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Abstract In this study, Taiyuan loess is used in the
analysis of the seismic stability of a loess tunnel. This
analysis considers the dynamic parameters of the loess
as determined via triaxial compression tests in the
literature. In this analysis, the consolidation pressure is
converted into the thickness of the overlying loess
layer. The spring stiffness and damping coefficients of
the viscoelastic boundary are obtained using the
maximum dynamic elastic modulus in conjunction
with different loess moisture contents and Poisson’s
ratios. Additionally, the loess cohesion and internal
friction angle are also obtained for different moisture
contents. By (1) utilizing the dynamic finite element
static shear strength reduction method and the non-
convergence rule, (2) taking the safety factor as the
assessment standard for loess tunnel stability, and (3)
reducing the dynamic parameters of the loess mass
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until the model calculation is non-convergent, the
effects of the moisture content, seismic intensity and
loess thickness on the safety factor are obtained. A
theoretical basis for the seismic response analysis of
this type of loess tunnel is provided by considering the
dynamic parameters of loess.
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1 Introduction

Dynamic parameters can greatly influence the stability
of a loess tunnel. Earthquakes can damage loess
tunnels by disturbing the loess and changing the loess
characteristics, and damaged tunnels are difficult and
expensive to repair. Thus, it is important and mean-
ingful to study the seismic stability of loess tunnels.
Many tunnel collapses, large deformation events and
other safety accidents occur because the stability of the
loess mass surrounding the tunnel does not meet the
required standards. Therefore, the stress characteris-
tics, stability and early deformation warning indicators
of the loess surrounding a tunnel need to be urgently
studied.

In recent years, scholars have performed consider-
able research on the stability of loess tunnels, and
these studies have focused on the influence of different
factors on the stability of loess tunnels. Peila (1994)
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conducted a theoretical study on the stability of a
tunnel section. Yang and Chang (2000) performed a
calculation and analysis of the stability of a rock mass
during the construction process of a large group of
caverns by combining specific examples of hydro-
power stations. Zheng et al. (2008) proposed using the
safety coefficient calculated by the strength reduction
finite element method as the basis for judging the
stability of a tunnel. In addition, loess tunnels have
been used as examples for determining the shear safety
factor and the tensile safety factor. Li et al. (2011)
analyzed unsaturated loess slope stabilities using a
program developed on the basis of the strength
reduction finite element method. (Griffiths and Lane
1999; Dawson et al. 1999) performed a stability
analysis of a slope using the strength reduction
method. Zheng et al. (2002) reduced the shear strength
of the finite element model to obtain the safety factor
of a slope. (Soranzo et al. 2015) studied the face
stability of shallow tunnels in partially saturated soil.
Chen et al. (2011) analyzed the ultimate displacement
values of rock in a tunnel and proposed using
acceleration to determine the stability of the rock
surrounding a tunnel. Xu (2005) analyzed and eval-
uated the stability of tunnels from a qualitative point of
view and noted seismic measures that require attention
in tunnel design and construction. Zhang et al. (2007)
calculated the safety factor and potential slip surface
by analyzing the seismic stability of a tunnel. Qiu et al.
(2009) analyzed the failure mechanism of a loess
tunnel and proposed two safety coefficient concepts
related to tunnel stability: shearing and cracking. Guo
and Wang (2011) analyzed the dynamic construction
process of the Xin Baotashan tunnel, which is
surrounded by grade IV rock. Zhang et al. (2009)
proposed requirements for loess tunnel stability. With
the development of computer technology, many new
methods have been developed to analyze the stability
analysis of loess tunnels, and the stability analysis of
loess tunnels includes both static analysis and dynamic
analysis. Cheng et al. (2010, 2014) proposed two new
methods using the seismic safety coefficient to eval-
uate the seismic stability of tunnels. Zheng et al.
(2010) proposed a static finite element analysis and
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two dynamic analysis methods on the basis of the
static analysis of the loess tunnel lining, and the
methods considered tensional failure and compres-
sional failure. Zheng et al. (2010) proposed a new
dynamic analysis method based on the finite element
strength reduction method. Cheng et al. (2011a, b),
(2017), Cheng and Zheng (2011), conducted static and
dynamic stability tests in a loess tunnel with a large
span and an egg-shaped cross section; the results show
that the loess tunnel span, soil thickness and seismic
intensity affect the safety factor and stability. From an
energy perspective, Zhang et al. (2015) researched
seismic effects on the stability of shallowly buried
loess tunnels using a pseudo-static method. Liu et al.
(2012) used 3 multi-parameter growth functions (i.e.,
the Weibull growth function, Richard function and
Gompertz growth function) and 3 kinds of commonly
used functions (i.e., exponential, logarithmic and
hyperbolic functions) to conduct a regression analysis
of the initial structure of a loess tunnel in northwestern
China.

In summary, although theoretical derivation and
numerical simulation methods have been used to
perform seismic stability analysis of loess tunnels in
the existing literature, the loess parameters have been
determined based on static parameters in the analysis
and calculation process. To conduct a more accurate
seismic stability analysis of loess tunnels in this paper,
previous experimental results are summarized, and the
consolidation pressure is converted into the overlying
loess layer thickness. By utilizing the maximum
dynamic elastic modulus and Poisson’s ratio of loess
with different moisture contents, the spring stiffness
and damping coefficient of the viscoelastic boundary
are calculated. Using the dynamic finite element static
strength reduction method, the dynamic seismic
stability of the loess tunnel is studied. With consid-
eration of the effects of different loess cover thick-
nesses and moisture contents on the safety coefficient
and plastic zone of loess tunnels under the effects of an
earthquake, the loess tunnel failure mechanism is
determined, and the results used to guide the design
and construction of loess tunnels.
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2 Calculation Method
2.1 Strength Reduction Method

When the initial moisture content of the original loess
is greater than the liquid limit but smaller than the
plastic limit, the corresponding strength is controlled
by the shear strength of the soil (which is dependent on
the cohesion and internal friction angle) (Zhou et al.
2001). Considering that the most detrimental state is
when the initial moisture content of the soil is greater
than the plastic limit, the Coulomb theory is used to
calculate the shear strength, i.e., T = ¢ + g tan ¢.

Zienkiewicz et al. (1975) first proposed the concept
of the shear strength reduction factor. The safety factor
is consistent with the safety factor given by Bishop.
The basic concept of the strength reduction method
involves keeping the gravitational acceleration of the
soil constant and dividing both shear strength param-
eters (cohesion and internal friction angle) by a
reduction factor », as shown in Egs. (1) and (2) in
the reduced form. Then, the reduced virtual shear
strength parameters (cohesion ¢y and internal friction
angle ¢) replace the shear strength parameters in the
original equation, as shown in Eq. (3), which is used to
calculate the new material parameters. The calculation
and analysis are performed repeatedly, and the reduc-
tion coefficient # is increased until the structure
reaches the critical failure state. The resulting reduc-
tion factor is the safety factor.

a= 1)
¢y = arctan (tat;] ¢) (2)
T =c¢r +otang;, (3)

where ¢/ is the reduced fictitious cohesive strength of
the soil; o is the reduced fictitious internal friction
angle; and 17 is the reduced shear strength.

To ensure that the initial problem is almost elastic,
the initial value of the reduction factor should be
sufficiently small. Then, by increasing the reduction
coefficient, the shear strength gradually decreases

after reduction until it reaches the critical failure state.
At this point, the corresponding reduction coefficient
is the stability safety coefficient.

2.2 Failure Criterion

Among the judgment criteria for the critical state of
damage in the existing literature (Zienkiewicz et al.
1975), the results of the non-convergence criterion are
more conservative than the results of the feature point
displacement criterion, the criterion of the surrounding
rock in the plastic zone, and the lining and anchor yield
criterion. Therefore, in this paper, the non-conver-
gence criterion of the calculation is chosen as the
stability criterion for the loess tunnel.

The non-convergence criterion of the calculation
confirms whether the calculation process of the
structural simulation is convergent. For a given
convergence criterion, if the numerical calculation
process is convergent, the structure is in a steady state.
If the numerical calculation is not convergent, the
structure is damaged, and at this point, the reduction
factor is the safety factor.

2.3 Displacement Calculation

Under earthquake conditions, the differential equation
(Chen et al. 2007; Peng et al. 2008) is

Mui(t) + Cu(t) + Ku(t) = —Mui,(t) + p; (4)

where C, M and K are the damping matrix, mass
matrix, and stiffness matrix, respectively. The terms
u(?), u(¢) and u(¢) are the acceleration, velocity, and
displacement vector of the model node, respectively.
Additionally, u, is the earthquake acceleration, and p;
is the vector of the surface load.

The Newmark-f method is used to solve the matrix
differential equation, as follows:

1 . .
Ua = U+ At + (5 - c) A, + cAtligac (5)
li[+A[ = lit + (1 — T)Atu{ + TAtl;t'H,A[ (6)

where 7 and ¢ are constants.
The motion differential equation at time t + At is
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Table 1 Calculation parameters for the viscoelastic boundary

Water Confining Normal spring Normal damping Tangential spring Tangential damping
content pressure (MPa) stiffness Kzy (N/m) coefficient Cgy (N s/m) stiffness Kgr (N/m) coefficient Czz (N s/m)
(%)
5 100 3.025E+5 3.257E+4 1.512E+5 1.565E+4

150 4.454E+5 3.953E+4 2.227E+5 1.899E+4

200 9.437E+5 5.754E+4 4.718E+5 2.764E+4
10 100 2.554E+5 2.993E+4 1.277E+5 1.438E+4

150 2.794E+5 3.111E+4 1.397E+5 1.495E+4

200 3.458E+5 3.483E+4 1.729E+5 1.673E+4
15 100 1.976E+5 2.633E+4 9.88E+4 1.265E+4

150 2.141E+5 2.741E+4 1.071E+5 1.316E+4

200 2.348E+5 2.870E+4 1.174E+5 1.379E+4

M a + Cupypr + Kupyon, = —Migiay + 9 (7)

With regards to the basic parameters, the New-
mark-f method is absolutely stable for values of

T=0.5,¢=0.25and At < 1“6‘37 and the result reaches

the required accuracy.
Substituting Egs. (5) and (6) into Eq. (7) results in

Ar _\ . . Ar
(M + 7C> u, o+ C <ut + 7“1) + Kuy g p
= _Mug(H—At) + Py (8)

From Eq. (6), the following is obtained:

.. 4 . ..
Ui Ar = A2 (Wgnr —wy) — Kluf —u 9)

Substituting Eqgs. (9) into (8) produces

4
(K + = C + A 2M> Uy A
2 .
= C(Eu[ + llt)

4 4 -
+M (A S0+ = AL u, + Ut) —Muy( ) + P
(10)

U A¢ can be obtained from Eq. (10), and tigA¢ and
Ui A can be obtained from Egs. (9) and (6),
respectively.
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3 Boundary Conditions and Seismic Waves
3.1 Boundary Conditions

The viscoelastic boundary can overcome the problem
of low-frequency drift caused by a viscous boundary,
and it has better frequency stability, accuracy and
convergence displacement. Absorption of the scatter-
ing wave is considered in the damping unit of the
viscoelastic boundary, and the reflection phenomenon
on the boundary is eliminated. However, the spring
element more accurately simulates the elastic recovery
property of semi-infinite soil. The viscoelastic bound-
ary is convenient to apply, has been preliminarily
realized in large-scale general finite element software,
and can meet the requirements of engineering accu-
racy (Liu et al. 2005). Hence, the viscoelastic artificial
boundary technique has been increasingly applied in
research and engineering problems (Liu et al. 2002;
Zhou et al. 2005; Pan et al. 2005). The normal and
tangential spring stiffness and damping coefficient of
viscoelastic artificial boundaries can be obtained by
the following formulas.

Kgy =av—, Cav = pcp (11)

R

Kpr = o5 Cpr = pcs (12)
where Kpy and Kpgr represent the elastic stiffness and
tangential spring stiffness, respectively; R is the
distance from the wave source to the artificial

boundary point; ¢, and ¢, are the speed of P wave
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and speed of S wave of the medium, respectively; G is
the shear modulus of the medium; p is the medium
density; and ay and o are correction coefficients. In
general, oy is 0.8-1.2, and a7 is 0.35-0.65; in this
paper, ay is 1.0, and o7 is 0.5.

In this paper, loess from Taiyuan is selected as the
analysis object. The relationship between the dynamic
parameters and the moisture content is presented in the
existing literature (Wang et al. 2012). Considering the
seismic response of loess tunnels with different
moisture contents and using Egs. (11)—(12), the nor-
mal and tangential spring stiffness and damping
coefficients of the viscoelastic artificial boundary are
obtained for different moisture contents. The calcula-
tion results are shown in Table 1.

3.2 Seismic Wave

In this paper, the Imperial Valley El-Centro earth-
quake wave (north-south component; magnitude
M = 6.7; epicentral distance, 9.3 km; maximum
acceleration, 2.49 m/sz), which occurred in the United
States in 1940, is used for the dynamic analysis. This
earthquake wave was the first to be recorded and is of
great significance in seismic research. With consider-
ation of the difference between the seismic amplitude
of the original earthquake amplitude and the seismic
amplitude required in the dynamic response analysis,
the peak is adjusted to 2.20 m/s” according to relative
standards (Code for seismic design of buildings (GB
50011-2010), which is equivalent to a rare seismic
fortification intensity of 7. The El-Centro wave is
input from the bottom of the tunnel model in the
horizontal direction to analyze the seismic response.

4 The Seismic Stability of the Tunnel Considering
the Dynamic Parameters of Loess

4.1 Calculation Model

In this paper, the dynamic finite element static strength
reduction method is used to analyze the stability of a
loess tunnel subjected to an earthquake. A two-
dimensional plane model is established according to
the literature (Fang 2005) using a 1 m thickness from
the semi-infinite space of the loess mass surrounding
the tunnel.

In this paper, the tunnel model has an original span
of 12 m and a height of 8 m, and the initial lining and
secondary lining are concrete with thicknesses of 0.30
and 0.50 m, respectively. Considering the reserve
problems of loess mass strength and efficiency in the
numerical simulation, the semi-infinite space is set to
40 m from the tunnel bottom, which is 5 times the
height of the cavern, and the left and right sides of the
tunnel are extended to 60 m, which is 5 times the
cavern span.

When using the dynamic finite element static
strength reduction method, the seismic response
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Fig. 1 Horizontal displacement—time history curve of nodes
1940, 2018 and 2070. a Node 1940, b node 2018, ¢ node 2070
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Table 2 Horizontal displacement of node 1940 from 14 to 15 s

Time (s) Displacement (m) Time (s) Displacement (m) Time (s) Displacement (m) Time (s) Displacement (m)

14 — 8.183E-3 14.26 3.017E-2 14.52 7.916E—-2 14.78 7.304E-2
14.02 — 5.431E-3 14.28 3.420E-2 14.54 7.995E-2 14.8 7.227E-2
14.04 — 2.654E-3 14.3 3.854E-2 14.56 8.022E—-2 14.82 7.180E—2
14.06 1.446E—4 14.32 4317E-2 14.58 8.009E—-2 14.84 7.168E—2
14.08 2917E-3 14.34 4.805E-2 14.6 7.967E-2 14.86 7.169E—2
14.1 5.646E—-3 14.36 5.294E-2 14.62 7.908E—2 14.88 7.144E-2
14.12 8.360E—3 14.38 5.756E—-2 14.64 7.845E-2 14.9 7.082E—-2
14.14 1.109E—-2 14.4 6.186E—2 14.66 7.791E-2 14.92 6.987E—-2
14.16 1.388E—2 14.42 6.590E—2 14.68 7.743E-2 14.94 6.866E—2
14.18 1.677E-2 14.44 6.965E—2 14.7 7.681E-2 14.96 6.719E-2
14.2 1.979E-2 14.46 7.298E-2 14.72 7.598E-2 14.98 6.537E—-2
14.22 2.300E-2 14.48 7.572E-2 14.74 7.501E-2 15 6.307E-2
14.24 2.645E-2 14.5 7.778E-2 14.76 7.399E-2 - -

Bold indicates maximum value

Table 3 Horizontal displacement of the boundary nodes at 14.56 s

Node Displacement (m) Node Displacement (m) Node Displacement (m) Node Displacement (m)
1844 7.648E—2 706 5.772E-2 1940 8.022E-2 1118 4.560E—2

1890 7.646E—2 722 5.732E-2 1955 8.030E—2 1133 3.973E-2

129 7.502E-2 738 5.677E-2 369 7.896E—2 1148 3.363E-2

530 7.467E-2 754 5.590E—-2 385 7.876E—-2 1163 2.753E-2

546 7.331E-2 770 5.495E-2 401 7.762E-2 1178 2.123E-2

562 7.180E—2 786 5.333E-2 417 7.625E-2 1193 1.538E-2

578 7.009E-2 802 5.143E-2 433 7T45TE-2 1208 9.610E-3

594 6.823E-2 818 4.863E—2 449 7.264E-2 1223 4.596E-3

610 6.627E-2 834 4.508E—2 465 7.035E-2 1238 2.429E—4

626 6.424E-2 850 4.083E—-2 481 6.769E—2 1253 — 3.492E-3

642 6.218E-2 866 3.521E-2 497 6.454E-2 1268 — 5.837E-3

658 6.020E—2 882 2.784E-2 513 6.088E—2 1283 — 6.777E-3

674 5.827E-2 898 1.878E-2 529 5.576E-2 1298 — 5.643E-3

690 5.814E-2 914 0 1103 5.113E-2 1313 0

analysis of the dynamic model must be conducted. converge; at this point, the reduction factor is the
Then, the displacement—time curve of model in the safety factor.

right corner node is chosen. To determine when the

maximum displacement moment occurs, all horizontal 4.2 Seismic Stability of a loess Tunnel Under
displacements of the model boundary nodes corre- Different Moisture Contents

sponding to each moment are extracted and input into

the static model of the loess tunnel. The shear strength 4.2.1 Moisture Content: 5%

parameters of the loess mass surrounding the tunnel

are constantly reduced until the calculation does not The horizontal displacement—time history curves in

the upper right corner node of the model are

@ Springer
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Table 4 Nephogram of the plastic strain and safety factor

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.007200
= 0006000
. 0.004800
~ 0.003600
~ 0.002400
~ 0.001200
= 0:000000

MAXIMUM
A0.007744
NODE 1693
MINIMUM
*-0.0004418
NODE 1684

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

Ié 0.006000
= 0.005000

0.004000
0.003000
0.002000
0.001000
E 0.000000

MAXIMUM
A0.006891
NODE 1693
MINIMUM
*-0.0005228
NODE 1681

HITT

a. Loess cover thickness: 13.2 m

b. Loess cover thickness: 19.8 m

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.005400
= 0004500
0.003600
0.002700
0.001800
0000900
[ 0000000

MAXIMUM
A0.005956
NODE 1693
MINIMUM
*-0.0002840
NODE 1681

Sa.7] =2.256

b.77 =2.312

c. 7] =2.407

c. Loess cover thickness: 26.4 m

Safety factor

investigated for loess cover thicknesses of 13.2, 19.8
and 26.4 m, corresponding to nodes 1940, 2018, and
2070, respectively. The horizontal displacement—time
history curves of the three nodes are illustrated as
follows.

In Fig. 1, the displacement peak of node 1940
occurs between 14 and 15 s. The horizontal displace-
ments of node 1940 are extracted between 14 and 15 s
and are listed in Table 2.

In Table 2, at 14.56 s, the horizontal displacement
of node 1940 reaches the maximum value of
8.022E—2m. The horizontal displacements of all
nodes on both sides of the vertical boundary of the
dynamic model have also been obtained at 14.56 s, as
shown in Table 3.

The horizontal displacements of all boundary
nodes, which are regarded as the initial displacements,
are input into the static model, and the dynamic finite

@ Springer
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Fig. 2 Horizontal displacement—time curves of nodes 1940,
2018 and 2070. a Node 1940, b node 2018, ¢ node 2070

element static strength reduction method is used to
analyze the seismic stability of the loess tunnel.

The same method can be used for the loess cover
thickness of 19.8 m, in which the maximum horizontal
displacement occurs at 14.52 s, and for the loess cover
thickness of 26.4 m, in which the maximum horizontal
displacement occurs at 14.48 s.

By using the dynamic finite element static strength
reduction method and reducing the dynamic

@ Springer

parameters of the loess mass until the model calcula-
tion does not converge, the safety factor and plastic
zone distribution of the tunnel are obtained for a
moisture content of 5% and loess cover thicknesses of
13.2, 19.8 and 26.4 m, as shown in Table 4.

In Table 4, the plastic zone first occurs in the arch
feet and arch shoulders, and a plastic zone does not
appear in the vault, which is more secure. With
increasing loess cover thickness from 13.2 to 19.8 to
26.4 m, the plastic area spreads gradually from the
lining to the rock mass. The safety factors are 2.256,
2.312 and 2.407, respectively, and the safety factors
increase with increasing loess cover thickness.

4.2.2 Moisture Content: 10%

The horizontal displacement—time history curves in
the upper right corner node of the model are again
chosen for loess cover thicknesses of 13.2, 19.8 and
26.4 m. The horizontal displacement-time history
curves of three different nodes are illustrated in Fig. 2.

The horizontal displacement reaches the maximum
at 14.92 s when the loess cover thickness is 13.2 m, at
14.92 s when the loess cover thickness is 19.8 m, and
at 14.90 s when the loess cover thickness is 26.4 m.
The displacement peak of node 1940 occurs between
14 and 15 s. When the maximum displacement occurs,
the horizontal displacements of the two lateral
boundary nodes are input, and the dynamic finite
element static strength reduction method is used.

By reducing the parameters of the loess mass until
the model calculation does not converge, the safety
factor and plastic zone distribution are obtained, as
shown in Table 5.

In Table 5, the plastic zones first occur in the arch
feet and arch shoulders on both sides of the tunnel.
With increasing loess cover thickness from 13.2 to
19.8 to 26.4 m, the plastic zone increases but varies
little and gradually shifts from the lining to the rock
mass. The safety factors are 2.196, 2.280 and 2.328 for
the loess cover thicknesses of 13.2, 19.8 and 26.4 m,
respectively.
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Table 5 Plastic strain nephogram and safety factor

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.01440
0.01200
0.00960
0.00720
0.00480
0.00240
0.00000

MAXIMUM
A0.01557

NODE 1693
MINIMUM
*-0.001014
NODE 1681

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.01200
0.01000
— 0.00800
0.00600
0.00400
0.00200

E 0.00000

MAXIMUM
A0.01307

NODE 1693
MINIMUM
*-0.001198
NODE 1684

||I|I

a. Loess cover thickness: 13.2 m

b. Loess cover thickness: 19.8 m

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

E 0.008000
= 0.006667
0.005333
0.002000
0.002667
— 0.001333
& 0.000000

MAXIMUM
£0.009103
NODE 1693
MINIMUM
*-0.0007996
NODE 1681

[

a.77=2.196

b.77=2.280

c.77=2.328

¢. Loess cover thickness: 26.4 m

Safety factor

4.2.3 Moisture Content: 15%

The horizontal displacement—time history curves in
the upper right corner node of the model are chosen for
loess cover thicknesses of 13.2, 19.8 and 26.4 m,
corresponding to nodes 1940, 2018, and 2070,
respectively. The horizontal displacement—time his-
tory curves of the three nodes are illustrated in Fig. 3.

In the analysis, the horizontal displacement reaches
the maximum at 15.00 s for the loess cover thickness
of 13.2 m, at 15.00 s for the loess cover thickness of

19.8 m, and at 15.02 s for the loess cover thickness of
26.4 m. The displacement peak of node 1940 occurs
between 14 and 15 s. The horizontal displacements of
the two lateral boundary nodes at the point of
maximum displacement are input, and the dynamic
finite element static strength reduction method is used.

By reducing the dynamic parameters of the loess
mass until the model calculation does not converge,
the safety factor and plastic zone distribution of the
tunnel are obtained, as shown in Table 6.

@ Springer
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Fig. 3 Horizontal displacement—time history curve of nodes
1940, 2018 and 2070. a Node 1940, b node 2018, ¢ node 2070

From Table 6, the plastic zones first occur in the
arch feet and arch shoulders on both sides of the
tunnel. As the loess cover thickness increases from
13.2t0 19.8 t0 26.4 m, the plastic zone develops in the
lining, and the safety factors are 1.994, 2.055 and
2.227, respectively.

@ Springer

4.3 Dynamic Stability of the Loess Tunnel Under
Conditions of Different Vibration Durations

According to the literature (Zienkiewicz et al. 1975),
in dynamic intensity testing, different vibration dura-
tions correspond to different seismic fortification
intensities; specifically, vibration durations of 10, 20
and 30 cycles correspond to rare seismic fortification
intensities of 7, 7.5 and 8. The stability of a tunnel in
loess with a moisture content of 10% is analyzed here.

4.3.1 Calculation Parameters and Seismic Wave

In the analysis, the dynamic internal friction angle of
the loess is not affected by the vibration duration.
Dynamic cohesion maintains a linear relation with the
vibration duration and decreases continuously with
increasing vibration duration, and the elastic modulus
and Poisson’s ratio have no effect on stability.
Therefore, a tunnel in loess with a moisture content
of 15% is chosen for the stability analysis, as shown in
Table 7.

For a vibration duration of 10 cycles, the maximum
dynamic elastic modulus is the same, as shown in
Table 3. The El-Centro wave is also used in this
analysis. Because the original seismic amplitude and
the seismic amplitude needed for dynamic stability
analysis are not consistent, the peak is adjusted to
3.0 m/s? according to the relative standards, which is
equivalent to a rare seismic fortification intensity of
7.5, and to 3.80 m/sz, which is equivalent to a rare
seismic fortification intensity of 8. To consider the
horizontal seismic action, the EI-Centro wave is input
from the bottom of the tunnel model.

4.3.2 Vibration Duration: 20 Cycles

The horizontal displacement—time history curves of
the upper right corner are analyzed for loess cover
thicknesses of 13.2, 19.8 and 26.4 m, corresponding to
nodes 1940, 2018, and 2070, respectively. The hori-
zontal displacement—time history curves of the three
nodes are illustrated in Fig. 4.
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Table 6 Plastic strain nephogram and safety factor

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.02000
0.01667
0.01333
0.01000
0.00667
0.00333

I 000000

MAXIMUM
£70.02233

NODE 1693
MINIMUM
*-0.001827
NODE 1684

| ||I|IFH

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

MAXIMUM
A0.01698

NODE 1669
MINIMUM
*-0.001378
NODE 1684

a. Loess cover thickness: 13.2 m

b. Loess cover thickness: 19.8 m

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

MAXIMUM
A0.01411
NODE 1672
MINIMUM
*-0.0008982
NODE 1684

a.77 =1.994

b.77 =2.055

c.77=2.227

c. Loess cover thickness: 26.4 m

Safety factor

In Fig. 4, the displacement peak of node 1940
occurs between 14 and 15 s; hence, the horizontal
displacements of node 1940 are extracted between 14
and 15 s and are shown in Table 8.

In Table 8, at 14.92 s, the horizontal displacement
of node 1940 reaches the maximum value of
1.214E—1m. The horizontal displacements of all
nodes on both sides of the vertical boundary of the

dynamic model are thus obtained at 14.92 s and are
shown in Table 9.

The horizontal displacements of all boundary
nodes, which are regarded as the initial displacements,
are input. When the loess cover thickness is 19.8 m,
the maximum horizontal displacement occurs at
1492 s, and when the loess cover thickness is
26.4 m, the maximum horizontal displacement occurs
at 14.90 s.
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Table 7 Material physical mechanical parameters

Material Maximum dynamic elastic Poisson’s  Volume-weight ~ Dynamic cohesive Internal friction
modulus (GPa) ratio (kN/m3) force (kPa) angle (°)
Loess (vibration - 0.35 14.08 20.8 24.6
duration: 20 cycles)
Loess (vibration - 0.35 14.08 18.4 24.6

duration: 30 cycles)

Horizontal displacement (m)
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Fig. 4 Horizontal displacement—time history curve of nodes
1940, 2018 and 2070. a Node 1940, b node 2018, ¢ node 2070

By reducing the dynamic parameters of the loess
mass until the model calculation does not converge,
the safety factor and plastic zone distribution of the
tunnel are obtained for a rare seismic fortification
intensity of 7.5 in conjunction with loess cover

@ Springer

thicknesses of 13.2, 19.8 and 26.4 m, as shown in
Table 10.

In Table 10, the plastic zones first form in the arch
feet and arch shoulders on both sides of the tunnel. The
loess cover thicknesses of 13.2, 19.8 and 26.4 m result
in safety factors of 2.256, 2.312 and 2.407, respec-
tively, and the safety factors increase with increasing
loess cover thickness.

4.3.3 Vibration Duration: 30 Cycles

The horizontal displacement—time history curves in
the upper right corner node of the model are analyzed
for loess cover thicknesses of 13.2, 19.8 and 26.4 m,
corresponding to nodes 1940, 2018, and 2070,
respectively. The horizontal displacement-time his-
tory curves of the three nodes are illustrated in Fig. 5.

The horizontal displacement reaches the maximum
at 14.92 s when the loess cover thickness is 13.2 m, at
14.92 s when the loess cover thickness is 19.8 m, and
at 14.90 s when the loess cover thickness is 26.4 m.
The horizontal displacements of the two lateral
boundary nodes corresponding to the time of the
maximum displacement are input, and the dynamic
finite element static strength reduction method is used.

By reducing the dynamic parameters of the loess
mass until the model calculation does not converge,
the safety factor and plastic zone distribution of the
loess tunnel are obtained for loess cover thicknesses of
13.2, 19.8 and 26.4 m, as shown in Table 11.

According to Table 11, the plastic zones first occur
in the arch feet and arch shoulders on both sides of the
tunnel. For loess cover thicknesses of 13.2, 19.8 and
26.4 m, the safety factors are 2.196, 2.280 and 2.328,
respectively.
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Table 8 Horizontal displacements of boundary node 1940 from 14 to 15 s

Time (s) Displacement (m) Time (s) Displacement (m) Time (s) Displacement (m) Time (s) Displacement (m)
14 — 4.251E-2 14.26 1.800E—2 14.52 1.028E—1 14.78 1.153E—1
14.02 — 3.843E-2 14.28 2.457E-2 14.54 1.054E—1 14.8 1.158E—1
14.04 — 3.426E-2 14.3 3.166E—2 14.56 1.073E—1 14.82 1.167E—1
14.06 — 3.003E—2 14.32 3.294E-2 14.58 1.087E—1 14.84 1.181E—1
14.08 — 2.579E-2 14.34 4.721E-2 14.6 1.096E—1 14.86 1.197E—1
14.1 — 2.156E-2 14.36 5.526E-2 14.62 1.104E—1 14.88 1.208E—1
14.12 — 1.731E-2 14.38 6.296E—2 14.64 1.112E—1 14.9 1.213E—1
14.14 — 1.298E-2 14.4 7.025E-2 14.66 1.121E—1 14.92 1.214E—1
14.16 — 8.524E—-3 14.42 7.723E-2 14.68 1.131E—1 14.94 1.209E—1
14.18 — 3.871E-3 14.44 8.383E—2 14.7 1.139E—1 14.96 1.201E—1
14.2 1.041E-3 14.46 8.986E—2 14.72 1.145E—1 14.98 1.187E—1
14.22 6.277E-3 14.48 9.513E-2 14.74 1.148E—1 15 1.166E—1
14.24 1.190E-2 14.5 9.944E—2 14.76 1.150E—1 - -

Table 9 Horizontal displacements of the boundary nodes at 14.92 s

Node Displacement (m) Node Displacement (m) Node Displacement (m) Node Displacement (m)
1844 1.212E—1 706 7.682E—2 1940 1.214E—1 1118 7.687TE—2
1890 1.207E—1 722 7.251E-2 1955 1.208E—1 1133 7.255E-2
129 1.181E—1 738 6.800E—2 369 1.183E—1 1148 6.803E—2
530 1.170E—1 754 6.333E-2 385 1.172E—1 1163 6.335E—2
546 1.145E—1 770 5.849E—-2 401 1.147E—1 1178 5.850E—2
562 1.117E—1 786 5.347E-2 417 1.119E—1 1193 5.348E—2
578 1.087E—1 802 4.827E—-2 433 1.088E—1 1208 4.828E—2
594 1.053E—1 818 4.286E—2 449 1.055E—1 1223 4.287E—2
610 1.018E—1 834 3.724E-2 465 1.019E—1 1238 3.725E-2
626 9.795E—2 850 3.134E-2 481 9.804E—2 1253 3.135E-2
642 9.387E—2 866 2.518E-2 497 9.395E-2 1268 2.519E-2
658 8.959E—2 882 1.838E—2 513 8.966E—2 1283 1.839E—2
674 8.445E—-2 898 1.154E-2 529 8.451E-2 1298 1.155E-2
690 8.100E—2 914 0 1103 8.105E—2 1313 0

4.4 Results Analysis

The dynamic parameters of loess with different
moisture contents and different vibration durations
are considered, and the dynamic finite element static
strength reduction method is utilized. By analyzing the

seismic stability of loess tunnels with different loess
cover thicknesses, different moisture contents and
different vibration durations, the safety coefficients of
loess tunnels in the critical state under earthquake
conditions are obtained. The analysis results are
summarized in Fig. 6.
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Table 10 Nephogram of the plastic strain and safety factor

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.008000
— 0.006667
0.005300
0.004000
0.002667
0.001333

E 0.000003

MAXIMUM
£A0.009006
NODE 1693
MINIMUM
*-0.0007673
NODE 1681

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.01200
0.01000
0.00800
0.00600
0.00400
0.00220

£ 000000

MAXIMUM
A0.01300

NODE 1693
MINIMUM
*-0.001212
NODE 1684

a. Loess cover thickness: 13.2 m

b. Loess cover thickness: 19.8 m

SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00

0.01440
0.01200
0.00960
0.00720
0.00480
&— 0.00240

I 000000

MAXIMUM
A0.01558

NODE 1693
MINIMUM
*-0.001025
NODE 1681

a.77=2.141

b.77 =2.251

c.77=2.309

c. Loess cover thickness: 26.4 m

Safety factor

According to Fig. 6a, for a given loess cover
thickness, lower loess moisture contents are associated
with higher safety coefficients. In addition, the safety
coefficient increases with increasing loess cover
thickness. When the loess cover thickness increases
from 13.2 to 26.4 m, the safety coefficient increases by
approximately 0.15 at a loess moisture content of 5%,
by approximately 0.13 at a loess moisture content of

@ Springer

10%, and by approximately 0.23 at a loess moisture
content of 15%. Hence, greater loess cover thicknesses
produce higher safety coefficients.

From Fig. 6b, for a given loess cover thickness,
shorter vibration durations (corresponding to seismic
fortification intensity) correspond to larger safety
coefficients for loess tunnels. In addition, with
increasing loess cover thickness, the safety coefficient
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Fig. 5 Horizontal displacement-time history curve of nodes
1940, 2018 and 2070. a Node 1940, b node 2018, ¢ node 2070

increases. When the loess cover thickness increases
from 13.2 t0 26.4 m, the safety coefficient increases by
approximately 0.13 for a vibration duration of 10
cycles, by approximately 0.16 for a vibration duration

of 15 cycles, and by approximately 0.17 for a vibration
duration of 20 cycles. The thicker the loess cover is,
the safer the tunnel is.

Therefore, lower moisture contents, shorter vibra-
tion durations (corresponding to the seismic fortifica-
tion intensity), and greater loess cover thicknesses
result in larger safety factor values, which indicate that
the loess tunnel is safer. When the loess moisture
content increases from 5 to 15%, the safety coefficient
decreases by approximately 0.26 for a loess cover
thickness of 13.2 m, by approximately 0.31 for a loess
cover thickness of 19.8 m, and by approximately 0.18
for a loess cover thickness of 26.4 m. When the
vibration duration increases from 10 to 30 cycles, the
safety coefficient decreases by approximately 0.13 for
a loess cover thickness of 13.2 m, by approximately
0.08 for a loess cover thickness of 19.8 m, and by
approximately 0.12 for a loess cover thickness of
26.4 m. The safety coefficient increases as the loess
cover thickness increases.

5 Conclusions

1. Inresponse to an earthquake, the plastic zone in a
loess tunnel in the critical state develops in the
arch feet and the arch shoulders.

2. With increasing loess cover thickness, the plastic
zone of the tunnel gradually shifts from the lining
to the loess mass, indicating that the loess tunnel
becomes safer with increasing depth.

3. For a given loess cover thickness, lower loess
moisture contents are associated with higher loess
tunnel safety coefficients and, thus, safer tunnels.

4. Greater loess cover thicknesses yield higher loess
tunnel safety coefficients and, thus, safer tunnels.
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Table 11 Nephogram of the plastic strain and safety factor

SMDOTHED SMDOTHED
STRAIN-YY STRAIN-YY
RST CALC RST CALC
TIME 10.00 TIME 10.00
0.008000 0.01200
— 0.006667 — 88(1)288
— 0.005333 = 0
— 0.004000 — 0.00600
— 0.002667 — 0.00400
+— 0.001333 — 0.00200
0.000000 0.00000
MAXIMUM MAXIMUM
£0.009051 £0.01312
NODE 1693 NODE 1693
MINIMUM MINIMUM
*-0.0008923 *-0.001238
NODE 1681 NODE 1684
a. Loess cover thickness: 13.2 m b. Loess cover thickness: 19.8 m
SMDOTHED
STRAIN-YY
RST CALC
TIME 10.00
0.01440 a.77=2.124
— 0.01200
= 0.00960
= 0.00720
= 0.00480 _
= 000240 b.77=2.234
0.00000
MAXIMUM
£0.01564. c.77=2.292
NODE 1693
MINIMUM
*-0.001041
NODE 1681
c. Loess cover thickness: 26.4 m Safety factor
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Fig. 6 Safety factors for loess tunnels with different water
contents and under different earthquakes conditions. a Safety
factor with different water contents: 0.05, 0.1, 0.15 stand for
water content 5, 10 and 15%, respectively. b Safety factor under
different earthquake conditions: 10, 20 30 stand for rare seismic
fortification intensities 7, 7.5 and 8, respectively

5. Lower seismic fortification intensity values or
shorter vibration durations yield higher loess
tunnel safety coefficients and, thus, safer tunnels.
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