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Abstract: In the construction process of tunnel inlet sections, the rock mass can sustain unsymmetrical
pressure due to asymmetrical terrain on the two sides of the tunnel. The fact that the inlet sections
are usually under shallow buried conditions with strongly weathered rock mass exacerbates the
issue. This paper discusses optimization strategies of the initial support of a shallow buried tunnel
based on the analytical results of asymmetrical loading characteristics. Numerical simulation is
performed with particle flow code (PFC) using the Jianshanji tunnel project as an example. The
simulation results show that the bench excavation has slightly less total deformation than the full-
section excavation but the deformation range is wider, especially in the tunnel arch. Both lining
support and slope reduction treatments can effectively improve rock deformation, with lining support
demonstrating better performance in controlling deformation and adjusting stress distribution. Based
on the simulation results, the bench excavation and lining support are used in the actual project,
and the corresponding optimization control measures were adopted to address deformation issues,
including crushed-stone backfilling for compression resistance, advanced grouting reinforcement,
and grouting. The field data show that the tunnel stability is effectively improved by adopting
the optimization schemes, which further validates the effectiveness of the proposed unsymmetrical
control method.

Keywords: shallow buried tunnel; initial support; unsymmetrical pressure; discrete-element PFC;

construction optimization

1. Introduction

In transportation constructions, tunnels are in many cases the optimal choice for
traversing mountainous terrain due to their capacity to reduce travel time and mitigate
environmental damage. Constrained by the terrain, tunnel entrance sections are often
subjected to unfavorable geological conditions. One such condition widely observed is an
unsymmetrical pressure, which is attributed to the uneven distribution of the thickness
of the tunnel’s overlying layer [1,2]. Coupled with the shallow overlying layer, tunnel
construction disturbances, and heavy rainfall, uneven pressure on the two sides of the
tunnel increases the likelihood of face sliding, collapse, as well as cracking of initial support
structures [3-6].

As a result of the combined effects of shallow burial and unsymmetrical terrain [7-11],
the initial stress field of the surrounding rock significantly differs from conventional tun-
nels [12-16]. Many scholars have analyzed the characteristics of tunnel portals. For
example, Daraei [17] made changes to the Heybat Sultan twin-tunnel project according to
V.E. principles prior to the commencement of the excavations, selected the optimal water
outlet scheme, and evaluated the stability of the slope by numerical analysis. Asli [18] used
the finite-element method to numerically analyze the tunnel portal section. Considering
the results of the 3D numerical analysis, the existing portal was enlarged and excavation
of the third tube was started, and the results showed that the improvement effect was
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good. Daraei [19] uses a practical multi-graph to determine the sequential excavation
method of the tunnels, which can provide an effective tool for selecting the sequential
excavation method (SEM) and predicting the ground behavior in the primary phase of
designing tunnels and also during excavation. Meanwhile, during the construction process,
continuous excavation and support operations lead to constantly changing the boundary
conditions of the rock mass, which results in highly complex mechanical responses of the
surrounding rock [20-26]. Such features have drawn many scholars’ close attention. Xiao
et al. [27] conducted laboratory experiments and integrated on site monitoring data to
comprehensively investigate the mechanical deformation mechanisms of tunnels subjected
to unsymmetrical pressure after support. Ma [28] utilized numerical simulation meth-
ods to analyze the effects of the construction of highway tunnels under unsymmetrical
pressure with small clearances on both the tunnel itself and the surrounding rock. Mao
et al. [29] took into account the synergistic effects between the tunnel and the slope and
established an evaluation model system for shallowly buried and terrain-biased tunnels.
Miao et al. [30] studied the mechanism of significant deformation in shallowly buried
and terrain-biased tunnels after initial support using a combination of on site monitoring,
laboratory rock expansion tests, and three-dimensional numerical simulation. Due to
the limitations of on site monitoring and experimental methods, an in-depth understand-
ing of the characteristics and deformation patterns of the tunnel under unsymmetrical
pressure often relies on numerical simulation techniques [31-38]. Many scholars have
carried out relevant research through numerical simulation. Gao et al. [39] utilized the
FEM to establish a numerical model for the entrance section of shallowly buried and
terrain-biased tunnels and investigated the distribution patterns of stress during tunnel
excavation. Mehrabi et al. [40] established a numerical model using DEM and studied
the deformation curve of the soil mass on the tunnel surface. Kielbassa and Duddeck [41]
established three-dimensional finite-element models for the sectional excavation steps of
circular and non-circular tunnels for analysis and derived an equivalent two-dimensional
simulation method based on the results of the analysis. Sterpi D et al. [42] studied the
progressive instability of shallow buried tunnels using numerical analysis methods of for-
mation structure softening and material softening of surrounding rock. Chu et al. [43] sim-
ulated the influence of different formation parameters on the mechanical behavior of small
clear-distance tunnels.

According to the literature survey, a comprehensive investigation into the deforma-
tion characteristics and control of the entrance section of shallowly buried tunnels under
unsymmetrical pressure combining DEM and engineering practices has not been thor-
oughly conducted. Using the JianShan]i tunnel engineering project as an example, this
paper analyzes the main influencing factors of terrain-biased deformation in the entrance
section of shallowly buried tunnels after excavation and proposes effective measures for
deformation control. Based on the on site geological information, a numerical model is
established using PFC. The failure characteristics of the tunnel after initial support under
four construction conditions are analyzed—full-face tunneling method, bench excavation
method, lining support treatment, and slope cutting. The numerical results are com-
pared with the measured data on site after initial support. Based on the numerical results,
optimal construction methods and support schemes for the tunnel are proposed. The
research results have important reference value for the construction and research of similar
engineering projects.

2. Overview of the Tunnel’s Entrance Section
2.1. Geological and Geotechnical Conditions

The Jianshanji tunnel project is located in the mountainous area of central Guangdong,
China. The entrance section of the tunnel is located at the foot of a mountain slope, and
the dip direction of the tunnel is 135°. The surface is silty clay, and the thickness is 5~20 m.
The tunnel passes through a bedrock of dacite porphyry, with a partial intrusion of granite.
The granite is completely weathered, gray and white, most of the minerals have weathered
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into sandy soil, and the original rock can be identified with a thickness of 10~30 m. The
joint fissure is very developed, the fracture surface is partially stained with iron, and the
layer thickness is 5~15 m. Groundwater is locally developed. The maximum buried depth
of the tunnel inlet section is 25~40 m, most of the cave body is located in the granite
all-strong weathering layer, the roof of the tunnel is easy to collapse, and the support
should be strengthened in the design. The poor integrity of the surrounding rock makes
the occurrence of sudden disasters such as water inrush and collapses highly possible.
Geotechnical properties are shown in Table 1.

Table 1. Geotechnical properties.

Geotechnical Comprehensive  Compression Saturated Basic Bearing Grade of
Epoch Cause Desienation  ® ©) c (kPa) Coefficient of Modulus Es Compressive Capacity oy Geotechnical
& Internal Friction (MPa) Strength (Mpa) (kPa) Engineering
Q4ml Hand fill I
Q4al + pl Silty clay 35 0.3 0.3 12 180 1II
12 + 3gid Dacite 35 45 0.3 15 250 I
porphyry
. Dacite
J2 +3gjd porphyry 45 0.5 500 v
. Dacite
J2 + 3gjd porphyry 55 0.6 800 v
vy3 Granite 35 45 0.3 15 250 11
vYy3 Granite 45 0.5 500 v
Yy3 Granite 55 0.6 30.7 800 \%
2.2. Tunnel Entrance Conditions
The settlement deformation occurred at the entrance of tunnel DK193 + 380, and the
depth of the covering layer in the settlement area was 12.48 m. The geological survey
was carried out by China Railway Fourth Survey and Design Institute Group Co., Ltd.,
located in Wuhan, Hubei Province, China, using XY-100 vertical shaft hydraulic geological
exploration rig. The longitudinal geological profile and tunnel cross-section are shown in
Figures 1 and 2.
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Figure 1. Longitudinal geological profile.

tion, including the initial support of the upper bench. It is evident that varying degrees of

Figure 3 illustrates the cross-section of the tunnel at the entrance section after excava-

initial support deformation has occurred on the left side of the tunnel, and the arch foot

of the upper step is obviously squeezed to the right. The monitoring data indicate severe

deformation in the entrance section of the tunnel: the maximum cumulative settlement
deformation of the tunnel centerline section is 53.2 cm, and the maximum cumulative

settlement of the left arch foot of the upper step is 112.1 cm.
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Figure 2. Tunnel cross-section.

Figure 3. Tunnel surrounding rock deformation diagram.

The deformation of the temporary inverted arch before the excavation of the lower bench
of the tunnel can also be observed (Figure 4a). The inward deformation of the surrounding
rock in the horizontal direction makes the temporary inverted arch bulge in batches with an
arch height of about 3040 cm. Additionally, on site monitoring results show that both left
and right arch feet of the upper bench are in a suspended state. It is also observed that the
sidewalls of the secondary lining have experienced a certain degree of cracking. Specifically,
two diagonal cracks, each measuring 2.0-2.5 m in length, were observed on the left sidewall,
while three similar cracks were observed on the right sidewall, as shown in Figure 4b.

Figure 4. The deformation of the tunnel section: (a) deformation for temporary inverted arch before
the excavation of the lower bench; (b) the crack of secondary lining.
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Together with the excavation-induced deformation, the surface of the slope also
experiences varying degrees of settlement deformation. As depicted in Figure 5, surface
deformations induced cracks and voids on the left slope of the tunnel; moreover, water
seepage has been observed in the rock outside the trench ditch of the tunnel, forming
hanging water cavities due to long-term water infiltration, resulting in voids in the slope.

Figure 5. The ground surface deformation: (a) surface crack; (b) holes.

3. Numerical Simulation
3.1. Establishment of the Numerical Model

The numerical model of the entrance of the Jianfengshan tunnel is established using
particle flow code (PFC). A two-dimensional plane strain model with the dimensions
100 m x 60 m is constructed and gravity is applied to the particles as the force on the
tunnel. The boundary position is greater than three times the diameter of the tunnel.
The tunnel excavation width is 12.69 m, and the excavation height is 12.48 m. To obtain
more precise results, the particle radius in the “core zone 2” of 30 m x 28 m around the
tunnel is reduced to 0.5 times the radius of the outer particles, and in the “core zone 1”7
of 20 m x 15 m, the particle radius is further reduced to 0.2 times the radius of the outer
particles, as shown in Figure 6a. The slope surface of the numerical model is defined based
on the actual ground line data of pile No. DK193 + 380. This is realized by removing
particles above the ground line, followed by elastic solution iterations until the entire
system reaches a state of force equilibrium. A close resemblance between the simulated
results and the actual geometry of the slope is ensured, as shown in Figure 6b.

Actual Conditions from DK193+380

Figure 6. Numerical model: (a) rock body region division; (b) comparison between simulated results
and actual engineering conditions on the ground surface.

The micro-contact between particles follows the PBM contact model. The calculation
parameters are selected with reference to the calibration results of similar cases [44], and the
specific parameters are obtained by engineering analogy, as shown in Table 2. While Ry;ax
denotes the maximum particle radius of the peripheral rock; R;,;;, denotes the maximum
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particle radius of the peripheral rock; p signifies the model density; Ec stands for the elastic
modulus of the linear part in the PBM (Particle Bond Model); k,, / ks signifies the stiffness
ratio of the linear part in the PBM; E. indicates the elastic modulus of the bonding part in
the PBM; k,, / ks represents the stiffness ratio of the bonding part in the PBM; ¢ represents
the friction angle in the PBM; 7, signifies the tensile strength in the PBM, and T¢ denotes
the shear strength in the PBM.

Table 2. Microscopic parameters of rock PBM.

Rinax Ripin Y Ec knlks E. En/ ES $ o Tc
mm mm kg/m?3 GPa — GPa — ° MPa MPa
0.45 0.3 2700 2.1 1.5 2.1 1.5 45 1.2 32

3.2. Modelling Schemes

To compare the effects of the different excavation methods, two approaches are mod-
eled: a one-time removal of all particles inside the excavation region of the model (Figure 7a),
and a stepwise removal of the particles inside the excavation region (Figure 7b,c). These
two approaches correspond to the full-section excavation method and bench excavation
method, respectively.

Figure 7. Different excavation methods: (a) full-section excavation; (b) bench excavation—upward;
(c) bench excavation—downward.

To investigate the applicability of reinforcement measures in relieving the unsymmet-
rical pressure, numerical simulations are also conducted with lining support (Figure 8a)
and slope reduction (Figure 8b), respectively. The lining support model aims to enhance
the load bearing capacity of the tunnel structure. For the lining support in this model, the
elastic modulus and bond modulus of the linear part of the PBM are 30 times those of the
rock mass, and the tensile and shear strength of the PBM are 10 times those of the rock
mass. In addition, the thickness of the lining structure is the drawing provided by the
design unit. On the other hand, the slope reduction model mitigates the effect of uneven
stresses by decreasing the slope of overlying strata. During the excavation process in the
above numerical models, measurements are made at eight locations at the periphery of
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Lining support G

Rock mass

the tunnel’s cross-section using the Fish language embedded in PFC to record the stress
changes in the surrounding rock of the tunnel (Figure 9).

Figure 8. Different support treatment methods: (a) lining support treatment; (b) slope reduction
treatment.

Figure 9. Distribution of measurement points in tunnel’s surrounding rock.

3.3. Simulation Results
3.3.1. Deformation Characteristics of the Surrounding Rock

The displacement contours of the surrounding rock after excavation are shown

in Figure 10. The following pattern of the deformation in the surrounding rock can be
summarized:

@

@

®G)

(4)

For both the full-section excavation model and bench excavation model, the deforma-
tion is most prominent at the arch. The maximum deformation values of the tunnel
under full-section excavation and bench excavation are 2.01 mm and 1.99 mm, respec-
tively, occurring at the bottom of the tunnel, while the deformation at side walls is
relatively small. The total deformation around the tunnel caused by bench excavation
is slightly smaller than that caused by full-section excavation;

The surrounding rock deformation caused by bench excavation has a wider range
than that caused by full-section excavation, especially at the arch of the tunnel. This
reflects the influence of frequent disturbance from bench construction on the stability
of surrounding rock, where the range of unloading deformation of the surrounding
rock is exacerbated;

Lining support treatment and slope reduction treatment can significantly reduce the
overall deformation in the surrounding rock. The maximum deformation values of the
tunnel under lining support treatment and slope reduction treatment have reduced
to 1.13 mm and 1.80 mm, respectively. It should be noted that the lining support can
greatly reduce the deformation in the rock mass above the arch;

Due to the influence of unsymmetrical pressure, the deformation of rock mass on the
upper left side of the tunnel is larger than that on the upper right side. Especially after
lining support treatment, the deformation of the rock mass on the left upper side of
the tunnel is well controlled.
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Figure 10. Distribution characteristics of displacement field during tunnel excavation and unloading

of surrounding rock.

The vertical displacement contours of the surrounding rock after excavation are shown

in Figure 11, where the following patterns can be observed:

@

@)

®)

After tunnel excavation, the crown settlement and uplift of the inverted arch occur,
with the absolute value of the maximum uplift displacement greater than that of the
crown settlement. No significant difference can be found in the maximum vertical
displacement between the full-section and bench excavation: the maximum crown
settlement at the crown is 1.35 mm for both methods, while the maximum uplift
displacement at the inverted arch is 2.01 mm and 2.00 mm, respectively;

Lining support treatment and slope reduction treatment significantly reduce the
vertical deformation of the surrounding rock. The maximum settlement at the top
of the crown is 0.00057 mm and 1.10 mm for the lining support treatment and slope
reduction treatment, respectively, and the maximum uplift at the inverted arch is
1.13 mm and 1.80 mm, respectively;

Under lining support treatment and slope reduction treatment, the maximum set-
tlement of the tunnel surrounding rock is 0.4% and 81.5% of that under full-section
excavation, respectively; the maximum uplift of the tunnel surrounding rock is 56.2%
and 89.5% of that under full-section excavation, respectively. Therefore, it can be
observed that lining support treatment has a better effect in suppressing the vertical
deformation of the surrounding rock.
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Figure 11. Distribution characteristics of Y-direction displacement field during tunnel excavation and
unloading of surrounding rock.

The horizontal displacement contours of the surrounding rock after excavation are

depicted in Figure 12, where the following patterns are concluded:

@)

@)

®)

The rock mass converges toward the inside of the tunnel after excavation, where
the maximum displacement is found at the crown shoulder of the tunnel for both
full-section and bench excavation methods. Additionally, the absolute value of dis-
placement at the left shoulder exceeds that at the right shoulder, as a result of the
unsymmetrical pressure. After full-section and bench excavation, the maximum
displacement at the left shoulder is 0.429 mm and 0.434 mm, respectively, and the
maximum displacement at the right shoulder is 0.326 mm and 0.330 mm, respectively.
The difference in maximum horizontal displacement between the two excavation
methods is insignificant;

Lining support treatment and slope reduction treatment can significantly suppress the
deformation in the X-direction of the surrounding rock. After full-section and bench
excavation, the maximum displacement at the left shoulder is 0.150 mm and 0.367 mm,
respectively, and the maximum displacement at the right shoulder is 0.209 mm and
0.350 mm, respectively;

Under lining support treatment and slope reduction treatment, the maximum con-
vergence at the right shoulder of the tunnel surrounding rock is 64.1% and 107.3%
of that under full-section excavation, respectively. The maximum convergence at
the left shoulder of the tunnel surrounding rock is 40.0% and 85.5% of that under
full-section excavation, respectively. It is evident that compared to the slope reduction
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treatment, lining support treatment demonstrates superior capability in suppressing
the deformation of the surrounding rock in the X-direction;

(4) Due to the influence of unsymmetrical pressure, the maximum displacement of rock
mass in the X direction on the left side of the ground after full-section excavation
and bench excavation is larger than that on the right side. Lining support treatment
significantly reduces the difference in the maximum displacement of ground rock
mass, while slope reduction treatment makes the displacement nephogram basically
a symmetrical distribution.

(a) Full-Section Excavation (b) Bench Excavation — Upward
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Figure 12. Distribution characteristics of X-direction displacement field during tunnel excavation
unloading and surrounding rock deformation process.

3.3.2. Stress Characteristics of the Surrounding Rock

As a discrete-element software primarily designed for granular materials, PFC does
not directly support the output of stress contour maps. Therefor in this chapter, real-time
monitoring of stress and data collection are made through the eight monitoring points at
key locations of the tunnel, as shown in Figure 9.

The monitoring data of the vertical stress at various locations before and after tunnel
excavation are presented in Table 3, where the following patterns can be deduced:

(1) The vertical stress levels at the top and bottom of the tunnel are reduced by excavations.
Specifically, the vertical stress at the top decreases by 14.0% and 14.3% for full-section
excavation and bench excavation respectively, and at the bottom, it decreases by 21.8%
for both excavation methods. Correspondingly, the vertical stress levels at the left and
right sidewalls increase to 187.0% and 186.5% of the pre-excavation levels for the left
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sidewall, and 178.7% and 178.1% for the right sidewall. The vertical stress levels at
the crown remain relatively unchanged. This indicates that the redistributed vertical
stress caused by excavation mainly concentrates on the tunnel sidewalls;

The vertical stress at the top of the tunnel increases by 100.7% and 127.6%, respec-
tively, after lining support and slope reduction treatments compared to pre-excavation
levels. Correspondingly, the vertical stress at the bottom decreases by 48.2% and
20.6%, respectively. After slope reduction treatment, the vertical stress on both
left and right sidewalls increases, respectively, to 166.9% and 150.5% of the pre-
excavation levels. However, after lining support treatment, the vertical stress on
both left and right sidewalls decreases to 84.2% and 82.1% of the pre-excavation
levels, respectively;

Both the lining support and slope reduction treatments have effectively caused redis-
tribution of vertical stress around the surrounding rock, resulting in a more uniform
distribution and, thus, enhancing the overall stability of the tunnel. According to the
obtained data, lining support treatment is more effective than slope reduction treatment.

Table 3. Vertical stress values at monitoring points before and after excavation/MPa.

. Full-Section Stepwise Lining Support Slope Reduction
Pre-Excavation . .
Excavation Excavation Treatment Treatment

1 0.293 0.041 0.042 0.295 0.374
2 0.699 0.148 0.148 0.337 0.144
3 0.468 0.875 0.873 0.394 0.781
4 0.521 0.931 0.928 0.428 0.784
5 0.351 0.34 0.34 0.373 0.307
6 0.344 0.383 0.383 0.418 0.31

7 0.585 0.849 0.846 0.737 0.706
8 0.606 0.783 0.781 0.761 0.735

The horizontal stress data obtained at different monitoring points before and after

tunnel excavation and treatment are presented in Table 4. The findings are as follows:

@

@)

®)

A notable increase in horizontal stress levels at the top and bottom of the tunnel has
been recorded after excavation. Compared to pre-excavation levels, the horizontal
stress at the top increases by 14.0% and 14.3%, respectively, for the full-section ex-
cavation and bench excavation, while at the bottom, the increase is 21.8% for both
excavation methods. Correspondingly, there is a significant decrease in horizontal
stress along the left and right sidewalls of the tunnel, with reductions of 53.0% and
52.7% on the left side, and 56.3% and 56.0% on the right side, respectively, for the
full-section excavation and bench excavation. The horizontal stress at the crown
remains relatively unchanged. This indicates that the excavation has caused the con-
centration of horizontal stress in the surrounding rock mass at the top and bottom of
the tunnel;

Following lining support treatment, the horizontal stress decreases to 58.8% at the
top and increases to 108.6% at the bottom of the tunnel, compared to full-section
excavation. After slope reduction treatment, the horizontal stress decreases to 98.8%
at the top, while the horizontal stress at the bottom remains unchanged. Additionally,
there is an increase in horizontal stress along the left and right sidewalls of the tunnel
after lining support treatment, with increases to 258.7% and 239.8%, respectively.
However, after slope reduction treatment, there is a decrease in horizontal stress along
the left and right sidewalls, with reductions to 86.0% and 90.6%, respectively;

Both lining support treatment and slope reduction treatment effectively result in the
favorable redistribution of horizontal stress in the surrounding rock mass, with lining
support treatment exhibiting better results than slope reduction treatment.
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Table 4. Horizontal stress values at monitoring points before and after excavation/MPa.
. Full-Section Stepwise Lining Support Slope Reduction
Pre-Excavation Excavation Excavation Treatment Treatment
1 0.22 0.345 0.346 0.203 0.341
2 0.348 0.326 0.327 0.354 0.326
3 0.283 0.15 0.149 0.388 0.129
4 0.339 0.191 0.19 0.458 0.173
5 0.275 0.255 0.256 0.195 0.278
6 0.251 0.292 0.292 0.186 0.24
7 0.314 0.42 0.421 0.338 0.374
8 0.323 0.327 0.328 0.308 0.336

4. Optimization of the Reinforcement
4.1. Optimization Approaches for Reinforcement

Based on the on site measurements/observations and numerical simulation presented
in the previous sections, the deformation patterns in the entrance section of the tunnel can
be attributed to the combined effects of topographic conditions and construction schemes.
Specifically, due to the significantly inclined slope with loose rock mass above the tunnel
roof, the pressure of the deep buried side of the tunnel is significantly greater than that
of the shallow buried side, which leads to the unsymmetrical pressure on the tunnel.
In addition, stress redistribution induced by tunnel excavation aggravates the uneven
pressure condition by causing excessive stress concentration in certain locations in the
surrounding rock. Therefore, proper support and reinforcement should be applied to share
the excessively concentrated stress so that a more uniform stress distribution can be formed
in the surrounding rock mass. In view of the above-mentioned analysis, the following
measures are implemented to enhance tunnel stability:

(1) Based on the numerical simulation results, the bench excavation approach, rather
than full-section excavation, was chosen for tunnel excavation. Field exploration
revealed a more pronounced fissure development, higher levels of rock fragmentation,
and poorer rock strength than initially anticipated; consequently, the double-bench
excavation method employed in the numerical simulation was further refined into a
three-bench excavation method;

(2) Carrying out the lining support treatment: This involved employing backfilling with
crushed stones to counteract the pressure. During the secondary lining, we monitored
the displacement of the mountain body at the entrance and carried out temporary
internal support; the surface was reinforced by sleeve valve grouting (Figure 13a),
while conduct radial dual-pipe grouting was used inside the tunnel to reinforce the
weak foundations (Figure 13b). In addition, a #89-hole long pipe shed and a $42
advanced small pipe (type II) were used to implement advanced support and replace
arches in intrusion sections.

Figure 13. (a) Portal section of advanced support; (b) grouting schematic diagram.
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Treatment for the uplift of the inverted arch: A static cone penetration test was
performed on the inverted arch at the bottom of the tunnel to determine the bearing
capacity and ensure the stability of the closed-loop initial support system. Temporary
vertical support was set before the excavation of the lower bench, with additional foot
anchors added to each steel frame on the left side. After the backfill on the excavation
face, advanced grouting reinforcement needed to be carried out at the arch foot on the
left and right sides of the upper bench;

Treatment for surface settlement: Mortar injection was carried out to stabilize the
surface from possible voids (Figure 14). Underground grouting technology was
utilized to fill the voids so the compactness of the strata was improved and settlement
was reduced. The slope was reinforced around the tunnel to prevent settlement caused
by geological disasters such as landslides.

Figure 14. Grouting mortar at the top ground of tunnel.

4.2.

Evaluation of the Reinforcement Effects

The optimized reinforcement measures were adopted in the entrance section of the

tunnel. To evaluate the applicability of the optimized reinforcement, measurements of
horizontal convergence, vault convergence, and surface settlement were carried out. In
order to ensure the comprehensiveness and accuracy of monitoring, the surface subsidence
monitoring points were arranged symmetrically along the middle line of the tunnel. Seven
monitoring points were set up with a horizontal spacing of 3 m near the tunnel center
line, then the horizontal spacing between the monitoring points was increased to 5 m, and
another eight monitoring points were set up. Each monitoring section was equipped with
15 measuring points. Based on the DK193+380 monitoring results, the convergence and
convergence rates are plotted against time, as shown in Figures 15 and 16.
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Figure 15. Peripheral convergence time-history curve.
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Figure 16. Peripheral convergence rate—time profile.

From Figure 15, it can be observed that the peripheral convergence has experienced
three stages including a rapid growth stage, a slow growth stage, and a stable stage. The
rapid increase in the convergence on the 20th monitoring day is the result of sudden
continuous rainfall, which led to excessive unsymmetrical pressure and corresponding
unsymmetrical deformation on the left side of the tunnel. After taking measures such as
backfilling with tunnel debris, the convergence was stabilized again. As shown in Figure 16,
there are sudden changes in the peripheral convergence rates of the bench excavation
of the tunnel, and the values decreased in turn, which were 2.84 mm/d, 1.96 mm/d,
and 0.54 mm/d, respectively. The peripheral convergence rates gradually decrease as the
strength of the initial support increases after the timely implementation of the initial support.
After the 15th day of excavation, the peripheral convergence stabilizes, with a peripheral
convergence value of 20.43 mm and peripheral convergence rate of 0.17 mm/d. After the
occurrence of subsequent unsymmetrical deformation, the peripheral convergence rate
abruptly increased to 2.54 mm/d, and the peripheral convergence value rapidly increased.
The results of the actual engineering field are good, which verifies the reliability of the
simulation results in reverse.

The designed deformation control scheme was immediately adopted, including back-
filling of debris in the tunnel, manually excavating the catchment ditch outside the water
interception ditch on the left side of the tunnel top, sealing the concrete cracks, installing
drainage holes on the left side inside the tunnel, and implementing emergency control
measures such as radial grouting and solidifying the rock in the left side wall arch, as shown
in Figure 17. These measures effectively mitigated the increase in peripheral convergence,
and the peripheral convergence change rate fell back to 0.50 mm/d on the third day of
implementation. Timely removal of backfilled debris and the construction of the inverted
arch to close the initial support into a loop led to a slight increase in the rate of peripheral
convergence, followed by a further decrease. After achieving stability, the secondary lining
was installed and filled, resulting in a peripheral convergence value of 34.52 mm and a
convergence rate of 0.09 mm/day. The peripheral convergence value after unsymmetrical
deformation accounts for 40.12% of the final peripheral convergence value.
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Figure 17. The emergency control measures: (a) backfill of debris in the tunnel; (b) spillway pipe at
left arch of tunnel; (c) grouting at ground surface.

The vault settlement results are shown in Figures 18 and 19. Analogously, the cu-
mulative settlement of the vault has experienced three stages. After bench excavation,
the settlement rate of the arch top experienced a sharp increase, measuring 7.98 mm/d,
4.83 mm/d, and 1.26 mm/d, respectively. The subsequent rapid increase in the vault settle-
ment can be attributed to the formation of the new free surface from the tunnel excavation,
coupled with the fact that the initial support had not yet been constructed. As the initial
support gradually formed a closed loop, its strength increased progressively, resulting in
a gradual reduction in the incremental displacement values. Finally, on the 19th day, the
vault was basically stabilized with a vault settlement rate of 0.12 mm/d and a cumulative
settlement value of 51.14 mm.
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Figure 18. Vault settlement time-history curve.
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Figure 19. Time—course plot of the rate of settlement of the vault.

However, the vault settlement value increased sharply again, and the settlement rate
reached 5.46 mm/d after the unsymmetrical deformation incident occurred on the 20th
day. Analogously, after implementing optimized measures such as backfilling with tun-
nel debris and the timely closure of the temporary inverted arch for initial support, the
vault settlement was effectively controlled, and the settlement rate gradually decreased to
4.87 mm/d, 2.66 mm/d, and 1.24 mm/d, respectively. After the construction of the sec-
ondary lining of the inverted arch on the 10th day after reinforcement, the vault settlement
had stopped. The vault cumulative settlement value after the unsymmetrical deformation
accounts for 38.63% of the final cumulative settlement value of the vault. The ratio of the
vault cumulative settlement value to peripheral convergence value is 2.41, indicating that
the deformation of the surrounding rock is mainly vertical settlement, supplemented by
horizontal convergence.

5. Conclusions

This paper investigates the deformation characteristics of a shallow buried entrance
section of a tunnel under unsymmetrical pressure. By combining numerical simulation
and on site monitoring, the deformations occurring during the construction of the entrance
section of the tunnel are analyzed. The optimization of reinforcement measures to control
the deformation is discussed with the Jian Shan Ji Tunnel project as an example. The main
conclusions are as follows:

(1) Numerical simulation results show that the total deformation caused by the bench
excavation method is slightly smaller than that caused by full-face excavation but the
deformation range is more significant, especially in the surrounding rock deformation
at the tunnel arch. Due to the influence of unsymmetrical pressure, the deformation
of rock mass on the upper left side of the tunnel is larger than that on the upper
right side. Both lining support and slope reduction treatments can effectively control
the deformation of surrounding rock in the tunnel; however, in terms of controlling
rock deformation and improving stress distribution, the lining support treatment
demonstrates superior effectiveness;

(2) The stress detection results of numerical simulation show that the vertical stress mainly
concentrates in the sidewall area while the horizontal stress is mainly concentrated
in the top and bottom. The lining support treatment increases the vertical stress at
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the top and decreases the vertical stress at the bottom, whereas the slope reduction
treatment has the opposite effect. Additionally, the lining support treatment has a
more significant impact on the vertical stress of the left and right sidewalls;

(3) Based on numerical simulation results, various optimization measures were adopted
on site, including bench excavation, crushed-stone backfilling for compression re-
sistance, advanced grouting reinforcement, and grouting. The on site monitoring
results indicate that after the bench excavation, the surrounding convergence and
vault settlement values increased sharply, with a sudden change in rate. After imple-
menting the optimized reinforcement measures, the deformation rate decreased, and
unsymmetrical deformation accounted for 40.12% and 38.63% of the final convergence
values. This validates the effectiveness of the unsymmetrical control method proposed
in this study.
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