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Limit analysis of seismic collapse for shallow tunnel in inhomogeneous ground
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Abstract. Shallow tunnels are vulnerable to earthquakes, and shallow ground is usually inhomogeneous. Based on the limit
equilibrium method and variational principle, a solution for the seismic collapse mechanism of shallow tunnel in
inhomogeneous ground is presented. And the finite difference method is employed to compare with the analytical solution. It
shows that the analytical results are conservative when the horizontal and vertical stresses equal the static earth pressure and zero
at vault section, respectively. The safety factor of shallow tunnel changes greatly during an earthquake. Hence, the cyclic loading
characteristics should be considered to evaluate tunnel stability. And the curve sliding surface agrees with the numerical
simulation and previous studies. To save time and ensure accuracy, the curve sliding surface with 2 undetermined constants is a
good choice to analyze shallow tunnel stability. Parameter analysis demonstrates that the horizontal semiaxis, acceleration,
ground cohesion and homogeneity affect tunnel stability greatly, and the horizontal semiaxis, vertical semiaxis, tunnel depth and
ground homogeneity have obvious influence on tunnel sliding surface. It concludes that the most applicable approaches to
enhance tunnel stability are reducing the horizontal semiaxis, strengthening cohesion and setting the tunnel into good ground.
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1. Introduction

Tunnel construction is a common way to utilize
underground space and plays a highly important role in
infrastructure building. It was generally believed that
tunnels are capable of supporting earthquake load, but this
belief changed after the Chi-Chi earthquake (Wang et
al.2001) and the Wenchuan earthquake (Wang er al.2013).
An investigation of 52 tunnels after the Wenchuan
earthquake, showed that shallow tunnels in soft ground are
susceptible to the earthquake damage (Shen er al.2014).
However, shallow tunnels are widely used to make traveling
convenient and to reduce engineering costs (Yang et
al.2011). Therefore, the seismic analysis of shallow tunnels
has attracted increasing attention.

Numerical simulation is often applied to analyze seismic
characteristics of shallow tunnels, such as the effect of
liquefaction and different clay deposits (Azadi and Hosseini
2010, Amorosi et al. 2009, Gomes et al 2015).
Furthermore, model tests are a good way to analyze and
validate shallow tunnel’s dynamic response and collapse
mechanism (Tao ef al. 2015, Lei et al.2015). To save time
and cost, researchers devote themselves to studying a
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reliable and convenient method for analyzing shallow
tunnel stability. The limit equilibrium method is widely
used to study shallow tunnel stability and supporting
pressure (Fraldi et al. 2012, Yang et al. 2015) because of its
easy execution and applicability.

Terzaghi failure mode was combined with the limit
method to evaluate the supporting pressure for shallow
tunnels. Based on the failure mode, a method to calculate
the surrounding rock pressure on a shallow tunnel was
established using linear and nonlinear failure criteria (Lei et
al.2014), and the linear sliding surfaces were considered in
the analysis. Upper and lower bound stability solutions
were derived for tunnel collapse with the broken line sliding
surface (Davis et al. 1980) and this sliding surface was
applied to analyze the safety factor for a shallow tunnel in
saturated soil with the strength reduction technique (Huang
et al2012). The mechanisms of shallow tunnel for curve
sliding surface collapse based on nonlinear Hoek-Brown
failure criterion were presented (Yang et al. 2011, Fraldi et
al.2009) and the occurrence of progressive failure in tunnel
roofs was analyzed (Fraldi et al 2012). Numerical
simulations and model tests were applied to analyze shallow
tunnel stability and the results show that the sliding surface
resembles a curve (Lei et al. 2015, Sterpi et al. 2004,
Yamamoto et al. 2011). However, it is still difficult to
describe shallow tunnel’s sliding surface accurately.

Tunnel section changes widely to meet some special
requirement. The influence of tunnel geometry on shallow
tunnel stability was obvious (Davis et al. 1980, Fraldi et al.
2009, Atkinson et al. 1977), so it is important to take tunnel
section into account to evaluate shallow tunnel stability. The
ground is generally defined as homogenous material to

ISSN: 2005-307X (Print), 2092-6219 (Online)



492 Zihong Guo, Xinrong Liu and Zhanyuan Zhu

simplify the calculation. However, this assumption
occasionally has obvious influence on the accuracy of
analysis. Geotechnical variability is a complex attribute that
is the result of many disparate sources of uncertainty
(Phoon et al. 1999). The inherent spatial variability of the
soil shear strength can drastically modify the basic form of
the failure mechanism (Popescu et al. 2005). The
inhomogeneity of the ground was taken into account to
study ground surface vibration and to propose a stochastic
slope stability analysis method (Jones et al. 2012, Wang et
al. 2016). Defining inhomogeneous soil’s characteristics is
an issue worth greater study.

The peak acceleration was regarded as a constant and
applied to study tunnel stability in the pseudostatic method
(Sahoo et al. 2014). There are many parameters which
influence the acceleration distribution around tunnel where
acceleration typically changes (Amorosi et al. 2009,
Argyroudis et al. 2012). In a field, understanding how to
define the variation of acceleration around the tunnel is an
important issue to analyze tunnel seismic characteristics. A
simple relationship between acceleration and soil depth was
established to analyze the seismic design of the retaining
wall (Munwar et al. 2010, Kolathayar et al. 2009, Ghosh et
al. 2010) and it helps the seismic analysis of shallow tunnel.

Shallow tunnels are susceptible to earthquake damage
and the ground is often inhomogeneous at the shallow
layers. However, the distribution of sliding surface for
shallow tunnel cannot be accurately acquired and the
inhomogeneous ground is often regarded as homogeneous
material to simplify analysis. The purpose of this paper
aims to present a solution to analyze the seismic collapse
mechanism of shallow tunnel in inhomogeneous ground.
The finite difference method and previous studies were
compared with the analytical method. In addition, many
parameters have been analyzed in detail to propose advice
on enhancing the seismic stability of the shallow tunnel in
inhomogeneous ground.

2. Shallow tunnel model

A shallow tunnel in inhomogeneous ground during an
earthquake is shown in Fig. 1, where a is the horizontal
semiaxis, b is the vertical semiaxis, q is the supporting
pressure, ' is the surface load, h; is the tunnel depth, H is
the vertical distance from the ground surface to the tunnel
bottom, y is unit weight of soil, ¢ is the soil cohesion, f is
the soil friction coefficient, Fy and Fy are the horizontal and
vertical forces at vault section AB, which equal the integral
of the normal and shear stress at this section. The area

Acppc: s often regarded as the roof collapse district. The

coordinates of start point C and end point D at a sliding
surface are (Xo, Yo) and (X1, y1).

The earthquake acceleration coefficient is regarded as a
constant to analyze tunnel stability (Sahoo et al. 2014).
Excavating a tunnel will change the seismic characteristics
of the ground and the horizontal acceleration increases near
the tunnel (Pitilakis et al. 2014). There are many factors
with influence on the seismic characteristics and the
acceleration may change greatly from the ground surface to
the tunnel bottom. With the assumption that the

Earthquake g

Fig. 1 A shallow tunnel model

accelerations have a relationship with depth and time, the
seismic stability of the retaining wall is analyzed (Munwar
et al. 2010, Kolathayar et al. 2009, Ghosh et al. 2010). The
equations have three obvious characteristics. First, the
maximum acceleration decreases with the ground depth,
and it is consistent with tunnel seismic analysis (Amorosi et
al. 2009, Bilotta et al. 2007). Second, the direction of
acceleration is uniform at the same time in a field, and it is
applied to the pseudostatic analysis of tunnel stability
(Sahoo et al. 2014, Saada et al.2013). Third, the phase of
acceleration can vary with time and it is useful to analyze
tunnel stability with time. The acceleration coefficients are
applied to shallow tunnel’s seismic analysis.

k, =k [1+(f, D) y/H]sino(t-yN,) 1)

k, =ko[1+(f,=Dy/H]sina(t-yN,) @

where k; and k, are the horizontal and vertical seismic
acceleration coefficients at depth H—y and time ¢, ki is the
amplitude of the horizontal acceleration coefficients and k.o
is the amplitude of the vertical acceleration coefficients at
tunnel bottom, f, is amplification factor, equal to the rate of
the acceleration at ground surface to the acceleration at the
tunnel bottom, e is angular frequency, Vi and V), are shear
wave velocity and primary wave velocity.

For the most part the soil mechanic parameters at the
surface are the lowest value and these increase with the
depth. The stability of unsupported twin tunnels is analyzed
on the basis that soil cohesion increases almost linearly with
depth (Sahoo et al2013). On the assumption that soil
gravity y, cohesion ¢ and friction coefficient f have a linear
relationship with soil depth, it can be written as

7=%—-nYy/H 3)
C=C,—CYy/H 4)

f =tang, —tang y/H = f,— f, y/H (5)

where vo, coand fois soil unit weight, cohesion and friction
coefficient at tunnel bottom, respectively; yi, c¢i and fj is the
varying value of soil unit weight, cohesion and friction
coefficient from the surface to the tunnel bottom,
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respectively.

The stress distribution in the ground is the earth stress at
rest before the tunnel excavation. There are two methods to
calculate the coefficient of earth stress at rest. First, the
stress coefficient is defined as ko=u(1—x) for plane strain
according to the elastic theory, where u is Poisson ratio.
Second, the stress coefficient equals 1—sing according to
the Jaky equation (Jaky et al.1944), where ¢ is the inner
friction angle. The stress around tunnel will change widely
after the tunnel is excavated. If k; equals zero, F, is zero
because of the symmetry of the load and structure. On the
contrary, Fy does not equal zero when k;, isn’t zero.

The finite difference method was applied to analyze the
stress distribution in the shallow tunnel. The variation of
horizontal stress is shown in Fig. 2. The initial stress
increases with the tunnel depth. After excavation, the
horizontal stress shows an increase at the most parts of vault
section AB, and the increasing value is most obvious at the
surface. The horizontal stress decreases only in a little area
close to the tunnel. In a word, the excavation of shallow
tunnel leads to the increase of the mean horizontal stress at
section AB. Therefore, the stress at section AB is more than
the static earth pressure.

3. Seismic analysis for shallow tunnel
3.1 Collapse mechanism with linear sliding surface

Terzaghi theory was used to calculate the surrounding
rock pressure on the base of the limit equilibrium method
and linear sliding surface. According to Terzaghi failure
mode, a method was presented to analyze the surrounding
rock pressure of the shallow tunnel with linear and
nonlinear failure criteria (Lei et al. 2014). On the
hypothesis that sliding surface is linear, shallow tunnel’s
safety factor ky can be defined as the ratio of the shear
strength to the shear force along a sliding surface.
ks‘ =

cl+ f[W(L+k,)cosa +F,sina—F, cosa —qx, cosa +q(2b - y,)sin @ —Qsin a +q'x, cos (6)
W(+k,)sina+Qcosa —F, cosa—F,sina—q(2b—y,)cosa —qx,sina +q'x sina

cl = LH (Co —C y/H)N1+k?dy (7)

f=tang,—tang, (y, +H)/2H ®)

cosa =1/\1+k? ©
cosa =1/\1+k? (10)

Wk = [ x=a/b B =(y=b)" |r(n)L+k )y + [ xr(y)a+k,)dy

» ) 11
= [ 0= w0k %, ~a/b b =y =b)” |+, )ay+ [ [0y =yl k3, ] (A )y (b
Q= [x=a/b b =(y=b)" |ry)kudy+ [ xr (v, 12
= [ 1 =Yo) et xo =BT =(y =B)7 Jrydkacy + [ [(y= o) /k+ 3 T,y
X=(y=Yo)/k+% (13)

Yo =b+Jb* ~(b/ax,)’ (14)

where £ is the slope for the sliding surface, W is the gravity
of soil and QO is the horizontal body force induced by
earthquake in the area Aaspcp. To solve the extremum
problem, Ky must satisfy the following requirements and it
can be solved with the numerical method.

Ky _o K _
ox, ok

0 (15)

3.2 Collapse mechanism with curve sliding surface

The model test shows that the sliding surface of shallow
tunnel is not linear (Lei ef al.2015). The broken line sliding
surface was applied to analyze shallow tunnel stability and
collapse mechanism (Davis ef al. 1980, Huang ef al. 2012,
Yamamoto ef al. 2011). In addition, the limit analysis of
collapse mechanisms for a circular tunnel was carried out to
analyze shallow tunnel stability and their results showed
that the sliding surface is a curve (Fraldi et al. 2009, Huang
et al.2011). The shallow tunnel’s sliding surface distribution
is still an unsolved issue. A definite sliding surface may
affect the analytical results of the shallow tunnel. Therefore,
it is a good choice to define a function which is suitable to
any curve sliding surfaces. A small horizontal slice is taken
from Fig. 1 and it is shown in Fig. 3.

The forces need balancing in the x'-axis direction, and
the equation can be written as

Y F. =0, S =Qcose;—AEsina+W (1+k,)sing - Fycose, —Fysing =(ch +N,f )k, (16)

where S; and V; is the shear strength and the normal force
on the small surface; ¢; is the angle between x'-axis and x-
axis; AE; is the resultant of the forces at the slice’s surface
and bottom; F; and F,; are the vertical and horizontal forces
at section AB; W; is the gravity of the slice; Q; is the
horizontal body force of the slice induced by earthquake.
The equation (11) can be rewritten as
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AE; =W, (1+k,)+Q cote; —F, cote;, —F,; — (gl + N, f)escey k. (17)

The resultant of all AE; should equal the sum of the
surface load and the supporting force in y-direction.

Zn:Wi(lJrk ZQcota ZFh,cota ZF ZC|+Nf)C$Ca/k

=qrsin —-q'’% =%, -0

(18)

Next, the shallow tunnel’s safety factor can be derived
as

Zn:csca ¢l +N; )
ko= (19)
> W (1+k,) ZQ cote; — ZFm cota; —F, — g%, +a'%,

1

The forces should be balanced at y'-axis direction, and
the equation can be written as

Zy’:O, N, =W, (1+k, )cosa; 4IE, cose; —Q;sin e, + F; sina; — F, cos ¢
cscayN; =W, (1+k, )cota;; 41E; cot e, —Q, +F,; —F,; cot g (20)

The resultant of all csca:N; can be derived as

Z":cscaNi = Zn:V\/i (1+k,)cot ey —Zn:Qi +F, —ZH:AEi cote, —Zn: Ficote; (21)
1 1 1 1 1

The sum of all AE; equals gxo—¢q 1. q' and q only exist at
the ground surface and the tunnel boundary, so the sum of
all AEicota; is defined as (gxo—¢q Xxi)cota to simplify the

calculation, where a is the angle for the slope of /cp. Then,
Eq. (20) is rewritten as

Zn:cscozNi :Zn:Wi (1+kv)cotoz—zn;QI +F, —Zn; F,; cota; +(0,x, — g, ) cot e
1 1 1 1
cota:(xi—xo)/(H —h—ﬂlrz—xg)

where Fj; and F); are not continuous along the sliding
surface. To establish a continuous function for the sliding
surface, the following equations are defined.

(22)

D F,cota; =F,cota, D F,cota, =F, cota (23)
1 1

and then Eq. (19) is rewritten as

zn:cllI csca, +[Z W, (1+k, )cota, — > £,Q +F (F, — F, cota +q,x coter —ax, cota)}
ksc - 1 1 1

24

T T
>W, (1+k, )+ Y Q cote; — F, cota — F, — %, +q'%,
1 1

When ¢; is more than 90° the second part of the
numerator in Eq. (24) may be negative. However, it is
unreasonable because the friction force direction is always
contrary to the movement direction. Therefore, the second
part of the numerator should be kept positive.

If point C is regarded as the origin point each part of Eq.
(24) can be written as

Zc,lI csCa = j

c(1+x? )dy (25)

fi(x+%)7, (1+k,)xdy

Z:: fW, (1+k,)cote, = j';hiy“ 26)

fi[x+% 117, (1+k,) xdy+_|'

I, :a/b,}bz—(y—berg)

ZfQ be° (X+%— )yykdy+j f,(X+%)7,kdy (27)

n

W (k)= [

1

(x+%, — |)yy(1+kv)dy+j ((x+%)7,@+k)dy (28)

ZQ cota, = J (x+% =) 7k, x'dy+_[ (X+% )7,k Xdy (29)

where the horizontal and vertical seismic acceleration

coefficients, density, cohesion and friction coefficients
should be rewritten as

Ky =Ko [ 1+ (F, —D) (y+ Yo )/H Jsino[t—(y + Y, )V, ] (30)
K, =Ko [1+(F,=D) (y+ Yo )/H Jsino[ t—(y+y)V, | (31)
y=7e=1(y+¥)/H (32)
c=C,—C(y+Y,)/H (33)

f =tang=tang —tang (y+y,)/H (34)

The shallow tunnel safety factor k(x,y) is a functional.
The following boundary conditions should be met.

Xy:O =0, Xy:H—yU =X =X (35)

To change the inhomogeneous boundary conditions into
the homogeneous boundary conditions, function z is defined
as

z=y—x(H=Y,)/(%—%) (36)
x=(%=%)(y-2)/(H-Y,) (37)
z,,=0 z,,,=0 (38)

Egs. (24) and (36) satisfy the boundary conditions Eq.
(35). According to Ritz method the basis function z,(y) can
be defined as

=> 2,y (y-H+y,) (39)
k=1

where a, is an undetermined constant. To solve the
minimum for k., the following conditions should be
satisfied.

ok ok
SC — 01 SC — 0 (40)
X, X,
ok ok ok
sc:0, SCIO,..., sc:0 (41)
oa, oa, oa,
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The sliding surface and safety factor for the shallow
tunnel can be acquired according to Egs. (40) and (41). The
number n influences the accuracy and the time of
calculation. There are many factors influencing the sliding
surface and the safety factor. These factors will be discussed
with numerical method in the following.

4. Discussion
4.1 Choice for the forces at vault

After the construction of a shallow tunnel in the ground,
the stress concentration occurs around the tunnel. The
earthquake creates stress change in the ground as well. To
properly select stress at section AB, the influences of forces
Fn and F, on shallow tunnel’s safety factor and sliding
surface are analyzed on the assumption that stress
coefficient equals kO0=u(1—u) for plane strain.

A shallow tunnel is built in the ground, where a=6 m,
b=5 m, q=20 kPa, q=20 kPa, hi=6 m, f=1.3,u=0.3,
kv:kh=0.3, fo=0.7, f1:0.3, Co=200 kPa, ¢1=90 kPa, Yo=20
kN/m? and ;=3 kN/m3. Then, the integral of static earth
pressure Fy is 186 kN. Not taking the vertical pressure into
account, the linear and curve sliding surface with 2
undetermined constants are applied to analyze the
horizontal force’s influence on shallow tunnel collapse, as
shown in Table 1. When F;, increases from Fy to 2.2F, the
results with curve sliding surface show that K, Xo, X1, ai

and a change from 0.947, 5.839 m, 8.938 m, 1.474x10°!
and -4.465x%1073 to 1.049, 5916 m, 9.148 m, 1.569x10°!

and -5.518x1073, respectively, and the results with linear
sliding surface show that Ky, xo, and x; change from 1.031,
5.695 m and 8.807 m to 1.152, 5.803 m and 8.967 m,
respectively. It is clear that the greater the horizontal force
is, the greater the safety factor becomes. The increase of
horizontal force leads to the increase of xo and x;. And the
safety factors on curve sliding surfaces are less than the
results on linear sliding surfaces.

When all parameters are fixed with F,=F, the vertical
force influence on shallow tunnel collapse is shown in Table
2. On the linear sliding surface kg, xo and x; increase from
1.031, 5.695 m and 8.807 m to 1.094, 5.796 m and 9.532 m,
respectively, while the vertical force Fy increases from 0 to

Table 1 Horizontal force’s influence on shallow tunnel
collapse

Fi/Fo 1 12 14 16 18 2 22
ke 0.947 0.964 0.981 0.998 1.015 1.032 1.049
Xo (m) 5.839 5.854 5.872 5.882 5.895 5.905 5916
x; (m) 8.938 8.977 9.028 9.052 9.094 9.117 9.148
a;(107") 1.474 1.491 1.499 1.522 1.527 1.551 1.569
a,(107) -4.465 -4.651 -4.755 -4.998 -5.064 -5.315 -5.518
kg 1.031 1.051 1.071 1.091 1.111 1.132 1.152
Xo(m) 5.695 5.716 5.736 5.755 5.772 5.788 5.803
x; (m) 8.807 8.843 8.875 8.904 8.929 8.950 8.967

Curve sliding
surface

Linear sliding
surface

Table 2 Vertical force influence on shallow tunnel collapse

F./Fy 0 01 02 03 04 05 06

ke 0.947 0.956 0.964 0.972 0.981 0.989 0.998
Xo (m) 5.839 5.850 5.864 5.876 5.886 5.898 5.909
x; (m) 8.938 9.029 9.139 9.244 9.343 9.450 9.557
a;(10") 1.474 1.450 1.410 1.375 1.345 1314 1283
a(10%) -4.465 -4.256 -3.882 -3.572 -3.305 -3.039 -2.773

kg  1.031 1.042 1.052 1.062 1.073 1.083 1.094
Xo(m) 5.695 5.713 5.731 5.748 5.765 5.781 5.796
x; (m) 8.807 8.926 9.045 9.166 9.287 9.409 9.532

Curve sliding
surface

Linear sliding
surface

Fig. 4 Numerical model of shallow tunnel

0.6Fy, meanwhile, K, X0, X1, a1 and a; change from 0.947,
5.839 m, 8.938 m, 1.474x10"and -4.465x107 to 0.998,

5.909 m, 9.557 m, 1.283x10"'and -2.773% 107 on the curve

sliding surface, respectively. It shows that the vertical force
F, leads to the increase of the safety factor and collapse
area. The safety factor with linear sliding surface is greater
than with curve sliding surface.

Both horizontal and vertical forces at section AB
influence shallow tunnel stability. The finite difference
method (FLAC3P) is employed to analyze the safety factor
of shallow tunnel and to compare with the analytical
method. The numerical model of shallow tunnel is shown in
Fig. 4. The ground is taken as Mohr-Columb material, the
bottom boundary is fixed in Z-direction displacement, the
left and right boundaries are fixed in X-direction
displacement, the front and behind boundaries are fixed in
Y-direction displacement, and the surface load and
supporting pressure can be applied on the ground surface
and tunnel surface, respectively. The pseudo-static seismic
acceleration is employed to analyze shallow tunnel (Sahoo
et al.2014) and it is compatible with Eq. (1) and (2).

Two examples of shallow tunnel are taken into account.
Their same parameters are a=6 m, b=6 m, h;j=6 m, q'=40
kPa, =20 kPa, f,=1.3, ki=k,=0.3 and v=0.3. Their ground
parameters are different. One tunnel is located in the
homogeneous ground where friction coefficient is 0.47,
cohesion is 180 kPa and unit weight is 20 kN/m?>. Another
tunnel is located in the inhomogeneous ground where
£=0.70, £,=0.30, ci=200 kPa, ¢;=90 kPa, y;=20 kN/m> and
71=3 kN/m’.

The comparison of shallow tunnel stability with
different supporting pressures is shown in Fig. 5. The data
show that the supporting pressure is advantageous to the
tunnel stability. The safety factors with numerical
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simulation are greater than the analytical results with the
static earth pressure (Fy=Fy), less than the analytical results
with the passive earth pressure (Fy=F;). The analytical
safety factors with linear sliding surfaces are greater than
with curve sliding surface.

The comparison of shallow tunnel stability with
different accelerations is shown in Fig. 6. The results show
the increase of acceleration leads to the decrease of the
tunnel safety factor. The safety factor with linear sliding
surface is greater than with curve sliding surface. When the
accelerations equal 0.1g, the numerical safety factor is close
to K, with static earth pressure. With the acceleration
increasing, the numerical safety factor has the trend moving
to K with passive earth pressure. However, the entire

numerical safety factors are greater than the analytical
results with static earth pressure, less than the analytical
results with passive earth pressure.

Both vertical and horizontal forces bring about the
increase of shallow tunnel’s stability. The tunnel excavation
leads to the stress concentration around the tunnel, but it is
still difficult to accurately calculate their value under
different conditions. Therefore, it is conservative and
reasonable to leave out F, and define Fj, equal to the integral
of static earth pressure at section AB. The following
analyses are completed accordingly.

4.2 Comparison of sliding surface

The distribution of the sliding surface for a shallow



Limit analysis of seismic collapse for shallow tunnel in inhomogeneous ground 497

q q
v =17kN/m3 vy =17kN/m3
c=110kPa hy c=110kPa hi
=0.4 Ka=-0.3~0.3 =04 Ka=-0.3~0.3—
v =20kN/m3 Y =20kN/m3
¢=200kPa c=200kPa
f=0.7 1=0.7
— < —
one cycle (n=1) one cycle (n=2)
' '
a a
¥ =17kN/m: hm : g | ¥ =17kN/m:
c=110kPa | | hy c=110kPa |
f=0.4 f=0.4
v =20kN/m3 v =20kN/m3
c=200kPa c=200kPa
1=0.7 1=0.7
I——

one cycle (n=3)

one cycle (n=4)

Fig. 8 Comparison of the sliding surfaces in one earthquake cycle with n=1~4

shear strain increment

(a) Homogeneous ground

shear strain increment

(b) Inhomogeneous ground ()

Plastic ~ multiplier  field
(Yamamoto et al. 2011)

Fig. 9 Shallow tunnel collapse mechanisms

tunnel is uncertain. Hence, it is important to determine a
reasonable sliding surface to evaluate shallow tunnel
stability credibly. Egs. (1) and (2) show that the horizontal
acceleration coefficient ki, belongs to (-kno~kno), and the
vertical acceleration coefficient k, belongs to (-kyo~kvo) in
one cycle of the earthquake. To analyze the collapse
mechanism of the shallow tunnel, the time of one cycle is
divided into 12 parts and the acceleration interval for each
part is the same value. To show the difference from each
other, the curve sliding surfaces with n=1~4 and linear
sliding surfaces are applied to analyze the shallow tunnel
stability.

A shallow tunnel is built in the ground where a=6 m,
b=5 m, hj=6 m, q'=40 kPa, q=20 kPa, f,=1.3, ki=k,=0.3,
v=0.3, 1=0.7, £1=0.3, co=200 kPa, ¢;=90 kPa, yo=20 kN/m?
and y1=3 kN/m®. The comparison of the safety factor in one
earthquake cycle is shown in Fig. 7. The trends of safety
factor with different sliding surfaces are similar to each
other and the safety factors change greatly with the time.
When the horizontal and vertical accelerations vary from -
0.3 to 0.3 the safety factor with n=1 change from 0.95 to
2.41 and the largest difference of safety factor between with

n=1 and with n=2 is only 0.015. Therefore, the four group
safety factors on the curve sliding surface with n=1~4 are
close to each other. The safety factor with linear sliding
surface is greater than with curve sliding surface. The
difference K represents the safety factor difference between
linear sliding surface and curve sliding surface with n=2.
The largest difference 0.31 appears at the largest safety
factor and the smallest difference 0.08 appears at the
smallest safety factor.

The comparison of the sliding surfaces in one cycle is
shown in Fig. 8. The difference between curve and linear
sliding surfaces are clear and the collapse region surrounded
by the linear sliding surface is smaller than the region
surrounded by the curve sliding surfaces. All the sliding
surfaces change obviously in one earthquake cycle and the
variation of linear sliding surface is wider than the curve
sliding surface. The four group curve sliding surfaces with
n=1~4 are similar to each other and the most part of curve
sliding surfaces is increasing functions.

The safety factor is often defined as the ratio of the
material strength to its shear stress on a sliding surface. In
an earthquake cycle, all of the sliding surfaces comprise
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Table 3 Influences on the location of point C

In homogeneous ground

In inhomogeneous ground

Tunnel depth (m)
2 4 6 8 10 2 4 6 8 10
. 0.8 1.040 0.905 0.799 0.738 0.692 1.434 1.275 1.175 1.101 1.044
Ksc with
point C a/b 1.0 0.936 0.801 0.727 0.672 0.633 1.255 1.134 1.057 1.000 0.955
beyond hance 12 0831 0.720 0.656 0.612 0.579 1.099 1.007 0.948 0.906 0.873
. 0.8 1.034 0.880 0.787 0.722 0.673 1.457 1.280 1.174 1.099 1.041
Ksc with
point C a/b 1.0 0.940 0.800 0.721 0.666 0.625 1.321 1.157 1.064 1.001 0.954
below hance 12 0852 0.723 0.653 0.610 0.574 1.200 1.048 0.965 0911 0.872
Table 4 Parameters for five models
Model number fi/H (a)) ci/H (b)) vi/H (c1)
Model 1 0% 0% 0%
Model 2 25% 25% 25%
Model 3 50% 50% 50%
Model 4 75% 75% 75%
Model 5 100% 100% 100%
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Fig. 11 Influence of the vertical semiaxis on shallow tunnel collapse

small sliding region and the safety factors of the shallow
tunnel change widely. The minimum is 0.95 and the
maximum is 2.40 for safety factors with n=2. The strength
is a constant in a field. This finding demonstrates that the
shear stress in the small district is variable and it changes
greatly. Therefore, the cyclic loading characteristics should
be taken into account to evaluate tunnel stability. The shear

strain increment of the shallow tunnel in homogeneous and
inhomogeneous ground is shown in Fig. 9(a) and 9(b). It
shows that the potential yield fields in homogeneous ground
are larger than in inhomogeneous ground. Both potential
yield fields are similar with each other and have excellent
agreement with previous studies (Lei et al. 2015, Sterpi et
al. 2004, Yamamoto et al. 2011), such as the plastic
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multiplier field in Fig. 9(c). These results show that the start and then the analytical results represent point C below
damage point C is close to hance, possibly below it. hance. The curved sliding surface (n=2) is applied to

When Eq. (14) is changed into y, =b— b? —(b/axo)z , analyze the stability of the shallow tunnel. The sliding
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Fig. 18 Influence of the tunnel depth on shallow tunnel collapse

surface should appear where the safety factor is the
minimum. The influences on the location of point C are
shown in Table 3. When a/b=0.8 all the safety factors with
point C beyond hance are larger than below hance in
homogeneous ground. However, when the tunnel depth is
less than 4 m the safety factors with point C beyond hance
are smaller than below hance in homogeneous ground.
When a/b increases to 1.2 point C appears beyond hance
with 2-4 m tunnel depth in homogeneous ground and with
2-8 m tunnel depth in inhomogeneous ground. It shows that
point C beyond and below hance should be considered.
Hence, it is a reasonable choice to analyze shallow tunnel
collapse mechanisms taking the both locations of point C
into account and selecting the curve sliding surface(n=2) to
save time and insure accuracy. And the following do
accordingly.

4.3 Parameter analysis

There are many parameters influence tunnel stability
and sliding surface. Engineers are interested in how they
affect shallow tunnel collapse and how shallow tunnel
stability can be enhanced. The ground’s inhomogeneous
characteristics are taken into account to analyze the shallow
tunnel stability. The shallow tunnels are built in the ground
where a=6 m, b=5 m, h;=6 m, q'=40 kPa, q=20 kPa, f,=1.3,
kn=k=0.3, v=0.3, f;=0.7, c=200 kPa, y;=20 kPa. The
values of fi/H, ci/H and yi/H represent the variation along
the depth. There are 5 models with different parameters, as
shown in Table 4, where a;=0.01676 m’!, b;=5.625 kPa.m™
and ¢;=0.01875 kN/m>.m’!. The ground is homogeneous
when £ c; and v, equal zero.

The influence of the horizontal semiaxis on shallow
tunnel collapse is shown in Fig. 10. When the horizontal
semiaxis increases from 4 m to 10 m the collapse area keeps
expanding. xo and x; increase from 3.996 m and 9.016 m to
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Fig. 20 Relationship between shallow tunnel collapse and tunnel depth with fo=f; and co=c;

9.443 m and 10.812 m in model 5, respectively. However,
the safety factor decreases from 1.174 to 0.625. When fi/H,
ci/Hand yi/H increase, the collapse area decreases slightly
and the safety factor increases. It is clear that the horizontal
semiaxis affects the shallow tunnel stability and sliding
surface greatly.

The influence of the vertical semiaxis on shallow tunnel
collapse is shown in Fig. 11. The vertical semiaxis has great
influence on the shallow tunnel sliding surface. With b
increasing from 3 m to 9 m, Xo and x; increase from 5.852 m
and 7.933 m to 5941 m and 11.809 m, respectively. The
collapse area enlarges greatly with an increasing b. The
vertical semiaxis influence on shallow tunnel stability is
uncertain. The tunnel stability decreases in model 1 when
the vertical semiaxis increases, but its stability increases
slightly in model 5. Therefore, the vertical semiaxis has
significant influence on the sliding surface, but slight
influence on tunnel stability.

The influence of the acceleration on shallow tunnel
collapse is shown in Fig. 12. The acceleration has great
influence on tunnel stability and very slight influence on the
sliding surface. With the acceleration increasing from 0.1 g
to 0.7 g the sliding surface remains almost motionless and
the tunnel safety factor changes greatly, decreasing from
1.230 to 0.611 in model 5.

The influence of the amplification factor on shallow
tunnel collapse is shown in Fig. 13. The increase of the
amplification factor affects the sliding surface slightly.
However, it leads the safety factor decrease. The safety
factor reduce by 0.10-0.13 in all models when the
acceleration amplification increases from 1 to 1.5.

The influence of the surface load on shallow tunnel

collapse is shown in Fig. 14. The surface load increases
from 10 kPa to 70 kPa, the tunnel safety factor, xo and x;in
model 5 decrease from 1.065, 5912 m and 9.670 m to
0.857, 5.782 m and 8.548 m, respectively. The surface load
is detrimental to tunnel stability. The potential collapse
fields in homogeneous ground are larger than in
inhomogeneous ground.

The influence of the supporting pressure on shallow
tunnel collapse is shown in Fig. 15. When the supporting
pressure increases from 10 kPa to 70 kPa, the safety factor
increases from 0.924 to 1.082, xo and x; change from 5.805
m and 8.815 m to 5.970 m and 10.552 m in model 5. It is
clear that the supporting pressure is advantageous to tunnel
stability, influencing the sliding surface obviously.

The influence of the friction coefficient on shallow
tunnel collapse is shown in Fig. 16. The safety factor
increases with the increase of the friction coefficient. x;
decreases from 11.351 m to 8.600 m when fj increases from
0.3 to 0.7 in model 5. However, X¢ remains motionless. The
inhomogeneous ground causes xo move to the vault and x
to vary more widely. The friction coefficient has obvious
influence on tunnel sliding surface and safety factor.

The influence of cohesion on shallow tunnel collapse is
shown in Fig. 17. The cohesion influence on the tunnel
sliding surface and safety factor is significant. When co
increases from 100 kPa to 220 kPa tunnel safety factor
increases from 0.267 to 1.074, xo and x; change from 5.543
m and 6.635 m to 5.865 m and 9.326 m in model 5.
However, xo and x; change slightly with the variation of the
cohesion in model 1.

The influence of tunnel depth on shallow tunnel collapse
is shown in Fig. 18. When the tunnel depth of model 5
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decreases from 8 m to 2 m the safety factor increases from
0.926 to 1.061, xpand x; decrease from 5.918 m and 9.920
m to 5.390 m and 6.681 m, respectively. The smaller the
shallow tunnel depth, the greater the safety factor. The
increase of tunnel depth enlarges the collapse region.

The results show that ground homogeneity has an
obvious influence on tunnel stability and sliding surface.
The collapse area in the homogeneous ground is larger than
in the inhomogeneous ground. The horizontal semiaxis,
friction coefficient, cohesion and tunnel depth are the most
obvious influences on tunnel stability and the sliding
surface. Therefore, the horizontal semiaxis and tunnel depth
are discussed in the following with fo=f; and co=ci, when
fi/H and ¢i/H increase from 0.0375 m™! and 8.75 kPa.m™! to
0.0625 m! and 18.75 kPa.m™! with four steps to establish 5
models. The other parameters are selected from model 5.

The relationship between shallow tunnel collapse and
horizontal semiaxis with fo=f] and co=c; is shown in Fig. 19.
The tunnel safety factor decreases and collapse area
expands when the horizontal semiaxis increases. Compared
to Fig. 10, it is clear that their safety factors display similar
trends with horizontal semiaxis. However, their sliding
surfaces are very different. The slope of sliding surface
nearby ground surface is close to the lowest value, but the
slope is close to the largest value in Fig. 10.

The relationship between shallow tunnel collapse and
depth with fy=f; and co=ciis shown in Fig. 20. The increase
of tunnel depth leads to the increase of safety factor and the
expansion of the collapse area. In comparison with Fig. 18,
many results change greatly. Firstly, the tunnel safety factor
increases with tunnel depth because the soil strength
increases very quickly with the tunnel depth. However, it
decreases in Fig. 18. Secondly, the slope of sliding surface
near the tunnel increases, and it subsequently decreases
when close to the ground surface. Nevertheless, the slope of
sliding surface continues to increase in Fig. 18.

5. Conclusions

Based on the limit equilibrium method and variational
principle, a solution is presented to analyze shallow tunnel’s
seismic collapse mechanism in inhomogeneous ground. The
finite difference method is applied to compare with it. Thus,
the following conclusions become clear.

* The safety factors of numerical simulation are greater
than the analytical results with Fy=Fy, less than the
analytical results with Fy=F, when F,=0. Therefore, it is
conservative to define Fy, equal to the integral of static earth
pressure. The safety factor of shallow tunnel changes
greatly in one earthquake cycle. Hence, the cyclic loading
characteristics should be taken into account to evaluate
tunnel seismic stability.

* The curve sliding surface shows good agreement with
the numerical results and the previous studies. It is a good
choice to analyze shallow tunnel collapse mechanism with
the curve sliding surface (n=2).

* The parameter analyses show that the four most
significant influences on tunnel safety factor are the
horizontal semiaxis, acceleration, ground cohesion and
homogeneity. In addition, the four most significant

influences on tunnel sliding surface are the horizontal
semiaxis, vertical semiaxis, tunnel depth and ground
homogeneity. Strengthening cohesion, reducing the
horizontal semiaxis and setting the tunnel into good ground
are applicable approaches to enhance shallow tunnel
stability.
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