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Abstract. Based on the existing research results, a three-dimensional failure mechanism of tunnel face was
constructed. The dynamic seismic effect was taken into account on the basis of quasi-static method, and the nonlinear
Mohr-Coulomb failure criterion was introduced into the limit analysis by using the tangent technique. The collapse
pressure along with the failure scope of tunnel face was obtained through nonlinear limit analysis. Results show that
nonlinear coefficient and initial cohesion have a significant impact on the collapse pressure and failure zone.
However, horizontal seismic coefficient and vertical seismic proportional coefficient merely affect the collapse
pressure and the location of failure surface. And their influences on the volume and height of failure mechanism are
not obvious. By virtue of reliability theory, the influences of horizontal and vertical seismic forces on supporting
pressure were discussed. Meanwhile, safety factors and supporting pressures with respect to 3 different safety levels
are also obtained, which may provide references to seismic design of tunnels.

Keywords: tunnel face; three-dimensional collapse failure mechanism; quasi-static method; limit analysis
with nonlinear failure criterion; failure probability

1. Introduction

The earthquake is a very common but unpredictable nature disaster. It not only causes damage
to ground buildings but also affects the stability of underground structures. However, from a
traditional point of view, the tunnel was considered to possess a better seismic performance than
ground buildings. Thus, little attention has been paid to the seismic design of tunnels. In fact, the
earthquake is highly destructive to tunnels (Pitilakis et al. 2014). During the 1995 Kobe
earthquake, 30 tunnels were damaged and 10 of them were in need of repair. The Chi-Chi
earthquake in 1999 broke 49 tunnels, and 25% of them were heavily damaged. During the 2008
Wenchuan earthquake, most of the tunnels in the affected area were destroyed, and the percentage
of heavily damaged tunnels was up to 73% (Shen et al. 2014). Hence, the seismic design of
tunnels cannot be ignored, and corresponding studies about the influences of earthquakes on the
stability of tunnels are of great scientific values and engineering significance (Alielahi and
Adampira 2016a, b).
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The research methods of earthquake mainly include seismological observation, seismic
experiments and theoretical analysis method (Liu ef al. 2015). The former two methods have the
disadvantages of high cost, time-consuming and restriction of geological condition. With the
development of computer technology, the theoretical analysis method has been widely applied in
engineering. Currently, the quasi-static method and time history analysis method are commonly
utilized in the theoretical analysis of earthquake (Saada et al. 2013). The time history method has
many merits, but the numerical modeling and analysis are complicated, which is not convenient
for the engineers to master and use. On the contrary, due to the advantages of clear mechanical
conception and simple calculation procedure, the quasi-static method is widely accepted (Sahoo
and Kumar 2014).

In order to investigate the stability of tunnel face, its failure mechanism should be constructed.
Leca and Dormieux (1990) firstly proposed a three-dimensional failure mechanism of tunnel face,
which was validated by making a comparison between the theoretical results and model test data.
Then it was applied to analyze the stability of tunnel face. Although this three-dimensional failure
mechanism was widely accepted, it is composed of a few blocks and the accuracy of the computed
result remains to be improved. Soubra (2000) introduced the logarithm spiral curve into the failure
mechanism and constructed a three-dimensional multi-block failure mechanism. The obtained
results are much closer to the centrifuge experiment data, which shows the logarithm spiral curve
is better at presenting the failure features of tunnel face. Subsequently, based on the three-
dimensional multi-block failure mechanism, Soubra (Soubra 2002, Soubra et al. 2008) conducted
some further researches on the stability of tunnel face. Due to the advantages of logarithm spiral
curve, Subrin and Wong (2002) constructed a three-dimensional log-spiral failure mechanism. The
mechanism is composed of a rotational block, and its variation is determined by the center of
rotation. The obtained result is consistent with the numerical simulation and is more optimal than
previous result, which verifies the validity of the failure mechanism. The three-dimensional log-
spiral failure mechanism is then widely adopted in the stability analysis of tunnel face, and it is
usually called horn failure mechanism. However, this failure mechanism relies on too many
assumptions, especially that the interface between the horn and tunnel face is assumed to be a
circle, while in fact it is not a circle. Thus, the accuracy of the result is affected, and the failure
mechanism needs some improvements. Mollon et al. (2011, 2013) have done a lot of researches on
the stability of tunnel face. Firstly, based on the existing three-dimensional failure mechanisms,
two multi-block failure mechanisms were proposed, namely the collapse mechanism and blow-out
mechanism. Further, for the purpose of exhibiting the failure characteristic of tunnel face in a more
flexible and precise way, a failure mechanism was constructed utilizing the special discretization
technique. Its major advantage is the elimination of the assumptions of Subrin and Wong (2002)
and the accuracy of calculation is enhanced. This mechanism was initially two-dimension and then
extended to three-dimension. The shape of the mechanism is similar to a horn, but the slip surface
is neither logarithm spiral curve nor any other kind of standard curve. It is determined point by
point. Since the construction of the failure mechanism is rather complex, it is not convenient to
promote and apply in practical engineering.

In this paper, a three-dimensional failure mechanism of tunnel face in soil masses is presented
based on Michalowski (Michalowski 2010, Michalowski and Nadukuru 2013). The seismic force
is introduced into the mechanical calculation by virtue of the quasi-static method. Afterward,
combining the limit analysis with the reliability theory, the stability of tunnel face is investigated.
The collapse pressure and failure scope under earthquake are solved, and the safety factors along
with supporting pressures with respect to different safety levels are obtained.
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2. Methods of analysis
2.1 The quasi-static method

The substance of the quasi-static method is equalizing the influence of dynamic force to the
action of static force. As regards seismic force, its dynamic effect in the horizontal direction and
vertical direction are equivalent to static forces acting on the material point, which can be
represented by the horizontal seismic coefficient k, and the vertical seismic coefficient £,
respectively. Moreover, there is a relationship between the horizontal seismic coefficient and the
vertical seismic coefficient (Saada et al. 2013, Sahoo and Kumar 2014)

kv zé/kh (1)

where ¢ is the vertical seismic proportional coefficient. The magnitude of ¢ is generally 0.5. A
positive value illustrates a downward direction, while negative denotes an upward direction.
Researches have shown that a k; in the range from 0 to 0.3 agrees well with the practical
engineering. Considering the high vertical peak acceleration under strong earthquake, the value of
{ is taken as -1.0~1.0 in this paper. In order to investigate the influence of earthquake on the
stability of tunnel face, the horizontal and vertical seismic forces are simplified as 4, and &, times
of the soil weight.

2.2 The tangential technique

Soil masses are frictional materials and mainly occur shear failure. The linear Mohr-Coulomb
failure criterion is normally adopted to represent their shear strength. However, plenty of
experiments have indicated that, as regards soil masses, the relationship between shear strength
and stress state is nonlinear in fact. Thus, the nonlinear Mohr-Coulomb failure criterion is
employed by many scholars (Zhang et al. 2014, Yang and Yan 2015), which can be expressed as

r=¢,(1+0,/o, )l/m ()

where 7 and g, respectively are the shear and normal stresses, m is the nonlinear coefficient, ¢, is
the initial cohesion and g, is the axial tensile stress.

The equivalent cohesion and internal friction angle of nonlinear Mohr-Coulomb failure
criterion can be obtained by the tangential technique (Yang and Zou 2011, Yang et al. 2013).

Ct

(4

o On

Fig. 1 Tangential line of nonlinear Mohr-Coulomb failure criterion
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As illustrated in Fig. 1, the envelope of the nonlinear Mohr-Coulomb failure criterion in stress
space is a curve. A tangent line through an arbitrary point on curve M can be expressed as

T=c +0, tang, 3)

where ¢, is intercept of the straight line on the r-axis and g, is the corresponding angle with ¢,-axis.
¢, and ¢, are the equivalent cohesion and internal friction angle of point M, respectively. The
relationship between the equivalent cohesion and internal friction angle is derived by solving Eqgs.
(2) and (3).

1

— t 1-m
e, =2 lco(mo-‘ an(th +0, tang, “)

S

According to the research of Chen (1975), upper bound theorem of limit analysis can be
represented as: in any kinematically admissible velocity field, the load obtained by equating the
external rate of work to the energy dissipation rate is no less than the actual collapse load, which
can be expressed as

[ o807 =[ Tvds+| Fvdy (5)

in which the left side of the inequality represents the energy dissipation rate of stress o; in virtual
strain field &, the right side denotes the work rates of external loads 7; and body forces F; in
velocity field v;. The volume of the strain field is V" and relevant boundary is S.

The nonlinear Mohr-Coulomb failure criterion is then introduced into the upper bound theorem
of limit analysis by substituting Eq. (4) into Eq. (5), and the obtained solution must be an upper
bound solution of the actual value.

3. Definition and calculation of model
3.1 New horn failure mechanism

The stability of tunnel face is a three-dimensional problem in practical engineering (Panji et al.
2016). Michalowski (Michalowski 2010, Michalowski and Nadukuru 2013) regarded the cross
section of the two-dimensional log-spiral failure mechanism as circles with gradual changing
diameter. In this work the three-dimensional failure mechanism of tunnel face in soil masses is
constructed grounding on this approach. It is called the new horn failure mechanism, as illustrated
in Fig. 2. Circle 4B is the tunnel face with diameter d. In the excavation process, due to poor soil
and disturbance, the soil mass in front of tunnel face tends to collapse. The collapsing block A4EB
rotates around point O in clockwise direction. AE and BE are log-spiral curves and they together
with point O are on the central plane. The length of O4 and OB respectively are r, and r;, and the
angles between OB, OA, OF and vertical direction respectively are 6;, 6, and 6;. Draw a straight
line through point O intersects with AE and BE, the distances between point O and the intersection
points are r; and r,, respectively. Taking the distance of the two intersection points as diameter, a
series of circles perpendicular to the central plane are drawn. It is the cross section of the horn and
the distance between point O and circle center is 7,.
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(a) Three-dimensional failure mechanism

(b) Microelement volume
Fig. 2 Calculation model of collapse failure of tunnel face

According to the assumption of limit analysis and the nonlinear failure criterion, the angle
between the velocity and tangent line on an arbitrary point of the log-spiral curve is ¢,. Thus, the
expressions of AE and BE log-spiral curves respectively are as

1(0)=r,exp[(6 - 6,)tan ¢, ]

1,(0) =1, exp[(6, - ) tan ¢, ]
According to the geometric relationship, there are

(6)

(7
__ sin g, d
sin(é, — 6,)

®)
sin @,
= d
= sin(, - 6,) ©)
1 In(sin 6, / sin 6,)

6, ==[(6 +6,)- ! 2
’ 2[( 1+ 6.) tan ¢, (10)

The distance between point O and the circle center of cross section is

r,o= (r1 +r, ) / 2
The diameter of the cross section is

(11

(12)
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A coordinate system is established in the cross section, which takes the direction from point O
to the circle center as the positive direction of y-axis. As illustrated in the cross section 2-2 of Fig.
2(a), a is the angle between the arbitrary point of the circle and the positive direction of y-axis, v
denotes the velocity and dV represents the volume of microelement. Assuming the angle of
endpoint of arc is ¢, and corresponding y-coordinate is /, following equations can be derived

cosa, =I/R (13)
r,+l=r, -sind,/sin@ (14)
v=w-(r, +) (15)
dV =(r, +y)-dx-dy-do (16)

3.2 Upper bound solution of the collapse pressure

According to upper bound theorem of limit analysis, following assumptions are made: (1) the
soil mass is ideal elastic-plastic material and it obeys the associated flow rule; (2) the horn is rigid
and no volumetric stain occurs, therefore energy dissipation is just along the velocity discontinuity
lines; (3) the tunnel is deep-buried and apex of the horn is always below the ground; (4) when the
failure of tunnel face occurs, the collapse pressure o, is assumed to be uniformly distributed.
Moreover, the minimum supporting pressure op is introduced to obtain the collapse pressure.
Under the limit state, the minimum supporting pressure is balanced with collapse pressure, namely
oy = 0p.

3.2.1 External rate of work and internal energy dissipation

When the failure of tunnel face occurs, the external rate of work includes the work rate of the
horn produced by weight W, the rate of work of seismic force W, and the work rate of
supporting pressure W,. Besides, the internal energy dissipation D is only along the surface of the
horn.

The work rate of the self-weight of the horn is

W, = I dﬁj J. 2 w-y-(r, +y)2-sin9dx+

7 e 2 (17)
L}“d@j{ dyjo 2-@-y-(r, +y) -sinOdx

Based on the quasi-static method, the seismic force is equivalent to horizontal seismic force
kG and vertical seismic force &,G applying on the horn. The total rate of wok of the horizontal and
vertical seismic forces is

W, =k, j dej j . w-y-(r, +y) -sinOdx +
o (18)
kv-jo]zdej[ dyjU 2-@-y-(r, +y) -sinOdx +
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k, - J. dé’J. J 2 w-y-(r, +y)2-cos:9dx+

(13)
k, - J. dé’J. j 2 w-y-(r, +y)2-cos€dx
The work rate of supporting pressure is
Ws=—0'T0~j:2d€.[0m2'w'(rm+l)2-cosé’/siné’dx (19)
The area of intersecting plane between the horn and tunnel face is
j ) e (r,, +1)/sin 0 (20)
The rate of internal energy dissipation along surface of the horn is
D:j:dﬁjonla)-ct-R~(rm+R-cosa)2da+ o

J‘:zd6"[:°2-a)-ct ‘R-(r, +R-cosa)’ da

3.2.2 Optimization

The collapse pressure equals to the minimum supporting pressure at limit state. According to
the virtual power principle, the minimum supporting pressure can be determined by equating the
external rate of work to the rate of internal energy dissipation. Thus, using Egs. (17), (18), (19) and
(21), the expression of the minimum supporting pressure or surrounding pressure is obtained as
follows

oo W, +W,-D
0~ ¥To 22
I d@j w-(r, +1) 0059/51n0dx 22)
The constraints of Eq. (22) are
0<6,<6,<n/2
st96, <6, <m (23)

r, <Fh

In order to ensure the stability of tunnel face, the maximum collapse pressure at limit state
should be solved. As expressed in Eq. (22), the collapse pressure is a function of parameters 6;, 6,
and ¢, namely o, = f(6y, 65, ¢,). Under this circumstance, the problem can be transformed into a
mathematical optimization model. And the optimal upper bound solution of collapse pressure, or
referred to as the minimum supporting pressure, can be obtained by virtue of the numerical method.
In this paper, the SQP algorithm is employed, which is an effective approach to address the
nonlinear constrained programming problems. This algorithm is essentially an iteration algorithm
and its main idea is to convert the original issue into a series of quadratic programming problems.
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The final solution of the original problem is then obtained when each sub-problem is solved step-
by-step.

3.3 Reliability model of tunnel face

The collapse pressure when tunnel face fails is obtained in the previous section. In order to
satisfy supporting design, the supporting pressure under different safety levels should be solved.

By introducing a safety factor F, the supporting pressure is obtained on the basis of the
collapse pressure

01 =F 0, 4)

Considering the randomness of soil parameters and loads, the limit state equation of tunnel face
is established as

gX)=0,-0,=0 (25)

In order to ensure the safety of tunnel face, the performance function should satisfy the
following equation.

gX)=0,-0,>0 (26)

Thus, the reliability model of tunnel face is

R, =P{g(X)>0} (27)
P =1-R (28)
p=-@"(R) (29)

where R, is the reliability, P, is the failure probability and f is the reliability index.

4. Comparison with existing results

Mollon et al. (2010) constructed a translational three-dimensional multi-block failure mechanism

Table 1 Comparison between the present work and Mollon ef al. (2010)

d 14 c o oy /kPa
/m /kN/m’ /kPa ° Mollon et al. (2010) (n =5)  This paper (m=1)  Difference
10 18.0 7 17 34.48 33.52 -0.96
10 18.0 10 25 10.88 10.74 -0.14
16.1 5 38 0.40 0.40 0
15.3 5 38 0.10 0.06 -0.04
10 16.0 5 38 7.10 7.11 0.01
13 16.2 5 38 11.40 11.38 -0.02
10 16.0 5 42 5.00 5.25 0.25
13 16.2 5 42 8.30 8.66 0.36
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of tunnel face by virtue of a spatial discretization technique. Through calculation, the optimal
number of blocks was found to be five, which may not only satisfy the requirement of accuracy,
but also consume less computation time. Subsequently, the collapse pressure of tunnel face under
linear Mohr-Coulomb failure criterion was obtained in the case of n = 5. By designating m = 1, the
nonlinear Mohr-Coulomb failure criterion degrades into the linear one, and under the same
geological conditions, corresponding collapse pressure is also calculated by the method presented
in this paper. Comparison between the results of this paper and Mollon ef al. (2010) are illustrated
in Table 1. It is found they are essentially the same and the maximum difference is only -0.96 kPa.
Consequently, the presented method is demonstrated to be valid.

5. Limit analysis of static stability

The stability of tunnel face under the static condition is investigated by virtue of nonlinear limit
analysis, namely taking no account of the seismic effect. The influences of nonlinear coefficient
and initial cohesion on collapse pressure are illustrated in Fig. 3. It can be found that, when initial
cohesion ¢, is constant, the collapse pressure o, increases almost linearly with the increase of
nonlinear coefficient m. The increment is greater when initial cohesion is smaller. However, when
the nonlinear coefficient m is a constant, the collapse pressure gy increases with the decrease of
initial cohesion ¢,. The increment is greater when nonlinear coefficient is larger.

Figs. 4 and 5 illustrate the influences of nonlinear coefficient and initial cohesion on failure
mechanism, respectively. It can be found that, with the increase of nonlinear coefficient or the
decrease of initial cohesion, the failure zone and height of failure mechanism increase, which
means the horn is bigger and the failure mechanism tends to move upward and forward. Thus, the
intensity and range of the advance support should be increased in the support design, and
corresponding elevation angle ought to be properly increased. It can be concluded that a bigger
nonlinear coefficient or a smaller initial cohesion indicates poor soil quality, and the collapse
pressure together with failure zone is larger during the excavation. Under this circumstance,
supporting pressure and supporting range should be bigger to ensure the stability of tunnel face.

11 1.2 13 1.4 15
m

Fig. 3 Influences of nonlinear coefficient and initial cohesion on the collapse pressure
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m=1.3 m=1.3
m=1.1 m=1.1

Fig. 4 Influence of nonlinear coefficient on the failure mechanism
(d=10m, y =20 kKN/m’, ¢o = 14 kPa, g, = 30 kPa, k;, = 0, = 0)

co=12kPa

co—=14kPa

co=12kPa
co=14kPa

Fig. 5 Influence of initial cohesion on the failure mechanism
(d=10m, y=20 kN/m’, m = 1.1, o,= 30 kPa, k, = 0, { = 0)

6. Limit analysis of dynamic stability using quasi-static method

The seismic force is introduced into the limit analysis by virtue of quasi-static method. In order
to investigate the influences of horizontal and vertical seismic forces on the stability of tunnel face
separately, the two conditions are discussed, which includes (1) horizontal seismic action; (2)
horizontal and vertical seismic action.

6.1 Horizontal seismic action

The stability of tunnel face subjected to horizontal seismic force is investigated using the
nonlinear limit analysis. The influence of horizontal seismic coefficient on collapse pressure is
illustrated in Fig. 6. It is found that the collapse pressure o, increases linearly with the increase of
horizontal seismic coefficient &, and soil unit weight y. A bigger value of horizontal seismic
coefficient or soil unit weight results in a bigger horizontal seismic force obtained by quasi-static
method. Thus, the horizontal seismic force has a significant influence on the collapse pressure of
tunnel face. Fig. 7 illustrates the influence of horizontal seismic coefficient on failure mechanism.
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Fig. 6 Influences of horizontal seismic coefficient and soil unit weight on the collapse pressure

Fig. 7 Influence of horizontal seismic coefficient on the failure mechanism
(d=10m, y=20 kN/m’, m = 1.1, ¢, = 12 kPa, 6, = 30 kPa, { = 0)

It can be found that, with the increase of horizontal seismic coefficient &, the failure mechanism
tends to move upward and forward, and the failure zone and height of failure mechanism slightly
increase. Under this circumstance, it is suggested to increase the length of rock bolt and decrease
corresponding elevation angle.

6.2 Horizontal and vertical seismic action

The existing researches related to the stability of geotechnical structure focuses on the
horizontal dynamic effect of seismic force, while the vertical dynamic effect is usually ignored.
However, when the earthquake intensity is high, the influence of vertical dynamic effect of seismic
force on the stability of geotechnical structure should not be neglected (Alielahi and Adampira
2016c¢). Thus, this section takes both the horizontal and vertical seismic force into account, and
investigates the stability of tunnel face by nonlinear limit analysis. The influence of vertical
seismic proportional coefficient on collapse pressure is illustrated in Fig. 8. It can be found that,
when the horizontal seismic coefficient is constant (k, # 0), the collapse pressure gy will increase
linearly with the enlargement of vertical seismic proportional coefficient. The increment is greater
when the horizontal seismic coefficient is bigger. Fig. 9 illustrates the influence of vertical seismic
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d=10m
m=1.1
y=20kN/m’
¢,=12kPa

Fig. 9 Influence of vertical seismic proportional coefficient on the failure mechanism
(d=10m, y=20kN/m*, m = 1.1, ¢y = 12 kPa, 6, = 30 kPa, k; = 0.3)

proportional coefficient on failure mechanism. It can be found that, with the increase of vertical
seismic proportional coefficient, the failure mechanism tends to move backward and upward, and
the failure zone and height of failure mechanism slightly increase. Under this circumstance, it is
suggested to decrease the length of rock bolt and increase corresponding elevation angle. It can be
concluded that the vertical seismic force has significant effect on the collapse pressure and failure
mechanism. This effect is closely linked to horizontal seismic force and should not be ignored.

7. Reliability analysis

Taking the randomness of soil parameters and loads into consideration, this section investigates
the influences of horizontal and vertical seismic force on the stability of tunnel face using
reliability theory. The diameter of tunnel face is d = 10 m and the statistical characteristic of soil
parameters and loads is shown in Table 2. The target reliability indexes [4] at different safety levels
are shown in Table 3.

Considering the simultaneous action of horizontal and vertical seismic forces, for different
horizontal seismic coefficients and vertical seismic proportional coefficients, the relationship
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Table 2 Statistical property of random variables

Random Standard Coefficient of  Distribution
variable Mean deviation variation type
m 1.4 0.21 0.15 Gaussian
¢y /kPa 10 1.5 0.15 Gaussian
o, /kPa 30 4.5 0.15 Gaussian
y /kN/m’ 20 3 0.15 Gaussian
ky, 0~0.3 — 0.15 Gaussian
4 -1.0~1.0 — 0.15 Gaussian
or/kPa — — 0.15 Gaussian

Table 3 Target reliability index of tunnel structure

Safety classes

Type of limit state

1 2 3
Serviceability limit state 1.0~2.5
. L Brittle failure 4.7 4.2 3.7
Ultimate limit state . .
Ductile failure 4.2 3.7 32

between failure probability and safety factor are illustrated in Figs. 10 and 11. It is obvious that,
with the increase of safety factor F;, the failure probability P, decreases. When safety factor is
bigger, the decrease is slower. Thus, reasonably increasing the safety factor will effectively reduce
the failure risk of tunnel face. However, in order not to waste the resources, the safety factor
should not be too large. Moreover, the fluctuation amplitude of failure probability curve increases
with the increase of safety factor F. The increase is more obvious when the failure probability is
less than 107. This is because the obtained failure probability P is big when the value of F, is
small. As a result, the influence of the randomly-generated sample on the failure probability is
small and the curve of P, is nearly a straight line. On the contrary, the magnitude of P, is small
when the value of Fj is big. Under this circumstance, relevant influence of the sample on Py is big,
and thus, the curve of P, fluctuates. It can be concluded that the size of sample has a certain impact
on the computed results. This impact can be ignored when the required computational accuracy is
low. However, the impact may be great when a high calculation precision is required. In this case,
the size of sample should be increased in order to obtain a better solution. The sample size of this
paper is 4 million and the obtained results satisfy the accuracy requirement.

In order to illustrate the influence of horizontal seismic force, the conditions of different
magnitudes of horizontal seismic force (k;, = 0~0.3) are compared with the static case. As shown in
Table 4, the horizontal seismic coefficient, which determines the magnitude of the horizontal
seismic force, has great influences on the collapse pressure o, and supporting pressure or.
Comparing with the static condition, the maximum relative error of collapse pressure is 52%.
Corresponding to 3 safety levels ([8] = 3.2, [] = 3.7 and [#] = 4.2), the maximum relative errors of
supporting pressure respectively are 40%, 39% and 34%. Similarly, the conditions of different
vertical seismic force ({ = -1.0, -0.5, 0.5, 1.0) are compared with the case with no vertical seismic
force ({ = 0) to illustrate the influence of the vertical seismic force. As shown in Table 5, the
vertical seismic proportional coefficient, which determines the magnitude of the vertical seismic
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force, has great influences on the collapse pressure ¢, and supporting pressure or. Comparing with
the condition of no vertical seismic force (= 0), the maximum relative error of collapse pressure
is 48%. Corresponding to 3 safety levels ([8] = 3.2, [#] = 3.7 and [B] = 4.2), the maximum relative

01

0.01 L

a” IE3 E

s come | s u o | s u o i i b g g b g g L

Fig. 10 Influence of safety factor on the failure probability with different
horizontal seismic coefficients ({= 0.5)

0.1 L

| p=322

o p=a2

1E-5 :'"'"""""'"'""'"'"'""'"""""""L""""""""""' R ]

1E-6

Fig. 11 Influence of safety factor on the failure probability with different
vertical seismic proportional coefficients (k, = 0.2)
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Table 4 Collapse pressure of tunnel face along with required safety factor and supporting pressure
at 3 different safety levels (= 0)

(]

0o
ky, /kPa Error 32 3.7 4.2

Finin  Ormin /kPa  Error  F.  0min/kPa  Error  Fy. O /kPa  Error
0 585 —  3.08 180.2 —  3.66 214.1 — 4.74 277.3 —
0.1 675 15% 297 200.5 11% 3.49 235.6 10%  4.39 296.3 7%
02 775 32% 292 226.3 26%  3.43 265.8 24%  4.25 329.4 19%
0.3 88.7 52% 2.84 251.9 40%  3.36 298.0 39%  4.18 370.8 34%

Table 5 Collapse pressure of tunnel face along with required safety factor and supporting pressure
at 3 different safety levels

£
k, ¢ /lflga Error 3.2 3.7 42
vain OTmin /kPa Error Evmin OTmin /kPa  Error Fs*min O Tmin /kPa_ Error

0 0 585 — 3.08 180.2 —  3.66 214.1 - 4.74 277.3 -
0 -1.0 585 0% 3.08 180.2 0% 3.66 214.1 0% 4.74 277.3 0%
0 -0.5 585 0% 3.08 180.2 0% 3.66 214.1 0% 4.74 277.3 0%
0 05 585 0% 3.08 180.2 0% 3.66 214.1 0% 4.74 277.3 0%
0 1.0 585 0% 3.08 180.2 0% 3.66 214.1 0% 4.74 277.3 0%
01 0 675 — 2.97 200.5 — 349 235.6 - 4.39 296.3 -
0.1 -1.0 545 -19% 3.08 1679  -16% 3.66 199.5 -15% 4.65 253.4 -14%
0.1 -0.5 609 -10% 3.01 183.3 -9% 3.58 218.0 7%  4.49 273.4 -8%
0.1 05 742 10% 2.93 2174 8% 3.45 256.0 9%  4.24 314.6 6%
0.1 1.0 81.0 20% 291 235.7 18% 3.43 277.8 18% 4.19 339.4 15%
02 0 775 — 2.92 226.3 — 343 265.8 - 4.25 329.4 -
0.2 -1.0 519 -33% 3.10 160.9  -29% 3.67 190.5 -28% 4.77 247.6 -25%
02 -05 644 -17% 297 1913  -15% 3.52 226.7 -15% 442 284.6 -14%
02 05 912 18% 2.86 260.8 15% 3.38 308.3 16% 4.16 3794 15%
0.2 1.0 1055 36% 2.85 300.7 33% 3.36 354.5 33% 3.99 420.9 28%
03 0 887 — 2.84 251.9 — 336 298.0 - 4.18 370.8 -
03 -1.0 51.1 -42% 3.12 1594  -37% 3.67 187.5 -37% 5.14 262.7 -29%
03 -0.5 69.2 -22% 2.93 202.8  -19% 3.46 2394 -20% 4.45 307.9 -17%
03 05 1096 24% 2.82 309.1 23% 3.33 365.0 22%  4.01 439.5 19%
0.3 1.0 131.6 48% 281 369.8 47% 3.30 434.3 46% 4.04 531.7 43%

errors of supporting pressure respectively are 47%, 46% and 43%. Therefore, the horizontal and
vertical seismic forces have a great impact on the stability of tunnel face. Both the horizontal and
vertical seismic forces ought to be taken into account during the supporting design. Furthermore,
when conducting seismic design of tunnel, the horizontal seismic coefficient &, and vertical
seismic proportional coefficient { should be rationally determined on the basis of different safety
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levels. For different horizontal seismic coefficients and vertical seismic proportional coefficients,
the collapse pressures together with the required minimum safety factors and supporting pressures
under 3 different safety levels are listed in Table 5, which can provide references to the seismic
design of tunnels.

8. Conclusions

e Based on the three-dimensional horn failure mechanism and the nonlinear limit analysis
theory, upper bound solution for the collapse pressure of tunnel face under seismic action is
obtained.

e With the increase of nonlinear coefficient or the decrease of initial cohesion, the collapse
pressure, the failure zone and the height of the mechanism increase under static condition. In
this case, the intensity along with the range of advance support ought to be increased, and
corresponding elevation angle should also be appropriately increased.

e With the increase of horizontal seismic coefficient, the collapse pressure linearly increases
and the failure mechanism tends to move forward and upward. The failure zone and the
height of mechanism also slightly increase. Under this circumstance, the supporting pressure
and the length of anchor stock ought to be increased, while corresponding elevation angle
should be decreased. The vertical seismic force also has apparent influences on the collapse
pressure and the failure mechanism.

® The reasonable increase of safety factor could efficiently reduce the failure risk of tunnel
face. But for the sake of saving resources, the safety factor should not be too large. The
influences of horizontal and vertical seismic forces must be simultaneously considered
during seismic design. When the horizontal seismic force is not taken into account, the
maximum relative error of collapse pressure is 52%. And the maximum relative errors of
supporting pressure under 3 safety levels respectively are 40%, 39% and 34%. Analogously,
when the vertical seismic force is not taken into consideration, the maximum relative error
of collapse pressure is 48%. Relevant maximum relative errors of supporting pressure under
3 safety levels respectively are 47%, 46% and 43%.

® The research results of this paper may provide references to the seismic design of tunnels,
and the proposed method also gives a new idea to it. As regards practical engineering, the
seismic coefficient along with the target reliability can be determined by making reference
to the design codes. And the physical mechanics parameters of soil mass can be obtained
through site investigation and laboratory test. Then, based on the method proposed in this
paper, the complete supporting design parameters are derived.

® The collapse pressure and the failure zone of tunnel face obtained on the basis of the
nonlinear limit analysis theory are more applicable to engineering practice. Meanwhile, the
required safety factor and relevant supporting pressure with respect to 3 different safety
levels can also provide complete supporting design parameters to the seismic design of
tunnels. However, there remains following limitations: (1) the research results are only
suitable to tunnels excavated in soil masses due to the nonlinear Mohr-Coulomb failure
criterion is adopted; (2) the quasi-static method is a simplified method and the obtained
results are not precise enough on account of the dynamic property of earthquake is ignored.
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