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Abstract: The nonlinear Baker failure criterion is introduced into the upper-bound limit analysis to examine the face
stability of a shallow tunnel. The tunnel face under the ultimate limit state is analyzed from the perspective of energy
balance. The work rates of external forces and internal energy dissipation are calculated. An analytical solution of
necessary face pressures is derived. The optimal upper-bound solution of the face pressures is obtained by optimization.
The results show that the three dimensionless parameters A, T, n of nonlinear Baker failure criterion have different
effects on the necessary face pressures and the pattern failure mechanisms ahead of tunnel face. 4 is the most important
one; n takes the second place, and 7 is the least one. The computed necessary face pressures are nonlinearly increasing
when 4 is reduced. Combined with the actual monitoring data of Taxia tunnel, the calculation results in this paper is
verified. It is suggested that the tunnel face supports should be strengthened timely in soft rocks to prevent the
occurrence of face collapse.
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limit analysis method and so on [1-5]. Compared

1 Introduction

In tunnel excavations, the initial stress balance
is disturbed in rocks and soils. Stress adjustment
leads to stress concentrations around the tunnel face.
It is very easy to cause great surface settlements and
even face collapse. Therefore, to determine
necessary face pressures has become a key problem
in the analysis of tunnel face stability. The research
of tunnel face stability has important theoretical
value and engineering significance.

At present, the research methods of tunnel face
stability mainly include limit equilibrium method,
slip line method, model test, numerical simulation,

with other methods, the calculation process of limit
analysis is simple, fast, and the calculation results
are more accurate. Therefore, it is widely used in
the analysis of tunnel stability problems in recent
years. Sloving the pressure of surrounding rock
based on nonlinear criterion and limit analysis
method has been applied by many scholars. ABID
et al [6] investigated the influence of spatial
variability on the undrained stability of an unlined
circular tunnel using adaptive random finite
element limit analysis. DANIEL et al [7] studied the
stability of a square tunnel in undrained clay with a
rigid block mechanism by means of limit analysis
finite element method.
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KENTARO et al [8] solved the stability of dual
circular tunnels in clay under overload loads. The
center distance of dual circular tunnel was taken as
a new parameter, and the ultimate additional load
was obtained by the limit analysis method. XU et al
[9] derived the expressions of required
reinforcement strength and the stability factor under
different distribution patterns within the framework
of limit analysis and the generalized tangent
technique from the energy balance equations.
SALVADOR et al [10] structured a recent rotational
face collapse mechanism based on upper-bound
limit analysis, which can predict the critical face
pressures and the type of collapse.

The upper bound theorem of limit analysis was
adopted by NIMA et al [11] to calculate the face
pressures with linear variations of cohesions. The
factor of safety against the tunnel face instability
was also calculated using the strength reduction
technique and the upper bound theorem. GUAN
et al [12] studied the effect of many factors on the
collapse pressures of underground chambers with
the limit analysis upper bound theorem. LI et al
[13] used limit analysis to study the stability of
cracks and water pressure on soil-wall system. LI
et al [14] used kinematics theorem of limit analysis
and Newmark method to analyze seismic
displacement of rock slope. The results of
calculations were given for a series of actual
seismic waves and compared with the results
calculated from empirical formula. XU et al [15]
considered the combined effect of soil strength
nonlinearity and shear dilatancy, the seismic
stability of three-dimensional secondary slope was
analyzed. Based on the limit analysis method, the
external loading rate, seismic force and internal
energy dissipation of the slope were calculated, and
then the critical height of the slope was deduced.
PAN et al [16] estimated the safety factor of a
tunnel face with a non-circular section using the
upper-bound theorem in combination with the
strength reduction technique, in which the effect of
the cross-sectional shape on safety factors was
discussed. PAN et al [17] investigated face stability
of a circular tunnel in weak rock masses under a
three-dimensional steady-state seepage flow based
on the kinematical approach of limit analysis.

MEHDI et al [18] studied stress behavior of
shallow tunnels under simultaneous non-uniform
surface traction and symmetric gravity loading by

using a boundary element method. LI et al [19] set
up active and passive failure mechanisms based on
analysis method, and put
probabilistic analysis method for the stability of
metro tunnel face. JAGDISH et al [20] studied the
stability of a long circular tunnel in a cohesive
frictional soil medium in the presence of horizontal
pseudo-static seismic forces. SEUNG et al [21]
investigated the effects of tunnel diameters,
cover-to-diameter ratios, lateral earth pressures
coefficients, and soil strength parameters on the
tunnel stability by means of three-dimensional
finite element simulations. ZHANG et al [22]
analyzed the face stability of a circular tunnel
considering a series of tunnel diameter-to-depth
ratios and soil properties by using three-
dimensional simulations. The limit
support pressures on the tunnel face and the failure
zone in front of the tunnel face were both obtained
from the numerical simulations. YANG et al [23]
developed a two-layer model and upper bound
solutions for the shape of collapse block in
rectangular tunnel subjected to seepage pressure
with limit analysis theory and Hoek-Brown failure
criterion, and then the reliability based analysis was
performed.

The above study uses upper bound theorem of
the limit analysis to study the stability of the tunnel
incorporating the Mohr-Coulomb failure criterion
or the Hoek-Brown failure criterion. However,
Mohr-Coulomb failure criterion and Hoek-Brown
failure criterion have some limitations. A large
number of tests show that the material envelope of
rock and soil is nonlinear [24]. The nonlinear
failure criterion proposed by Baker is a generalized
strength criterion for rock and soil mass. The
conventional Mohr-Coulomb strength criterion,
Griffith strength criterion and Hoek-Brown strength
criterion are all its special cases. In order to expand
the scope of this paper, the nonlinear Baker failure
criterion is used with the limit analysis method to
study the tunnel face stability.

limit forward a

numerical

2 Nonlinear Baker failure criterion and
tangent line technique

Based on the results of the triaxial tests and
previous experimental researches, a generalized
rock strength criterion is proposed by BAKER [25].
The nonlinear strength criteria proposed by Baker
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are given as follows:

O-l’l
r—PaA(?aJrT] (1)
where © represents shear stresses; P. indicates
atmospheric pressures; o, indicates normal stresses;
A, n and T are related parameters which can be
determined by experiments.

JIANG et al [26] reported that 4 is a scale
parameter that affects the size of shear strength; n
represents the order of failure criterion curves and
affects the strength  envelope,
determined by the shear strength of rock masses. T
is a transformation parameter and controls the

curvature of

intersection point between strength envelope and
the o, axis. The ranges of A, n and T are: 4>0,
12<n<1, T>0, A, n and T can be determined
through the triaxial tests of rock masses [27]. When
n=1, A=tang, T =c/(P, -tangp), Eq. (1) is reduced
to the Mohr-Coulomb strength criterion; when
n=0.5, A:Z\/t/_Bi, T=t/P,, it is reduced to the
Griffith strength criterion.

The tangential line method can be applied to
the nonlinear Baker strength criterion [28], as
shown in Figure 1.

Ct

(0] On
Figure 1 Strength curve of nonlinear Baker failure
criterion

For any point M on the envelope, the
expression of tangential line is given as follows:

T=c, +tang, -o, 2)
where ¢; and ¢ are the corresponding cohesion and

internal friction angle at the M point, which can be
determined by Eq. (3) and Eq. (4).

n-1
dr o,
tangp, =——=nd| 2+T 3
P do, (Pa J (3)
1
1- t n—
¢ :_nPatan(ot( angotj 1+PaTtan(pt 4)
n nA

Equation (4) shows the relation of several
nonlinear parameters under the Baker strength
criterion.

3 Upper limit theorem of limit analysis

The upper bound theorem requires that the
internal energy dissipation is not less than the
external power for a permissible failure mechanism,
which can be expressed by following formula
[29-32]:

J.VG”éUdVZT}JVvids+EJ‘VvidV %)

In Eq. (5), S and V are the surface area and the
volume of the failure mechanism, respectively; T; is
the surface forces; F; is the volume forces; gy is the
stress field associated with F; and Ti; v; is the
allowable velocity field; &; is a strain rate field
compatible with v;. For tunnel face stability, by
equating the work rate of external forces, including
the gravity and face supporting pressures, to the
internal energy dissipation, the necessary face
pressures can be solved.

4 Construction of failure mode

A double logarithmic spiral failure mode used
by MOLLON et al [33] and ZHANG et al [34] has
been proved to be applicable to the shallow tunnel
face stability. In this paper, the active failure mode
of tunnel face constructed by the double logarithmic
spirals is shown in Figure 2. C represents the depth
of the tunnel, and D is the diameter of the tunnel.

= [

[

Figure 2 Failure mode of shallow tunnel face
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AB is the face of tunnel. The failure mechanism is
composed of two logarithmic spiral lines 4E and
BE; r, and r, represent the length of OA4 and OB,
respectively. O is the rotational center and w is the
constant angular velocity. The two logarithmic
spiral lines intersect at the point E. The angles of
OA, OB, OF and vertical direction are 0y, 6., 65,
respectively. The face support is taken as uniformly
distributed loads, denoted by oy.

The logarithmic spirals AE and BE are defined
as follows:

r=r,exp[ (6, -0)tang, ] (6)
1y =1, exp [(0—6’2)tan (DJ 7

According to the geometric relation, the next
formulas can be obtained.

Dsin6,

-7 8
" sin(6,-4) ®
7, sin@
LU ©)
sin &,
In(siné, /sin§
9321 6+, n(siné, /sin 1)} (10)
2 tan ¢,

where 7, and r, are functions of 0; and 6»; 65 is
function of 8, and 6.

5 Calculation process

5.1 Work rate of gravity
In order to compute the work rate of the
gravity, the failure mode is divided into two parts,
BAF and BFE, respectively, as shown in Figure 2.
In the regional OAF, the external work rate of
the gravity can be calculated with the following
form:

'92 .
Wora :.[91 )/dAv51n¢9=a))/ra3f1(6’1,02) (11)

The expression of f1(6;, 6) is:

/1(6,,6,) = exp(36, tan ¢, ) -
{~3tan g, [exp (36, tan ¢, )sin 6, —
exp (36, tan ¢, )sin 6, ] - exp(—36, tan @) cos 6, +
exp(—36, tan g, )cos b, }/[3(1+9 tan’ o)l (12)

The work rate of gravity in the region OAB is
expressed as:

Wous = a’?”az”bfz (91’92) (13)

in which the expression of the function f2(8:, 6,) is:

fz(el,ez)%sin(ez-el)sinez (14)
The work rate of the gravity of the region BAF

is:

Wi =Wora =Wous (15)

The gravity work rate in the region OBE is as
follows:

65( 2 . 1
Wope = .[g; [Ea)rz sin Hj(gyrzzdﬁj = oy f(6,,065)

(16)
where the expression of f3(6,, 85) is:
f3(6,,6;) = {3tan ¢, [exp(36; tan ¢, ) sin &5 —
exp(36, tan ¢, )sin 6, | —exp(36; tan @, ) cos G5 +
exp(36, tan g, )cos b, } /[3exp(36, tan ¢, ) -
(1+9tan’ p,)] (17)

The work rate of gravity in the region OFE is
as follows:

62 . 1
Wore = .[92 (Ewrl sin 9}(57’12‘19) = oy, [,(6,,6;)

(18)
where the expression of f4(6, 85) is:
f4(6,.0;) =exp(36, tan g, )-
{~3tan ¢ [exp(-36; tan ¢, )sin 6 —
exp(—36, tan g, )sin 6, ] —exp(—36; tan ¢, ) cos s +
exp(—362 tan gpt)cos :92}/[3(1+9tan2 )] (19)

Thus, the work rate of gravity of the region
BFFE can be expressed as follows:

Wy =Wore =Wose (20)

The work rate of the gravity of the whole
failure mode is the sum of two parts of BAF and
BFE:

W =W, + W, 1)

5.2 Work rate of face supporting pressures

The face supporting pressures op can be
simplified into uniformly distributed, and the
velocities in front of the face at failure in different
points are not the same. The corresponding work
rate can be calculated by

P =—ay0r, f5(6,,6,) (22)

where the expression of f5(6, 8,) is as follows:

. 6, cos@
/5(6,,6,) =sin’ 6 j;mde (23)
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5.3 Internal energy dissipation

Internal energy loss occurs at two failure
surface AE and BE. The internal energy loss on the
failure surfaces BE and AE can be calculated by
Eq. (24) and the Eq. (25), respectively.

A r,dd
Dpg = _[52 Ct{ :

J-(a)r2 cosg, ) = we? fi (6,,65)

cos @,
(24)
0, rdé
Dus= [} [ 222 oncosn) = oxn s (0.0
25)

The expressions of fs(6», 83) and f7(6:1, ;) are
expressed as:

f5(05,65) = {exp[2(6; -6, )tang, |-1}  (26)

2tan @,

f7(6,,65)= {1—exp[2(t91 —t%)tamp&} (27)

2tan @,

The total internal energy loss of the failure
mode is computed by:
D =D, + Dy (28)

5.4 Solving face supporting pressures
By equating the external work rate to the total
internal energy dissipation, one obtains:
D=W+P (29)
Substituting Eqs. (21), (22) and Eq. (28) into
Eq. (29) leads to the expression of the face
supporting pressures as follows:

oo =Ly K+ L) =y fo =y’ fs -

ey fo + 12 G 15) (30)
where fi—f7; are functions of 8, and 6, so the face
pressure is also a function of 6, 6, and ¢ The

critical face pressure obtained by
optimization with respect to 6;, 9> and ¢x.

can be

5.5 Determination of constraint conditions

In order to obtain the maximum value of the
face pressures, the optimization should be done
under certain constraints regarding to physical and
geometric parameters. To sum up, the constraints
can be determined as follows:

T
0<t91<¢92<5

6, <6, <mn

31

r >l”b

T
0<(pt<5

Combined with the upper bound theorem, the
optimal solution is solved by the sequence two
programming  algorithm using the Matlab
optimization tool.

6 Numerical simulation and comparisons

When n=1, A=tang,T =c/(P, -tang), Eq. (1) is
reduced to the Mohr-Coulomb strength criterion. In
this paper, five groups of ¢ and ¢ are obtained by
n=1. According to this relation, the parameters A
and 7 in the nonlinear Baker failure criterion are
calculated. The wvalues of face pressures are
calculated for these two criteria. The numerical
simulation of tunnel excavation is carried out by
using Plaxis 3D. The results of Plaxis 3D were used
as a reference item to compare the other two sets of
data. The comparisons between the linear M-C
criterion, the mnonlinear Baker criterion and
numerical simulations are shown in Table 1. It is
seen that these two failure criteria give almost the
same results. And the results of nonlinear Baker
criterion are closer to the result of the Plaxis 3D.
The comparison results verify the proposed method.
It also shows that the linear Mohr-Coulomb failure
criterion is a special case of the nonlinear Baker
criterion.

7 Parametric analysis and discussion

This paper mainly studies the effects of three
parameters 4, T, n of Baker failure criterion, depth
ratio C/D, and the unit weight y on tunnel face
stability. In the calculations, the adopted parameters
are: the unit weight y=20—24 kN/m*, C/D=1.0-2.0.
The dimensionless parameters are A4=0.4-0.8.
7=0.01-0.05. n=0.5—0.9. The results are shown in
Figures 3—8.

Figure 3 studies the effect of C/D and y on the
necessary face pressures when C/D is 1.0-2.0, and
the unit weight y is 20, 21, 22, 23, 24 kN/m’,
respectively. It can be seen from the diagram that
for the same p, the necessary face pressures oy
almost does not change with C/D, and for a fixed
C/D, the critical face pressures oy increases with the
increase of y.

Figures 4 and 5 shows the effect of 4 and n on
the necessary face pressures when 4 changes from
0.4 to 0.8, n being 0.5, 0.6, 0.7, 0.8, 0.9 respectively.
It can be seen that under the same 7, the necessary
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Table 1 Comparison results of linear M-C failure criterion, nonlinear Baker failure and numerical simulation

Serial Linear M-C failure Nonlinear Baker Numerical Relative error between M-C
number criterion failure criterion simulation and Baker criterion/107®
c=0, p=18°, A=0.324919696232, T=0,
1 00=92.9635 kPa 7
00=92.9576 kPa 00=92.9583 kPa
A=0.324919696232,
c=10 kPa, p=18°,
2 7=0.303743749042709, 00=64.1584 kPa 10
00=63.6871 kPa 00=63.6878 kPa
A=0.3639702342662,
c=10 kPa, ¢p=20°,
3 7=0.271154939003665, 00=54.9248 kPa 11
00=54.3899 kPa 00=54.3905 kPa
A=0.3639702342662,
c=15 kPa, ¢p=20°,
4 T=0.406732408505498, 00=41.6482 kPa 14
00=41.481 kPa 00=41.4816 kPa
A=0.4663076581549,
=20 kPa, p=25°,
5 7=0.423292755096878, 00=18.8604 kPa 21
00=18.4417 kPa 00=18.4421 kPa
80 80
C/D=1.5 —a—n=0.5
y=20 kN/m? ——n=0.6
=0 —a—n=0.7
60 . *> . >+ 60 r \
Y——V%——————% v |
< —® — O L 2 4 [+
% 40 = = L L] % 40 L
S
© n=0.6 = y=20 kN/m?
A=0.5 o =21 kKN/m>
20 7=0.0015 & y=22 kN/m? 20k
v =23 kN/m’
o 7724 kKN/m’?
0 1 1 1 1 0 1 1 1
1.0 1.2 1.4 1.6 1.8 2.0 0.4 0.5 0.6 0.7 0.8

C/D
Figure 3 Influence of y and C/D on face pressures o

80
C/D=1.5 —a—n=0.5
o+ 1n=0.6
—a—n=0.7
v n=0.8
——n=0.9

| |
0.4 0.5 0.6 0.7 0.8
A

Figure 4 Influence of 4 and » on face pressures o

0 1

face pressure oy decreases with the increase of A,
and the necessary face pressure oo increases with
the increase of n for the same A.

A
Figure 5 Influence of 4 and » on face pressures oy (7=0)

80 —
CID=1.5 —=—1=0.5
)’:20 kN/m3 —o—n=0.6
A4=0.5 A n=0.7
60 v n=0.8
*+n=0.9
——
S —— - M B —
R S— :
T S —
N "x.\*'\.x1
20
0 1 1 1
0.01 0.02 0.03 0.04 0.05
T

Figure 6 Influence of T and n on the face pressures oy

Figure 6 presents the influence of 7 and n on
necessary face pressure op when the dimensionless
parameter A=0.5, T changes from 0.01 to 0.05 and N
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Figure 7 Influence of n and 4 on face pressures oy
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o T=0.02
4 T=0.03
60 - v T=0.04
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1 1
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A

0 1

Figure 8 Influence of 4 and T on face pressures oo

is equal to 0.5, 0.6, 0.7, 0.8, 0.9, respectively. It can
be seen from the figure that under the same
condition of n, the necessary face pressure oy
decreases with the increase of T, and increases with
the increase of n.

Figure 7 studies the influence of 4 and n on
necessary face pressure oo when the dimensionless
parameter 7=0.0015, n changes from 0.5 to 0.9 and
A is 0.4, 0.5, 0.6, 0.7, 0.8, respectively. It can see
from the diagram that for a fixed 7, the face
pressure oy increases with the increase of 4 and ».

Figure 8 presents the influence of 4 and T on
face pressure o9 when the dimensionless parameter
n=0.5, 4 changes from 0.4 to 0.8 and T'is 0.01, 0.02,
0.03, 0.04, 0.05, respectively. It can be seen from
the graph that the face pressure oo decreases with
the increase of 4, and decreases with the increase of
T for the same value of 4.

The influence of depth ratio on the shape of
the failure mechanism is shown in Figure 9(a). It
can be seen from the figure that the change in the

depth ratio does not affect the shape of the failure
mechanism, but it is related to whether the failure
shape reaches the ground surface. If the depth ratio
is small (e.g. 1.0), the failure mode reaches the
ground surface, and it does not when the ratio is
more than 1.5.

The effects of the dimensionless parameters A,
T, and n on the failure mode are shown in
Figures 9(b)—(d). It can be seen from the diagram
that when A4 is reduced, the region of the failure
mechanism is increased forward gradually. 7 has no
effect on the shape of the failure mechanism. When
n increases, the size of the failure mechanism
decreases.

8 Project case

This section takes the Taxia Tunnel as an
engineering example, which is located in the Lishui
county, Zhejiang Province, China. The total length
of the Taxia Tunnel is 172 m, the maximum depth
is 415 m, and the average depth is 200 m. The
radius of the tunnel is 4 m. According to site survey,
the mechanical parameters of rock mass are
obtained as y=20 kN/m’, ¢=0.2 MPa, ¢=27°.
According to the method in this paper, the
theoretical surrounding rock pressure is calculated
as 0p=368 kPa. In order to monitor the surrounding
rock pressure of the tunnel roof, the pressure box is
installed between the top lining and the surrounding
rock, and two pressure boxes are installed every
40 m, and finally a larger value is obtained.
Through 50 d observation, the change of
surrounding rock pressure of the Taxia Tunnel is
shown in Figure 10.

Figure 10 shows that the tunnel surrounding
rock pressure calculated by the paper is close to the
actual monitoring surrounding rock pressure. The
upper and lower errors vary within 50 kPa. It can
meet the engineering design accuracy.

9 Conclusions

1) To n=1, the nonlinear Baker failure criterion
is degenerated to a linear Mohr-Coulomb strength
criterion. Two failure criteria are applied to
calculating the necessary face  pressures
respectively. The calculated results based on 5 sets
of parameters are almost the same, and the
proposed method is verified.
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Figure 9 Influence of various parameters on failure mechanism: (a) 4=0.4, n=0.6, 7=0.02, y=20 kN/m?>; (b) n=0.6,
7=0.02; (c) A=0.5, 7=0.02; (d) n=0.6, 4=0.5
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2) The influence of the parameter 4 which
characterizes the material shear strength on the
critical face pressures is very significant. The
necessary face pressure nonlinearity decreases with
the increase of A. The influence of #n on the face
pressures is also important; the critical face pressure
nonlinearity increases with the increase of n. The
influence of 7 on the face pressures is small, and it
shows a linear decreasing trend.

3) With the decrease of A, the range of the
failure mechanism is expanding. When 7 is reduced,
the range is also increasing, but the effect is not
significant. The impact of 7 on the range of failure
mechanism is almost negligible.



1704

J. Cent. South Univ. (2019) 26: 1696—1705

References

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

CHEN W F. Limit analysis and soil plasticity [M].
Amsterdam: Elsevier Scientific Pub. Co, 1975.

ZHU J Q, YANG X L. Probabilistic stability analysis of rock
slopes with cracks [J]. Geomechanics and Engineering, 2018,
16(6): 655-667.

ZHANG Biao, WANG Xuan, ZHANG Jia-hua, CHENG
Hao. Safe range analysis of clear distance of twin shallow
tunnels based on limit analysis and reliability theory [J].
Journal of Central South University, 2018, 25(1): 196-207.
WANG Hui, ZHEN Peng-qiang, ZHAO Wen-juan, TIAN
Hong-ming. Application of a combined supporting
technology with U-shaped steel support and anchor-grouting
to surrounding soft rock reinforcement in roadway [J].
Journal of Central 2018, 25(5):
1240-1250.

VAGHEFI M, AHMADI A, FARAJI B. Variation of
hydraulic parameters with different wing of a T-shape spur
dike in bend channels [J]. Journal of Central South
University, 2018, 25(3): 671-680.

ABID A, LYAMIN A V, HUANG J S, SLOAN S W,
CASSIDY M J. Undrained stability of a single circular
tunnel in spatially variable soil subjected to surcharge

loading [J]. Computers and Geotechnics, 2017, 84: 16—27.

South  University,

DANIEL W W, ANDREW J A, SCOTT W S, ANDREI V L.

Undrained stability of a square tunnel where the shear
strength increases linearly with depth [J]. Computers and
Geotechnics, 2013, 49: 314-325.

KENTARO Y, ANDREI V L, DANIEL W W, SCOTT W 8,
ANDREW J A. Stability of dual circular tunnels in
cohesive-frictional soil subjected to surcharge loading [J].
Computers and Geotechnics, 2013, 50: 41-54.

XU Jing-shu, YANG Xiao-li. Seismic stability of 3D soil
slope reinforced by geosynthetic with nonlinear failure
criterion [J]. Soil Dynamics and Earthquake Engineering,
2019, 118: 86-97.

SALVADOR S, RAFAEL J. A tunnel
mechanism for layered ground, considering the possibility of

face failure

partial collapse [J]. Tunnelling and Underground Space
Technology, 2015, 47: 182—192.

NIMA K, HISHAM M, MOHSEN H, BEHZAD F. The
stability of shallow circular tunnels in soil considering
variations in cohesion with depth [J]. Tunnelling and
Underground Space Technology, 2015, 49: 230—240.

GUAN Z, ZHU W C, NIU L L, WANG Q Y. Three-
dimensional upper bound limit analysis of supported cavity
roof with arbitrary profile in Hoek-Brown rock mass [J].
Tunnelling and Underground Space Technology, 2017, 69:
147-154.

LI Zheng-wei, YANG Xiao-li. Active eearth thrust
considering tension crack, pore-water pressure and soil
nonlinearity [J]. KSCE Journal of Civil Engineering, 2019,
23(1): 56—62.

LI Yong-xin, YANG Xiao-li. Three-dimensional seismic
displacement analysis of rock slopes based on Hoek-Brown
failure criterion [J]. KSCE Journal of Civil Engineering,

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

2018, 22(11): 4334-4344.
XU Jing-shu, LI Yong-xin, YANG Xiao-li. Seismic and
static 3D stability of two-stage slope considering joined
influences of nonlinearity and dilatancy [J]. KSCE Journal of
Civil Engineering, 2018, 22(10): 3827-3836.

PAN Qiu-jing, DIAS D. Upper-bound analysis on the face
stability of a non-circular tunnel [J]. Tunnelling and
Underground Space Technology, 2017, 62: 96—102.

PAN Qiu-jing, DIAS D. Three dimensional face stability of a
rock tunnel subjected to seepage forces [J]. Tunnelling and
Underground Space Technology, 2018, 71: 555-566.
MEHDI P, HAMID K, MOHAMMAD A, HAMID A,
JAFAR A M. Stability analysis of shallow tunnels subjected
to eccentric loads by a boundary element method [J]. Journal
of Rock Mechanics and Geotechnical Engineering, 2016,
4(8): 480—488.

LI T Z, YANG X L. Probabilistic stability analysis of
subway tunnels combining multiple failure mechanisms and
response surface method [J]. International Journal of
Geomechanics, 2018, 18(12): 04018167.

JAGDISH P S, JYANT K. Stability of a circular tunnel in
presence of pseudostatic seismic body forces [J]. Tunnelling
and Underground Space Technology, 2014, 42: 264-276.
SEUNG H K, FULVIO T. Face stability and required
support pressure for TBM driven tunnels with ideal face
membrane - Drained case [J]. Tunnelling and Underground
Space Technology, 2010, 5(25): 526—542.

ZHANG Cheng-ping, HAN Kai-hang, ZHANG Ding-li.
Face stability analysis of shallow circular tunnels in
cohesive—frictional soils [J]. Tunnelling and Underground
Space Technology, 2015, 50: 345-357.

YANG X L, ZHOU T, LI W T. Reliability analysis of tunnel
roof in layered Hoek-Brown rock masses [J]. Computers and
Geotechnics, 2018, 104: 302—309.

DONALD I B, CHEN Zu-yu. Slope stability analysis by the
upper bound approach: Fundamentals and methods [J].
Canadian Geotechnical Journal, 1997, 34(11): 853—862.
BAKER R. Non-linear strength envelopes based on triaxial
data [J]. ASCE Journal of Geotechnical
Geoenvironmental Engineering, 2004, 130(5): 498—506.
JIANG J C, BAKER R, YAMAGAMI T. The effect of
strength envelope nonlinearity on slope stability calculations
[J]. Canadian Geotechnical Journal, 2003, 40(2): 308—325.
BAKER R, FRYDMAN S. Upper bound limit analysis of
Soils

and

soil with non-linear failure criterion [J]. and
Foundations, 1983, 23(4): 34—42.

ZHAO Yan-lin, WANG Yi-xian, WANG Wei-jun, WAN
Wen, TANG lJin-zhou. Modeling of non-linear rheological
behavior of hard rock using triaxial rheological experiment
[J]. International Journal of Rock Mechanics and Mining
Sciences, 2017, 93: 66—75.

ZHANG Dao-bing, LIU Zhi-zhen, ZHANG Jia-hua. A new
failure mechanism for deep cavity and upper bound solution
of supporting pressure [J]. Journal of Central South
University, 2017, 24(9): 2082—2091.

LI Zheng-wei, YANG Xiao-li. Active earth pressure for soils
with tension cracks under steady unsaturated flow conditions
[J]. Canadian Geotechnical Journal, 2018, 55(12), 1850—
1859.



J. Cent. South Univ. (2019) 26: 1696—1705 1705

[31] LI Yong-xin, YANG Xiao-li. Soil-slope stability considering sand [J]. Journal of Engineering Mechanics, 2010, 137:
effect of soil-strength nonlinearity [J]. International Journal 8-21.
of Geomechanics, 2019, 19(3): 04018201. [34] ZHANG J H, WANG W J, ZHANG D B, ZHANG B,
[32] LUO W J, YANG X L. 3D stability of shallow cavity roof MENG F. Safe range of retaining pressure for three-
with arbitrary profile under influence of pore water pressure dimensional face of pressurized tunnels based on limit
[J]. Geomechanics and Engineering, 2018, 16(6): 569—-575. analysis and reliability method [J]. KSCE Journal of Civil
[33] MOLLON G, PHOON K K, DIAS D, SOUBRA A H. Engineering, 2018, 22(11): 4645—4656.
Validation of a new 2d failure mechanism for the stability (Edited by HE Yun-bin)

analysis of a pressurized tunnel face in a spatially varying

P FiE
BET Baker i A 18 51 A2 2 1R A L BR 24

FEEE: A5 ARLME Baker BOURAEN SI N BIRRFR 0 A LR SEBE A, 70 Mk ST 5 1 I A A2 g PR . A
REE A MT AR RIS N I A 32 JIRES, T RRR I RE A B AL AN D R A e 2, 3 7
I STIERTAR, SR Matlab BAFFP 81— 0O RIS 2 BELE iRt ERRE. BT FTERR ],
et Baker BRMEN I =ANTCRENSE A, T, n X FEF 10 S 7 AR B9 52 00 25 25 AN AH
o A BIRCMIERK, nRZ, T/ FHHZ A N ST EE 77 AR E B AR 2R R K
SEETHILAE WK T B T B 1 SEPR I Bk, XSRS R AT T I0E . BB X B I8 N A I AN 56
I RS, B R R AR

S AL Baker BURIEN: % I RUfhs MIRATE: HEIED



