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Abstract: To reveal the nonlinear deformation characteristics and failure mechanisms of surrounding rocks 8 

of horseshoe-shaped tunnel affected by varying principal stress directions, the physical experiments are 9 

carried out based on the similarity theory and control variable method. Simultaneously, on the basis of the 10 

statistical strength theory and meso-damage mechanics, a series of 2D numerical models which are able to 11 

consider the rock heterogeneity are established to further investigate the mechanical mechanism of damage 12 

evolution of surrounding rocks. Seven different kinds of horseshoe-shaped tunnel models are tested and the 13 

typical failure modes are analyzed according to the experimental data and numerical simulations. The results 14 

show that when the lateral pressure coefficient is small, fractures mainly develop towards the remote 15 

maximum principal stress direction; when the pressure difference between the vertical and horizontal 16 

directions is small, tunnel surrounding rocks damage seriously; initial damage of surrounding rocks basically 17 

occurs at the bottom floor corners and arch shoulders; the process of stress buildup, shadow and transfer is 18 

the fundamental mechanical process for the formation of mesoscopic damage and macroscopic failure. 19 

Overall, these achievements can provide valuable insights into the nonlinear failure mechanisms of 20 

horseshoe-shaped tunnel and will contribute to tunnel support design and stability evaluation in geotechnical 21 

engineering. 22 
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1  Introduction 26 

The safety and stability of tunnel surrounding rocks is always regarded as a challenging research topic in the field 27 

of geotechnical engineering. To meet the demand of transportation facility construction, resource exploitation, 28 

hydroelectric development, energy conservation and so on, a large number of underground projects have been built in 29 

the past 50 years. It is worth noting that some current large-scale tunnel projects have to face complicated geological 30 

and stress environment, which puts forward high demand and great challenge for the stability analysis theory of 31 

surrounding rocks. Generally, ground stress is the fundamental force that causes rock deformation and damage in 32 

underground engineering (Hoek 1965). In some early studies (Hoek 1964; Lajtai 1971; Gay 1976; Fakhimi et al. 2002), 33 

primary tensile and compression fractures were observed in the experiments conducted on circle tunnel models 34 

subjected to uniaxial or multiaxial pressures. Subsequently, many classical theories for the stability analysis of 35 

surrounding rocks were proposed, such as the classical pressure theory, granular pressure theory, elastoplastic theory, 36 

etc. The development of analysis theories is significantly influenced by the understanding of the interaction between the 37 

geostress and surrounding rocks. 38 

The initial stress field of surrounding rocks consists of the gravitational stress field, tectonic stress field, etc. The 39 

magnitude and direction of principal stresses vary in different regions because of the superposition of different stress 40 

fields. Moreover, because of tectonic factors, the principal stresses are generally neither vertical nor horizontal, but 41 

incline with a certain angle. Considering that failure mode is consequentially influenced by the initial stress field (Lajtai 42 

and Lajtai 1975), study of the effect of principal stresses on failure patterns of surrounding rocks will provide insights 43 

into understanding the failure laws of surrounding rocks under different stress states and help to rationally determine 44 

the possibility of instability. 45 

Recently, there has been growing interest in the failure mechanism and stability control method of underground 46 

tunnels and many valuable results have been achieved. Charpentier et al. (2003) analyzed the difference between 47 

excavation unloading and tectonism by carrying out experiments on the formation of micro near-field cracks of shale in 48 

tunnel and proposed that the mechanical mechanism of excavation in underground engineering lies in the stress 49 

redistribution. Simona (2014) analyzed the influence factors regarding the opening stability, including the support 50 

stiffness, rock damage and tunnel depth, and proposed an analytical approach based on the determination and 51 

integration of the rock-lining interface differential equation. Jure and Janko (2014) simulated the effect of overburden 52 

and the orientation of anisotropy plane on tunnel deformation and compared their results to the measurements at the 53 
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Trojane tunnel (Slovenia). Zhao et al. (2018) discussed the strengthening and isolation strategies to reduce seismic 54 

damage to tunnels and thought that the isolation layer is better to collaborate with the strengthening layer and a 55 

relatively large modulus and small thickness should be chosen for the isolation layer. Ng et al. (2018) conducted 56 

three-dimensional numerical simulations to study the failure rules of circular crossing tunnel affected by the size of 57 

existing horseshoe-shaped tunnel and revealed that the mid-plane deformation of the existing tunnel are elongated 58 

along the vertical direction and compressed along the horizontal direction. 59 

These research results have promoted the understanding of the failure mechanism of underground tunnels to a 60 

certain extent. However, the geological conditions of large-scale underground tunnels are always complicated, and it is 61 

generally difficult to detect the whole ground stress field of engineering region accurately. Especially, the influence of 62 

principal stress direction on the failure behaviors of tunnels remains unclear. Meanwhile, although circular tunnels are 63 

easy for analysis because of the symmetry, horseshoe-shaped tunnels are used more widely in practice due to the 64 

convenience for pedestrians and vehicles to pass through. 65 

Additionally, many theoretical models (Tokar 1990; Shao et al. 1994) have been proposed to analyze the influence 66 

of mechanical properties on the failure behaviors of rock masses based on the fracture mechanics. However, it is almost 67 

incapable to characterize the entire fracture process involving the initiation, propagation and coalescence of 68 

micro-cracks through to the formation of a full-scale macrocrack in host rock. Therefore, numerical methods have been 69 

used by researches to model the rock progressive failure. Suchowerska et al. (2012) used the finite element method 70 

(FEM) to evaluate the roof collapse of underground rectangular cavities for a range of geometries and rock properties. 71 

Dhawan et al. (2002) compared FEM results of 2D and 3D modelling of underground openings in heterogeneous rock 72 

mass to in-situ measurements. But as a continuum method, FEM has many natural limitations in modelling geological 73 

discontinuities such as joints, bedding planes and faults. The distinct element method (DEM), as a useful technique for 74 

discontinuous analysis in rock engineering, has been widely used to study the rock failure instability in many cases 75 

(Xiang et al. 2018; Shi et al. 2020; Gao et al. 2020). Besides, the discontinuous deformation analysis (DDA) proposed 76 

by Shi and Goodman (Shi 1988; Shi and Goodman 1985) is also an appropriate numerical tool for the discontinuous 77 

block-system simulation and successfully used in many underground engineering projects (Gong et al. 2018; Xu et al. 78 

2019; Huang et al. 2020). However, almost none of these reported models, including the non-linear rule-based model 79 

(Blair and Cook 1998), the lattice model (Chinaia et al. 1997) and the bonded particle model (Potyondy et al. 1996), are 80 

able to effectively simulate the progressive fracture process of rocks around underground tunnels characterized by the 81 
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initiation, propagation and coalescence of cracks, which can be easily modeled by the rock failure process analysis 82 

(RFPA) method (Tang 1998; Zhu and Tang 2004; Li and Tang 2021). RFPA has been extensively applied for rock 83 

fracture analysis (Gong et al. 2019; Liu et al. 2019; Tang et al. 2020). 84 

In this paper, the experimental tests are conducted to reveal the failure laws of horseshoe-shaped tunnel affected 85 

by principal stresses with different directions using seven kinds of physical models. In addition, the stress field 86 

variation and the mechanical process of crack initiation and propagation are analyzed numerically based on the RFPA 87 

method. The results reveal the nonlinear deformation and failure mechanism of horseshoe-shaped tunnel under varying 88 

principal stress directions and will definitely benefit tunnel support design and stability evaluation in geotechnical 89 

engineering. 90 

2  Experimental models and loading conditions 91 

Principal stress direction has a great influence on the deformation and failure behaviors of surrounding rocks. By 92 

taken the rock properties and geometrical characteristics into account, the physical model tests of horseshoe-shaped 93 

tunnels are conducted to explore the related bearing capacity, deformation laws and failure modes under different 94 

principal stresses with different directions. Simultaneously, the RWL-3000 servo-controlled testing machine is used, as 95 

shown in Fig. 1. 96 

The horseshoe-shaped tunnel is simplified to a physical model with a horseshoe-shaped opening at the center. The 97 

model size is 200 mm×200 mm×200 mm. Meanwhile, the width and height of the opening are 30 mm and 45 mm, 98 

respectively. The tunnel arch is a semicircle whose radius is 15 mm and the cement mortar is used as the experimental 99 

material. 100 

The tunnel models with different inclined angles θ between the tunnel cross section axis and the vertical direction 101 

are made. The inclined angle θ increases from 0° to 90° gradually by an increment of 15°. After being fixed in the 102 

testing machine, the physical model is preloaded. Then, the vertical load pv is applied on the top. Simultaneously, the 103 

horizontal pressure ph is applied on the right face as well. Namely, the lateral pressure coefficient k is the ratio of 104 

horizontal pressure to vertical pressure, as determined by Eq. (1). Note that k can be set to different values. The test 105 

model and loading conditions are shown in Fig. 2. The physical models and loading process are shown in Fig. 3. 106 

𝑘 =
௣೓

௣ೡ
                                           (1) 107 

where pv and ph are the vertical pressure and the horizontal pressure, respectively. k is termed the lateral pressure 108 
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coefficient. 109 

3  Numerical analysis method 110 

Based on the continuum mechanics, statistical strength theory and meso-damage mechanics, the RFPA2D method, 111 

as a two-dimensional FEM-based method, has been developed to simulate the fracture process of rock-like quasi-brittle 112 

materials. The main advantages of the RFPA2D code are that there are no priori assumptions about where and how 113 

fracture and failure will appear. Cracks can occur spontaneously, and a variety of mechanisms can be exhibited when 114 

certain local stress state satisfies the given strength criteria. During the loading process, the material heterogeneity plays 115 

an important role in affecting the nonlinear deformation of rock masses. Actually, in the RFPA calculation, the solid or 116 

structure is assumed to be made up of numerous mesoscopic elements to simulate the failure of rock masses. The 117 

material properties of these elements conform to the Weibull distribution (Weibull 1951). The probability density 118 

function of the Weibull distribution is shown as follows: 119 

𝑓(𝑢) =
௠

௨బ
(

௨

௨బ
)௠ିଵ𝑒𝑥𝑝(−

௨

௨బ
)௠                                  (2) 120 

where u is a specific parameter of mesoscopic elements, such as strength and elastic modulus; u0 is a scale parameter 121 

reflecting the average value of the mesoscopic element parameter; m determines the shape of the distribution function 122 

curve and represents the degree of material homogeneity. Thus, it is also termed the homogeneity index. It can be 123 

summarized from the Weibull distribution that a larger m means a more heterogeneous material and vice versa. Using 124 

the probability density function Eq. (2), a heterogeneous medium can be built up numerically with many mesoscopic 125 

elements. Meanwhile, the heterogeneous medium produced computationally is analogous to a real specimen tested in 126 

the laboratory. 127 

For the RFPA2D code, material medium is analyzed at the mesoscopic scale and the elastic-damage mechanics is 128 

used to describe the constitutive law of mesoscopic elements. Initially, the stress-strain relation of an element is 129 

considered linear elastic until the given failure criteria are reached, and then, it is modified by softening. The 130 

mechanism consisting of tensile-opening and shearing seems to be dominant in comparing with other mechanisms of 131 

crack evolution (Meglis et al. 1995). In this code, element damage in tension or shear is initiated when the stress/strain 132 

state satisfies the maximum tensile strain criterion or the Mohr-Coulomb criterion, respectively. In the elastic damage 133 

mechanics, the elastic modulus of material degrades gradually with the development of damage (Liang et al. 2004). The 134 
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elastic modulus of damaged element is defined as follows: 135 

𝐸 = (1 − 𝜔)𝐸଴                                         (3) 136 

where E and E0 represents the elastic modulus of damaged and undamaged material elements, respectively; ω 137 

represents the damage variable reflecting the damage degree. Note that the element and damage are assumed to be 138 

isotropic and elastic in the current code. Hence, E, E0 and ω are all scalars (Tang et al. 2002). 139 

When a mesoscopic element is subjected to a uniaxial stress state (i.e., the maximum tensile or compressive state), 140 

the constitutive relation of the element can be illustrated in Fig. 4. In the beginning, the stress-strain curve is linear 141 

elastic and no damage exists. Therefore, the damage variable ω is 0. Once the Mohr-Coulomb criterion with a 142 

cutting-off is satisfied, damage occurs in the element. 143 

When the mesoscopic element is under a uniaxial tension stress state, the constitutive relationship, as shown in the 144 

third quadrant of Fig. 4, can be expressed as follows: 145 

𝜔 =  ቐ

0, 𝜀 > 𝜀௧଴

1 −
ఒఌ೟బ

ఌ
, 𝜀௧௨ < 𝜀 ≤ 𝜀௧଴

1, 𝜀 ≤ 𝜀௧௨

                                  (4) 146 

where λ is the residual strength coefficient, defined by ftr = λft0 = λE0εt0; ft0 and ftr are the uniaxial tensile strength and 147 

residual tensile strength, respectively; εt0 is the strain at the elastic limit and generally termed the threshold strain; εtu is 148 

the ultimate tensile strain of the element, describing the state at which the element damages completely. The ultimate 149 

tensile strain is defined by εtu = ηεt0, where η is termed the ultimate strain coefficient. 150 

In addition, the damage of mesoscopic element is assumed to be isotropic and elastic under multiaxial stress state. 151 

Using the method of extending a one-dimensional constitutive law under uniaxial tension to a complex stress condition 152 

(Mazars and Pijaudier 1987), the constitutive described above can be extended to three-dimensional stress states. In a 153 

multiaxial stress state, the element still damages in the tensile mode when the equivalent major tensile strain 𝜀,̅ which 154 

can be determined by Eq. (5), reaches the threshold strain 𝜀௧଴. This kind of damage is termed the tensile damage. 155 

𝜀̅ = −ඥ〈−𝜀ଵ〉ଶ + 〈−𝜀ଶ〉ଶ + 〈−𝜀ଷ〉ଶ                                  (5) 156 

where ε1, ε2 and ε3 are three principal strains, and the term within angular bracket is a function defined by: 157 

 〈𝑥〉 = ቄ
𝑥, 𝑥 ≥ 0
0, 𝑥 < 0

                                         (6) 158 

When an element is subjected to a multiaxial stress state, the constitutive relation can be further expressed by 159 

substituting the calculated strain ε into Eq. (4) with the equivalent strain 𝜀 ̅ defined by Eq. (5) and Eq. (6). Then the 160 

damage variable ω can be described as: 161 
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𝜔 = ቐ

0, 𝜀̅ > 𝜀௧଴

1 −
ఒఌ೟బ

ఌത
, 𝜀௧௨ < 𝜀̅ ≤ 𝜀௧଴

1, 𝜀̅ ≤ 𝜀௧௨

                                  (7) 162 

In order to judge if damage will occur when an element is subjected to a compression-shear stress state, the 163 

Mohr-Coulomb criterion is chosen to define the corresponding damage threshold and can be expressed as follows: 164 

  𝜎ଵ −
ଵା௦௜

ଵି௦௜௡ఝ
𝜎ଷ ≥ 𝑓௖଴                                      (8) 165 

where σ1 and σ3 are the maximum and minimum principal stresses, respectively; fc0 is the uniaxial compressive strength; 166 

𝝋 is the internal friction angle. This kind of damage which appears when the stress state of an element satisfies the 167 

Mohr-Coulomb criterion, expressed by Eq. (8), is termed the shear damage. 168 

Following the similar way as for the uniaxial tension, if an element is subjected to uniaxial compression but 169 

damaged due to the Mohr-Coulomb criterion, the damage variable ω can be expressed as follows: 170 

𝜔 = ቊ
0, 𝜀 < 𝜀௖଴

1 −
ఒఌ೎బ

ఌ
, 𝜀 ≥ 𝜀௖଴

                                      (9) 171 

where λ is the residual strength coefficient. It is assumed that fcr/fc0 = ftr/ft0 = λ is true when an element is subjected to 172 

uniaxial tension or uniaxial compression. 173 

If an element is subjected to a multiaxial stress state and the Mohr-Coulomb criterion is satisfied, damage will 174 

occur. Meanwhile, it is necessary to add the influence of intermediate principal stress on the damage evolution. When 175 

this criterion is satisfied, the maximum principal (compressive) strain 𝜀௖଴ can be attained at the peak of the maximum 176 

principal (compressive) stress value, as follows: 177 

 𝜀௖଴ =
ଵ

ாబ
ቂ𝑓௖଴ +

ଵା௦௜

ଵି௦௜௡ఝ
𝜎ଷ − 𝜇(𝜎ଵ + 𝜎ଶ)ቃ                                (10) 178 

where σ1, σ2 and σ3 represent the maximum, intermediate and minimum principal stresses, respectively; E0 is the elastic 179 

modulus of undamaged material element; fc0 is the uniaxial compressive strength; 𝝋 is the internal friction angle of 180 

mesoscopic element. 181 

The shear damage evolution is considered only to be related to the maximum compressive principal strain ε1. Thus, 182 

for an element subjected to a multiaxial stress state, the damage variable can be easily obtained by substituting the 183 

strain ε in Eq. (9) with the maximum compressive principal strain ε1, as follows: 184 

𝜔 = ൝
0, 𝜀ଵ < 𝜀௖଴

1 −
ఒఌ೎బ

ఌభ
, 𝜀ଵ ≥ 𝜀௖଴

                                    (11) 185 

4  Experimental results and analysis 186 
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4.1  Effect of the principal stress direction on tunnel failure modes 187 

4.1.1  The lateral pressure coefficient k = 0.125 188 

When the lateral pressure coefficient k = 0.125, the failure modes are shown in Fig. 5. It can be seen that the 189 

tunnel presents a variety of failure laws with the inclined angle changing. When the angle θ is 0°, damage can be found 190 

in the two side walls of the horseshoe-shaped tunnel firstly. After that, the cracks develop towards the inner rock 191 

gradually. The two side walls are threatened by the developing cracks and the two main rupture zones form in the walls. 192 

In the middle of the vault and floor, two cracks generate and develop upwards and downwards, respectively. When the 193 

angle θ is 15°, damage occurs at the left corner of the bottom floor firstly. Then, two main cracks develop from the 194 

corner to the inner along different directions, which results in a large fracture zone. In addition, a crack generates at the 195 

right arch foot and threatens the safety of the tunnel. Then, there is a crack growth forming in the middle of the vault, 196 

which is similar to the previous case. 197 

When θ is 30°, the fracture zone at the left corner of the tunnel floor splits into two cracks. But then, they develop 198 

along the opposite directions. At the same time, two cracks appear in the right arch foot. One grows towards the right 199 

directly and the other develops upwards gradually which is nearly parallel to the crack that generates in the left spandrel. 200 

When θ is 45°, it can be seen that two fracture zones, which threaten the safety of the tunnel, form in the right spandrel 201 

and the left bottom corner, respectively. Because the left bottom fracture zone is relatively large and may lead to the 202 

tunnel collapse together with the cracks occurring in the left side wall, the corresponding supporting treatments should 203 

be considered reasonably in this case. 204 

When θ is 60°, attention should be paid to the two cracks that may affect the safety of the bottom floor. One crack 205 

generates in the middle of the floor and develops to the left horizontally to a certain distance. But then, its growth path 206 

is changed to be obliquely upward, which results in the formation of a potential movable block in the left half part of 207 

the floor. The other crack whose scale is relatively small occurs at the right bottom floor corner. Meanwhile, a crack 208 

appears in the right arch shoulder. Unlike previous failure modes, a small crack occurs in the left spandrel as well. 209 

When θ is 75°, obviously, different failure characteristics are indicated in Fig. 5. Two cracks whose paths are almost 210 

perpendicular to the side wall appear at the left bottom corner and the left arch foot, respectively and extend obliquely 211 

upwards in parallel. Then, a rupture zone forms near the left side wall. Simultaneously, the vault also damages and 212 

splits into a large single fracture developing obliquely downwards. 213 

When θ is 90°, it should be noted that a crack occurs at the left corner of the tunnel floor, but then it develops 214 
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downward to the left and promotes the formation of the damage zone near the bottom floor. Moreover, there is another 215 

crack generating at the lower part of the left side wall and developing upwards into the inner rock. Also, a crack appears 216 

in the vault. However, its scale is relatively small. 217 

4.1.2  The lateral pressure coefficient k = 0.5 218 

When the lateral pressure coefficient k = 0.5, the pressure difference between the vertical direction and the 219 

horizontal direction reduces because of the increase of the horizontal stress. The relevant failure patterns can be seen in 220 

Fig. 6. When θ is 0°, the lower parts of the side walls damage firstly and then two cracks occur at the bottom corners of 221 

the tunnel floor. At first, they develop into the inner surrounding rock in parallel. After that, the left crack keeps 222 

propagating downwards, but the right crack changes its path to the right gradually due to the material heterogeneity. 223 

Meanwhile, the fracture zones form along the crack growth paths. When θ is 15°, the rock at the right arch foot 224 

damages seriously. A large fracture occurs and develops towards the right almost straightly. In addition, the left 225 

spandrel damages as well, and the rupture zone splits into two fractures developing upwards into the inner rock 226 

gradually. Obviously, in this case, much attention should be paid to the tunnel vault roof and it should be supported by 227 

related measures rationally. Besides, a crack occurs at the right corner of the tunnel floor, but the scale is relatively 228 

small. 229 

When θ is 30°, several cracks appear at the left corner of the floor. Among them, a main crack develops towards 230 

the left, but the growth path changes gradually to upside, i.e., along the direction of the maximum principal stress of the 231 

remote field. Also, another crack propagates downwards, nearly along the remote major principal stress direction. 232 

Simultaneously, a small crack occurs in the right part of the vault. When θ is 45°, a rupture zone forms in the roof 233 

where three fractures develop upwards nearly in parallel, which poses a significant threat to the tunnel stability. In 234 

addition, there is a fracture cutting the rock under the tunnel floor, which leads to the loosening deformation of the floor. 235 

Under the loosening rock mass, a rupture zone occurs, which definitely increase the level of the tunnel damage and 236 

deformation. 237 

When θ is 60°, the rock near the left corner of the bottom floor is damaged firstly. It leads to the formation of a 238 

damage zone. Then, a clear crack occurs and develops upwards from the damage zone. Besides, the appearance of a 239 

crack that is nearly parallel to the bottom floor results in the rock mass loosening and threatens the floor safety. In 240 

addition, a small crack generates in the damage zone which forms near the middle of the roof and develops upwards 241 

along the remote major principal stress direction. When θ is 75°, it is clear that the rock mass near the right corner of 242 
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the floor damages seriously. A crack appears in the damage zone, and after growing obliquely downwards to a certain 243 

extent, it splits into two cracks that develop towards different directions. The one whose scale is larger propagates back 244 

to cut the rock mass under the tunnel floor and poses a threat to the tunnel safety. Besides, the middle of the vault is 245 

dangerous because of the downward propagation of a large fracture. 246 

When θ is 90°, it can be seen from Fig. 6 that both the vault and the floor damage seriously. Specifically, two 247 

cracks occur in the middle of the roof. One crack develops to the right and the related damage zone forms along its 248 

growth path. The other crack grows towards the upper left, leads to the loosening deformation of the surrounding rock 249 

and threatens the side wall security. At the same time, a large fracture zone forms at the left corner of the tunnel floor 250 

and causes serious damage to the deep rock. 251 

4.2  Numerical analysis of the tunnel failure process 252 

In this study, to reveal the mechanical mechanism of the damage and fracture evolution of surrounding rocks of 253 

horseshoe-shaped tunnels, a series of numerical simulations are conducted using the RFPA2D code. The rock physical 254 

and mechanical properties including the elastic modulus (E), the uniaxial compressive strength (fc), the poisson’s rate 255 

(μ), the internal friction angle (ϕ), the tension-compression ratio (α), the residual strength coefficient (λ) and the 256 

homogeneity index (m) are listed in Table 1. The model size and loading conditions are shown in Fig. 2. Note that only 257 

the tunnel cross section is used to establish the numerical model. The vertical pressure p increases by an increment of 258 

0.1MPa per step. The lateral pressure kp depends on the vertical pressure p and the lateral pressure coefficient k. After 259 

calculation, the stress field variation of the host rock and the mechanical process of crack initiation and propagation can 260 

be obtained by the RFPA2D code. 261 

4.2.1  The lateral pressure coefficient k = 0.125 262 

When the lateral pressure coefficient k = 0.125, the numerical simulations are carried out to analyze the tunnel 263 

failure process and mechanism, and the related shear stress fields are shown in Fig. 7. When θ is 0°, the compressive 264 

stress is mainly concentrated in the surrounding rock near the two side walls. Under the effect of high compressive 265 

stress, the shear failure firstly occurs in the two side walls and controls the stability of the surrounding rocks. By 266 

contrast, the tensile stress concentration areas appear in the middle of the vault roof and the floor, and lead to the rock 267 

damage there. Besides, due to the heterogeneity of the material, the rupture zones at the right and left walls are not 268 

symmetric. A fracture generates at the left floor corner. When θ is 15°, the compressive stress is concentrated in the 269 

right spandrel and the left tunnel floor corner. Especially, it induces the large-scale fracture zone near the left part of the 270 
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surrounding rock. In addition, the tensile stress in the roof and the right bottom corner promotes the development of 271 

micro cracks. 272 

When θ is 30°, it is similar to the case when θ is 15° that the high compressive stress is in the right spandrel and 273 

the left bottom corner, and the high tensile stress is in the vault roof and the right bottom corner. But because of the 274 

increase of the inclined angle θ, the stress concentration near the upper part of the right-side wall is more remarkable, 275 

which leads to much deeper damage. When θ is 45°, the reasons for the two main cracks are evidently different. The 276 

large compressive stress value occurs at the left floor corner and induces the crack growth. By contrast, the tensile 277 

stress concentration near the left spandrel is significant, which results in tensile damage. 278 

When θ is 60°, the surrounding rock near the left floor corner damages seriously due to the high compressive 279 

stress, and the damage zone in the right spandrel is also the compressive stress concentration area. Moreover, the high 280 

tensile stress causes the crack initiation and propagation at the left arch foot and the right floor corner. When θ is 75°, 281 

obviously, the two parallel cracks inside the left side wall of the tunnel are caused by different factors, i.e., the 282 

compressive stress and tensile stress, respectively. In addition, the location of the tensile stress concentration in the 283 

right-side wall is changed to be just above the right floor corner along the wall. 284 

When θ is 90°, the failure mode of the tunnel is more symmetrical, but not completely symmetrical because of the 285 

material heterogeneity. Under the effect of the compressive stress, two fractures generate in the rocks at the floor 286 

corners and they develop upwards and downwards, respectively. Also, the roof damages due to the compressive stress. 287 

Furthermore, there are the tensile stress concentration zones occurring in the middle of the two side walls. 288 

4.2.2  The lateral pressure coefficient k = 0.5 289 

When the lateral pressure coefficient k = 0.5, the tunnel shows different failure patterns due to the decrease of the 290 

pressure difference between the vertical direction and the horizontal direction. The relevant failure patterns are shown 291 

in Fig.8. When θ is 0°, the high compressive stress is concentrated in the two side walls, which makes the surrounding 292 

rock damages gradually with the stress accumulating, stress releasing and stress transferring process. The rocks near the 293 

floor corners are most dangerous. When θ is 15°, because of the large value of the compressive stress, the shear damage 294 

zones form in the left side wall and the right spandrel. Meanwhile, there is a tensile stress concentration appearing in 295 

the middle of the roof vault. 296 

When θ is 30°, the cracks generate in the surrounding rock mass near the right spandrel and the lower part of the 297 

left side wall due to the large compressive stress concentration. The high stress releases after rock mass getting 298 
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damaged. Then, the released stress is transferred into the inner rock and stress builds up again. When θ is 45°, 299 

compared with the previous case, the compressive stress concentration area in the right arch foot moves to the middle 300 

of the roof and the other concentration area near the left bottom corner of the tunnel changes its location under the floor 301 

to a certain extent. 302 

When θ is 60°, the high compressive stress results in the formation of the deep damage in the vault. Unlike the 303 

previous cases, the large compressive stress is concentrated under the floor and consequently, the floor rocks are 304 

damaged seriously, which threatens the safety of the tunnel. However, the rupture zone under the floor is not uniform 305 

because the compressive stress of the left part of the floor is much higher than the right part. When θ is 75°, the large 306 

compressive stress concentration occurring in the vault induces a main crack developing into the surrounding rock 307 

gradually. Besides, because of the relatively uniform compressive stress distribution under the floor, the rupture zone 308 

full of micro cracks is more average. 309 

When θ is 90°, in the middle of the two side walls, there are small tensile stress concentrations. But more 310 

importantly, the damage degree of the vault roof is more serious than the previous cases under the effect of the 311 

compressive stress concentration. In addition, the high compressive stress leads to the formation of a ‘V’ shaped 312 

fracture zone under the floor. 313 

4.3  Effect of the lateral pressure coefficient 314 

    In order to reveal the influence of the lateral pressure coefficient k on the failure behaviors of horseshoe-shaped 315 

tunnel, the tunnel model with an inclined angle θ = 30° is chosen as the typical model and the corresponding 316 

experiments are conducted when the lateral pressure coefficient k is set to be 0.125, 0.25, 0.5 and 0.75, respectively. 317 

Meanwhile, limited by the performance of the pressure testing machine, the test cannot be carried out when the lateral 318 

pressure coefficient k = 1. The experimental results are shown in Fig. 9. 319 

    From Fig. 9, it can be seen that when the lateral pressure coefficient k = 0.125, the right arch foot is damaged 320 

deeply, and the damage zone splits into two main cracks. One develops to the right and the other develops upwards 321 

roughly along the remote maximum principal stress direction. Also, the left floor corner damages seriously and two 322 

cracks generate and propagate to different directions. It is worth noting that two cracks occur in the left parts of the 323 

vault and the bottom floor, and then develop upwards and downwards, respectively. When the lateral pressure 324 

coefficient k = 0.25, the vault is dangerous because of the formation of the ‘V’ shaped loosening rock mass in the left 325 

part of the roof. Meanwhile, two cracks propagate from the damage zone in the right arch shoulder, which is similar to 326 
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the case when k = 0.125. In addition, two main fractures occur at the left and right corners of the floor, respectively and 327 

develop almost in parallel in the early stage, which may cause the floor loosening deformation. 328 

    When the lateral pressure coefficient k = 0.5, with the pressure difference between the vertical and horizontal 329 

directions reducing, the cracks are mainly concentrated in the right arch shoulder and the left floor corner. Clearly, the 330 

crack generating in the right spandrel develops slightly obliquely upwards and to the right. However, the scale of this 331 

crack is smaller than the two main cracks appearing at the left corner of the bottom floor. The two main cracks 332 

contribute to the tunnel collapse to a great extent. When the lateral pressure coefficient k = 0.75, the right part of the 333 

roof is damaged seriously. At the same time, attention should be paid to the left floor corner where a large-scale fracture 334 

generates. The fracture develops downwards into the surrounding rock and finally promotes the destruction of the 335 

tunnel. In addition, there is a small crack occurring in the roof and it develops upwards gradually. 336 

    Simultaneously, the simulations are carried out to study the relevant mechanical mechanism. The results are shown 337 

in Fig. 10. When the lateral pressure coefficient k = 0.125, the compressive stress is mainly concentrated in the right 338 

spandrel and the left bottom floor corner, and it causes serious damage to the surrounding rock. With the process of the 339 

stress buildup, stress shadow and stress transfer, the high compressive stress induces the fractures to develop into the 340 

inner rock gradually. Moreover, there are two distinct tensile stress concentrations appearing in the left part of the 341 

tunnel vault and the right part of the bottom floor. When the lateral pressure coefficient k = 0.25, because the value of 342 

the compressive stress in the right spandrel is large, the shear damage happens, and two groups of cracks appear but 343 

develop towards two opposite directions. Meanwhile, it is the high compressive stress that causes the fractures 344 

containing many micro cracks near the left bottom corner under the floor. Furthermore, the tensile stress concentrations 345 

still exist in the left part of the roof and the right part of the floor, but are not significant. 346 

When the lateral pressure coefficient k = 0.5, the compressive stress concentration areas occur in the right arch 347 

shoulder and the lower part of the left side wall. When the stress state of local rock mass reaches the failure criterion, 348 

the accumulated stress releases and rebuilds up in the inner rock. This process repeats and leads to the formation of 349 

fractures. In particular, the supporting measures should be considered to reinforce the lower part of the left side wall. 350 

When the lateral pressure coefficient k = 0.75, under the effect of the larger horizontal lateral pressure, the stress field 351 

changes. The stress concentration in the arch foot moves to the middle of the roof to a certain degree. Meanwhile, the 352 

concentration in the lower part of the left side wall moves to the left floor corner. Due to the high compressive stress, 353 

the right arch shoulder damages seriously. In addition, the compressive stress concentration exists at the right corner as 354 
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well. 355 

4.4  Effect of the principal stress direction on the overall stability 356 

Because the vertical load pv applied on the top of the model increases step by step, the critical pressure value when 357 

the whole tunnel collapses can be recorded to reflect the stability of the tunnel. The numerical tunnel models with 358 

different inclined angles θ are calculated by RFPA under different lateral pressure coefficients k and the line graph of 359 

the critical pressure changing with the tunnel inclined angle θ is shown in Fig. 11. Although the tunnel stability shows 360 

very complex rules, there is still certain regularity. 361 

Overall, the variation trend of the critical pressure can be classified into three different types when the angle θ 362 

changes from 0° to 45°. When the lateral pressure coefficients k = 0.25, 0.5 and 0.75, the tunnel critical pressure value 363 

drops firstly and then increases; when the lateral pressure coefficient k = 0.125, the maximum pressure value rises 364 

firstly, but then decreases dramatically; when the lateral pressure coefficient k = 1, the maximum press value almost 365 

remains at the same level only with a slight fluctuation. 366 

In contrast, when the angle θ changes from 45° to 90°, the critical pressure tendencies are different from one 367 

another. When the lateral pressure coefficient k = 0.125, the pressure remains at nearly 29 MPa with the angle θ 368 

changing from 45° to 75°, but then it grows to 31 MPa when θ = 90°; When k = 0.25, the critical value declines from 369 

35 MPa to 29.5 MPa. After that, it goes up back to 35 MPa gradually; When k = 0.5, the value of the critical pressure p 370 

fluctuates around 34 MPa; When k = 0.75, the critical pressure falls down remarkably from 40 MPa to 32.5 MPa with 371 

the angle θ increasing from 45° to 75°. Then, it increases to 38.5 MPa when θ = 90°; When k = 1.0, the critical pressure 372 

value remains at around 36 MPa basically. 373 

5  Conclusion 374 

In this study, the mechanical tests and numerical simulations are conducted to reveal the effect of principal stress 375 

directions on the nonlinear failure behaviors of horseshoe-shaped tunnels. Clearly, based on the similarity theory and 376 

controlling variable method, seven different kinds of tunnel models are tested and the typical failure modes are 377 

analyzed according to the experimental results. Simultaneously, on the basis of the continuum mechanics, statistical 378 

strength theory and meso-damage mechanics, the RFPA2D numerical models are established for further understanding 379 

the mechanical mechanisms of the damage and fracture evolution of surrounding rocks. The major findings and 380 

conclusions can be summarized as follows: 381 
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With the load increasing gradually, the initial damage of surrounding rocks mainly occurs at the bottom floor 382 

corners or arch shoulders of horseshoe-shaped tunnel. Then, cracks continuously develop into the inner rock no matter 383 

what the inclined angle between the remote major principal stress and the tunnel cross section axis is, leading to the 384 

macroscopic instability of the tunnel. 385 

When the lateral pressure coefficient is small, the fractures that will threaten the safety of the tunnel mainly 386 

develop towards the remote maximum principal stress direction. Meanwhile, when the lateral pressure coefficient is 387 

relatively large, i.e., the pressure difference between the vertical direction and the horizontal direction is small, the 388 

surrounding rocks around the tunnel damage seriously and the direction of crack propagation is affected by the tunnel 389 

inclined angle to a certain degree. 390 

Furthermore, when the tunnel inclined angle is 30°, the high tensile stress concentrations in the left spandrel and 391 

the right floor corner of the tunnel decrease gradually with the lateral pressure coefficient increasing. In addition, the 392 

initiation location and propagation direction of the shear cracks are increasingly clear, and it is the shear damage 393 

occurring at the left floor corner and the right arch shoulder that results in the final tunnel collapse to a great extent. 394 

Besides, the continuous process of stress buildup, stress shadow and stress transfer repeats and leads to the 395 

formation of the mesoscopic damage and macroscopic failure. The high stresses release after rock mass getting 396 

damaged. Then, the released stresses are transferred into the inner rock and stresses build up again. This process 397 

induces the fractures to develop into the inner rock gradually. Hence, it is the fundamental mechanical process 398 

underlying the tunnel instability. 399 

Additionally, the tunnel stability shows complex laws under the influence of principal stress directions. When the 400 

tunnel inclined angle changes from 0° to 45°, the variation trend of the critical pressure values can be classified into 401 

three different types; when the tunnel inclined angle changes from 45° to 90°, the variation range of the critical pressure 402 

is relatively large when the lateral pressure coefficients are 0.75 and 0.25, while the critical pressure basically remains 403 

at the same level when the lateral pressure coefficients are 0.125, 0.5 and 1.0. 404 
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Table 1 Rock physical and mechanical parameters employed in simulation 493 

E(GPa) fc(MPa) μ ϕ(°) α λ m 

60 200 0.25 30 0.1 0.1 3 

  494 
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