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Loess has a unique structure and water sensitivity, and the immersion of loess leads to many tunnel lining problems in shallowly
buried tunnels. Based on a tunnel in Gansu Province in China, two failure glide planes of a shallowly buried loess tunnel and their
immersion modes are summarized. Finite element calculation of the structural Duncan-Chang constitutive model is realized via
the secondary development of finite element software, by which the loads on the secondary lining are calculated and verified in
comparison with measured results. *e load characteristics of the secondary lining are studied. *e load evolution is closely
related to the immersion position and scope of the load. After the loess near the failure glide plane of the arch foot is flooded, the
load on the arch foot sharply increases. As the immersion expands, the maximum load moves from the arch end up to the hance.
After the loess near the failure glide plane of the hance is flooded, the load on the hance decreases slightly. *e stability of the
overlying loess decreases gradually, which causes the loads on the vault and arch shoulder to rapidly increase. Additionally, the
load distribution characteristics on the secondary lining are summarized.

1. Introduction

With the rapid development and construction of traffic
infrastructure in Northwest China, tunnels through the loess
area are continually increasing in number and expanding in
scale. *e special physical and mechanical properties of
loess, such as its porosity, macroporosity, soluble salt
content, and collapsibility, lead to significant changes in the
strength and deformation of loess after water immersion,
which greatly impact the stability and safety of existing loess
tunnel linings, and a series of problems with the lining
structure gradually occur. In loess areas, tunnel defects are
closely related to the loess structure and its water sensitivity,
and both of these factors should be considered when sim-
ulating the deterioration of flooded loess in loess tunnels.

Loess has significant structural characteristics, which is
an important reason for the loss of strength and stability of
loess under the influence of water. *e Duncan-Zhang
constitutive relationship is close to the stress-strain re-
lationship of loess [1–3]. *e structural Duncan-Chang

constitutive model, which is considering the loess structural
influence, can further improve the applicability of Duncan-
Chang constitutive model. Studies on loess structure and soil
structural constitutive models have been conducted. Xie
et al. [4] proposed a structural parameter that compre-
hensively reflects soil structure. Li et al. [5, 6] established a
nonlinear damage constitutive equation for unsaturated
loess considering structural effects. Luo et al. [7] and Shao
et al. [8] proposed a structural constitutive relation and
suggested a humidification constitutive model considering
the structure of unsaturated loess. Zhao et al. [9] established
an elastic-plastic constitutive model of strain softening and
strain hardening of structural loess by a stress-controlled
triaxial test. Feng [10] introduced the soil structural pa-
rameter into the stress-strain relationship of undisturbed
loess and established a structural Duncan-Chang constitu-
tive model of unsaturated undisturbed loess.

Studies on loess structural constitutive models have been
widely conducted, which has laid a solid foundation for the
application of loess structural constitutive models in loess
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tunnel engineering. *e structural Duncan-Chang consti-
tutive model was shown to accurately reflect the stress-strain
relationship of loess based on a comparison with experi-
mental data.

Scholars have performed many studies on the influence
of the deterioration of loess on tunnel structure through
theoretical analyses and model tests. Reznik [11] and Lai
et al. [12, 13] analyzed the stress and deformation charac-
teristics of tunnel structures caused by different water im-
mersion scopes and discussed the mechanism of lining
cracking. Jeong et al. [14] analyzed the changes in the shear
strength and compressive modulus of loess with water
content variations and summarized the influence of law of
loess water content on tunnel deformation. Shao et al. [15]
divided collapsible loess into environmental grades, which
contributes to tunnel design. *e causes of loess tunnel
lining degradation can include farmland irrigation water,
indistinct division of surrounding rock levels, stress evo-
lution of surrounding rock, and lining construction quality
[16–19]. Liu et al. [20] studied the causes, sequence, regu-
larity, and characteristics of the lining cracking process in
loess highway tunnels under the flooding of the surrounding
rock. Inokuma and Inano [21] asserted that large loads and
displacements would directly affect the stress and de-
formation of the tunnel structure and its operation safety
and that the incidence of tunnel diseases was not directly
related to the duration of operation.

In previous studies, the specific immersion water loca-
tion and immersion scope were not reported, and the
constitutive relation used in numerical simulation does not
reflect the characteristics of loess. Additionally, the loads on
the secondary lining under different immersion cases have
not been reported.

Based on a project involving a loess tunnel in Gansu
Province in China, this article summarizes four types of
failure glide planes and their water immersion modes. *en,
the formula for loess structure parameters is obtained using
neural network fitting, and the finite element calculation of
the structural Duncan-Chang constitutive model is realized
through the secondary development of finite element soft-
ware. *e reliability of secondary development is verified by
numerical simulation of triaxial tests. *e loading charac-
teristics of the secondary lining of shallowly buried loess
tunnels under four immersion models are discussed.

2. Project Background

2.1. Project Overview. *is article studies a loess highway
tunnel in Gansu Province, which is located on the Loess
Plateau and is covered by thick loess. *e strata lithology
around the tunnel can be divided into three types from top to
bottom: Quaternary Upper Pleistocene loess Q3, Quaternary
Lower Pleistocene loess Q2 and Upper Tertiary Pliocene
mudstone N2.

*e natural bulk density of Q2 loess is 20.26 kN/m3, the
natural water content is 21.72%, the liquid limit is 28.34%,
the plastic limit is 20.12%, the cohesive force is 28.67 kPa, the
internal friction angle is 28°28′, and the natural porosity
ratio is 0.63.

*e natural bulk density of Q3 loess is 15.96 kN/m3, the
natural water content is 15.66%, the liquid limit is 28.54%,
the plastic limit is 19.99%, the cohesive force is 45.29 kPa, the
internal friction angle is 28°03′, and the natural porosity
ratio is 0.98.

*emonitoring section of the secondary lining is located
in the Quaternary Upper Pleistocene loess Q3, with a burial
depth of 30m. *e mountain surface of this section is an
agricultural irrigation area, as shown in Figure 1. *e sec-
ondary lining is made of C25 concrete with a thickness of
40 cm, whereas the primary support is shotcrete with a
thickness of 25 cm. *e inverted arch is made of C20
concrete with a thickness of 25 cm, as shown in Figure 2.

Two surface cracks are found at the surface of the shallow
burial area of the tunnel site, as shown in Figure 3.*e cracks
extend basically parallel to the longitudinal direction of the
tunnel and are distributed on the left and right sides ap-
proximately 23m from the tunnel axis. *e surface is land
irrigated by flooding in spring and winter every year, and the
irrigation water aggravates surface cracks.

During the excavation of shallowly buried loess tunnels,
the overlying loess moves downward. It was observed that
the loess at the arch foot cracked first, the columnar joints
propagated due to the settlement of the loess, and the loess
cracks gradually propagated upward toward the surface.
Finally, the failure glide plane in the surrounding rock of the
shallowly buried tunnel appeared, as shown in Figure 4. *e
failure glide planes were also found to extend from the arch
foot to the surface at an inclination of approximately 70°,
which is consistent with a previous report [22]. Additionally,
by means of physical detection and pit exploration, the
failure glide planes in the surrounding rock were found to
extend from the arch waist to the surface at an inclination of
64.3° [23].

During rainfall and agricultural irrigation, the failure
glide planes in the surrounding rock provide the best
channels for water infiltration. *e loess near the failure
glide plane was softened by the water immersion, and its
deformation increased. *e downward displacement of the
loess overlying the tunnel increased obviously, and the
secondary lining load increased significantly, which nega-
tively impacts the safe operation of the tunnel.

2.2. Failure Glide Planes and Immersion Modes of the Sur-
rounding Rock. *e surrounding rock failure glide plane of
the loess tunnel widely existed in the shallow-buried loess
tunnel. *e failure glide plane is one of the main causes of
the collapse of the shallow tunnel, the load increasing on
lining, and structure damage during the construction period
[24, 25]. *e influence of the loess immersion did not
consider the immersion of failure glide plane in the previous
studies. *e influence of loess immersion on the loads of the
secondary lining in shallow tunnel cannot be ignored.
Furthermore, the secondary lining load is an important basis
for the prevention of lining structure diseases, and it is of
great significance for the maintenance and repair of tunnels.

Under different tunnel excavation methods, two typical
types of failure glide planes occur in the surrounding rock of
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shallowly buried loess tunnels: one type extends from the
arch foot to the surface at a certain inclination angle along
both sides of the tunnel (full section excavation), whereas the
other type extends from the hance to the surface at a certain
inclination angle along both sides of the tunnel (bench
excavation) [13, 20]. Corresponding to these two types of
failure glide planes, there are four modes of water immer-
sion. *e two failure glide planes in the shallowly buried
tunnel and its water immersion modes are shown in
Figure 5.

3. Secondary Development of Structural
Duncan-Chang Constitutive Model

3.1. Expression and Formula Fitting of Loess Structural
Parameter. Because the parameters of the nonlinear model
can be determined by conventional geotechnical tests, the
nonlinear constitutive models (the modified Cambridge
constitutive model and the Duncan-Chang constitutive
model) are the most widely used in engineering applications
[26].

Irrigation farming area

Monitoring section

Figure 1: Aerial panorama and monitoring section of the tunnel area (Google Earth).
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Figure 2: Tunnel lining section.

(a) (b)

Figure 3: Surface cracks caused by tunnel construction.
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*e modified Cambridge model is based on the normal
consolidation of saturated remolded soil, and it has few
parameters and a clear physical definition. However, this
model cannot accurately describe over consolidated clay.
*eDuncan-Chang model is a nonlinear elastic model based
on incremental generalized Hooke’s law. It has clear physical
definition and is easy to program, and its parameters could
be easy to determine. However, this model does not consider
the stress history of soil and does not reflect the dilatancy
and compression hardness of geotechnical materials. In
addition, both modified Cambridge model and Duncan-
Chang model cannot accurately describe the stress-strain
relationship of structural soil [27, 28].

Loess is a typical structural soil. Establishing a nonlinear
constitutive model considering structural properties is an
effective way to study the mechanical properties of loess.
Considering the structural changes in the loess stress

process, the structural parameters are introduced into the
Duncan-Chang constitutive model, which is more in line
with the stress-strain changes of structural loess.

3.1.1. Expression of Loess Structural Parameter. *e differ-
ence between the structural Duncan-Chang constitutive
model and the Duncan-Chang constitutive model is that the
former considers the structure of the loess. Loess is a special
type of soil with skeleton and void characteristics and
particle cementation between soil particles.*e skeleton and
void characteristics can be eliminated by remolding and
loading, and the cementation between the particles can be
eliminated by water immersion. Considering the strength of
soil, the loess structural parameter can be expressed by the
principal stress difference of undisturbed soil, saturated
undisturbed soil, and remolded soil corresponding to the
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Figure 4: Failure glide plane of the surrounding rock in the tunnel project.
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Figure 5: Failure glide planes and water immersion modes.
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same strain under the triaxial shear condition, which can be
used to determine the structural strength of loess.

Under triaxial shear stress conditions, the ratio of the
principal stress difference between remolded loess and
undisturbed loess (σ1 − σ3)s/(σ1 − σ3)0 and the ratio of the
principal stress difference between undisturbed loess and
saturated loess (σ1 − σ3)s/(σ1 − σ3)r can comprehensively
reflect the spatial ordering and the connection character-
istics of loess grains. *e division of these two ratios is the
mathematical expression of the loess structural parameter
under triaxial shear conditions. *e expression is as follows:

msε �
σ1 − σ3( o/ σ1 − σ3( r

σ1 − σ3( s/ σ1 − σ3( o

�
σ1 − σ3( 

2
o

σ1 − σ3( r σ1 − σ3( s

, (1)

where (σ1 − σ3)i is the principal stress difference corre-
sponding to undisturbed loess, saturated undisturbed loess,
and remolded loess when i� o, r, and s, respectively.

*is expression implies that the stronger the connection
of undisturbed loess, the greater the strength loss of
remolded loess and the greater the loess structural param-
eter. Moreover, the greater the structural damage of the
flooded loess, the greater the strength loss of undisturbed
saturated loess and the greater the loess structural
parameter.

3.1.2. Formula Fitting of Loess Structural Parameter. *e
formula fitting of the loess structural parameter was

conducted using the BP neural network model of MATLAB,
and the input layer, hidden layer, and output layer were
applied. In the input layer, the loess structural parameter and
its corresponding factors need to be input, and there are
1114 groups of data; thus, the input vector is a 4×1114
matrix. All data are quoted from the study by Xie et al. [4].
*e loess structural parameter is correlated with four factors:
water content ω, dry density ρd, principal strain ε1, and
confining pressure σ3. In the hidden layer, the number of
nodes is 5, which is the largest average number of nodes.*e
output layer of this model is the value of the loess structural
parameter msε. *e hyperbolic tangent function tansig is
taken as the transfer function among neurons, and the linear
function purelin is taken as the transfer function in the
output layer.

*e expression of the BP network in this model is shown
below:

net � newff(P, T, 5, ‘tansig’, ‘purelin’ , ‘trainlm’), (2)

where net is the generated BP network objects; P is the
network input vector, which has 1114 group test levels; T is
the network target vector, which has 1114 loess structural
parameters msε; and trainlm is the Levenberg-Marquardt
optimized algorithm.

Finally, the similarity coefficient R2 of this formula is as
high as 0.9222, and the formula of the loess structural pa-
rameter msε is as follows:

msε � 0.2120 ×
1 − e2a

1 + e− 2a
− 0.0447 ×

1 − e2b

1 + e− 2b
− 0.3290 ×

1 − e2c

1 + e− 2c
− 0.0640 ×

1 − e2d

1 + e− 2d
− 5.5997 ×

1 − e2e

1 + e− 2e
+ 4.6213,

a � − 1.4725y1 − 4.1468y2 + 0.3173y3 + 10.5117y4 − 3.1155,

b � 3.0804y1 − 0.3540y2 + 1.1767y3 − 5.1599y4 − 0.6405,

c � 0.0603y1 + 0.0458y2 + 0.0153y3 + 3.9530y4 − 3.2943,

d � 1.1344y1 + 1.9698y2 + 1.0577y3 + 1.2073y4 + 3.2098,

e � 1.4838y1 + 12.3624y2 + 0.7996y3 + 0.3197y4 + 15.4236,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where y1 is the normalized value of water content ω, y2 is the
normalized value of principal strain ε1, y3 is the normalized
value of the surrounding rock σ3, and y4 is the normalized
value of dry density ρd.

3.2. Expression of the Structural Duncan-Chang Constitutive
Model. Loess has different structural stress-strain curves
under different confining pressures, as shown in Figure 6,
and these structural stress-strain curves are the hyperbolic.
Similarly, the stress-strain curve of loess also obeys the
hyperbola. Based on the derivation process of the Duncan-
Zhang constitutive model, the structural Duncan-Zhang

constitutive model can be obtained. *e hyperbolic fitting
can be expressed as

σ1 − σ3( 

msε
�

ε1
a + bε1

,

or
ε1

σ1 − σ3( /msε
� a + bε1,

(4)

where a and b are testing constants; σ1 and σ3 are the first
and third principal stresses, respectively; ε1 is the principal
strain; and msε is the loess structural parameter.

USERMAT, which is a subroutine of the constitutive
model in ANSYS, is programmed by user programmable
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features (UPFs) in FORTRAN to achieve the structural
Duncan-Chang constitutive model in ANSYS. Based on the
given strain increment, the stress increment is calculated to
achieve the stress updating (Δε⟶Δσ⟶ σ).*e Jacobian
matrix (Dep � zΔσ/zΔε) is determined by iteration.

*e elastic parameter in USERMAT is updated by the
subroutine getLam. *e mathematical expressions for the
elastic modulus and bulk modulus in the loess structural
Duncan-Chang constitutive model are as follows:

*e different levels of structural stress S � qs/qsf de-
termine whether the unit is loaded or unloaded, and S is
limited from 0 to 0.95.

During the loading process, the structural tangent elastic
modulus Est is given as follows:

Est �
1
a

1 − b ·
σ1 − σ3( 

msε
 ,

� 1 − Rsf ·
1 − sinφs( qs

2cs cosφs + 2σ3 sinφs

 

2

Esi,

Esi � kpa

σ3
pa

 

n

,

(5)

where k and n are the coefficient and index of the structural
elastic modulus, respectively; pa is the standard atmospheric
pressure; Rsf is the structural damage ratio; Cs is the loess
structural cohesive force; and φs is the loess structural in-
ternal friction angle.

During the unloading process, the structural unloading
modulus Esur is given as follows:

Esur � Kurpa

σ3
pa

 

nur

, (6)

where Kur and nur are the coefficient and index of the
structural unloading modulus, respectively.

*e formula of structural bulk modulus Bs is as follows:

Bs � Kbpa

σ3
pa

 

m

. (7)

Poisson’s ratio for loess is derived from the tangent bulk
modulus Bs and the tangent elastic modulus Est. *e formula
is as follows:

] � 0.5 −
Est

6Bs

. (8)

Poisson’s ratios of ideal elastic materials vary from 0 to
0.49; thus, the tangent bulk modulus Bs is 0.33–17 times the
value of Est in the program.

*e structural Duncan-Chang constitutive model has a
few parameters and clear physical meaning, and all pa-
rameters can be determined by triaxial shear tests. *is
constitutive model can describe the stress-strain relationship
of loess under complex stress paths.

3.3. Verification of the Structural Duncan-Chang Constitu-
tive Model. *e developed structural Duncan-Chang con-
stitutive model is verified by comparing the numerical
simulation results from triaxial tests with the calculation
results of test constants. *e triaxial tests are simulated in
Solid185, which is the latest technology unit in ANSYS. *e
size of the model is φ39.1× 80mm, which is the same as the
standard specimen in triaxial tests. A vertical displacement
constraint is applied to the bottom of this model. *e tops of
the model loads are graded with an increment of 10 kPa, and
confining pressures of 200 kPa, 300 kPa, and 400 kPa are
adopted. *e model parameters and testing constants are
shown in Tables 1 and 2, respectively. *e dry density of the
loess sample is 1.26 g/cm3, and its water content is 17.8%.

Figure 7 shows the comparison of theoretical solution
and numerical solutions of the triaxial test. *e theoretical
solutions are calculated according to the expression formula
of the structural Duncan-Chang constitutive model under
the given parameters, and the numerical solutions are cal-
culated according to the numerical simulation of the triaxial
test using the structural Duncan-Chang constitutive model.
*e comparison shows that the simulation solutions are in
close agreement with the theoretical solutions, showing that
the developed structural Duncan-Chang constitutive model
in ANSYS is reasonable and the results are reliable. Addi-
tionally, a previous study has proved that the theoretical
solutions fit the triaxial test results quite well [7]; therefore,
the numerical simulation of the triaxial test using the
structural Duncan-Chang constitutive model in ANSYS
corresponds with the triaxial test results.

Table 1: Model parameters of the structural Duncan-Chang
constitutive model.

Parameter K n Rsf
Cs

(kPa)
ϕs

(°) Kb m Kur

Value 0.6286 0.0777 0.818 7.82 13.0 70 0.0861 1.5715

σ3 = 100kPa
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σ3 = 400kPa
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Figure 6: Structural stress-strain curves under different confining
pressures.

6 Advances in Civil Engineering



4. Loads on Secondary Lining in a Flooded
Loess Tunnel

4.1. Element Selection. Loess is simulated by the structural
Duncan-Chang constitutive model in the numerical model.
Because the subroutine USERMAT in ANSYS does not
support traditional units, plane182 is selected, which is the
latest technology unit and has properties such as plasticity,
superelasticity, stress stiffening, large deformation, and large
strain. Geotextiles and waterproof boards are inserted between
the secondary lining and primary support, and the interaction
between these elements is represented by the contact unit
conta172 and target unit targe169 [29, 30]. Conta172 is set on
the inner surface of the primary support, and targe169 is set on
the outer surface of the secondary lining.

4.2. Boundary Conditions and Model Parameters. *e ac-
curacy of the solution is closely related to the model
boundary. Under the same conditions, the bigger the model
boundary, the closer the solution will be to the real value.
When the boundary range reaches a certain value,
expanding the boundary range provides no obvious im-
provement on the accuracy of the solution. To minimize the
adverse effects of the boundary constraint on the calculation
results, the boundaries of the calculation model are set as
follows: the horizontal width of the surrounding rock on
both sides of the tunnel is 35m; the bottom boundary is 35m

from the tunnel bottom; the depth of the tunnel is 30m,
which is the actual buried depth in monitoring section; and
the whole model is 82m wide and 75m high. *ere are
horizontal and vertical displacement constraints on the
bottom and horizontal displacement constraints on both
sides of the model. *e top of the model is a free surface. *e
calculation model is shown in Figure 8. Under surface water
infiltration, shallowly buried loess tunnels have three sec-
tions immersed in water: the surface, the loess near the
failure glide planes of the hance, and the loess near the failure
glide planes of the arch foot.

In this model, the secondary lining is constructed of
concrete C25 with a thickness of 40 cm, and the primary
support is shotcrete with a thickness of 25 cm. *e pa-
rameters of the lining concrete are shown in Table 3.

According to the geological conditions, the loess in the
model can be divided into two layers. *e upper layer is
Quaternary Upper Pleistocene loess Q3, and the sublayer is
Quaternary Lower Pleistocene loess Q2. Table 4 shows the
model parameters of the structural Duncan-Chang consti-
tutive of loess Q3 after water immersion and loess Q2 with
natural water content.

4.3. Location and Range of Immersion. Large-scale in situ
water immersion tests suggest that if loess with a failure
glide plane is flooded, the failure glide plane first fills with
water, after which water infiltrates vertically and hori-
zontally at its boundary [26]. *e water infiltrates down-
ward and outward in loess Q3, and the geometric
relationship between infiltration depth Z1 and width Z2 is
shown in Figure 9. *e calculation formula for infiltration
depth and width is shown in equation (8), and the water
diffusion angle of loess is a � 31°. It is assumed that the
water in the failure glide plane seeps around at the same
time. *e water infiltration times are 12 h, 24 h, 48 h, and
72 h, and the water infiltration widths are 1.2m, 1.96m,
3.3m, and 4.54m, respectively. Assuming that the water
infiltration widths (2 ×Z2) of the failure glide planes are
1m, 2m, 3m, 4m, and 5m, the relative water infiltration
depths Z1 (surface infiltration depth) are 0.83m, 1.66m,
2.49m, 3.32m, and 4.16m, respectively. *e horizontal and
vertical immersion ranges of the surface and the failure
glide planes are shown in Table 5.

z1 � 0.1775
�
t

√
+ 0.0317t,

z2 � tan 31°z1 � 0.1067
�
t

√
+ 0.0190t.

(9)

Here, t is the infiltration time and its unit is h, Z1 is the
water infiltration depth, and Z2 is the water infiltration
width. *e units of both Z1 and Z2 are m.

4.4. Calculation Cases. Considering the immersion modes
and the immersion range, the calculation cases are divided
into four cases: loess immersion near the failure glide planes
of both arch feet (Case 1), loess immersion near the failure
glide plane of one arch foot (Case 2), loess immersion near
the failure glide planes of both hances (Case 3), and loess
immersion near the failure glide plane of one hance (Case 4).

Table 2: Triaxial test constants.

Confining pressure
(kPa)

a
(kPa− 1)

b
(kPa− 1) Esi (kPa) qsu (kPa) Rsf

200 0.0157 0.0055 63.69 181.82 0.818
300 0.0150 0.0037 66.67 270.27 0.778
400 0.0137 0.0028 72.99 357.14 0.737
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)
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0
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Figure 7: Contrasting curves for principal stress difference-axial
strain.
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Case 1 corresponds to the immersion conditions of the
project case. All calculation cases are shown in Table 6 in
detail, and the immersion locations in different cases are
shown in Figure 8.

5. Calculation Results and Analysis

*e load on the secondary lining is the contact pressure
between the secondary lining and the primary support,
which is monitored during the immersion process.*ere are
15 monitoring points distributed symmetrically on the
outside of the lining at the vault, arch shoulder, hance, arch
end, sidewall, arch foot, and inverted arch, as shown in
Figure 10.

5.1. Variation of the Loads on the Secondary Lining.
Figures 11 and 12 show the curves of loads on the secondary
lining in cases 1 and 2, in which the loess near the failure
glide plane of the arch foot is flooded. With no immersion

(infiltration width is 0m), loads from the hance to the vault
are uniformly distributed, and loads from the sidewall to the
inverted arch are less than those on the arch. When the loess
near the failure glide plane is flooded, the loads on the
secondary lining increase. *e loads on the arch foot and
hance increase faster than those on the other positions on the
immersed side, and the load on the arch foot increases to the
greatest extent. *e distribution of loads on the arch is
shaped like a cat’s ears, which is in accordance with the
measured results in previous references [31, 32], and the
changes in the load on the vault are not obvious.*e load on
the immersed side increases more than that on the non-
immersed side.

Loess immersion on one arch foot may cause the load to
increase on both sides of the arch foot. *e reason for the
increased load on the arch foot of the nonimmersed side
may be that the increasing loads on the immersed side form
a biased pressure and the lining deforms toward the
nonimmersed side, leading to an increased stratum

The surface flooded loess

The flooded loess near the
failure glide plane of hance

The flooded loess near the 
failure glide plane of arch foot

1

32

4 5

Figure 8: Calculation model.

Table 3: Parameters of the lining concrete.

Elastic modulus (GPa) Poisson’s ratio Bulk density (kN/m3)
Secondary lining 30 0.167 25
Primary support 23 0.167 22

Table 4: Model parameters of loess structure Duncan-Chang constitutive model.

Parameters K n Rsf Cs (kPa) φs (°) Kb m Kur

Loess Q3
Natural water content 0.9343 0.2045 0.799 56.1 18.8 86 0.0889 1.7624
Water immersion 0.6540 0.1431 0.879 39.3 13.2 65 0.0622 1.2382

Loess Q2 0.6286 0.0777 0.817 7.82 13.0 70 0.0861 1.5715
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resistance on the arch foot of the immersed side. As the
immersion range expands, the maximum load on the arch
on the immersed side moves upward from the arch end to
the hance.

Figures 13 and 14 show the load curves on the secondary
lining in Cases 3 and 4, in which the loess near the failure
glide plane of the hance is flooded. In general, when the loess
is flooded, the loads on the secondary lining increase. *e
loads are relatively large at three positions on the immersed
side: the arch shoulder, the arch end, and the arch foot. *e
loads on the arch shoulder and arch foot increase obviously.
*e load on the vault increases continuously, which is
different from Case 1 and Case 2, where the loads undergo
little change.

*e loads on the immersed side increase much more
than those on the nonimmersed side, except the load on the
arch foot on the nonimmersed side, which is larger than that
on the immersed side, opposite to Case 2. *ere are two
explanations for this phenomenon: One is the “bias pres-
sure,” which was discussed for Case 2. *e other is that the
increasing loads on the arch shoulder have a significant effect
on the increased resistance of the arch foot. *e increasing
stratum resistance causes the load on the arch foot to in-
crease. During the immersion process, the maximum load
on the arch first moves upward from the arch end to the arch
shoulder and then moves back to the arch end.

5.2. Relationship between the InfiltrationWidth and the Load.
Figure 15 shows the load variation curves on the sidewall
and arch end in Cases 1 and 2. *e loads on the sidewall

Diffusion angle α
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Figure 9: Relations between infiltration depth and width.

Table 5: Horizontal and vertical immersion ranges.

Item Infiltration length
Infiltration width (2×Z2) (m) 0 1.0 2.0 3.0 4.0 5.0
Infiltration depth Z1 (m) 0 0.83 1.66 2.49 3.32 4.16

Table 6: Calculation cases.

Cases Immersion location
(shown in Figure 8)

Infiltration horizontal
width (2×Z2)

Case 1 ① ④ ⑤

From 1m to 5mCase 2 ① ⑤
Case 3 ① ② ③
Case 4 ① ③

Vault
Arch shoulder

Hance

Arch end

Sidewall

Arch foot

Inverted arch
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Figure 10: Load monitoring points.
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Figure 11: Load curves of the secondary lining in Case 1.
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and arch end decrease at first and then increase, and the
load on the sidewall decreases earlier than that on the arch
end. *e load on the arch end in Case 2 decreases earlier
than that in Case 1. In other words, when the immersion is
close to the load monitoring point, the load decreases at
first and then increases slowly as immersion continues.*e
reason for this phenomenon may be that the loess softens
when the water arrives, and the softened loess releases
some of the load on the lining. As immersion continues,
the stability of the overlying loess is weakened and the loess

stratum deforms downward, which causes the loads to
increase.

Figure 16 represents the load variation curves from the
hance to the vault in Cases 3 and 4.*e loads on the hance,
the arch shoulder, and the arch end decrease at first and
then increase, except for the load on the arch shoulder in
Case 4. *e load on the hance decreases first, and then the
load on the arch end decreases. In addition, in the course
of water immersion, the loads on the monitoring point on
the upper positions of the failure glide planes are more
affected by the immersion than the loads on the moni-
toring points on the lower positions of the failure glide
planes.

5.3. Comparison between Calculated Results and Measured
Results. A comparison between the calculated results and
the measured results for the secondary lining loads is shown
in Figure 17.*e red line indicates themeasured loads on the
secondary lining in the shallow loess tunnel buried 30m
deep. *e blue line indicates calculated loads on the sec-
ondary lining in Case 1, in which the infiltration horizontal
width is 3m.*e calculated loads andmeasured loads on the
secondary lining are generally symmetrically distributed and
basically have the same regularities of distribution. Loads on
the sidewalls and arch end are similar.

*e maximum loads are located at the arch foot on both
sides, and the maximum difference load on the left arch foot
is 474 kPa. *e reason for this difference may be that the
pressure on the primary support is relieved before the
construction of the secondary lining, and normally, the
pressure relief cannot be simulated well in numerical cal-
culations. *us, the measured loads on the secondary lining
are smaller than the calculated loads.
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Figure 12: Load curves of the secondary lining in Case 2.
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Figure 13: Load curves of the secondary lining in Case 3.
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Figure 14: Load curves of the secondary lining in Case 4.
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6. Conclusions

(1) Finite element calculation of the structural Duncan-
Zhang constitutive model is realized in ANSYS and
proved to be reliable by comparing the numerical
results of triaxial tests and the calculation results of
testing constants.

(2) *e variation and distribution of the load on the
secondary lining are closely related to the immersion
position and range:
(a) When the loess near the failure glide planes of

the arch foot is immersed (Case 1 and Case 2),
the strength of the flooded loess decreases,
leading to a sharply increased load on the arch
foot. As the immersion expands, the loads on the
sidewall and arch end first dissipate partially and

900

800

700

600

500

400

300
0 1 2 3 4 5

Infiltration horizontal width (m)

Lo
ad

s o
n 

se
co

nd
ar

y 
lin

in
g 

(k
Pa

)

Sidewall
Arch end

(a)

0 1 2 3 4 5
Infiltration horizontal width (m)

900

800

700

600

500

400

300

Lo
ad

s o
n 

se
co

nd
ar

y 
lin

in
g 

(k
Pa

)

Sidewall
Arch end

(b)

Figure 15: Load variation during immersion expansion (Case 1 and Case 2).
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Figure 16: Load variation during immersion expansion (Case 3 and Case 4).
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then increase gradually. *e maximum load on
the arch moves upward from the arch end to the
hance. *e load increase on the immersed side
results in bias pressure, and the load on the arch
foot on the nonimmersed side increases
significantly.

(b) When the loess near the failure glide planes of
the hance is immersed (Case 3 and Case 4), the
load on the hance dissipates slightly.*e stability
of the overlying loess decreases gradually,
causing a general load increase on the upper
lining. *e loads on the vault and arch shoulder
increase rapidly and work downward on the
lining. *erefore, the load on the arch foot in-
creases against the stratum resistance. *e
maximum load on the arch moves upward from
the arch end to the arch shoulder and then down
to the arch end.

(3) *e load on the arch foot lining is always large after
the surrounding rock is flooded, and the load on the
arch foot when the loess is immersion near the arch
foot is always larger than that in cases of loess im-
mersion near the hance. When the immersed area is
close to the load monitoring point, the load on this
point decreases at first and then increases slowly.

Data Availability

*e data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

*e authors declare that they have no potential conflicts of
interest.

Acknowledgments

*is study was supported by the National Natural Science
Foundation of China (grant nos. 51908051 and 51978064),
the Fundamental Research Funds for the Central Univer-
sities, CHD (grant no. 300102289101), and the Traffic
Construction Research Funds of Shaanxi Province (grant no.
2016-1-3).

References

[1] H. Liao, D. Li, and J. Peng, “Study of strength characteristics of
high and steep slope landslide mass loess,” Rock and Soil
Mechanics, vol. 32, no. 7, pp. 1939–1944, 2011.

[2] J. Gao and F. Li, “Experiments on parameters of duncan-
chang model for loess,” Journal of Chang’an University
(Natural Science Edition), vol. 26, no. 2, pp. 10–13, 2006.

[3] Y. Wan and D. Lin, “Stress strain relationship of the remolded
loess,” Chinese Journal of Geotechnical Engineering, vol. 18,
no. 6, pp. 110–114, 1996.

[4] D. Xie, J. Qi, and Y. Zhu, “Soil structure parameter and its
relations to deformation and strength,” Journal of Hydraulic
Engineering, vol. 21, no. 10, pp. 1–6, 1999.

[5] R. Li, J. Liu, R. Yan, W. Zheng, and S. Shao, “Evaluation of
loess landslide disaster based on the developed hyperbola
strength of structural loess,” Disaster Advances, vol. 6, no. 5,
pp. 316–326, 2013.

[6] R. Li, J. Liu, R. Yan,W. Zheng, and S. Shao, “Characteristics of
structural loess strength and preliminary framework for joint
strength formula,” Water Science and Engineering, vol. 136,
no. 3, pp. 319–330, 2014.

[7] Y. Luo, D. Xie, S. Shao, and A. Zhang, “Structural parameter
of soil under complex stress conditions,” Chinese Journal of
Rock Mechanics and Engineering, vol. 23, no. 24, pp. 4248–
4251, 2004.

[8] S. Shao, Q. Yu, and J. Long, “Stress-strain relationship with
soil structural parameter of collapse loess,” Frontiers of Ar-
chitecture and Civil Engineering in China, vol. 2, no. 3, p. 293,
2008.

[9] J. Zhao, X. Luo, Y. Ma, T. Shao, and Y. Yue, “Soil charac-
teristics and new formation model of loess on the Chinese
loess plateau,” Geosciences Journal, vol. 21, no. 4, pp. 607–616,
2017.

[10] Z. Feng, Research on Soil Structural Parameters and Structural
Constitutive Model of Unsaturated Loess, Xi’an University of
Technology, Xi’an, China, 2008.

[11] Y. M. Reznik, “Influence of physical properties on de-
formation characteristics of collapsible soils,” Engineering
Geology, vol. 92, no. 1-2, pp. 27–37, 2007.

[12] H. Lai, X. Yang, and Y. Lin, “Cracking analysis of lining of
loess highway tunnel,” Journal of Chang’an University, vol. 27,
no. 1, pp. 45–49, 2007.

[13] H. Lai, W. Song, Y. Liu, and R. Chen, “Influence of flooded
loessial overburden on the tunnel lining: case study,” Journal
of Performance of Constructed Facilities, vol. 31, no. 6, Article
ID 04017108, 2017..

[14] S.-S. Jeong, Y.-C. Han, Y.-M. Kim, and D.-H. Kim, “Evalu-
ation of the NATM tunnel load on concrete lining using the
ground lining interaction model,” KSCE Journal of Civil
Engineering, vol. 18, no. 2, pp. 672–682, 2014.

[15] S. Shao, C. Yang, Y. Jiao, and S. Lu, “Engineering properties of
collapsible loess tunnel,” Chinese Journal of Geotechnical
Engineering, vol. 35, no. 9, pp. 1580–1590, 2013.

[16] Z. Ding and X. Yang, “Analysis of disease causes and treat-
ment measures of highway tunnel in loess,” Journal of En-
gineering Geology, vol. 17, no. 1, pp. 138–144, 2009.

[17] J. S. Chen and H. H. Mo, “Numerical study on crack problems
in segments of shield tunnel using finite element method,”
Tunnelling and Underground Space Technology, vol. 24, no. 1,
pp. 91–102, 2009.

[18] D. Zhang, Q. Fang, P. Li, and L. N. Y. Wong, “Structural
responses of secondary lining of high-speed railway tunnel
excavated in Loess ground,” Advances in Structural Engi-
neering, vol. 16, no. 8, pp. 1371–1379, 2013.

[19] N. Zhang, Q. Fang, Y. Li, and D. Zhang, “Mechanical analysis
of secondary lining of high-speed railway tunnel,” KSCE
Journal of Civil Engineering, vol. 22, no. 7, pp. 2384–2389,
2018.

[20] Y. Liu, H. Lai, Y. Xie, and W. Song, “Cracks analysis of
highway tunnel lining in flooded loess,” Proceedings of the
Institution of Civil Engineers-Geotechnical Engineering,
vol. 170, no. 1, pp. 62–72, 2017.

[21] A. Inokuma and S. Inano, “Road tunnels in Japan: de-
terioration and countermeasures,” Tunnelling and Un-
derground Space Technology, vol. 11, no. 3, pp. 305–309, 1996.

[22] H. Lai, W. Yang, and Y. Xie, “Centrifuge model test on
stratum deformation rule of loess road tunnel based on

12 Advances in Civil Engineering



double-hole effect,” Journal of Sichuan University (Engi-
neering Science Edition), vol. 45, no. 45, pp. 39–45, 2013.

[23] S. Song, S. Li, L. Li et al., “Model test study on vibration
blasting of large cross-section tunnel with small clearance in
horizontal stratified surrounding rock,” Tunnelling and Un-
derground Space Technology, vol. 92, p. 103013, 2019.

[24] J. Qiu, Y. Qin, Z. Feng, L. Wang, and K. Wang, “Safety risks
and protection measures for the city wall during the con-
struction and operation of Xi’an metro,” Journal of Perfor-
mance of Constructed Facilities, vol. 33, no. 5, p. 12, 2019.

[25] H. Sun, Q. Wang, P. Zhang, Y. Zhong, and X. Yue, “Spa-
tialtemporal characteristics of tunnel traffic accidents in China
from 2001 to present,” Advances in Civil Engineering,
vol. 2019, Article ID 4536414, 12 pages, 2019.

[26] Z. Li, H. Li, and G. Fan, “Experimental study on static and
dynamic properties of saturated loess,” Journal of Disaster
Prevention and Mitigation Engineering, vol. 33, no. S1,
pp. 111–116, 2013.

[27] X. Zhou and Y. Luo, “Influence of stress path on the me-
chanical characteristics of saturated loess in drained test,”
Chinese Journal of Underground Space and Engineering, vol. 3,
no. 6, pp. 1064–1068, 2007.

[28] Z.-L. Zhong and X.-R. Liu, “Mechanical characteristics of
intact middle pleistocene epoch loess in northwestern China,”
Journal of Central South University, vol. 19, no. 4, pp. 1163–
1168, 2012.

[29] L. Duan, Y. Zhang, and J. Lai, “Influence of ground tem-
perature on shotcrete-to-rock adhesion in tunnels,” Advances
in Materials Science and Engineering, vol. 2019, Article ID
8709087, p. 16, 2019.

[30] L. Duan, W. Lin, J. Lai, P. Zhang, and Y. Luo, “Vibration
characteristic of high-voltage tower influenced by adjacent
tunnel blasting construction,” Shock and Vibration, vol. 2019,
Article ID 8520564 , p. 16, 2019.

[31] H. Lai, Y. Xie, and X. Yang, “Mechanical characteristic of
highway tunnel in loess,” Journal of Chang’an University
(Nature Science Edition), vol. 25, no. 6, pp. 53–56, 2005.

[32] J. Lai, K. Wang, H. Lai, J. Qiu, and Y. Xie, “Mechanical
characteristic test of tunnel support structure in weak loess
stratum,” Journal of Traffic and Transportation Engineering,
vol. 15, no. 3, pp. 41–51, 2015.

Advances in Civil Engineering 13



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

