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Many researchers have conducted a vast amount of research on water sensitivity and joint seepage in loess tunnels. However,
studies on the mechanical effects of shallow buried loess tunnels under the influence of joint dominant seepage are still insufficient.
In this study, we simulate the seepage range of loess tunnels with joints, and we use this seepage range to numerically simulate the
mechanical properties of shallow buried loess tunnels. Studies have shown that the permeability coeflicient and the number of
joints are the key factors that affect the amount of surface water infiltration. An increase in the permeability coeflicient on the
order of 5 x 10~ m/s will cause the surface water to pour into the ground and rapidly form a saturated soak zone on the liner, while
an increase in the number of joints will increase the width and formation rate of the saturated zone. The results of the tunnel
mechanics simulation show that the surface settlement and the surrounding rock displacement increase with the increase of the
wetted area of the vault; the effect of arch footing water immersion on the surface settlement and the surrounding rock dis-
placement is most significant for the same wetted area width. Compared with the three-stage method, the center cross diaphragm
(CRD) method of excavation can better control the surface and the surrounding rock settlement under waterlogged conditions. In
particular, the lining settlement on the waterlogged side can be effectively controlled, and the overall settlement of the tunnel is

more uniform.

1. Introduction

Loess is a loose-packed powder soil formed in the Qua-
ternary period, and it is widely distributed in arid and
semiarid areas [1]. Loess deposits cover 6.5 x 10*km? in
China, of which about 4 x 10*km? is collapsible loess [2].
The Q; and Q, loess formed in Upper Pleistocene and
Holocene has the characteristics of no layering as well as
loose texture and pore development. The unique metastable
structure of loess will be destabilized and collapsed into
small micropores when this soil is influenced by rain
seepage, which is macroscopically manifested as a sudden
decrease in strength and a large deformation after water
immersion [3, 4]. The special metastable structure of col-
lapsible loess is prone to collapse and large deformation
beyond the normal level under the influence of construction
disturbance and moisture immersion [5]. Self-weight wet-
submerged loess surrounding rock in the immersion of

water after a significant drop in strength produces a large
deformation. Additionally, the self-supporting capacity of
the surrounding rock is greatly reduced, and the stress re-
distribution caused by uneven settlement and the bias effect
causes the tunnel lining to be in an unfavorable state of stress
or even damage [6].

Loess joints are fracture gaps in the loess for which the
soil is not significantly displaced along both sides of the
fractures. Loess joints are with a certain degree of open
fissures; during the surface rainwater infiltration, loess joints
especially through the joints can often form the advantage of
surface water infiltration channel [7]. Under the condition of
high intensity infiltration of surface water, water will pref-
erentially infiltrate along the dominant infiltration channels
such as joint fissures, and the infiltration volume is ex-
tremely high, sometimes even up to 20 times of the infil-
tration volume in the uniform infiltration stage [8]. In the
initial stage of the high intensity infiltration of surface water,
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FIGURE 1: Model of loess joint seepage.

TaBLE 1: Working condition setting of loess joint seepage.
Case Location of the joints Number of joints Permeability coefficient of joints
Case 1 Vault 1 2x10>m/s
Case 2 Vault 2 2x107° m/s
Case 3 Vault 3 2x107> m/s
Case 4 Vault 1 5x10° m/s
Case 5 Arch shoulder 1 5x10° m/s

the tunnel perimeter rock will undergo severe uneven
waterlogging, and the strength and deformation of the
waterlogged loess perimeter rock will increase dramatically,
resulting in stress redistribution and reduced self-supporting
capacity within the perimeter rock, which will in turn lead to
increased stress or bias pressure on the tunnel lining, de-
teriorating the mechanical properties of the lining and
leaving the lining in a stress-unfriendly state. The lining
stress behavior is very different from that of the perimeter
rock before the wetting [9-14]. Due to the ultrahigh water
head, water leakage through tunnel joints is a major concern
during a tunnel’s service life [15]. Segmental joints are
vulnerable parts of the lining structure in precast shield
tunnels, from both the structural (lower stiffness compared
to main segments) and nonstructural (potential water
leakage points) perspectives [16, 17]. Segmental joints act as
a weak link in the tunnel lining in terms of both structural
responses (due to the lower stiffness and strength compared
to the main segments) and the serviceability considerations
(high risk of water/gas leakage) [18]. Water leakage through
segmental joints is a clutch issue for shield tunnels during
both the construction and operation stages [19, 20]. For a
modern underwater tunnel subjected to high water head, the
segments are required to cast by the high-performance
concrete with excellent quality and very low permeability
[21].

The mechanical properties of loess are very different
under dry and wet conditions [22, 23]. Therefore, the study
of the lining force characteristics of shallow buried loess
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FIGURE 2: 24% wetting front depths of Case 1, Case 2, Case 3, and
Case 4.

tunnels under the influence of dominant flow is of vital
importance to the prevention and control loess tunnel lining
diseases. The authors simulate the possible joint seepage field
by means of theoretical studies and numerical simulations
and perform simulated calculations and analyses of tunnel
forces under the influence of joint seepage, with a view to
providing guidance and insight for the design and con-
struction events of shallow buried loess tunnels affected by
joints seepage.
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FIGURE 3: Case 1 3rd, 4th, and 5th hour seepage fields. (a) 3rd hour seepage field. (b) 4th hour seepage field. (c) 5th hour seepage field.

2. Seepage Numerical Simulation

2.1. Numerical Simulation. In this section, numerical sim-
ulations of seepage are performed for the established model of
loess containing joints using the numerical simulation soft-
ware GeoStudio. Figure 1 shows the seepage numerical cal-
culation model and grid size. The longitudinal calculation
range is 20 m, the vertical calculation ranges of both lateral
sides are 20 m including 13 m buried depth. A circular im-
permeable layer was set at the bottom to simulate the tunnel
lining, impermeable boundaries were set at the sides and

bottom, and a 0.02m pressure head was set at the top to
simulate surface water accumulation. The saturated perme-
ability coefficient of the loess is set to 5¢ — 6 m/s with an initial
moisture content of 12%. The joints are located at the top and
left sides of the impermeable layer. The length of the vault
joints is 13 m, the left side joints are 20 m, and the size of the
joints unit is 25cmx2.5cm. The equivalent permeability
coefficients of the joints are 2 x 10> m/s and 5 x 10~> m/s, and
four cases of 1, 2, and 3 joints directly above the impermeable
layer and 1 joint above the left of the impermeable layer are
set. The working conditions are shown in Table 1.
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FIGURE 4: Seepage field of 1 hour before the wetting front touches the impermeable layer in Case 1, Case 2, and Case 3. (a) Case 1. (b) Case 2.

(c) Case 3.

2.2. Results of Numerical Investigation. The 24% wetting
front depths of Case 1, Case 2, Case 3, and Case 4 after the
surface water started to infiltrate are shown in Figure 2. It
can be seen that Case 1, Case 2, and Case 3 are three cases
with the same nodal permeability coefficient, and their
wetting fronts contact the impermeable layer after 11, 13,
and 18 hours of the start of infiltration, respectively. The
depth of the wetting front is relatively close within the first 3
hours of the beginning of infiltration, indicating that the
number of nodules at the beginning of infiltration has less
influence on the advance rate of the wetting front. After 3

hours, the infiltration rate of 1 and 2 joints began to slow
down and the advancing depth curve of the wetting front
leveled off, while the infiltration rate of 3 joints remained
basically the same and the advancing depth curve of the
wetting front kept increasing linearly. Six hours after the
start of infiltration, the advance of the wetting front in Case 1
slowed down further, while the advance of the wetting front
in Case 2 did not decrease significantly.

Figure 3 shows the seepage field of Case 1 at the 3rd, 4th,
and 5th hours after the start of infiltration. From the figure, it
can be seen that, from the 3rd hour onwards, the region of



Advances in Civil Engineering

Elevation

© = N W A U N e O

9 10 11 12 13 14 15 16 17
Distance

(a)

18 19 20

Elevation
-
(=T

I N O N I N RS R-)

Elevation

—_
o

9

8

7

6

5

4

3

2

1

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Distance
(®)

9 10 11 12 13 14 15 16 17 18 19 20
Distance

(c)

FIGURE 5: Seepage field after the Oth, 2nd, and 4th hours of contacting the impermeable layer by the wetting front in Case 2. (a) Hour 0

seepage field. (b) 2nd hour seepage field. (c) 4th hour seepage field.

40% water content starts to develop to both sides with the
joints as the center, and the increase in lateral infiltration is
precisely the reason for the further decrease in the forward
speed of the wetting front of Case 1. This phenomenon can
also be observed in Case 2, where both Case 1 and Case 2
have a phase where the saturation zone expands, and the
advancing speed of the wetting front decreases, after which
the advancing speed of the wetting front is further stabilized.
However, this phase is shorter in Case 2. Case 2 and Case 3
have greater infiltration per unit time due to the increase in

the number of nodules, bringing a wider and deeper satu-
ration zone while also allowing a greater depth of ad-
vancement of the 24% moisture content wetting front.
Figure 4 shows the seepage fields of the wetted fronts
before contacting the impermeable layer for 1 hour in Case 1,
Case 2, and Case 3. As can be seen in Figure 4, the depth of the
saturated zone under the working condition of 1 joint is less
than half of the depth of the wetting front at 24% water
content, and the saturation zone is conical in shape with a
very narrow width. The depth of the saturation zone is greatly
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FIGURE 6: Seepage field after the Oth, 2nd, and 4th hours of contacting the impermeable layer by the wetting front in Case 3. (a) Hour 0
seepage field. (b) 2nd hour seepage field. (c) 4th hour seepage field.

increased for the cases of 2 joints and 3 joints. The depth of the
saturation zone reaches half of the wetting front of 24% water
content in Case 2 and 2/3 of the wetting front of 24% water
content in Case 3. The width of the saturation zone also
increases with the increase of the number of joints. It can be
assumed that the increase in the number of joints contributes
to the increase in the depth and width of the saturated zone,
and the increase in the depth and width of the saturated zone
also accelerates the advance of the wetting front.

Figures 5 and 6 show the seepage fields after the Oth,
2nd, and 4th hours of contacting the impermeable layer for

the wetting front in working conditions 2 and 3, respec-
tively. It can be seen that the number of joints has a sig-
nificant effect on the extent of the saturation zone after the
wetting front contacts the impermeable layer. Compared
with that in Case 3, the saturation zone in Case 2 appears
slower and smaller in width, and Case 2 does not have the
rapid penetration of the saturation zone in Case 3. At the
same time, both working conditions showed a parallel
distribution of equal water content lines after the wetting
front contacted the impermeable layer, forming a rectan-
gular wetting zone in the soil.
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FIGURE 7: Seepage field after 4, 8, and 12 hours of infiltration in Case 4. (a) Seepage field after 4 hours. (b) Seepage field after 8 hours.

(c) Seepage field after 12 hours.

Figure 7 shows the seepage field after 4, 8, and 12 hours
of infiltration at the beginning of working Case 4. It can be
seen that, in the surface water infiltration process species, the
infiltration coefficient of 5x 10> m/s joints will cause sur-
face water to fill the ground. The infiltration of water be-
tween 4 and 8 hours is mainly in the impermeable layer
above the siltation, so that the soil above the impermeable
layer quickly reaches saturation. The saturation area on the
impermeable layer reaches the maximum width, and the
width gradually decreases upward, and the central part of the
soil is in a state of near saturation but is not saturated. The

saturated area is gradually connected upwards and down-
wards within 8 to 12 hours, but the width of the saturated
area in the middle is very small, which fully indicates that the
surface water infiltration is irrigation type, and the lateral
infiltration coefficient is much smaller than the longitudinal
infiltration coefficient. The infiltrated water mainly accu-
mulates at the bottom, which causes the formation of a very
wide saturated area in the upper part of the impermeable
layer.

Figure 8 shows the seepage field at the beginning of
infiltration after 6, 9, and 12 hours of working Case 5. It can
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FIGURE 8: Seepage field after 6, 9, and 12 hours of infiltration in Case 5. (a) Seepage field after 6 hours. (b) Seepage field after 9 hours.

(c) Seepage field after 12 hours.

be seen from the figure that seepage fields of working
condition 5 and working condition 4 are similar; both of
them have a high saturation area of 40% water content after
the wetting front touches the impermeable layer for 1 hour.
Then the infiltrated water mainly accumulates at the lowest
end of the joints and on the impermeable layer, and a
relatively large saturation area will be formed on the im-
permeable layer. Unlike working condition 4, in working
condition 5, the infiltrating water flows below the imper-
meable layer under the action of gravity, and it moves from

the arch shoulder and arch side to the foot of the arch,
forming a saturated area with a small top and a large bottom.

2.3. Numerical Simulation Analysis considering Liner
Drainage System. Road tunnel is equipped with drainage
system which contains circular, longitudinal, as well as
horizontal drainage pipes behind the lining. The drainage
effect of the tunnel lining should be taken into account when
performing seepage simulations related to perimeter rock
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FIGURE 9: Seepage field after 8, 10, and 12 hours of infiltration in Case 1, lining without drainage system. (a) Seepage field after 8 hours.

(b) Seepage field after 10 hours. (c) Seepage field after 12 hours.

seepage. To simplify the calculation process and by reviewing
the relevant literature, the tunnel lining is simplified to a
permeable surface in the simulations in this chapter to
simulate the perimeter rock seepage under effective working
conditions of the lining drainage system.

Figures 9 and 10 show the seepage flow field of Case 1
for the liner without and with drainage system, respec-
tively. It can be seen that the surrounding rock at the edge
of the tunnel lining is saturated at the 8th hour, regardless
of whether the tunnel lining has drainage or not. However,
with the increase of seepage time, the seepage fields of the
two different working conditions appear to be

significantly different. When the tunnel lining does not
have drainage capacity, the saturated area at the top of the
tunnel will expand rapidly, creating a large saturated area
at the top of the tunnel in just 2 hours. When the tunnel
lining had drainage capacity, the saturated zone of the
surrounding rock at the top of the tunnel showed no
significant growth in width or height after the 8th hour
formation. It can be seen that the most important role of
the existence of the lining drainage system is to effectively
prevent the problem of water accumulation in the sur-
rounding rock of the tunnel. When the liner drainage
system is present, a near-rectangular seepage field
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FIGURE 10: Seepage field after 8, 10, and 12 hours of infiltration in Case 1, lining with drainage system. (a) Seepage field after 8 hours.

(b) Seepage field after 10 hours. (c) Seepage field after 12 hours.

centered at the joint position is formed in the surrounding
rock.

3. Influence of Joint Seepage on the Mechanical
Behavior of Existing Tunnels

3.1. Analytical Model and Calculation Parameters.
According to the viewpoint of elastic mechanics, the model
is simplified to a plane strain problem for study, and a two-
dimensional calculation model is established. The model size
is 50 m x 35 m, the width of the tunnel is 10 m, the height is
7 m, and the model size is set to five times of the tunnel size
to ensure the accuracy of the calculation. Horizontal and

vertical displacement constraints are set at the bottom of the
model, horizontal displacement constraints are set on both
sides of the model, the top is a free surface, and the com-
putational model and mesh are shown in Figure 11.

In this model, the stress field of the loess stratum in its
natural state is calculated according to the material prop-
erties in Table 2, and the ideal elastoplastic principal
structure model with the Mohr-Coulomb strength criterion
is used to calculate the tunnel. The tunnel is excavated by
killing the unit, and the C20 concrete lining with a thickness
of 25 cm and anchor rod support are applied after 30 steps of
calculation to simulate the construction method of applying
the lining immediately after excavation. The concrete lining
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FiGure 11: Numerical calculation model of tunnel.

TABLE 2: Material parameters.

11

Loess Gravity (KN/m®) Cohesive force (kPa) ¢ (¢/°) Elastic modulus (MPa) Poisson’s ratio (i)
Natural water content 15.2 36 26 22.62 0.32
Water immersion 17.7 9 18 2.26 0.32
TaBLE 3: Material parameters.
Material category Gravity (KN/m®) Elastic modulus (GPa) Poisson’s ratio (u) K (GPa) G (GPa)
Lining 25 25.3 0.2 17.5 13.1
TABLE 4: Material parameters.
Material category Gravity (kN/m?) Yield strength (MPa) E (GPa) Diameter (mm) Poisson’s ratio (u) Length (m)
Bolts 78.5 500 200 42 0.2 2.5
is simulated using the shell unit (the concrete lining is TaBLE 5: Working condition setting.
simulated by shell unit (shell), and the anchor rod is sim- -
ulated by anchor cable unit (cable)). Material properties of Case Infiltration depth (m) Joint distribution Inﬁltratlon
. .. . width (m)
the surrounding rock are based on existing literature
[24, 25]. The properties of each material are shown in Ta- ! 2 u N
2 2 Arch vault 3
bles 3 and 4.
. . . . - . 3 2 Arch vault 5
Different joints locations and permeability coefficients 4 2 Spandrel 3
will produce saturated areas with different locations and 5 2 Arch foot 3

widths. Five working conditions are set up as shown in
Table 5 and Figure 12 according to the different joints lo-
cations and permeability strengths.

3.2. Surface Settlement Analysis. The surface settlement
curves of the five working conditions after the rainfall-in-
duced waterlogging of the surrounding rock are shown in
Figure 13. It can be seen that the settlement curve after the
immersion of the surrounding rock has a quadratic parabolic
distribution, and there is a strong correlation between the
surface settlement and the location of the surrounding rock
immersion. In Case 1, there is only uniform infiltration, the
settlement trough width is about 25 m, the settlement curve
is symmetrical along the central axis of the tunnel, and the

maximum settlement occurs directly above the tunnel vault
with a settlement value of 7.49 mm. The settlement troughs
of the other four conditions with nodal infiltration are all
enlarged, with the settlement trough of Case 2 exceeding
45m.

The settlement curves of Case 2 and Case 3, which are
symmetrical in the infiltration and wetting zone of the joint,
are symmetrical along the central axis of the tunnel as in
Case 1, and the maximum settlement also occurs directly
above the vault, with settlement values of 14mm and
21.8 mm. We introduce the concept of a settlement trough to
illustrate the effect of the presence of the tunnel on the
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FIGure 12: Working condition setting. (a) Case 1.

settlement of the surrounding rock. We approximated the
settlement trough curve as a quadratic parabola, taking the
2 m uniformly infiltrated loess settlement plane as the x-axis,
and the range of the settlement trough is determined
according to the two intersection points of the parabola and
the x-axis. Among the five working conditions, the surface
settlement value of working condition 3 is the largest, and
the settlement trough of Case 3 is significantly larger than
those of Case 1 and Case 2, reaching about 50 meters. This
indicates that the increase of the submerged water range
significantly affects the surface settlement range and depth.

(e)

(b) Case 2. (c¢) Case 3. (d) Case 4. (e) Case 5.

The width of the immersed area is the same for Case 4,
Case 5, and Case 2, but the maximum settlement has in-
creased, and the settlement trough is wider. It can be seen
that the settlement value of Case 5 is further expanded, the
settlement trough is significantly wider and deeper, and the
settlement above the vault is larger, indicating that the in-
fluence of the arch foot dip on the surface settlement is more
significant.

3.3. Surrounding Rock Displacement Analysis. The moni-
toring points of rock displacement data are shown in
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FIGURE 13: Surface settlement in each working condition.

FIGURE 14: Surrounding rock displacement monitoring point.

Figure 14, and a total of 13 monitoring points including arch
top, arch shoulder, arch foot, and arch waist are set.

Figure 15 shows the vertical displacements of each
characteristic point after the waterlogging of the sur-
rounding rock for the five working conditions.

It can be seen that a certain amount of settlement occurs at
each characteristic point in Case 1, among which the settlement
value of the vault is the largest, and the settlement of each part
of the lining is symmetrically distributed with the central axis as
the center. This symmetry also appears in Case 2 and Case 3.

In Case 2 and Case 3, where the arch is submerged in
water, there is a significant increase in arch settlement, and
the settlement curve has a secondary parabolic distribution
with the central axis of the arch as the symmetry axis, and the
tunnel shows a flattening trend.

The maximum settlement value of Case 2 is increased by
about 83% compared with Case 1. With the increase of the
dip range of the arch, the self-weight of the surrounding rock
increases and the bearing capacity of the surrounding rock
decreases. The vertical displacement of each characteristic
point in Case 3 has increased, among which the settlement
value of the arch top has increased the most, an increase that
is 119% higher than that of Case 1.
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FIGURE 15: Settlement folding diagram of surrounding rock for
each working condition.

The submerged areas of both Case 4 and Case 5 are located
on the left side of the tunnel, with Case 4 being located above the
vault and Case 5 on the left side and left foot of the tunnel. It can
be seen that the overall settlement of Case 4 is similar to that of
Case 2, except that the settlement curve of Case 4 is asym-
metrically distributed, and the maximum settlement occurs at
the left arch shoulder and at the top of the arch. Figure 16 shows
the vertical rock displacement cloud of Case 5. It can be seen
that the surrounding rock on the submerged side of the tunnel
in Case 5 showed significant settlement.

Figures 17 and 18 show the horizontal displacement
clouds of the surrounding rock for Case 4 and Case 5. It can
be seen that water immersion on the left side of the tunnel
causes the overall displacement of the tunnel to the right. In
Case 4, the tunnel as a whole is compressed and flattened.
The left side of the surrounding rock displaced to the left
and the right side displaced to the right, with the right side
having a greater displacement value. In working condition
5, due to the waterlogging of the arch foot, the soil arch
effect of the tunnel surrounding rock is destroyed, and the
bearing capacity is greatly reduced, and there is a tendency
for the tunnel to be displaced to the right as a whole. In
particular, the displacement of the right is significantly
increased.

4. Impact of Joint Seepage on
Tunnel Construction

4.1. Numerical Simulation Program. This section describes
how the shallow buried loess tunnel is simulated for working
Case 2, working Case 3, working Case 4, and working Case 5
using two construction methods: the three-step method and
the Cross middle door method, that is, CRD.

The model and grouping of the three-step construction
method are shown in Figure 19. The simulation procedure is
as follows: first, the model is established, values are assigned
to the surrounding rock, boundary conditions are applied,
and the simulation of the wet zone is carried out after the
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FiGure 17: Case 4 horizontal displacement cloud of surrounding rock.

initial equilibrium. After calculating the stress in the wet  concrete lining and anchor support are applied. The upper
zone, the displacement and velocity are zeroed to start the  right B step is excavated, and the concrete lining and anchor
excavation, and the concrete lining and anchor support are ~ support are applied. The lower left C step is excavated, and
applied according to the excavation of step A. The excavation  the concrete lining and anchor support are applied. Finally,
of step B, the concrete lining, and anchor support are ap-  the lower right D step is excavated, and the concrete lining
plied. Finally, the excavation of step C, the concrete lining,  and anchor support are applied.

and anchor support are applied.

The model and grouping for the construction of the CRD

method are shown in Figure 20. The simulation procedure is  4.2. Surface Settlement Analysis. The tunnels have different
as follows. Firstly, the model is built, values are assigned to ~ flooding conditions, and the surface settlement is gen-
the surrounding rock, boundary conditions are imposed,  erated after the excavation was completed using different

and the wet zone after the initial equilibrium is simulated. ~ excavation methods. The surface settlement curves after
After calculating the stress in the wet zone, the displacement ~ the completion of the excavation by the three-step
and velocity are zeroed, and the excavation is started. =~ method and the CRD method are shown in Figures 21 and

According to the excavation of the upper left A step, the  22.
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FIGURE 19: Numerical calculation model of three-step method
construction.

FiGure 20: Numerical calculation model of CRD method
construction.

It can be seen from Figure 19 that the surface soil showed
a certain settlement trend after the completion of the
construction of the three-stage method under each soaking

Settlement (cm)
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FIGURE 21: Surface displacement after the completion of the three-
step method construction.

condition, and, with the increase of the vault soaking area,
the vault settlement in Case 3 increased slightly compared
with that in Case 2, but the increase was small. Figure 23
shows the vertical ground stress cloud of Case 2, which
shows that the vertical stress in the middle of the submerged
area is increased, the soil arch effect is produced on both
sides, and the soil in the middle is extruded and raised.
The width of the submerged area in Case 4 and Case 5 is
the same as that in Case 2, but the surface settlement is much
larger than that in Case 1, with the maximum settlement
value in Case 4 increasing by 60% compared with that in
Case 2 and the maximum settlement value in Case 5 in-
creasing by 185% compared with that in Case 2. It can be
seen that the surface settlement caused by the arch shoulder
and the arch foot dip condition is much larger than that of
the arch top dip condition. Figure 24 shows the vertical
ground stress cloud diagram of Case 5. It can be seen from
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FiGure 22: Surface displacement after the completion of the CRD method construction.
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FIGURE 23: The vertical ground stress

cloud of Case 2.

FLAC3D 6.00
©2019 Itasca Consulting Group, inc.

Zone ZZ Stress
Calculated by: Inv. Distance Weighting
Influence radius ratio : 0.75
Power parameter : 3
-1.8075E+04
-5.0000E+04
-1.0000E+05
-1.5000E+05
-2.0000E+05
-2.5000E+05
-3.0000E+05
-3.5000E+05
-4.0000E+05
-4.5000E+05
-5.0000E+05
-5.5000E+05
-6.0000E+05
-6.1645E+05

FIGURE 24: The vertical ground stress cloud of Case 5.



Advances in Civil Engineering 17

settlement (cm)

T T T
8 9 10 11 12 13 1 2 3 4 5 6 7
Feature Points

—&— casel —¥— case4
—e— case2 —&— case5
—4&— case3

FiGure 25: Vertical displacement of the surrounding rock after the completion of the three-step method.
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FIGURE 26: Vertical displacement of the surrounding rock after the completion of the CRD method.

TaBLE 6: Vertical displacement of each working condition after excavation completion (cm).

Case 1 Case 2 Case 3 Case 4 Case 5

Feature points

Three-step CRD Three-step CRD Three-step CRD Three-step CRD Three-step CRD
1 -7.7 -5.5 -8.8 -8.5 -10.8 -10.5 -10.4 -7.5 -15.2 -12.5
2 -7.4 -5.3 -8.5 -5.5 -99 -8 -9.5 -7 -13.5 -11.2
3 -7 -4.7 -7.8 -5 -9 -5.2 -8.8 -6.1 -12 -9.5
4 —-6.5 —-4.2 -7 —-4.5 -8.1 -4.8 -8 -5.5 -10.4 -8.2
5 -3.2 -39 -3.3 —4 -3.5 —-4.5 -3.8 -5 -5.5 -7.8
6 -0.3 0.5 -0.8 0.7 -0.9 0.7 -0.5 -0.4 -1.5 -0.7
7 2.7 29 3.2 2.9 3.2 3.2 3.1 2.6 2.5 2.5
8 2.7 3 3.2 2.8 3.1 3.1 34 3.1 11 10
9 -0.3 0.5 -0.8 0.3 -0.9 0.9 -0.5 0.7 24 7.8
10 -3.2 —4 -3.3 —4.4 -3.5 -5.5 -2.9 -6.2 -8 -14.1
11 -6.5 -4.5 -7 -5 -8.1 -6 -9.5 -6.7 -19 -14.2
12 -7 -49 -7.8 -6 -9 -6.9 -10.2 -7.4 -18 -14

13 7.4 =53 -8.5 -7 -9.9 -8.2 -10.7 -7.8 -17 -14
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FiGURE 27: Surface displacement after the completion of the A-C-B-D sequence construction.
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FIGURE 28: Case 4 vertical displacement cloud of surrounding rock. (a) A-B-C-D sequence. (b) A-C-B-D sequence.
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FIGURE 29: Vertical displacement of the surrounding rock after the completion of the A-C-B-D sequence construction.

TaBLE 7: Vertical displacement of each working condition after excavation completion (cm).

Case 1 Case 2

Feature points

A-B-C-D A-C-B-D A-B-C-D A-C-B-D A-B-C-D A-C-B-D A-B-C-D A-C-B-D A-B-C-D A-C-B-D

1 =55 -3.8 -8.5 -5
2 -5.3 -3.6 =5.5 -4
3 -4.7 -2.9 -5 -3.2
4 —4.2 -2.3 —4.5 -2.6
5 -39 -1.8 -4 -2
6 0.5 0.92 0.7 0.78
7 2.9 213 2.9 2.1
8 3 2.2 2.8 2.3
9 0.5 0.85 0.3 0.73
10 -4 -2.32 -44 -2.6
11 -4.5 =2.52 -5 -3
12 -4.9 -3.05 -6 =37
13 =53 —-3.58 -7 —4.4

Case 3 Case 4 Case 5
-10.5 -6.1 -7.5 -7.4 -12.5 -7.5
-8 -5 -7 -6.8 -11.2 -6.3
-5.2 -3.5 -6.1 -6 -9.5 -4.9
-4.8 -2.5 -5.5 -5.3 -8.2 -3.8
—4.5 -2.2 -5 -4.9 -7.8 -3.1
0.7 0.7 -0.4 0.4 -0.7 0.1
3.2 2.1 2.6 2.8 2.5 1.4
31 2.2 3.1 3.1 10 8
0.9 0.6 0.7 0.7 7.8 7.2
-5.5 -3 -6.2 -5.8 -14.1 -8.65
-6 -3.4 -6.7 -6.3 -14.2 —-8.58
-6.9 -4.2 -7.4 -6.9 -14 -8.6
-8.2 -5.2 -7.8 -7.4 -14 -8.4

Figure 24 that the vertical ground stress of the left side
surrounding rock is greatly reduced due to the water im-
mersion of the left arch foot, and the soil arch effect of the left
arch foot is obviously weakened, which greatly weakens the
bearing capacity of the surrounding rock.

Comparing the surface settlement after the completion of
the three-stage method, it can be found that the surface
settlement value decreases significantly after the construction
of the cross-centralized next-door method, and the maximum
value of surface settlement in each working condition is
reduced by about 20%. From Figure 19, it can be observed that
the settlement curves of Case 2 and Case 3 show two min-
imum points because the second relatively large settlement of
the water-soaked surrounding rock at the top of the arch
occurs after excavation of the B-stage. In both Case 4 and Case
5, the maximum settlement value point is located on the left
side of the tunnel under the influence of water infiltration in
the left side of the surrounding rock.

4.3. Surrounding Rock Displacement Analysis. The vertical
displacement of the tunnel excavated by the three-step

method after completion of excavation is shown in Fig-
ure 25. It can be seen that the maximum vertical dis-
placement of working condition 1, working condition 2, and
working condition 3 always appears at the top of the arch,
the vertical displacement of arch shoulder and arch waist
decreases in order, the vertical displacement of arch foot
appears to be upward, and the displacement of arch bottom
is between 2 and 3 cm, which is not much different. The arch
top dip width has a certain influence on the arch top set-
tlement, and the arch top settlements for the arch top dip
condition in Case 2 and Case 3 are increased by 1.1 cm and
3.1 cm compared with Case 1, which have increase of 15%
and 40%.

The maximum settlement of the surrounding rock in
Case 4 appears in measurement point 13 between the left
arch shoulder and the top of the arch, and the maximum
value is 21.5% higher than that in Case 2. It can be seen that,
for the same conditions of dip width, the influence of arch
shoulder dip on the settlement of the surrounding rock is
greater than that of arch top dip. The maximum settlement
value of the surrounding rock in Case 5 is greatly increased
compared with other cases. The maximum settlement value
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is located in the left arch waist and above the lining, and the
settlement value reaches 19 cm. It can be seen that the arch
footing water immersion is the most unfavorable for tunnel
construction settlement control. The existence of the wet
zone of the tunnel arch shoulder and arch foot makes the
tunnel be in a state of partial pressure, resulting in asym-
metric vertical displacement. At the same time, due to the
decrease in the bearing capacity of the surrounding rock in
the wet zone, the self-supporting capacity of the rock above
the tunnel decreases, and the tunnel lining is subjected to
more external loads, so there will be a phenomenon of the
vertical displacement being greater than other working
conditions.

Figure 26 shows the vertical displacement of the tunnel
excavated by the CRD method, and Table 6 shows the
settlement values of the surrounding rock after excavation
by the two excavation methods. It can be seen that, com-
pared with the three-stage excavation method, the settle-
ment of the tunnel using the CRD method is reduced under
all conditions, which indicates that the CRD method is more
advantageous in controlling the settlement of the sur-
rounding rock.

In Case 2 and Case 3, the difference in the settlement of
the arch roof after the completion of construction using two
different construction methods is not large, but the settle-
ment values of the shoulder and waist of the arch on both
sides are significantly reduced. In Case 2, the settlement of
the right lining is reduced by 35%, and the settlement of the
left lining is reduced by 20%. In Case 3, the settlement of the
right lining is reduced by 40%, and the settlement of the left
lining is reduced by 25%.

In Case 4, the maximum settlement value was reduced by
27% by using the CRD method, and the settlement of the left
arch shoulder was well controlled. In Case 5, excavation with
the CRD method can largely avoid the huge settlement of
20 cm or more on the left arch waist and arch foot, and the
maximum settlement is 26% lower than that of the three-
step method. At the same time, the use of CRD method can
make the overall settlement of the tunnel more uniform, and
there will be no local huge settlement.

4.4. Comparative Analysis of Different Excavation Sequences
of the Cross-Central Tunnel Method. This section describes
the effect of using different excavation sequences on the
forces and displacements in shallow buried loess tunnels
during the construction of the cross-central tunnel method.

In the second paragraph of Section 4.1, the excavation
sequence in the numerical simulation of the CRD method is
A-B-C-D. In this section, the tunnel excavated using the A-C-
B-D sequence is compared with the tunnel in Section 4.1.

The surface settlement using A-C-B-D sequence exca-
vation is shown in Figure 27, and it can be seen that the
surface settlement of each working condition is significantly
reduced after using A-C-B-D sequence excavation. The
maximum settlement values decreased by 35% for Case 1,
43% for Cases 2 and 3, and 42% for Cases 4 and 5.

Figure 28 shows the displacement of the surrounding
rock after excavation using two different excavation
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sequences. It can be seen that the depth and width of surface
settlement are significantly reduced in the case of excavation
in the A-C-B-D sequence of excavating the surrounding
rock on the submerged side first in Case 4. For tunnels
excavated in the A-C-B-D sequence, the width of the surface
2 cm settlement trough is less than double the tunnel width,
and the width of the 1 cm settlement trough is about 1.5
times the tunnel width, both of which are less than the
settlement of tunnels excavated in the A-C-B-D sequence.
This shows that excavating the surrounding rock on one side
first and applying support structure can effectively control
the surface settlement.

Figure 29 and Table 7 show the settlement values of the
surrounding rock after excavation for both excavation se-
quences. It can be seen that the settlement of the tunnel
surrounding rock in the A-C-B-D sequence is better con-
trolled. In Case 1, the maximum settlement value of the
surrounding rock decreased by more than 40%, reaching
2.3 cm. The maximum settlement values also decreased by
3.5cm and 4.4cm in Case 2 and Case 3, respectively. The
overall displacement drop of the surrounding rock in Case 4
is not particularly significant, but the displacement at the left
arch shoulder is still controlled to a certain extent. Case 5 is
the most unfavorable condition of arch foot dip; after using
A-C-B-D sequence excavation, the maximum settlement of
tunnel surrounding rock is well controlled, and the overall
settlement is reduced by more than 40%.

5. Conclusion

In this paper, numerical simulations of surface water in-
filtration in shallow buried loess tunnels containing joints in
the surrounding rock were carried out to study the me-
chanical effects of loess tunnels under the influence of joint
infiltration, and tunnel excavation simulations under joint
infiltration conditions were performed. The following
conclusions were drawn:

(1) Large open joints will form a seepage dominant
channel when surface water infiltrates, and when the
openness gradually increases, surface water will form
an instilling effect and quickly form a saturated area
in the bottom liner, and the seepage field will change
from conical to rectangular. The increase of the
number of joints can accelerate the infiltration rate of
surface water and form a wider and deeper saturation
area.

(2) Under the conditions of uniform surface infiltration
and arch top water immersion, which are symmet-
rically distributed in the infiltration area, the hori-
zontal displacement of the ground and tunnel
surrounding rock and lining is not large, and the
tunnel is not affected by the bias effect; the surface
settlement, settlement trough width, and sur-
rounding rock settlement of arch top water im-
mersion are determined by the width of the water
immersion area. Under the condition of arch
shoulder submergence, the settlement of arch
shoulder on the submerged side increases
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significantly, the horizontal displacement of arch
waist increases and the horizontal displacement of
arch shoulder and arch waist on both sides is
asymmetric, and the tunnel is characterized by
significant bias force. The most significant effect of
wetting on the surface and surrounding rock set-
tlement is on the foot of the tunnel arch, and the
surrounding rock and lining of the foot, arch waist,
and arch shoulder on the immersed side will produce
a large settlement.

(3) CRD method has the advantages of optimizing the
lining force and effectively controlling the lining
displacement and surrounding rock settlement
under various working conditions. The CRD
method has no obvious advantage over the three-
step method in controlling the vault displacement
under the vault flooding condition, but it has good
effect in controlling the overall lining displace-
ment. The CRD method can effectively control the
settlement of the surrounding rock and reduce the
lining under the conditions of waterlogged vault
and vault foot, and the settlement of vault and
vault shoulder is reduced by 20-30% compared
with the three-step method. When using the CRD
method of construction, changing the construc-
tion sequence can significantly affect the dis-
placement and forces in the surrounding rock [21].
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