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Abstract: Based on a typical project in an altered rock area, this study carried out numerical sim-
ulations using the FLAC3P software to calculate the changes in the stress field, deformation field,
and plastic zone of the surrounding rock during the unsupported and supported excavation of
a water transfer tunnel. The degree of alteration of the surrounding rock was considered as the
base point. The following results were obtained: in the unsupported state, the tunnel surrounding
rock was affected by different degrees of alteration, and compressive stress concentration appeared
within a certain range at the bottom of the chamber. The value of all-directional stress decreased
with the deepening of the degree of alteration, while the opposite was the case for the depth of
influence. The displacement changes at the bottom and side walls of the chamber were large and
increased significantly with the deepening of the degree of alteration; the displacement monitoring
points distributed around the tunnel exhibited the same deformation trend. The plastic zone of the
surrounding rock obviously expanded as the degree of alteration deepened. The stress, deformation
field, and plastic zone of the tunnel surrounding rock were effectively controlled after the adoption
of support measures. The results obtained by this study can be used as a reference for similar projects
check for in altered rock areas.
updates
Citation: Chen, Y; Wu, T.; Yan, X.; Keywords: alteration; tunnel; numerical simulation; stress field; deformation field; plastic zone
Shi, S.; Li, J.; Dong, J. Stress and

Deformation Characteristics of

Tunnel Surrounding Rock under

Alteration. Sustainability 2023, 15, 1. Introduction

1161. https://doi.org/10.3390/ To solve the problems of the uneven distribution of water resources and the contra-

suls021iet diction between supply and demand, many large-scale water conservancy construction
Academic Editors: Marc A. Rosen, projects have been built around the world, among which water transmission tunnels are a
Mahdi Hasanipanah, Danial key component with high importance. Extreme engineering geological conditions, such
Jahed Armaghani and Jian Zhou as significant faults, seasonal thawing in permafrost regions, and high-pressure water

action, frequently cause the issue of surrounding rock deformation and damage during
tunnel excavation [1-4]. Similarly, the stability of the surrounding rock is also significantly
impacted by the complicated stress changes, rock extrusion, and deformation brought on
by tunnel excavation. Dong et al. [5] exposed how tectonic stress forces affected the rock
surrounding the tunnel’s stress and deformation damage pattern. After conducting an
excavation simulation under high ground stress for the underground chamber complex of

By Jinping I hydropower facility, Qian and Zhou [6] discovered that the rock body will mani-
Copyright: © 2023 by the authors.  fest as two-dimensional band disintegration phenomenon and suggested corresponding
Licensee MDPI, Basel, Switzerland.  support measures. After examining the primary stress rotation mechanism and the rock
This article is an open access article  extrusion and deformation law during the excavation of high and deep buried tunnels,
distributed under the terms and  Cai et al. [7,8] pointed out that the three-dimensional spatial effect is more significant for
conditions of the Creative Commons  the analysis of the stability of the surrounding rock. They proposed a three-dimensional
Attribution (CC BY) license (https:// orthotropic analysis and rock strength based on the GZZ strength criterion that can weaken

creativecommons.org/licenses/by/ the three-dimensional spatial effect and exert the rock body’s own strength.
40/).

Received: 13 September 2022
Revised: 24 December 2022
Accepted: 28 December 2022
Published: 7 January 2023

Sustainability 2023, 15, 1161. https:/ /doi.org/10.3390/su15021161 https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15021161
https://doi.org/10.3390/su15021161
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su15021161
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15021161?type=check_update&version=2

Sustainability 2023, 15, 1161

20f17

Additionally, as a particular class of engineering geological problems, alteration rocks
have been exposed in several projects around the world, such as the Sanjiang orogenic sec-
tion of the Yunnan-Tibet Railway in China [9], the Kerman Tunnel in the Urmia—-Dokhtar
Magmatic Arc (UDMA) in central Iran [10], multiple geothermal power plants in the
Kuril-Kamchatka island arc, Russia [11], and the Wheal Martyn china pit in Southwest
England [12]. Alteration rocks are a new class of rock that forms after diagenesis by
hydrothermal erosion, tectonic dynamics, and secondary weathering that alters the ele-
mental composition and structural features of the original rock to various degrees [13,14].
Researchers have examined the composition and characteristics of altered rocks in vari-
ous geological contexts and discovered that some feldspar and mica minerals are mostly
changed into clay minerals, sericite, chlorite, and chlorite after alteration [15-17]. The
destruction of the original internal structure of the rocks caused by the alteration of tiny
minerals increases the internal porosity of the rocks. The development of internal porosity
as well as microcracks in the rock will produce continuity fracture damage after being
disturbed by excavation [18,19]. Along with the long-term geological tectonic evolution
and the effect of ground stress in the region, the distribution of alteration rocks is irregular,
the internal structure is highly fragmented and the physical and mechanical properties are
poor [20-23], which have a direct impact on site selection and the design and construction
of projects.

The previous research system to examine the mechanical behavior of deeply buried
tunnels from the viewpoints of intrinsic model and geological structure is reasonably well
developed; the theoretical research on micro mineral analysis, physical and mechanical
property changes, and alteration degree classification of altered rocks is also reasonably
mature [24,25], but the pertinent engineering case studies are slightly lacking. Specifically
in deeply buried tunnels, where the damage to the mechanical properties of rocks due to
alteration is frequently beyond our original prediction, it has been common to observe
construction challenges, schedule delays, and even safety threats brought on by improper
support and poor response in the field. This is because there is little consideration of the
alteration effect of rocks during engineering construction in altered rock areas. Therefore,
there is scientific and practical value in analyzing the stress and deformation damage
characteristics of tunnel excavation surrounding rocks under the effect of alteration for
the design and construction of projects in altered rock areas. This study considered a
water transfer tunnel with different degrees of alteration as an example. The FLAC3P
software was used to numerically simulate the excavation of a typical alteration tunnel
section in its natural state and under two working conditions after support with the
objective of analyzing the stress and deformation damage characteristics of the surrounding
rock under different alteration degrees and elucidating the actual impact of alteration on
the surrounding rock stability. The findings of this study provide the theoretical basis
for optimizing the support scheme, and a reference for the design and construction of
similar projects.

2. Engineering Geological Conditions

The water transmission tunnel is located in the central and western part of North Tian-
shan. This tunnel has a total length of 41.82 km, diameter of 5.3 m, and longitudinal slope of
1/564.8, which means that it is a deep and long buried tunnel. The study area has a complex
geological structure with several northwest and northeast-trending compression-torsional
faults, fold zones, and extrusion fracture zones. The tunnel’s surrounding rocks belong
to various lithologies, and mainly include Silurian, Devonian, Carboniferous sandstone,
metamorphic sandstone, tuff, tuffaceous sandstone, and Hualixi-age granite. Among them,
the granite section is 9.81 km long, dominated by diorite, granodiorite, and potassium
granite, and was formed by the crustal movement of the Late Paleozoic and magmatic
activity of the Hualixi period. After a long and complex tectonic-hydrothermal superposi-
tion modification, the granites in the study area have generally been affected by alteration,
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with the chloritization of black mica and clayification of feldspar minerals as the main
alteration types.

Based on a field survey and field test, the degree of rock alteration can be divided
into three categories: slight alteration, moderate alteration, and strong alteration. Slightly
altered rocks have a relatively intact structure, produce a brittle hammering sound, and
their rebound values are between 30 and 50; the cave blocks are less collapsed and larger
in size. Moderately altered rocks have a partially broken structure, produce a muffled
hammering sound, and their rebound values are between 10 and 30; the cave blocks are
more collapsed and larger in size, and cavities can easily form at the top arch. The structure
of strongly altered rocks is completely destroyed, with visible traces of the original structure,
and these rocks can be crushed by hand; the rebound value is less than 10, and the cavern
is in a large area of debris collapse, exhibiting obvious plastic deformation when wet. The
alteration of the surrounding rock in the tunnel is widely distributed, and the construction
process often leads to the large deformation of the surrounding rock, collapse, and other
geological problems.

3. Numerical Computational Model
3.1. Computational Model

Based on site investigation and geological data, the geological model of the study area
was generalized, and a three-dimensional (3D) numerical calculation tunnel model was
established based on FLAC3P. As shown in Figure 1, the water transmission tunnel model
had an 8 m diameter, the height of the model was approximately 1313 m in the vertical
direction (Z-axis), the calculated elevation at the bottom was 1000 m, and the highest
elevation at the top surface was 2313 m. The model width was 200 m (X-axis direction),
and 100 m was taken from each side of the tunnel’s centerline. The extension of the model
was 600 m (Y-axis direction), including 250 m for the slightly altered rock section (mileage
K32 + 105-355), 200 m (mileage K32 + 355-555) for the moderately altered rock section, and
150 m (mileage K32 + 555-705) for the strongly altered rock section.

Figure 1. Calculation model diagram. 1. Low-resistivity overburden; 2. Water tunnel; 3. Slightly
altered rock zone; 4. Moderately altered rock zone; 5. Strongly altered rock zone.

The geological model was simplified to four geotechnical materials, namely, the upper
low resistance overburden and the lower three granites with different degrees of alteration.
The tunnel passed through the lower altered rock layer, where the medium altered rock
zone contained a fault. The geological model is shown in Figure 1. Since the model’s overall
size was too large, transitional meshing was employed to simplify the computation while
guaranteeing that the mesh size close to the tunnel satisfied the requirements for calculation
accuracy. The boundary conditions of the model were the X-directional displacement
constraint along the tunnel extension boundary, the Y-directional displacement constraint
along the vertical tunnel boundary, and the fixed constraint at the bottom boundary.
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3.2. Application of Ground Stress and Selection of Calculation Parameters

To accurately obtain the tunnel ground stress field distribution, six sets of acoustic
emission Kaiser effect ground stress tests and analyses were conducted on the borehole
cores of the granite section, and the measured results are presented in Table 1. The test
results reveal that the measured principal stress value of the borehole increased with the
depth; the maximum principal compressive stress c'; was approximately horizontal, the
dip angle a; was within & 10°, and the dominant direction was north-northwest, which
was more consistent with the direction of the regional tectonic stress field. The middle
principal stress 07 had a gentle dip angle, and the dip angle a, varied within & 28°; the
minimum principal stress dip angle a3 was above 64°.

Table 1. Earth stress test results.

Depth

Group (m)

Main Stress Values (MPa) Main Stress Inclination (°) Main Stress Direction (°)

01

) o3 a ay a3 B1 B2 B3

470-500
580-610
650-680
823-829
848-855
883-886

U= WD =

25.9
28.7
28.8
31.5
33.2
35.2

17.9 10.9 1.1 —254 64.6 18.5 —32.2 —739
18.4 13.9 9.6 —27.5 —60.6 13.8 —61.7 86.4
20.4 16.8 —-2.6 -9.9 79.8 1.5 -70.8 —74.1
244 20.5 —8.6 23.6 64.7 11.8 —63.9 83.6
249 229 4.5 —16.2 -73.1 8.6 —86.8 83.6
26.5 23.9 2.7 6.8 82.6 52 64.7 63.5

Note: 01, 03, and 073 are the maximum principal compressive stress, intermediate principal stress, and minimum
principal stress, respectively; a1, a5, and a3 represent the angle (inclination) between the maximum principal
compressive stress, intermediate principal stress, and minimum principal stress, and horizontal plane, respectively,
with positive values representing the elevation angle and negative values representing the pitch angle; 81, B2, and
B3 are the angle between the projection of the three principal stresses on the oxy plane and x-axis, respectively,
with positive values indicating counterclockwise rotation and negative values indicating clockwise rotation.

Based on the data in Table 1, the ground stress in the granite cave section can be
projected, and the linear correlation equations between the maximum horizontal principal
stress (1), horizontal intermediate principal stress (¢2), and minimum horizontal principal
stress (03) and the burial depth (H) can be derived as follows:

o1 = 0.0196H + 16.653, R? = 0.9304

05 = 0.0211H + 7.0488, R? = 0.9688
o3 = 0.0303H — 3.3618, R? = 0.9862

The principal stresses in the cavern line were projected according to the linear corre-
lation equation, and the results are shown in Table 2. In the numerical calculation, o, 0,
and o3 were transformed along the X-direction (horizontal vertical tunnel axis direction),
Y-direction (tunnel axis direction), and vertical direction to apply the Sxx, Syy, and Szz
stresses to the model.

Table 2. Projected ground stress values in the calculated section of tunnel.

Main Depth of Burial (m) Density

Lithology Min

Max. Main Stress 01 Intermediate Main Stress Min. Principal Stress o3
(MPa) o> (MPa) (MPa)

Max. Average g/cm® Min. Max.  Average Min. Max. Average Min Max Average

monzonitic

granite 594

1078

858 2.67 27.1 43.0 35.8 18.1 29.8 24.5 15.9 28.8 22.9

The elastic—plastic model and Mohr-Coulomb strength criterion were used in the
calculation. The rock surrounding parameters were determined according to the standard of
International Society of Rock Mechanics (ISRM, 2007) after testing at the Quality Inspection
Center of Capital Construction Project of Haihe Water Conservancy Commission, Ministry
of Water Resources of China and School of Earth Science and Engineering, North China
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University of Water Resources and Electric Power, with reference to the Engineering
Rock Quality Grading Standard (GBT50218-2014) and after considering the degree of rock
alteration, as presented in Table 3.

Table 3. Proposed values of the main geological parameters of the tunnel envelope.

Rock Modulus of Deformation Poisson

Surrou;ding Rock Density Elasticity Modulus Ratio Shearing Strength
ype glem® E (GPa) Eo (GPa) u C (MPa) 9 )

Fresh 2.60~2.70 16~20 11~13 0.21~0.23 1.6~1.8 46~52
Slightly altered 2.45~2.60 12~15 9~11 0.25~0.28 1.0~1.2 38~44
Moderately altered 2.40~2.45 5~8 4~6 0.31~0.34 0.3~0.5 30~35
Strongly altered 2.30~2.40 0.2~1.0 0.1~0.4 0.36~0.38 0.05~0.10 22~26

According to the excavation design plan, after the tunnel excavation, the TBM shield
was closed with synthetic coarse fiber concrete in time after the initial spraying. The
slightly altered section adopted HW125 steel arch racks with a distance of 0.9 m; the
moderately altered section adopted HW150 steel arch racks with a distance of 0.5 m; the
strongly altered section adoptsedHW150 steel arch racks with a distance of 0.3 m. The
longitudinal connection adopted ®20 steel bars with a ring spacing of 1 m, and the top
arch was equipped with ®20 reinforcement rows within 150°. The support parameters are
shown in Table 4, Table 5, and Table 6, respectively.

Table 4. Basic parameters of the anchor rods.

Diameter Equivalent Tensile Cement Slurry  Cement Slurry
(mm) Length (m) Elastic Modulus Strength Stiffness Cohesion
(GPa) (MPa) (MPa) (MPa)
22/25 2.0/2.5/3.5 200 360 15 0.8

Table 5. Basic parameters of the steel arch.

Elastic Poisson C ross Bu11.< Y-Axis Moment of  Z-Axis Moment of
Modulus Ratio Sectional Area Density Inertia (10* cm?) Inertia (10* cm?)
(GPa) (cm?) (KN/m?)
21 0.3 30.31 23.8 847 294

Table 6. Basic parameters of the concrete primary lining.

Equivalent Elastic Modulus Bulk Density
(GPa) (kN/m?)

C20 255 25 0.25

Concrete Grade Poisson Ratio

4. Analysis of the Calculation Results

For the in-depth investigation of the distribution and changes of the stress field and
deformation field of the surrounding rock, typical sections were selected for detailed
analysis in the surrounding rock with different degrees of alteration. Section K32 + 230 was
selected in the slightly altered surrounding rock with a burial depth of 905 m; section K32 +
455 was selected in the moderately altered surrounding rock with a burial depth of 860 m;
section K32 + 630 was selected in the strongly altered surrounding rock with a burial depth
of 930 m.

4.1. Analysis of Stress Field

After the tunnel excavation, the horizontal maximum principal stress was approxi-
mately in line with the tunnel axis, ignoring its influence on the tunnel surrounding rock.
The horizontal intermediate principal stress was approximately perpendicular to the tunnel
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axis, and the self-weight stress was the minimum principal stress. Provided that support
measures were not used, under the influence of horizontal tectonic stress, a compressive
stress concentration with a maximum value of 102.4 MPa appeared in the slightly altered
surrounding rock section at the top and bottom 7.0 m of the chamber’s depth, and gradually
decreased to the initial stress state as the distance from the chamber increased, as shown in
Figure 2a. Under the influence of chamber excavation and unloading, a stress reduction
zone with a value of 54.6 MPa and influence depth of 16.0 m appeared in the surrounding
rock on both sides and at the top of the chamber. Shear stress concentration appeared at the
top and bottom corners of the cavern, and its maximum value was 29.5 MPa, as shown in
Figure 2b. Compressive stress concentration with a maximum value of 87.36 MPa appeared
in the medium alteration surrounding rock section 20 m at the top and bottom corners
of the cavern, and gradually decreased to the initial stress state as the distance from the
cavern chamber increased; the influence depth was 28.0 m, as shown in Figure 2c. A stress
reduction zone appeared in the surrounding rock on both sides of the cavern chamber and
at the top and bottom; its value was 42.3 MPa and its influence depth was 32.0 m. Shear
stress concentration appeared at the top and bottom corner of the cavern, and its maximum
value was 19.15 MPa, as shown in Figure 2d. In the strongly altered surrounding rock
section, compressive stress concentration occurred at a depth of 13.0 m from the bottom of
the cavern, and had the maximum value of 107.8 MPa, as shown in Figure 2e. In addition
to the bottom of the cavern, a stress reduction zone with the minimum value of 49.04 MPa
and small main stress influence depth of 35 m existed around the cavern. Shear stress
concentration with an influence depth of 12.0 m existed at the top and bottom corners
of the cavern. The maximum value was 19.7 MPa, as shown in Figure 2f. The depth of
stress influence was significantly higher in the moderately altered and strongly altered
surrounding rocks compared to the slightly altered surrounding rock.

After using support measures, the slightly altered surrounding rock section exhibited
compressive stress concentration in the surrounding rock at the top and bottom corners
of the cavern, and its maximum value was 102.1 MPa, as shown in Figure 3a. The stress
reduction zone appeared at the bottom of the cavern, and its value was 59.9 MPa. Shear
stress concentration appeared at the top and bottom corners of the cavern, and its maximum
value was 31.5 MPa, as shown in Figure 3b. In the moderately altered surrounding rock
section, compressive stress concentration appeared at the top and bottom corners of the
cavern, and its maximum value was 101.6 MPa, as shown in Figure 3c. A stress reduction
zone appeared at the side walls and bottom of the cavern, and its value was 61.4 MPa.
Shear stress concentration appeared at the top and bottom corners of the cavern, and its
maximum value was 24.9 MPa, as shown in Figure 3d. Compressive stress concentration
appeared at the top and bottom corners of the cavern section, with a maximum value
of 98.3 MPa, and gradually decreased to the initial stress state as the distance from the
cavern increased, as shown in Figure 3e. A stress reduction zone with a minimum value of
61.06 MPa appeared in the side walls of the cavern. Shear stress concentration appeared
at the top and bottom corners of the cavern, and its maximum value was 20.46 MPa, as
shown in Figure 3f.
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Figure 2. Main stress diagram of the tunnel excavation under unsupported conditions. (a) Middle
main stress diagram of the slightly altered surrounding rock section. (b) Shear stress cloud diagram of
the slightly altered surrounding rock section. (c) Middle main stress diagram of the moderately altered
surrounding rock section. (d) Shear stress cloud diagram of the moderately altered surrounding rock
section. (e) Middle main stress diagram of the strongly altered surrounding rock section. (f) Shear
stress cloud diagram of the strongly altered surrounding rock section.
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Figure 3. Main stress diagram of the excavation after the tunnel support. (a) Middle main stress
diagram of the slightly altered surrounding rock section. (b) Shear stress cloud diagram of the
slightly altered surrounding rock section. (c) Middle main stress diagram of the moderately altered
surrounding rock section. (d) Shear stress cloud diagram of the moderately altered surrounding rock
section. (e) Middle main stress diagram of the strongly altered surrounding rock section. (f) Shear
stress cloud diagram of the strongly altered surrounding rock section.
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The comparison between the stresses in the unsupported and supported cavern cham-
bers is shown in Figure 4. As can be seen from the support, except for the strong alteration
surrounding the rock section, owing to the occurrence of surrounding rock damage defor-
mation and X-direction compressive stress reduction, the other stresses were increased by
the surrounding rock owing to the restraining effect of the support structure.
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Figure 4. Comparison of surrounding rock stress in each profile before and after excavation and
support of alteration rock tunnel.

4.2. Analysis of Surrounding Rock Displacement Field

In the natural state, the mountain displacement gradually decreases from top to
bottom, with a stable trend in general, and the maximum displacement occurs in an area
with large surface elevation and obvious surface undulation. The numerical simulation
conducted by this study mainly considered the surrounding rock deformation caused by
tunnel excavation. Therefore, the displacement in the natural state was considered to be
zero, and the relative displacement of the surrounding rock after tunnel excavation was
investigated on this basis.

In the tunnel excavation without support measures, the overall deformation of the
surrounding rock after tunnel excavation was directed toward the cavern face; the top
arch sank, the bottom slab rose, and the side walls moved inward. Figure 5 shows the
displacement trend of each typical section of the surrounding rock under unsupported
excavation. As can be seen, the maximum total displacement of the surrounding rock in the
slightly altered section was 9.64 cm, and the displacement and impact depth of the top slab
and sidewall were relatively large, while the displacement and impact depth of the bottom
slab were relatively small. The deformation of the surrounding rock in the moderately
altered section was larger than that in the slightly altered section, and the maximum total
displacement was 166.4 cm. The maximum total displacement of the surrounding rock in
the strongly altered section was 45.6 m, and the displacement at the base plate and sidewall
was the most variable. In the displacement cloud distribution of each typical section
(Figure 5), the area of the surrounding rock deformation caused by cavern excavation
was pie shaped. Because of the large burial depth, the displacements of the surrounding
rock in the vertical direction (Z-direction) and vertical tunnel direction (X-direction) were
relatively large owing to the influence of self-weight stress and horizontal tectonic stress,
while the displacement in the tunnel extension direction (Y-direction) was small. Owing to
the influence of the degree of rock erosion, the displacement of the and moderately altered
section (section 32 + 455, depth of 860 m) was much larger than that of the slightly altered
section (section 32 + 230, depth of 905 m). Considering the discontinuity characteristics of
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the rock, it is concluded that large deformation damage occurs frequently. The strongly
altered section (section 32 + 630, depth of 930 m) had actually been completely destroyed

by large deformation.
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Figure 5. Displacement diagram of the tunnel excavation under unsupported conditions. (a) Total

displacement diagram of the slightly altered surrounding rock section. (b) Total displacement

diagram of the moderately altered surrounding rock section. (c) Total displacement diagram of the

strongly altered surrounding rock section.
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After adopting support measures, such as the anchors of a grouting reinforcement sys-
tem, steel arch, shotcrete, and reinforcement mesh, the deformation area of the surrounding
rock caused by tunnel excavation became butterfly shaped, and the deformation area of
the surrounding rock was mainly concentrated at the side wall, whose displacement and
influence depth were relatively large while the displacement and influence depth of the top
arch and bottom slab were relatively small. Figure 6 shows the typical section displacement
changes of each surrounding rock under supported excavation. As can been seen, the
maximum total displacement of the slightly altered surrounding rock section was 1.02 cm,
the maximum total displacement of the moderately altered surrounding rock section was
1.56 cm, and the maximum total displacement of the strongly altered surrounding rock
section was 2.62 cm. The main reason for this is that the horizontal structural stress was the
maximum main stress and the vertical stress was the minimum main stress in the tunnel.
This led to the displacement of the surrounding rock, which was caused by the lateral
expansion effect as the main contradiction, and the displacement of the top and bottom slab
as the secondary contradiction, coupled with a high degree of fragmentation, extremely low
mechanical strength, and the poor integrity of the strongly altered rock body, which led to
the downward movement of the bottom slab under the influence of excavation disturbance
and the constraint of the support effect during the excavation process (Figure 7a,c,e).
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Figure 6. Comparison of the displacement in each profile after the excavation of the tunnel without
support and after support.
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Figure 7. Excavation displacement map after tunnel support. (a) Total displacement diagram of the
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slightly altered surrounding rock section. (b) Displacement monitoring map of the slightly altered
surrounding rock section. (c) Total displacement diagram of the moderately altered surrounding
rock section. (d) Displacement monitoring map of the moderately altered surrounding rock section.
(e) Total displacement diagram of the strongly altered surrounding rock section. (f) Displacement
monitoring map of the strongly altered surrounding rock section.

In the calculation process, to monitor the deformation evolution process of each type
of surrounding rock after tunnel excavation, displacement monitoring points were set at
the top plate, both walls, and bottom plate of the cavern; the monitoring results are shown
in Figure 7b,d f. It can be seen that after the use of support measures, the displacement
monitoring amount of all types of surrounding rocks in the cavern was significantly
reduced, and the surrounding rocks of the tunnel exhibited the largest displacement at
the cavern side walls, followed by the bottom slab and smallest top slab. Among them,
the displacement of the top plate of the slightly altered surrounding rock was 0.23 cm, the
maximum displacement of both walls was 0.86 cm, and the displacement of the bottom
plate was 0.48 cm. The maximum displacement of the top plate of the moderately altered
surrounding rock was 0.32 cm, the maximum displacement of both walls was 1.30 cm, and
the maximum displacement of the bottom plate was 0.88 cm. The displacement of the top
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plate of the strongly altered surrounding rock was 0.56 cm, the maximum displacement of
both walls was 2.19 cm, and the displacement of the bottom slab was 1.62 cm.

4.3. Analysis of the Plastic Zone of Surrounding Rock

The size and distribution characteristics of the plastic zone reflect the mechanical
properties of the surrounding rock. Additionally, they characterize the actual size of the
loosening zone of the tunnel surrounding rock after excavation and unloading, and the
degree of disturbance to the surrounding rock in each excavation phase. After excavation,
because of the increase in the large principal stress and decrease in small principal stress
in the surrounding rock, the surrounding rock unit was in the form of compression-shear
damage; the distribution of its plastic zone is shown in Figure 8.

Shear-n shear-p Shear-n shear-p

Shear-p Shear-p

(b)

Shear-n shear-p tension-p

Shear-n shear-p

Shear-p

(d)

Shear-n shear-p .

Shear-n shear-p tension-p

Shear-p

Shear-n tension-n shear-p tension-p

Shear-n shear-p

None Shear-p

(e) )

Figure 8. Cloud map of the plastic zone after tunnel excavation. (a) Cloud map of the plastic zone of
the slightly altered rock section (without support). (b) Cloud map of the plastic zone of the slightly
altered rock section (after support). (c) Cloud map of the plastic zone of the moderately altered
rock section (without support). (d) Cloud map of the plastic zone of the moderately altered rock
section (after support). (e) Cloud map of the plastic zone of the strongly altered rock section (without
support). (f) Cloud map of the plastic zone of the strongly altered rock section (after support).
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In the natural state, the damage depth of the plastic zone was approximately 8.0-10.0
m for slightly altered surrounding rock (section 32 + 230, depth of 905 m), approximately
20.0 m for moderately altered surrounding rock (section 32 + 455, depth of 860 m), and the
strongly altered section of the perimeter rock had been completely destroyed and the depth
of impact was too great, after tunnel excavation, as shown in Figure 8a,c,e.

After the use of support measures, the extent of the plastic zone in the surrounding
rock decreased significantly compared with the unsupported condition, and the depth of
damage of the plastic zone in the slightly altered surrounding rock (section 32 + 230, depth
of 905 m) decreased to approximately 1.0-2.0 m. The depth of damage of the plastic zone
in the moderately altered surrounding rock (section 32 + 455, depth of 860 m) decreased
to approximately 1.0-3.0 m, and the depth of damage of the plastic zone in the strongly
altered surrounding rock (section 32 + 630, depth of 930 m) decreased to approximately
0.6-1.0 m. The depth of damage in the plastic zone (section 32 + 630, depth of 930 m)
decreased to approximately 1.0-3.0 m, as shown in Figure 8b,d f.

4.4. Recheck of the Surrounding Rock Deformation

During the tunnel boring process, it was found that the deformation of the steel arch
was mainly concentrated within 24 h after excavation, after which it gradually stabilized,
and the final deformation was less different to the 24 h monitoring value. Therefore, 14
monitoring points with different degrees of alteration were randomly selected for each
section of the excavation, and the above-mentioned support method was used to monitor
and count the displacement changes of the steel arch after 24 h. The actual monitoring values
are presented in Table 7 and Figure 9. Among them, the deformation of the steel arch in the
slightly altered rock section ranged from 0.49 to 0.76 cm, and the average value was 0.62 cm.
The deformation of the steel arch in the moderately altered rock section ranged from 0.57 to
1.29 cm, and the average value was 0.97 cm. The deformation of the steel arch in the strongly
altered rock section ranged from 1.73 to 2.27 cm, and the average value was 1.93 cm.

After comparison with the numerical simulation results, it was found that the average
value of the actual deformation of various altered rocks was basically consistent with the
numerical simulation results, and the error was controlled within 1 cm, which validated the
numerical simulation. The deformation of some moderately altered rocks was lower than
the average value of deformation of slightly altered rocks, which indicates that moderately
altered rocks still possessed a certain strength, and the rocks had good stability under
supporting measures. The maximum deformation value of strongly altered rocks was
2.27 cm, which was significantly lower compared with unsupported excavation. Hence,
the deformation of the surrounding rock was effectively controlled, which verified the
reasonableness of the support measures.

Table 7. Comparison between the monitored and calculated values of the surrounding rock deforma-
tion in tunnel sections with different degrees of alteration.

The Degree of The Actual Monitoring The Actual Monitoring The Numerical
< . Average Value of . . .
Surrounding Rock Range of Surrounding . Simulation Calculation
. . Surrounding Rock
Alteration Rock Deformation (cm) . Value (cm)
Deformation (cm)
Slightly altered 0.49~0.76 0.62 1.02
Moderately altered 0.57~1.29 0.97 1.56

Strongly altered 1.73~2.27 1.93 2.62
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surrounding rock.

5. Conclusions

This study carried out numerical simulations of a typical tunnel section excavated in

the study area under unsupported and supported conditions using the FLAC®P software.
The stress field, displacement field, and plastic zone of a typical section of the surrounding
rock were selected for calculation and comparison, and the results were analyzed. The
following conclusions were drawn:

1.

After tunnel excavation, under the action of tectonic stress, the initial horizontal
tectonic stress field was much larger than the vertical self-gravity stress field, and the
intermediate principal stress and minimum principal stress exerted greater influence
on the surrounding rock. Stress redistribution in the mountain body led to the
concentration of compressive and shear stresses within a certain depth of the cavern
surrounding rock. Under the influence of horizontal tectonic stress, the displacement
of the rock around the tunnel was maximum in the vertical tunnel direction (X-
direction) followed by the vertical direction (Z-direction), and minimum in the tunnel
extension direction (Y-direction). Based on the displacement monitoring curve of the
surrounding rock, it is concluded that the displacement of the side wall of the cavern
chamber was the largest, followed by the bottom plate and smallest top plate;
Under unsupported tunnel excavation, the surrounding rock underwent plastic dam-
age at a certain depth range and large deformation damage was likely to occur owing
to the discontinuous characteristics of the rock body. After implementing support
measures, the stress in all directions of the tunnel surrounding rock increased owing
to the restraint of the surrounding rock by the support structure, and the deformation
of the surrounding rock was effectively controlled;

The comparison between the stress and displacement field results for the more strongly
altered section and slightly altered section revealed that the deformation of the tunnel
surrounding rock increased significantly with the deepening of alteration, and the
alteration destroyed the original structure of the surrounding rock body, which led
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to the reduction in its stiffness and strength, and thus increased the deformation of
the surrounding rock such that destabilization damage occurred. After implementing
support measures, the deformation of the tunnel decreased significantly. The actual
monitoring value of the surrounding rock displacement was consistent with the simu-
lation results, and the support scheme was reasonable, which provides a theoretical
basis for the design and construction of similar projects.
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