C'—op,tang’ (15

where 7, and o, are the tangent of the failure plane
and normal effective stress, and ¢’ and ¢’ are the
effective cohesion and internal friction angle. Introduce
the modified effective stress vector:

wolow s ] (16)

1
’ ’ ’ r !/
o, =E(O'XX + O'W), S; =0 — Gmé}j
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where o, is the mean effective stress, o, and
o,, are the effective stress components, s; is the
deviatoric stress, and & is the Kronecker symbol.
For the plane strain condition, the yield criterion can

be rewritten as

\[Se. + S5, +op8ing’ —c'cosp’ <0 (17

By introducing an auxiliary variable z, the Mohr-
Coulomb vyield criterion can be rewritten as a linear
equality constraint and a second order cone constraint(?-2:

z+ao;, =b

(18)
Su + 5y <1

where a=sing’ and b=c’cos¢’. The final discretize-
tion form of the upper bound analysis for saturated
soil is obtained as

max imize A
st. As" =q+q, —q,
z;+a0,;=h (19)
Sei +Syi <7 1=12:---3N,

where s'® is the overall modified effective stress
vector.

4 Algorithm implementation for random
limit analysis method

Based on the Monte Carlo method, multiple sets of
random field samples of permeability coefficients are
generated, and the pore water pressure distribution is
obtained after carrying out seepage calculations. Then
the MATLAB toolbox of MOSEK software is used to
solve the mathematical programming problem presented
in Eqg. (19), and the stochastic limit analysis method is
calculated as follows (as shown in Fig. 2).

(1) Random field discretization. Assuming that the
soil hydraulic parameters obey logarithmic normal
distribution, independent standard normal random
vectors are generated by Latin hypercube sampling
and independent Gaussian random fields are generated
based on Karhunen-Loeve expansion method. The
relevant non-Gaussian random fields are obtained by
combining the Nataf transform and the equal probability
transform, and the soil parameters in the element are
determined based on the element centroid coordinates.

(2) Seepage field analysis. The postprocessing
script is written with Python code. The finite element
analysis software ABAQUS is developed, and the
MATLAB programming is used to make the three
interact effectively to complete the seepage field analysis
of the tunnel excavation model automatically.

(3) Numerical limit analysis. The corner points of
the element and the midpoints of each side are used as
velocity nodes, and the triangular corner points are
used as effective stress nodes. The external power is
calculated from the pore water pressure at the corner
points obtained from the seepage analysis, the internal
dissipation is calculated from the effective stress, and
the mathematical programming problem is solved by

https://rocksoilmech.researchcommons.org/journal/vol43/iss11/7
DOI: 10.16285/j.rsm.2021.7200

the MATLAB optimization toolbox of MOSEK.

(4) Result viewing. The solved ultimate support
force is further developed to obtain the statistical
information such as the mean and the standard deviation.
The information such as node displacement is post-
processed using the GID software to obtain the failure
mechanism of the face.

Output

odL file  Call Python text and
Finite excel files

element inp file
modeling and ABAQUS
calculation .
Fig.2 Interactive mechanism of MATLAB, ABAQUS
and Python

odb data

Modify inp file and submit

5 Calculation model

The calculation model of the shield tunnel face is
shown in Fig. 3. For simplicity, the plane strain
condition is considered. The excavation diameter is
D=6 m, the embedment depth is C=15 m, the
ground surface is a horizontal plane with an overlying
water layer, the thickness of the water layeris H, =5
m, the support force of the tunnel face is P,, P, is
assumed to be a uniform distribution. It should be
noted that the support force is generally not uniformly
distributed, and the assumption of uniform distribution
has some deviation from the actual situation, but the
calculation error decreases with the decrease of shield
diameter. The shield diameter is 6 m in this paper,
large section shield is not considered, thus the error is
small. The calculated results in the paper can be
considered as an approximation of the mean support
force at the face. The finite element mesh used in the
calculation is shown in Fig. 3(b), with a total of 3438
elements and 7 073 nodes. In order to improve the
calculation efficiency, the soil elements adjacent to the
face are appropriately refined.

Iy
5m
¥
[ '
15m
6m P g
<
. 15m N
40m
. »
¥

(a) Calculation model of the shield
tunnel face

(b) Finite element mesh
configuration

Fig.3 Calculation model of the shield tunnel face and the
finite element mesh configuration

For the seepage analysis, it is assumed that the
boundary of the tunnel face is fully drained, the pore
water pressure is 0, the ground surface is the pore
pressure boundary, the water table height is achieved by
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setting the surface pore water pressure, and all other
boundaries are impermeable boundaries. It is assumed
that the seepage has reached stability during the tunnel
excavation, and the calculation is based on the steady-
state seepage control equation. For the numerical limit
analysis, the left and right side displacements and the
bottom displacements of the model are constrained, the
top of the model is a free boundary, the normal
displacement of the tunnel lining position is constrained
while the tangential direction is set as free. The active
failure ultimate support force of the face is obtained by
numerical limit analysis.

The physical and mechanical parameters of the
surrounding soil are shown in Table 1, all of which are
deterministic values. The random field parameters of
the permeability coefficient of tunnel surrounding soil
under different conditions are shown in Tables 2 and 3.
Four cases are considered. In the first two cases (see
Table 2), the horizontal and vertical permeability
coefficients are equal, i.e., the permeability coefficient
at any point is isotropic; in the last two cases (see

Table 2 Parameters of random field (isotropic permeability)

Table 3), the horizontal and vertical permeability
coefficients are not equal, and the permeability
coefficient at any point is assumed to be orthogonally
anisotropic. The effects of the coefficient of variation
and the autocorrelation distance on the pore water
pressure field of the tunnel surrounding soil and its the
stability are studied in case 1 and case 2, respectively.
Since the soil permeability coefficient is generally
anisotropic, the horizontal permeability coefficient is
significantly different from the vertical permeability
coefficient, therefore, the influence of the cross
correlation of horizontal and vertical permeability
coefficients and the permeability coefficient ratio on
the calculated results are studied in the two cases in
Table 3.

Table 1 Physical and mechanical parameters of surrounding
soil

Unit weight  Elastic modulus PoiSSON's ratio Cohesion  Friction angle
/(KN + m) /MPa /kPa 1)
20 100 0.3 5 25

Vertical autocorrelation

c Mean  Computational domain a, Computational domaina, Horizontal autocorrelation distance . Coefficient of
ase /(m-s™) /m /m /m distance variation
/m
1 10°° 20 20 10 2 0,0.1,051
2 2
10 2
2 10°° 20 20 30 2 1
30 10
30 30

Table 3 Parameters of random field (orthotropic permeability)

Computational domain  Horizontal autocorrelation

Mean ky

Vertical autocorrelation Cross

Coefficient of

Case o ay Xay distance distance - ky/ky correlation
/(m-s™) 5 variation L.

/m /m /m coefficient

3 10 20x20 30 30 1 2.0 0.1,04,08
4 10° 20x20 30 30 1 0.5,1.0,20,5.0 0.8

6 Parametric analysis

6.1 Coefficient of variation

The coefficient of variation (COV) is an important
indicator describing the degree of dispersion of the
permeability coefficient® and is defined as COV =
ol u, ie., the ratio of the standard deviation to the
mean. The larger the coefficient of variation is, the
greater the dispersion degree of the random field will
be. Comparing the coefficient of variation can eliminate
the influence of two data sets due to the large
difference in measurement scales and can also reflect
the variability of different data intuitively.

Figure 4 shows the pore water pressure distribution
adjacent to the face under different coefficients of
variation. From the figure, it can be seen that, with the
increase of the coefficient of variation, the range of the
seepage field affected by tunnel excavation also
gradually expands and the pore water pressure field
near the face changes drastically, which means that the
permeability component in the face support force
increases gradually. Therefore, the stability analysis of

Published by Rock and Soil Mechanics, 2022

shield tunnel faces needs to consider the uncertainty of
the permeability coefficient.

The effect of the coefficient of variation on the
seepage velocity of the face is shown in Fig.5, and the
horizontal coordinates correspond to the vertical position
of the face from top to bottom, with 0 m representing
the top of the face and 6 m representing the bottom of
the face. From the figure, it can be seen that the seepage
velocity at the face tends to decrease gradually as the
coefficient of variation increases. It is due to the fact
that the change in soil permeability coefficient becomes
more obvious when the coefficient of variation increases,
hindering the pore water flow. The change of seepage
velocity at the face indicates the variation of the
permeability component in the face support force.

The influence of the coefficient of variation on the
ultimate support force of the shield tunnel face is shown
in Fig. 6. The 95% confidence intervals of the ultimate
support force and the amplification coefficient are given,
in which the amplification coefficient is defined as the
ratio between the upper bound of the confidence interval
and the corresponding deterministic result*®! and the



Rock and Soil Mechanics, Vol. 43 [2022], Iss. 11, Art. 7

3158

YUAN Shuai et al./ Rock and Soil Mechanics, 2022, 43(11): 3153-3162
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(a) COV=0

(b) COV=0.1

(c) COV=05

Pore water pressure /Pa
3.200%x 10°
2.933x10°
2.667x10°
2.400x10°
2.133x10°
1.867x10°
1.600%10°
1.333x10°
1.067x10°
8.000%10*
5.333x10*
2.667x10*
0.000%10°

(d) cov=1.0

Fig.4 Effect of coefficient of variation on the pore water pressure of surrounding soil

12
. —o— COV=0.0
10 —o— COV=0.1
—4— COV=0.5
8 —v— COV=1.0

Seepgae velocity /(10 m « s7Y)

Face location /m
Fig.5 Effect of coefficient of variation on the seepage
velocity at the face

1 95% confidence interval
—— Lower bound of the confidence interval

< er —— Upper bound of the confidence interval
% -a- Mean
8 68
8
= 64 B
2
S 60
]
@
E 56
=}
52 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 12

Coefficient of variation
(a) Variation of ultimate support force with variation coefficient

/"

14 r

13 F

12

11F

10 |

Amplification coefficient

0.9 . 1 . . . )
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Coefficient of variation
(b) Variation of amplification coefficient with variation coefficient
Fig.6 Effect of coefficient of variation on the ultimate
support force

amplification coefficient can effectively reflect the
influence of the spatial variability of soil parameters
on the face stability. As can be seen from the figure,
with the increase of the coefficient of variation, the
ultimate support force of the face gradually increases,
and its dispersion and amplification coefficient also
increase. This indicates that the spatial variability of

https://rocksoilmech.researchcommons.org/journal/vol43/iss11/7
DOI: 10.16285/j.rsm.2021.7200

the permeability coefficient increases the seepage force
of the face and reduces the face stability. The adverse
effects caused by the nonhomogeneity of the permeability
coefficient need to be considered in the engineering
design.

Figure 7 compares the face failure mode under
different coefficients of variation. The color of the
contour indicates the magnitude of the soil velocity
vector modulus. Since the absolute magnitude of velocity
is of no practical significance in the limit analysis and
its relative magnitude can reflect the mode of failure,
the legend is generally not given in the contour of the
results for the limit analysis method®®. From the
figure, all the failure modes are similar. Local failure
occurs in front of the face and the soil arching effect
appears. The rear soil is loosened and the soil pressure
is reduced. Part of the soil can still remain stable due
to the soil arching effect(?-271, With the increase of the
coefficient of variation, the failure range in the horizontal
direction gradually decreases, and the failure range in
the vertical direction changes slightly. The reason for
this is that when considering the spatial variability, a
small horizontal autocorrelation distance brings out
great dispersion, which makes the horizontal permeability
increase and change sharply near the face, leading to a
reduction in the horizontal range of the failure area.
6.2 Autocorrelation distance

Natural soil parameters at different positions have
a certain correlation. When the distance between two
points is large, the correlation is small, and vice versa.
Soil autocorrelation distance is then a computational
parameter describing this critical distance, which has a
great impact on the accuracy of random field dispersion,
and the theoretical autocorrelation function is usually
used to describe the spatial correlation of soil para-
metersi?®-2%1, The exponential autocorrelation function
is simple in form, highly accurate, and easy to
calculate, and it has empirical solutions combined with
K-L series expansion, so it is commonly used to
simulate the spatial autocorrelation of geotechnical
parameters.

The spatial correlation of soil parameters is strong
when the autocorrelation distance is large, showing
that it fluctuates fairly smoothly around its mean. On
the contrary, a small autocorrelation distance corresponds
to strong variability, thus the physical parameters show
a sharp fluctuation around the mean. The seepage and
numerical limit analysis are conducted under different
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autocorrelation distances, the parameters used are
shown in case 2 in Table 2.

The realization of permeability coefficient random
fields under different autocorrelation distances is
shown in Fig. 8. It can be seen that when the vertical
autocorrelation distance is the same, the fluctuation of
the permeability coefficient in the horizontal direction
gradually decreases with the increase of the horizontal
autocorrelation distance, and the horizontal stratification
of the permeability coefficient is obvious, indicating
the stratification of the soil; when the horizontal
autocorrelation distance is the same, the fluctuation of
the permeability coefficient gradually decreases along
the vertical direction as the vertical autocorrelation
distance increases. In practice, natural soil is stratified
in the process of consolidation. Therefore, the soil
horizontal autocorrelation distance tends to be much
larger than the vertical autocorrelation distance.

The influence of autocorrelation distance on the
ultimate support force of the shield tunnel face is
shown in Figs. 9 and 10. It can be seen from the figure
that with the increase of the horizontal autocorrelation
distance, the amplification coefficient of the ultimate
support force of the face gradually decreases. On the
contrary, the amplification coefficient increases with
the increase of vertical autocorrelation distance. The
dispersion of the calculated limit supporting force
varies little with the autocorrelation distance. The

reason is that the decrease of horizontal autocorrelation
distance leads to an increase in horizontal pore pressure
fluctuation, the horizontal permeability, and a decrease
in face stability. In the vertical direction, the rise in the
dispersion of the permeability coefficient makes it
difficult for the pore pressure at the tunnel top to affect
the tunnel face, leading to a decrease in the ultimate
support force required to maintain the stability of the
face.
6.3 Cross correlation coefficient

The anisotropy of the permeability coefficient has
been widely confirmed, however, there are very limited
studies on the stability of shield tunnel faces under the
condition of anisotropy of permeability coefficient!*"],
especially considering the spatial variability of per-
meability coefficient and anisotropy simultaneously.
In this section, it is assumed that the soil permeability
coefficient is orthogonal anisotropy, and the permeability
coefficient in the horizontal direction is k, , the
permeability coefficient in the vertical direction is k, .
The permeability coefficients in the horizontal and
vertical directions at the same location are generally
positively correlated. The larger the cross correlation
coefficient is, the more obvious the positive correlation
trend of the permeability coefficient will be. When the
cross correlation coefficient is 1, the ratio of k, and
k, of each location in the soil remains the same. The
parameters used is shown in case 3 in Table 3.

(a) COV =0 (b) COV =0.1

(c) COV =05 (d) COV =1.0

Fig. 7 Failure modes of face corresponding to different coefficients of variation

(a) 6,=2 m, 57=2m

(d) 4=30m, §,=10 m
Fig.8 Effect of autocorrelation distance on the random field of permeability coefficient

Published by Rock and Soil Mechanics, 2022

(€) 4=30m, 5=2m

Seepage velocity /(m - s1)
5.500x10°°
5.050%x10°°
4.600%10°°
4.150%x10°°
3.700x10°°
3.250x10°°
2.800x10°°
2.350%x10°°
1.900x 1075
1.450x 1075
1.000%10°
5.500x 106
1.000x 1076
(e) 4=30m, 5,=30 m
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Fig.9 Effect of horizontal autocorrelation distance on the face ultimate support force
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Fig. 10 Effect of vertical autocorrelation distance on the face ultimate support force

Figure 11 shows the effect of the cross correlation
coefficient of the permeability coefficient on the face
ultimate support force. It can be seen that as the cross
correlation coefficient increases, the face ultimate
support force increases. This is due to the fact that the
positive correlation of the permeability coefficient makes
the surrounding pore water more susceptible to the
tunnel excavation, resulting in a greater seepage force.
The dispersion of the calculated results is independent
of the cross correlation coefficient. When the cross
correlation coefficient is 0.1, the mean of the ultimate
support force is 73.2 kPa; while the cross correlation
coefficient is 0.8, the mean of the ultimate support
force increases to 79.4 kPa, and the rate of increase is
only 9%, the ultimate support force is slightly affected
by the cross correlation coefficient of permeability
coefficient.

[or]
o
1

Ultimate support force /kPa
~ ©
[$;] o
u]
)
\\ \\
b

70 1 95% confidence interval
—— Lower bound of the confidence interval
65 F —— Upper bound of the confidence interval
- 8- Mean
60 L 1 J
0.0 0.3 0.6 0.9

Cross correlation coefficient
(a) Variation of ultimate support force with cross
correlation coefficient

6.4 Permeability coefficient ratio

Figure 12 illustrates the effect of the permeability
coefficient ratio on the pore water pressure at the face,
the calculated parameters are shown in case 4 in Table 3.
It shows that when k, /k, <1, the influence range of
tunnelling on pore water pressure is large in the
horizontal direction; when k, /k,>1, the influence
range is large in the vertical direction, and the vertical
influence range gradually increases with the increase
of the permeability coefficient ratio. The effect of the
permeability coefficient ratio on the seepage velocity
of the face is shown in Fig. 13. The seepage velocity at
the face increases significantly with the increase of the
permeability coefficient ratio, and accordingly, the
seepage force component in the face support force
significantly increases. It can be found by combining
Figs.12 and 13 that the anisotropy of the permeability
coefficient has a large influence on the calculated
results of the pore water pressure field near the face.

165
1.60 o
155

n/n

150

Amplification coefficient

1.45 1 L L L
0.0 0.2 0.4 0.6 0.8 1.0

Cross correlation coefficient
(b) Variation of amplification coefficient with cross
correlation coefficient

Fig.11 Effect of cross correlation coefficient on the face ultimate support force
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Fig.12 Effect of permeability coefficient ratio on the face pore water pressure
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Fig. 13 Effect of permeability coefficient ratio on the face
seepage velocity
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face with the anisotropy of the permeability coefficient
is shown in Fig. 14. It can be seen from the figure that
the ultimate support force increases significantly with
the increase of the permeability coefficient ratio and
the increase rate decreases gradually, which corresponds
to the calculated results in Figs. 12 and 13 and is
consistent with the calculated results provided in the
literaturel?”l. However, the amplification coefficient of
the ultimate support force tends to decrease linearly
with the increase of the permeability coefficient ratio.
This is due to the fact that the ultimate support force of
the face increases with the increase of the permeability
coefficient ratio under the condition of homogenous
permeability coefficients.

15
14

T S N
1.2 | \u
11

10

Amplification coefficient

0.9 . 1 . . 1 )
0 1 2 3 4 5 6

Permeability coefficient ratio

(b) Variation of amplification coefficient with permeability coefficient ratio

Fig. 14 Effect of permeability coefficient ratio on the face ultimate support force

7 Conclusion

(1) The spatial variability of the permeability
coefficient increases the seepage force of the face and
reduces the face stability. With the increase of the
coefficient of variation of the permeability coefficient,
the ultimate support force of the face gradually increases,
and its dispersion and amplification coefficient also
increase. The spatial variability of the permeability
coefficient has less influence on the failure mechanism
of the face. With the increase of the coefficient of
variation, the failure range in the horizontal direction
gradually decreases, and the failure range in the
vertical direction gradually increases.

(2) As the horizontal autocorrelation distance
increases, the amplification coefficient of the ultimate
support force of the face gradually decreases; on the
contrary, the amplification coefficient gradually increases

Published by Rock and Soil Mechanics, 2022

with the increase of the vertical autocorrelation distance.
The dispersion of the calculation result of the ultimate
support force varies slightly with the autocorrelation
distance.

(3) The increase of the ratio of vertical and horizontal
permeability coefficients and its cross correlation
coefficient can reduce the face stability, in which the
influence of the permeability coefficient ratio is great
but the influence of the cross correlation coefficient is
small. The amplification coefficient of the ultimate
support force exhibits a linearly decreasing trend with
the increase of the permeability coefficient ratio.
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