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Abstract

The self-supporting capacity of the surrounding rock mass is a critical factor in maintaining tunnel stability after excavation
and is a key determinant of tunnel support structures safety. Despite being widely applied, the mechanism behind the self-
supporting effect remains a challenging issue to clarify. In this paper, we have used the finite difference method (FDM) to
investigate the formation mechanism and characteristics of the surrounding rock mass's self-supporting zones. By analyzing
the redistribution of a stress and an energy using stress concentration factor, energy concentration factor, we propose a self-
supporting mechanism of the surrounding rock mass under different horizontal to vertical stress ratios. The further analysis
results were subsequently validated through non-contact strain acquisition experiments. Our findings suggest that in cases
of unequal horizontal and vertical stress, a “primary load-bearing zone” is formed in the direction of the vertical maximum
principal stress within the rock mass. The rock mass areas aligned parallel to the direction of the maximum principal stress
transfer the maximum principal stress to the primary load-bearing zone, causing compression towards the “primary load-
bearing zone” and resulting in the formation of a “passive load-bearing zone”. The primary load-bearing zone resembles
the footings of an arch, while the passive load-bearing zone resembles the arch's intrados. When the horizontal and vertical
stresses are equal, the formation of the self-supporting zone is caused by the radial deformation of the surrounding rock
into the tunnel cavity, followed by the mutual compression of the surrounding rock in the circumferential direction. The
surrounding rock mass quality and depth of burial influence the size of the self-supporting zone, with the surrounding rock
mass quality having a greater impact than the depth of burial.

Highlights

e An analysis has been conducted to examine the differences between stress and energy redistribution after a tunnel excavation.

e An investigation has revealed the mechanism behind the formation of two types of load-bearing arches, namely the "arch
base supporting wedge-shaped arch" and the "compression around to the middle", under different conditions after tunnel
excavation.

¢ The influence of horizontal to vertical stress ratio, overburden depth and rock mass level on the extent and bearing capac-
ity of the self-supporting zone is analyzed.
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1 Introduction

The arch is designed to transfer the weight from the top to
the ground to withstand greater pressure when the upper
part is also under pressure. This characteristic has made
arch structures popular in a wide range of projects, includ-
ing domes, arch bridges, and tunnels. In the field of tunnel-
ling, Ritter (1879) first proposed a model for a naturally bal-
anced arch under self-weight loading. Later, Janssen (1895)
explained the grain bin effect and developed an analytical
formula, which formed the basis for the tunnel arch effect.
Terzaghi (1946) completed the Trapdoor test and proposed
a model for the settlement caused by tunnel construction.
Since then, numerous researchers in underground engineer-
ing have studied the bearing capacity of the surrounding
rock mass (Handy 1985; Tien 1996; Chen et al. 2011). It is
now well-established that the surrounding rock mass acts as
both the load for the tunnel structure and the support for the
tunnel. The shape of the pressure arch after tunnel excava-
tion has a significant impact on the stability of the tunnel
structure (Zhou et al. 2022a; Li et al. 2014).

Although the self-supporting capacity of the surround-
ing rock mass in a tunnel is real, it is elusive and cannot
be observed directly in a construction project. Researchers
have employed various methods to investigate this phenom-
enon, including the finite element method (Huang et al.
2002; Keawsawasvong and Ukritchon 2020), the discrete
element method (Chen et al. 2020; Wang et al. 2021), theo-
retical analysis (Lin et al. 2022a; Dancygier et al. 2016),
and model testing (Wang 2007; Iglesia et al. 2014). Cheva-
lier et al. (2012) discovered that the shearing strength of
the material was the key factor in load transfer by conduct-
ing Trapdoor tests with different materials under varying
stress conditions. Lin et al. (2022b) used theoretical, experi-
mental, and numerical methods to compare stress transfer
mechanisms in circular and rectangular tunnels, correcting
pressure arch distribution by accounting for differences in
overburden depth and internal friction angles. Huang et al.
(2002) was the first to propose a method for determining the
pressure arch boundary following tunnel excavation, which
Liang (2006) used to identify the range of pressure arches
as the portion with tangential stress greater than the original
stress, forming the basis for current research on pressure
arch ranges. Kong et al. (2018) analyzed the effects of vary-
ing overburden depth, surrounding rock mass conditions,
and stress ratios on the bearing arch at the top of the tun-
nel. Ma et al. (2022a) employed complex variable functions
and slip line theory to estimate the elastic and plastic stress
fields and determine the range of the bearing arch after tun-
nel excavation. Li (2016) proposed a method for predicting
the arch effect during tunnel construction by comparing the
height of pressure arches. Moreover, pressure arches have

@ Springer

been observed in special strata (Zhou et al. 2022b), such as
aeolian (Ma et al. 2022b) sand and loess (Xu et al. 2021),
using reinforcement techniques.

Extensive research has been conducted on pressure
arches in tunnels, including the formation conditions (Yang
et al. 2015), extent, dynamic adjustment (Ye et al. 2019),
and boundary conditions affecting pressure arches. These
findings have guided tunnel design concepts and provided
theoretical support for construction methods. However,
despite these achievements, the theoretical research of self-
supporting surrounding rock system has lagged behind the
practical application, leaving no clear conclusion on the
mechanism of self-supporting arch after excavation. In
the soils, the bearing arch was mainly formed by gravity
and friction of soils. In the rock mass, the bearing arch is
formed by the wedge tightening of the rock mass moving
towards the cavity. However, how they were wedged was
unknown, and whether the wedge tightening of the bearing
arch was the same under different boundary conditions was
also uncertain. Additionally, previous studies on the bearing
arch primarily focused on the redistribution of tangential
stress, neglecting changes in the elastic strain energy of the
surrounding rock mass. To address this gap, finite difference
numerical calculations were employed, and stress-energy
criteria were considered to analyze the load-bearing arch
formation mechanism of a deeply buried circular tunnel after
excavation and to examine the effect of boundary conditions
on the self-supporting zone. Finally, experimental tests were
conducted to analyze the stress concentration around tunnels
under different horizontal to vertical stress ratios, to validate
the surrounding rock mass's load-bearing mechanism.

2 Problem Description

The surrounding rock mass serves both as a source of load
and as a load-bearing structure for tunnels. The load origi-
nates from the extrusion of the surrounding rock mass into
the cavity due to tunnel excavation and unloading. The self-
supporting zone, which forms after tunnel excavation, is cre-
ated by the autonomous adjustment of the surrounding rock
mass as it resists deformation. The self-supporting mecha-
nism of the surrounding rock mass plays a critical role in the
tunnel's stability, while support structures are primarily used
to quickly regulate the balance of stresses in the surrounding
rock mass. The self-supporting zone in tunnels is the stress
concentration zone formed by the deflection of stresses in
the surrounding rock mass due to the unloading effect. This
zone is characterized by an increase in tangential stresses
to carry radial loads, which is similar to the form of forces
in an arch bridge. Therefore, it is referred to as the bearing
arch or pressure arch. The widely accepted definition for the
self-supporting zone is the area where the tangential stress
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Fig. 1 Stress state distribution around the tunnel

exceeds the original rock stress. After tunnel excavation,
the surrounding rock mass can be divided into three zones:
the relaxed zones, the self-supporting zones, and the low-
impact zones, as shown in Fig. 1. If the surrounding rock
mass conditions are good or the ground stress magnitude is
low, the loose zone disappears, and the self-supporting zone
is located at the tunnel boundary. As the depth of burial is
further reduced, the top of the tunnel is unable to form a
self-supporting zone, leading to a collapse.

To facilitate analysis, the stress concentration factor is
defined by Eq. (1). If the D, is greater than 0, the surround-
ing rock mass has a self-supporting zone. When it is less
than 0, the surrounding rock mass does not have a self-
supporting zone. Using Kong's stress criterion (Kong et al.
2018), D,=0 is regarded as the inner boundary of the load-
bearing zone, while D, =0.1 is taken as the outer boundary.

0
Gy — Gy

D, = P ey
0

where D, is the stress concentration factor, oy is the tangen-

tial stress, og is the initial tangential stress.

At a certain depth of burial, the rock can be considered an
elastic medium in a compacted state, which accumulates a
certain elastic strain energy under long-term loading. After
tunnel excavation, this stored elastic strain energy is released,
and work is done. Thus, in addition to the redistribution of
stresses, the energy around the tunnel is also redistributed. It
has been demonstrated that the redistribution of energy after
tunnel excavation is related to the direction of the principal
stresses (Zhu et al. 2003). Furthermore, the two quadrants par-
allel to the main stress field are energy release zones, while
the two quadrants perpendicular to the main stress field are
energy gathering zones (Zhu et al. 2003), as shown in Fig. 2.
However, there have been limited investigations on the rela-
tionship between energy and the load-bearing zone. Li (2010)
and Zhu et al. (2003) have mentioned relevant studies, but no

in-depth analysis has been conducted. The formation mecha-
nism of bearing zone and the influencing factors of spatial
shape were investigated. At present, the academic commu-
nity mainly defined the bearing zone from the perspective of
stress deflection, and this paper also continued this criterion.
In the process of stress redistribution, the stress in the rock
would deflect in different directions in some parts, and the
deflection angle would change with different positions. If it
was only reflected from the stress state, it was necessary to
consider the three elements of the force (a vector), which was
very complex. At the same time, the stress of rock mass was
three-dimensional (except for the tunnel boundary). The elastic
strain energy of rock mass could consider the principal stresses
in three directions, and it was a scalar. Its increase or decrease
could reflect the different properties of rock mass. The bear-
ing area was the area where the rock mass outside the tunnel
bears in-situ stress, and the state of this part of rock mass was
different from the original state. Therefore, by means of elastic
strain energy, the formation mechanism of bearing area after
tunnel excavation was studied.

The elastic strain energy that can be accumulated by the
surrounding rock mass is shown in Eq. (2). The long tunnel
can be considered as a plane strain problem with £,=0. How-
ever, intermediate principal stresses have a non-negligible
influence in tunnels. Substituting Hooke's law Eq. (3) into (2)
and simplifying the principal stresses gives the elastic strain
energy equation after tunnel excavation as Eq. (4).

1 1 Oxx Oxy Oxz || €xx €xy €xz
vt = 5 %% = 5| Oyx Oyy Oyz || Eyx Eyy Eyz | @
Oz Ozy Oz zx €zy ©zz

gxx = %[Gxx - V(Uyy + O-ZZ)]

ey = zloy —v(ew +0,)] 3)

€ = é[azz - V(ny + O-XX)]

Energy gathering zone

— <//{

(v Energy release zone  «{Tunnel
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Initial stress/ MPa > 17.3

Fig.2 Loading and unloading areas around the cavern (Zhu et al.
2003)
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1
U* = 2= [0 + 6 = V(20,0 + 0303 + 010,)]. @)

where U® is the elastic strain energy, 6;; is the Cauchy stress,
€;;1s the strain, o, is the major principal stress, o, is the inter-
mediate principal stress, o5 is the minor principal stress, E is
the elastic modulus, v is the Poisson's ratio.

Similarly, the energy concentration factor is defined as in
Eq. (5). Energy gathers when the D is greater than 0. And
it decreases when the energy carrying capacity is less than
0. —0.1<D,<0.1 is defined as a small impact area, which
can be considered as no impact area.

U® - Uj
D, = —f 5)
0
where D, is the energy concentration factor, Uj is the initial
elastic strain energy.

3 Research Methods
3.1 Numerical Model
3.1.1 Description of Calculation Model

To investigate the mechanism of load-bearing zone forma-
tion and its influencing factors, a numerical study was con-
ducted by considering various parameters. The finite dif-
ference calculation software (FLAC 3D) was used, and the
following assumptions were made: (1) the surrounding rock
mass was considered as an ideal elasto-plastic continuum,
and the Mohr—Coulomb strength criterion was applied, and
(2) three directions of principal stresses (vertical, horizontal,
and longitudinal) were considered as boundary conditions
for the model. When strain softening model were used, the
plastic state was shortened. Under the same conditions, both
the inner and outer boundaries of the bearing zone would
move towards the interior of the surrounding rock mass (Cui
et al. 2023; Yi et al. 2020, 2021). However, it did not affect
the mechanism of determining the formation of the bear-
ing zone. Therefore, the Mohr—Coulomb strength criterion
was adopted. The model dimensions were 200 m (horizon-
tal) X 200 m (vertical) X 1 m (longitudinal), with displace-
ment fixed boundaries and stress boundaries. The displace-
ment fixed boundaries were set at the front, back, left, right,
and bottom of the model. The gravity of the surrounding
rock mass was considered, and the tunnel was assumed to
be circular with a radius of 5 m.

In all analyses, full-section excavation was assumed,
and the effects of the excavation process were disregarded.
The excavation method was found to have little impact on
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the extent of the pressure arch (An et al. 2022; Zhang et al.
2014). Additionally, the influence of the support structure
was not considered, and only the self-supporting behavior
of the surrounding rock mass was analyzed. The calculation
involved a two-step process. First, the initial equilibrium
was performed, where all elements and boundary condi-
tions were activated, and grid displacements and accelera-
tions were cleared once the calculation had converged. Sec-
ond, the elements within the tunnel were removed, and the
equilibrium was calculated without changing the boundary
conditions. A maximum unbalanced force of less than 107>
was used as a convergence criterion. To measure the stress
distribution after excavation, 13 measuring lines, each 60 m
long and 15° apart, were located perpendicular to the tun-
nel perimeter. The grid was set in a 60 m circle around the
tunnel, with a 1 m radial direction, and the external grid
dimensions were mapped to the model boundary. Only one
layer of mesh was set in the longitudinal direction, and the
model is presented in Fig. 3. Due to the influence of gravity,
the model exhibited different vertical stresses at different
heights. After calculating with the k value, the horizontal
stress on the model boundary gradually increased with bur-
ial depth. Displacement boundaries and stress boundaries
were set in the longitudinal direction to ensure stress and
no strain.

3.1.2 Working Conditions and Parameter Selection

The mechanism and variation of the load-bearing zone
in the tunnel's surrounding rock mass were obtained by
adjusting the surrounding rock mass parameters and
ground stress levels. The parameters for the rock mass
were taken from the “Chinese Railway Tunnel Design
Code” for Grade IV and V surrounding rock mass
(National Railway Administration of the People's Repub-
lic of China 2016), which covers most of the strata sus-
ceptible to deformation. The Code categorizes the sur-
rounding rock mass through a combination of qualitative
descriptions and BQ values, with six grades ranging from
Grade I (best) to Grade VI (worst). The BQ values took
into account the uniaxial saturated compressive strength
of the rock and the integrity of the rock mass, and the cal-
culation formula was shown in Eq. (6). Grade IV includes
fractured hard rock mass or relatively intact soft rock mass
with a BQ of 251 to 350, while Grade V includes frac-
tured soft rock mass, among others, with a BQ of less than
250. The IV grade surrounding rock mass corresponds to
Q values of 0.4—4, while the V grade surrounding rock
mass corresponds to Q values of 0.1-0.4 (Wu et al. 2023).
Combining the size of the model with the adaptability of
the range of the bearing area, suitable elastic moduli were
determined to study the variation pattern of the bearing
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area. The surrounding rock mass parameters are listed in
Table 1. Overburden depths of 100 m, 300 m, and 500 m
were selected, with vertical stresses applied to the top of
the model where they exceeded the model dimensions.
This range of overburden depths was relatively common
and concentrated some large deformations in the tunnel.
The vertical ground stress scale ranges from 2 to 10 MPa,
and the horizontal stresses include Poisson effects and tec-
tonic stresses, with horizontal to vertical stress ratios of
0.5, 1.0, and 1.5. There are three relationships between
vertical stress and horizontal stress: horizontal stress is

Fig. 3 Numerical model

Tunnel

. 200m

[ Surrounding rock

L

less than vertical stress, horizontal stress is equal to ver-
tical stress, and horizontal stress is greater than vertical
stress. The ratio of horizontal to vertical stress is 0.5, 1.0,
1.5 to represent the three relationships between horizontal
and vertical stress. The horizontal to vertical stress ratio
k is defined in Eq. (7), and the 18 working conditions are
presented in Table 2.

BQ = 100 + 3R, + 250K, (©)

. e,

200m

Monitoring line | |

L _ _ _ _ _ 1L 1T _T-T 4 n
200 m o,

Table 1 Calculation parameters Surrounding Qvalue  Density (kN/m®  Elastic Poisson  Cohesion (kPa)  Friction (°)

rock mass grade modulus

(GPa)

v 0.4-4 21.50 36.5 0.3 450 33

\% 0.1-04  18.50 15 0.35 200 27
Table 2 Working condition
Condition Rock cover (m) Grade &k Condition Rock cover (m) Grade &k Condition Rock cover (m) Grade &
number number number
IVla 100 v 0.50 1IVIib 100 v 1.00 IVlc 100 v 1.50
IV3a 300 v 0.50 1IV3b 300 v 1.00 IV3c 300 v 1.50
IV5a 500 v 0.50 IV5b 500 v 1.00  IV5c 500 v 1.50
Vla 100 v 0.50 VI1b 100 \% 1.00 Vlc 100 \Y% 1.50
V3a 300 v 0.50 V3b 300 \% 1.00 V3c 300 \Y% 1.50
V5a 500 v 0.50 V5b 500 v 1.00 V3¢ 500 \Y% 1.50

@ Springer



5788

K. Ma et al.

where BQ is the basic quality index value of surrounding
rock mass, R, is the uniaxial saturated compressive strength
of the rock, K, is the integrity of the rock mass.

0, =0y, = —0y (N

3.2 Test Design
3.2.1 Test Overview

The experiment employed the XTDIC (eXtended Three-
Dimensional Digital Image Correlation) system for full-field
deformation measurement and analysis. This system cap-
tures speckle patterns on the surface of the observed object
throughout the entire process using high-precision cameras.
The DIC algorithm is utilized to obtain the disparity data
of each point on the surface of the observed object, recon-
structing the coordinates of the speckle pattern. By compar-
ing the differences in speckle pattern coordinates within the
measurement area, the strain field is obtained, enabling the
analysis of the corresponding stress field. Just as formula
1 and formula 5, the main analysis of elastic strain energy
and stress in this paper is the rate of change. Although the
initial energy and stress are affected by gravity differently,
when using formula 1 and formula 5 for calculation, D, and
D, are 0. D, and D, observed after tunnel excavation are an
effect of redistribution. Although the influence of gravity
is not considered in the test, the initial D and D, is also
0. The change process recorded by the camera through the
scatter plate is in line with this rate of change. This process
is difficult to be recorded in the numerical simulation and the
actual situation, so the quantitative model test is not selected
in the test, but the qualitative verification test is selected.
The horizontal loading form is determined (Zhou et al. 2019;
Jeon et al. 2004).

The experiment aimed to obtain surface strain data of
the specimen. A horizontal loading configuration was uti-
lized, disregarding the influence of gravity. The specimen
surface was secured using acrylic plates and steel bars to
restrict vertical displacements, ensuring a planar strain pat-
tern. Data acquisition was performed in a single-camera
mode. The experimental hardware system was divided into
a loading system and an image acquisition system. The
schematic diagram of the setup is shown in Fig. 4a, while
the on-site photograph is presented in Fig. 4b. The load-
ing system comprised three jacks, three 1.5 cm-thick force-
transmitting steel plates, and a reaction frame. The image
acquisition system included a camera, a camera bracket, two
light sources, and a monitor. A DeepVision Intelligent SH6-
207-M-40 high-speed camera model was selected for the
experiment, equipped with a Canon EF 16-35mm {/2.8L 11
USM full-frame wide-angle lens. The lens had a minimum
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focal length of 16 mm and a maximum aperture of 2.8. The
camera bracket was positioned 1.3 m away from the speci-
men surface, ensuring complete capture of the specimen's
surface in the images.

The physical size of the speckle is determined by the
image scale and satisfies Eq. (8). In this experiment, the
image resolution was 1440 x 1080 pixels, and the physical
dimension of the component was 1 m. Therefore, the physi-
cal size of an 8-pixel speckle was 7.4 mm.

ly ==, (8)

where /, is the speckle size, p, is the number of pixels, Dis
the image scale.

3.2.2 Working Conditions and Steps

Two test conditions were established, namely, four-way
equal loading and loading mode with a principal stress
direction. The test material chosen was M10 cement mor-
tar. The design strength of M10 cement mortar is 10 MPa.
The test conditions are presented in Table 3. The experiment
adopted horizontal loading (without gravity influence), and
the model was axisymmetric. The three types of geostress
relationships could be simplified into two types, that was,
the two directions of stress were equal and not equal. There-
fore, there were two sets of horizontal to vertical stress ratio,
where k=0.5 represented the case of unequal stress in the
two directions and k= 1.0 represented the case of equal stress
in the two directions. Because this investigation is universal
and there is no corresponding tunnel prototype, no model
experiments were conducted. Furthermore, the proportion
of experimental materials and tunnel dimensions was not
taken into account. The main purpose of this experiment is
to verify the stress changes around the tunnel, therefore, only
a qualitative comparison was made between two significant
principal stress directions in the working conditions.

The experimental procedure was conducted as follows:
(1) Assembly of the specimens, (2) Mounting of the cam-
era, (3) Connection of the equipment, (4) Adjustment of the
image, (5) Gradual loading, (6) Image processing. During
the pressurization process, it was observed that the ultimate
strength between the reaction frame and the specimen was
approximately 18 tons. When the loading exceeded 18t, the
reaction frame underwent deformation, which could not
guarantee the effective application of the load. Therefore,
the graded loading levels adopted are shown in Table 4. The
dimensions of the loaded specimen boundary were 1 mx0.2
m, with an area of 0.2 m?. The load quantities for the three
graded levels were 5 tons, 10 tons, and 15 tons, correspond-
ing to loading stresses of 250 kPa, 500 kPa, and 750 kPa,
respectively.
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Fig.4 Test device

Table 3 Working condition
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(a) Vertical diagram of experimental model (mm)
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Reaction frame
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(D—Test components, @—High-speed camera, (3—Camera mount, @—Lighting, &—Monitor, ®-1. ©-2.
©-3—1#. 2#. 3#Jack, @—Oil pump, (®—Bearing plate, @—Reaction frame.

(c) Test photos

4 Results and Discussion

4.1 Calculation Results

The stress concentration factor (D) and energy concentra-

Number Test materials Horizontal to . K . >
vertical stress tion factor (D,) were incorporated into the Fish language
ratio finite difference program to generate a partial cloud of stress
carrying capacity as shown in Fig. 5, and a partial cloud of
A M10 mortar k=0.5 ymng p. Y . & R P
energy carrying capacity as shown in Fig. 6. A rock cover
B M10 mortar k=1

of 100 m for Grade V was chosen as an example to illustrate
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Table 4 Hierarchical loading level

Number Horizontal to
vertical stress

Loading level 1# Jack 2#, 3# Jack

ratio
A k=0.5 First level loading 5t 25t
Second level 10t S5t
loading
Third level loading 15t 75t
B k=1 First level loading 5t S5t
Second level 10t 10t
loading

Third level loading 15t 15t

the elevated lowering zone of stress and energy, which was
found to be moderate in extent and easily identifiable. The
stress redistribution was observed to be close in shape, with
an approximately circular, symmetrical distribution for a
horizontal to vertical stress ratio of 1. However, when the
horizontal stress factor was not 1, the stress redistribution
was found to be elliptical, with the long axis parallel to the
direction of the major principal stress and stresses concen-
trated in the direction perpendicular to the major principal

1.4436E400 [
1.3000E+00 |
1.1000E+00 |||
9.0000E-01
7.0000E-01
5.0000E-01
3.0000E-01
1.0000E-01
-1.0000E-01 /|1
-3.0000E-01 |
-5.0000E-01
-5.1305E-01

(a) Condition Vla

Fig.5 Stress concentration factor cloud (D)

2.8605E+00
2.7500E+00
2.5000E+00
2.2500E+00 [h[ 1/
2.0000E+00 |||/
1.7500E+00 )

1.5000E+00
1.2500E+00
1.0000E+00
7.5000E-01
5.0000E-01
2.5000E-01
0.0000E+00
-2.5000E-01
-5.0000E-01
-7.0799E-01 |~

(b) Condition V1b

Y A7 = S s e e e v, S A A

stress. The redistribution of energy showed considerable
variation in shape. When the horizontal stress was equal to
the vertical stress, the energy concentration was similar to
the stress concentration, forming an approximately circular
distribution. However, when the horizontal stresses were not
equal to the vertical stresses, the area of elevated energy did
not form a closed area, with a decrease in energy occurring
in the area parallel to the large principal stresses and an
increase in energy occurring in the direction perpendicular
to the large principal stresses. Stress redistribution was the
law of tangential stress redistribution after tunnel excavation.
The change of energy was affected by the three principal
stresses. The redistribution of energy of surrounding rock
mass was a comprehensive analysis of the state of rock mass,
so the redistribution of stress and energy was different.

To obtain the stress and energy carrying capacity at each
point, the calculated stresses were input into Egs. (1) to (5),
and the representative results are shown in Fig. 7. The distri-
bution pattern of the load carrying capacity with each angle
had a strong correlation with the horizontal to vertical stress
ratio. The depth of burial and the grade of the surrounding
rock mass only affected the position of the boundaries and
had little effect on the distribution pattern. The locations of

Do 6.2270E-01
4.9263E-01 [N oo 6.0000E-01
4.0000E-01 | ||/ 5.0000E-01
3.0000E-01 || N e 4.0000E-01
2.0000E-01 Ll 3.0000E-01
1.0000E-01 '/ 2.0000E-01

(I 1.0000E-01
0.0000E+00 jj 0.0000E+00
-1.0000E-01 -1.0000E-01
-2.0000E-01 2 0000E.01
-3.0000E-01 | -3.0000E-01
-4.0000E-01 | -4.0000E-01
-5.0000E-01 |\~ -5.0000E-01
-5.2555E-01 | | -6.0000E-01

-6.7361E-01
1.7197E+00
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9.0000E-01 ; 1.2000E+00
| 7.0000E-01 1.0000E+00
5.0000E-01 8.0000E-01
3.0000E-01 6.0000E-01
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-1.0000E-01 0.0000E +00
-3.0000E-01 -3 D000E.01
-5.0000E-01 -4.0000E-01
-7.0000E-01 -6.0000E-01
-7.6096E-01 -8.0000E-01
-8.9300E-01

(a) Condition Vla

Fig.6 Energy concentration factor cloud (D,)
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(b) Condition V1b

(c) Condition Vlc
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Fig.7 Load carrying capacity calculation results

the inner and outer boundaries of the stress load-bearing
zone were relatively concentrated, as depicted in Fig. 7a and
c. The horizontal to vertical stress ratio only affected the
load carrying capacity at certain angles and had little impact
on the boundary. The redistribution of energy was strongly
influenced by the horizontal to vertical stress ratio. When
k+#1, an energy gathering zone could not occur in some
directions, and there was no obvious correlation to the stress
distribution, as illustrated in Fig. 7b. When k=1, the energy
redistribution around the entire tunnel was symmetrical, and
the inner and outer boundaries were positioned relatively
close together, as shown in Fig. 7d.

The bearing and non-bearing zones surrounding the tun-
nel were more clearly visible at a depth of 100 m in Grade V

Distance to tunnel boundary / m

(d) Energy distribution (Condition V1b)

surrounding rock mass, as demonstrated by examples Vla,
V1b, and Vlc in Fig. 8. The corresponding stress concen-
tration area and energy concentration area were calculated
through the stress before and after tunnel excavation. Fig-
ure 8 is drawn after it was symmetrical. The stress criterion
provided a load-bearing zone in the form of a closed curve.
When k=1, the inner and outer boundaries were approxi-
mately circular. Whereas when k# 1, the load-bearing zone
was elliptical, with the short axis of the inner boundary
ellipse parallel to the direction of the major principal stress
and the long axis of the outer boundary ellipse parallel to
the direction of the major principal stress. The reduction and
aggregation zones of energy varied significantly with lateral
pressure. The release and gathering zones of energy varied

@ Springer



5792 K.Maetal.
0
345 15
50 T
45 - 451(5) 30 e i
ol N 45 40 s S5,
35 35
305 300 60 305 300 / . 60
25 F A 25 N
. \ 20 / %
151285/ \ 75 15Fags ) \7s
~ 10 F f \ g 10 / \
st 1 1 35 I 1
= \ L | \
g 270 - 490 2 270 - - 90
Az 5¢ ‘\ | 8 5. ‘L, |‘
RoE | ] Rwf |
15 £ 255 7105 15 £ 255§ 7105
E \ / E \ /
20 X i 20X /
25 25 F
300 240 N 120 30 240 N\ /120
35 F \ / 35 N /
20 - 225 N\ 5 135 400 225 N\ 135
s 210 L 7150 s 210 L, 7150
0 e 0 195 g 165
125 1gp 165 180 ,
Stress-bearing inner boundary Energy release zone Stress-bearing inner boundary Energy release zone ‘
Stress-bearing outer boundary Energy gathering zone Stress-bearing outer boundary Energy gathering zone|
(a) Condition Vla (b) Condition V1b
- s 0 s
E D G s s
15 339’1 o ‘\\’30
40 = 315 < O 45
35 &
30 390 60
25 £ X\
20 F / \
A
15 F / \
285 L 75
Ewp ™ \
Q 5" [ 1
g 210 - 90
aS5g | f
[aBly ’ “\ “.w‘
20 X /
25 F 4
30 240 \\ /120
35E \( /
40 £ 225 N\ 135
3 Y P
195 g9 165

Stress-bearing inner boundary
Stress-bearing outer boundary

Energy release zone
Energy gathering zone

(c) Condition Vlc¢

Fig. 8 Calculation diagram of the load-bearing area

greatly with the horizontal to vertical stress ratio. When
k=1, the energy redistribution was in a closed circle, with
the energy release zone, energy gathering zone, and energy
minor influence zone being exhibited in that order, from
the tunnel outwards. When k# 1, the energy gathering zone
was distributed along the direction of the major principal
stress, and the energy release zone was distributed along the
direction of the minor principal stress, which was consistent

@ Springer

with the pattern observed in Fig. 2, obtained by Zhu et al.
(2003). When the horizontal to vertical stress ratio was equal
to 0.5 and 1.5, the energy-affected zone was larger than the
stress-affected zone. When the horizontal to vertical stress
ratio was equal to 1, the energy-influenced zone was smaller
than the stress-influenced zone. Changes in the horizontal
to vertical stress ratio had a limited effect on stress redis-
tribution, mainly in terms of localized shape changes. The
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horizontal to vertical stress ratio had a significant effect on
energy redistribution, with the shape and size of the affected
area being greatly affected.

4.2 Influencing Factors
4.2.1 Stress Criterion

The load-bearing and non-load-bearing zones of stress
around the tunnel were distributed in an approximately cir-
cular manner, so the average radius was used for comparison.
The inner and outer boundaries were obtained by subtracting
the fitted mean radius from the tunnel radius. The thickness
of the self-supporting zone was obtained by subtracting the
inner radius from the fitted outer radius, as shown in Fig. 9.
The different shapes in the figure indicated different over-
burden depths. The vertical coordinate "Length" showed
the average distance from the tunnel boundary to the inner
or outer contours of the self-supporting zone. 'Thickness'
showed the average distance between the inner and outer
boundaries. The size of the inner boundary affected the
thickness of the unstable rock mass around the tunnel, while
the outer boundary mainly represented the area of influence
of the tunnel excavation.

In terms of stress redistribution after tunnel excavation,
changing the surrounding rock mass Grade from IV to V
led to a large increase in the inner and outer boundaries
and the thickness of the self-supporting zone. From the
heights of different shapes in Fig. 9, it could be seen that

[ Thickness

0 :
@500 m burie

N 6‘{\0%

1.0
300 m buried A %
j ) : 0.5 {\'19‘«A (a\'xo&m
A 100 m buried R\ s\‘e%s

(a) Grade IV

Fig.9 Comparison of the average thickness of the stress criterion

[ Outer boundary

[ |Inner boundary |

|
|
|
|

|

|

as the depth of the tunnel increased, there was a consider-
able increase in the inner and outer boundaries and the
thickness of the self-supporting zone. The deeper the tun-
nel is buried, the higher the degree of energy accumula-
tion in the surrounding rock mass after excavation. There-
fore, the range of rock mass exceeding the energy storage
limit of the rock mass is larger, which is the reason for
the increase of the inner boundary of the self-supporting
zone. Similarly, as the geostress increases, a larger range
of rock masses are required to participate in stress redis-
tribution, resulting in an increase in the thickness of the
self-supporting zone. The thickness and inner boundary
increase, and the outer boundary of the self-supporting
zone also increases. Changes in the overburden depth and
surrounding rock mass grade had a more significant effect
on the change of the self-supporting zone than changes
in the horizontal to vertical stress ratio. For the inner
boundary, the higher the horizontal stress, the further it
was from the tunnel boundary. For the outer boundary, the
closer the horizontal stress was to the vertical stress, the
smaller it became, and vice versa. As the outer boundary
was larger than the inner boundary, the thickness of the
self-supporting zone was mainly influenced by the outer
boundary. Thus, the closer the horizontal stress was to
the vertical stress, the smaller the thickness of the self-
supporting zone. Overall, the surrounding rock mass grade
and overburden depth of the tunnel were the primary fac-
tors influencing the self-supporting zone of the tunnel,
with horizontal stresses having less impact.

[ Outer boundary |
- Thickness |

| Inner boundary J

0 »
@500 m burie
ﬂ 300 m buried

‘ 100 m buried

(b) Grade V
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4.2.2 Energy Criterion

Unlike the redistribution of stress, the redistribution of
energy was strongly influenced by horizontal stress. Figure 8
shows that the release and gathering of energy had a com-
pletely different distribution pattern for the three different
horizontal stresses. The parametric analysis of the energy

Radius / m

w / P3ua

distribution was carried out by separating the individual
operating conditions for the three k values and the com-
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Fig. 10 Comparison of energy changes after tunnel excavation
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parison results are shown in Fig. 10. In the case of unequal
horizontal and vertical stresses, changes in overburden depth
and surrounding rock mass grade would only change the size
of the area of the energy gathering and lowering zone and
would not affect the shape of their distribution, as shown
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in Fig. 10a, b. The energy redistribution of Grade V was
overall larger than that of Grade IV. As the depth of burial
increased, the zone of energy change gradually increased,
with a sudden change at 300 m overburden depth at grade V,
where the zone of energy change intensified. When k=1, the
energy distribution pattern was consistent with the stress, as
shown Fig. 10c. The ball and block are set in Fig. 10c. The
ball showed the average distance between the boundary of
the bearing area and the tunnel contour. Blocks indicated
the average distance between the inner and outer contours
of the bearing area. From the tunnel centre outwards, there
was the energy reduction zone, then the energy aggregation
zone and finally the energy unaffected zone. In the Grade IV
surrounding rock mass, the tunnel overburden depth had less
influence on the energy change zone. In the Grade V sur-
rounding rock mass, the depth of tunnel burial had a signifi-
cant effect on the energy change zone. An increase in tunnel
depth substantially increased both the energy reduction zone
and the energy aggregation zone.

4.3 The Bearing Mechanism
4.3.1 Stress Field Analysis

The principle of force equilibrium states that the product of
the total stress and the area under the normal section before
and after tunnel excavation must be the same, as shown in
Eq. (9). This principle is known as the conservation of stress
flow, which means that the stress flow in the surrounding
rock mass remains constant in any profile before and after
tunnel excavation. Stress flow behaves similar to water flow,
where the effective cross-section is reduced and the velocity

Rt RN
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' pathering }

zone
I+ 4

~ gathering
zone
Original

energy bl
zone |V ||

‘\ \ “‘ ‘ Su‘essAﬂo;\'lmés ‘ “‘
(a) =0.5

Fig. 11 Energy and stress streamline distribution diagram

(b) /~=1.0

is increased on either side of the obstacle, but the flow rate
remains constant at any cross-section of the flow.

When k<1, vertical stresses predominate and result in
vertical cylindrical flow around the tunnel after excavation.
A certain divergence of flow occurs above and below the
tunnel, and the elastic strain energy of the surrounding rock
mass decreases in this region. The flow velocity increases
on both sides of the tunnel, and the stress flow lines become
denser, causing the elastic strain energy of the surrounding
rock mass to gather in this region, as shown in Fig. 11a.
The energy release zone around the tunnel is characterized
by the energy reduction zone on both sides of the tunnel
sidewalls due to the stress flow lines in this area being too
dense for the surrounding rock mass to withstand. The elas-
tic strain energy decreases after the rock mass strength enters
the peak. The energy reduction in the vertical direction of
the tunnel is the result of stress redistribution. Similarly,
when k> 1, the main stress direction is horizontal, and the
same phenomenon as described above occurs, but with a 90°
deflection in direction, as shown in Fig. 11c. When k=1, the
overall hydrostatic pressure field is present, and the direction
of stress flow in the surrounding rock mass after tunnel exca-
vation is from all around to the middle. This flow is slightly
affected by gravity, which is negligible. Stress flow gathering
occurs around the tunnel, where the energy gathers. When
the stress level is too high, or the rock mass is not strong
enough, post-peak damage begins to occur around the tunnel
perimeter, and the elastic strain energy is reduced, as shown
in Fig. 11b. Due to the similar morphological characteristics
of a 90° rotation when k is greater than 1 or less than 1, the
analysis of the load-bearing mechanism was conducted using
k=0.5 and k=1 as examples.
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[ oar= [ o/a ©
Sh Sh,

where o, is the total stress in the rock mass before excava-
tion, vector sum of each principal stress, o, is the total stress
in the rock mass after excavation, S, is the area of action
before excavation, S’ is the area of action after excavation.

4.3.2 Mainly Vertical Stress

In the perpendicular direction of the major principal stress
(horizontal direction): The energy concentration zone is
located on both sides of the tunnel sidewalls. This situation
corresponded to the case of k=0.5, and when k=1.5, the
bearing mechanism could rotate by 90°. The changes in the
level and overburden depth of the surrounding rock mass
would not affect the bearing mechanism, but only the size
of the bearing area. This region exhibits high energy and
stress concentration, forming an active load-bearing zone
that serves as the foundation for the formation of the closed
load-bearing zone. This portion is represented by the green
Zone I in Fig. 12a. The energy accumulation in this area
exceeds the energy limit that the rock mass can withstand,
leading to shear failure of the rock mass. As a result, plastic
zones appear on both sides of the tunnel, and elastic strain
energy is dissipated. This region is unable to bear loads, as
depicted by the yellow Zone II on both sides of the tunnel in
Fig. 12a. The active load-bearing zone is relatively stable,
resulting in a smaller range of deformation impact in the
horizontal direction, as shown in Fig. 12c. However, stress
concentration will lead to some shear failure, explaining the
characteristic distribution of shear plastic zones extending at
the sidewalls after tunnel excavation, as shown in Fig. 12b.
Figure 12b, c is the calculation cloud maps of working con-
dition Vla.

Fig. 12 Load-bearing mecha- Direction of major principal stresses
nism analysis (k=0.5) L i

4

<>
p—

of bearing zone

freeeett

Direction of major principal stresses

(a) Tunnel load-bearing mechanism
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In the parallel direction of the major principal stress (ver-
tical direction): the energy reduction zones are distributed in
a wedge-shaped manner in the upper and lower parts of the
tunnel. The active load-bearing zone has a distinctive trum-
pet-shaped profile. The energy reduction zones are wedged
tightly into the active load-bearing zone under the driving
force of stress flow (represented by the ground stress vec-
tor). The special boundary causes some stress deviation in
the energy reduction zones. The tangential stress increases
in the deviated portions, transferring the vertical stresses
from the upper and lower parts to the active load-bearing
zone. This forms a passive load-bearing zone, indicated by
the brown Zone III in Fig. 12a, which forms a closed circular
ring with the active load-bearing zone. In the vicinity of the
tunnel, due to the presence of free faces, the surrounding
rock mass will experience a bending-type failure in response
to the vertical stresses. Tensile failure zones appear at the
boundaries of the tunnel, represented by the red Zone IV in
Fig. 12a. The brown zone has a larger area involved in stress
transfer and undergoes deformation during the stress transfer
process. Consequently, the deformation impact range is sig-
nificant in the upper and lower parts of the tunnel, as shown
in Fig. 12c¢ (vertical direction). The vertical stress adjustment
range is large, resulting in lower stress levels in this area.
The plastic zone extent is smaller than at the sidewalls, with
only localized tensile plastic zones occurring near the tun-
nel boundaries due to their unique shape. Under the action
of vertical stress, part of the rock mass moved towards the
tunnel as a whole. During the movement, the bearing zone
was formed by wedge tightening.

4.3.3 Hydrostatic Pressure Field

When the vertical stress was equal to the horizontal stress,
this situation corresponded to k=1.0. At this stage, the
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(b) Tunnel plastic zone cloud chart (c) Tunnel total displacement cloud chart (m)
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Table 5 Test material properties

Test materials Number Height (mm) Diameter (mm) Compressive  Elastic Poisson’s ratio
strength (MPa) modulus
(GPa)
M10 mortar M1 100.1 49.8 8.75 1.90 0.10
M2 100.9 50.0 8.93 1.45 0.15
M3 101.8 50.1 9.26 2.01 0.12
10

distribution pattern of energy corresponds to the distribu-
tion pattern of stress-bearing zones. Both energy and stress
exhibit enclosed accumulation zones around the tunnel, 81 B
which bear the stress release caused by tunnel unloading ot e
and contribute to the self-supporting capacity of the tun- s oL
nel. The rock mass at the far end of the tunnel performs E
work on the surrounding area under the influence of body E — Ml-axial
forces, leading to energy accumulation around the tun- %'34 L - M1-hoop
nel and the formation of stress-bearing zones. The outer — M2-axial
boundary of the energy concentration zone adopts the ini- - xz:;oﬁ
tial energy as the standard, which refers to the elastic strain 2 F oo M3-hoop
energy at various positions before tunnel excavation. The n TestA
initial energy is greater than the energy far from the tun- 4 TestB
nel boundary area in the model. As shown in Fig. 7d, the 0 ;3 é ' "1 ' . ' _' I6 ' I8

position of the blue line is higher than the energy at the
far end, so the energy accumulation area obtained when
using the initial energy as the outer boundary criterion
is smaller. Therefore, the area of energy accumulation is
smaller than the zone of increased stress, represented by
the green region in Fig. 13a. The high stress concentration
and unloading effects around the tunnel lead to the occur-
rence of shear plastic zones, accompanied by increased
strain due to the shear failure of the rock mass. This results
in a ring of tensile failure zones around the tunnel perim-
eter, represented by the brown region in Fig. 13a. The
deformation pattern of the tunnel also exhibits a diver-
gent distribution from the center to the surrounding areas.
The above analysis and the computational cloud maps in
Fig. 13b, c are consistent with each other. Figure 13b, ¢
is the calculation cloud maps of working condition V1b.

2 0 -2
Strain / 0.001

Fig. 14 Stress—strain curve of specimen

4.4 Test Results
4.4.1 Material Strength Calibration

Three conventional uniaxial compression tests were con-
ducted on the experimental casting material. The test results
are shown in Table 5, and the stress—strain curve is shown in
Fig. 14. It can be observed that the compressive strength of
the test material ranged from 8.75 to 9.26 MPa after curing
completion, with an average compressive strength of 8.98
MPa. The elastic modulus ranged from 1.45 to 2.01 GPa,
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with an average elastic modulus of 1.79 GPa. The peak strain
was approximately 0.0045.

4.4.2 Mainly Vertical Stress

The stress concentration process of Group A loading is
shown in Fig. 15. It can be observed that, regardless of the
loading level, the strain values in the horizontal direction of
the tunnel are slightly larger, while the overall concentra-
tion range in the vertical direction is larger. Similarly, as
shown in Fig. 15a, after the first-level loading, the maximum
strain of —0.213 corresponds to a stress of approximately
850 kPa, distributed at stress concentration points around the
tunnel. As shown in Fig. 15b, after the second-level load-
ing, the maximum strain of —0.322 corresponds to a stress
of approximately 980 kPa, distributed on both sides of the
tunnel. As shown in Fig. 15c, after the third-level loading,
the maximum strain of —0.858 corresponds to a stress of
approximately 1.53 MPa, distributed on both sides of the
tunnel. The legend is shown in Fig. 14. Numerically, the
experimental results are generally consistent with the con-
centration level under each loading level, indicating a certain
level of accuracy in the experiment.

The surrounding area of the strain cloud plot exhibits cer-
tain strain variations, but their magnitudes are far smaller
than the strain concentration around the tunnel. Therefore,
the strain concentration around the tunnel is extracted and
shown in Fig. 16. It can be observed that when the hori-
zontal stress coefficient is not equal to 1, the stress con-
centration around the tunnel exhibits a regular distribution
pattern. In the two quadrants perpendicular to the major
principal stress, the maximum stress concentration occurs,
but the overall disturbance range of the tunnel is small. In
the two quadrants parallel to the major principal stress, the
stress concentration values are not significant, but the overall
disturbance range of the tunnel gradually increases. With
the increase of load, the stress concentration level increases

Passive

Qﬂ-beaﬁng
od :
i )= =
-

Primary
load-bearing
zone

Fig. 16 Evolution of bearing area (k=0.5)

further on both sides of the tunnel, and the influence range
in the vertical direction also expands. Moreover, with the
increase of load, the influence range in the vertical direction
becomes larger than the horizontal direction.

4.4.3 Hydrostatic Pressure Field

The stress concentration process of Group B with uniformly
distributed loading on all sides is shown in Fig. 17. It can
be observed that regardless of the loading level, a relatively
uniform strain (stress) concentration phenomenon is present
around the tunnel. In Fig. 17a, it can be seen that after the first
level of loading, the maximum strain of —0.137 corresponds
to a stress of approximately 780 kPa, distributed at stress con-
centration points around the tunnel. In Fig. 17(b), it can be
seen that after the second level of loading, the maximum strain
of —0.418 corresponds to a stress of approximately 1.1 MPa,
distributed around the tunnel. In Fig. 17c, it can be seen that
after the third level of loading, the maximum strain of -0.844
corresponds to a stress of approximately 1.52 MPa, distributed
around the tunnel. It can be observed that the stress redistribu-
tion is essentially twice the initial stress, with a slightly higher
value due to local stress concentration in the model. Due to
the limited load-bearing capacity of the experimental reaction

(a) First level loading(%o)

Fig. 15 Test result cloud chart (k=0.5)
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(b) Second level loading(%o)

(c) Third level loading(%o)
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(a) First level loading(%o)

Fig. 17 Test result cloud chart (k=1)

‘ =

Fig. 18 Evolution of bearing area (k=1)

frame, no failure of the test specimens occurred during the
experiments.

The surrounding area of the experimental strain cloud dia-
gram exhibited some strain variations, but their magnitudes
were much smaller than the strain concentration around the
tunnel. Therefore, the strain concentration around the tunnel
was extracted as shown in Fig. 18. It can be observed that
when the horizontal stress coefficient is 1, the stress concentra-
tion around the tunnel exhibits a relatively uniform distribu-
tion. With increasing load, the range expands and the stress
values gradually increase. The experimental results confirm
the analysis presented in Sects. 2 and 3 regarding the strain
concentration. The formation of the tunnel's load-bearing
zone in a static hydrostatic pressure field is attributed to the
work done by the far field on the tunnel cavity, creating a con-
centrated area of energy/stress around the tunnel. This region
serves as the primary load-bearing zone of the tunnel. The
observed patterns in the load-bearing zone are consistent in all
directions and exhibit axisymmetric characteristics, expanding
gradually from the center to the periphery. The stress concen-
tration around the tunnel perimeter also increases further.

5 Conclusions

The FDM was utilized to introduce the stress concentra-
tion factor and the energy concentration factor indexes for
analysis. The mechanism of tunnel self-supporting zone

(b) Second level loading(%o)

(c) Third level loading(%o)

formation under different horizontal to vertical stress ratios
was revealed and verified by experiments. The factors influ-
encing the size of the bearing area were quantitatively ana-
lyzed. The study concluded with the following findings.

When k was equal to (close to) 1, the rock mass far from
the tunnel worked towards the cavity under the action of the
ground stress, resulting in energy accumulation of the sur-
rounding rock mass outside the tunnel contour and in the for-
mation of a bearing zone. The rock mass around the tunnel
formed a non-bearing zone due to stress relaxation caused by
the accumulated energy exceeding its energy storage limit.
When k was not equal to 1, the elastic strain energy of the
rock mass accumulated in two quadrants perpendicular to
the direction of the major principal stress around the tunnel,
forming active bearing zones. The other two quadrants of
the rock mass formed passive bearing zones, transmitting
stresses to the active bearing zone through the arching effect.

The overburden depth and the quality of the surrounding
rock mass affect the size but not the shape of the non-bearing
and bearing areas after tunnel excavation. The quality of
the surrounding rock mass has a greater influence than the
overburden depth. When the Q value of the surrounding rock
decreases or when the overburden depth increases, the range
of each area becomes significantly larger.
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