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Research on the Behavior and Modified Formula of the Longitudinal Deformation Curve in Surrounding Rock of 1 

Three-Dimensional Inclined Roadways 2 

Abstract: To provide theoretical support for determining the installation timing and stability analysis of support structures for 3 

surrounding rock in inclined mine circular roadways, this study takes the inclined mine circular roadway as the research object. 4 

The research reveals the influence laws of the coupling between geological structural factors and mechanical parameters on the 5 

Longitudinal Deformation Profile (LDP) curve of the inclined mine circular roadway in three-dimensional space. A modified 6 

formula for the LDP curve of the inclined mine circular roadway, incorporating the coupling of geological structural factors and 7 

mechanical parameters in three-dimensional space, is proposed. The results indicate that the geological structural factors α and 8 

β, along with the shear strength parameters of the rock mass, have a significant impact on the shape of the LDP curve. The 9 

influence range of parameter α on the LDP curve morphology is between X/R = -6 and 6. The influence range of parameters β, 10 

cohesion, and internal friction angle on the LDP curve morphology is between X/R = -6 and 9. The axial lateral pressure 11 

coefficient, horizontal lateral pressure coefficient, and elastic modulus have a relatively minor influence on the shape of the LDP 12 

curve. The influence of Poisson's ratio on the displacement release factor is mainly concentrated near the excavation face, 13 

affecting the LDP curve morphology within the range of X/R = -1 to 3. A comparison between the proposed modified fitting 14 

formula and numerical simulation results shows that this fitting formula can effectively predict the spatiotemporal distribution 15 

of surrounding rock deformation. 16 

Keywords: Inclined shaft; Three-dimensional stress; Longitudinal deformation profile (LDP); Spatial effect of excavation face; 17 

Displacement release coefficient 18 

 19 

1 Introduction 20 

With the extraction of coal resources extending into deeper regions, the scale and burial depth of mine roadways have 21 

increased dramatically, leading to increasingly complex three-dimensional stress environments in the surrounding rock. Deep 22 

mines therefore commonly face severe challenges such as large deformations of the surrounding rock and failure of support 23 

structures, which impose higher demands on roadway stability analysis and support design. In this context, the convergence-24 

confinement method, which is suitable for deep-buried roadways, remains a convenient and practical design approach due to its 25 

clear theoretical basis and its ability to reflect the interaction between the surrounding rock and the support[1]. As the core of this 26 

method, the longitudinal deformation profile (LDP) can characterize the spatial effects of the tunnel excavation face, serving as 27 

a key theoretical foundation for analyzing support timing and evaluating the self-bearing capacity of the surrounding rock. 28 

Currently, the LDP curve has been extensively studied by scholars both domestically and internationally. Song F[2] provided 29 

a general numerical method for predicting the longitudinal deformation profile using a coupled viscoelastic-viscoplastic strain-30 

softening model to simulate the progressive damage process and creep failure behavior of rock masses. Wang Jiachen [3] derived 31 



 

 

an empirical formula for the displacement release coefficient based on the response surface method, verifying the feasibility of 32 

their approach through comparisons with field monitoring and other theoretical results. Ren Zijian [4] used a point load tester to 33 

determine the uniaxial compressive strength of argillaceous siltstone in a specific tunnel section, and conducted stability analysis 34 

of the initial support by combining the surrounding rock longitudinal deformation curve, the ground reaction curve, and the 35 

support characteristic curve. Yu Yongjie[5] analyzed tunnel surrounding rock stability based on the convergence-confinement 36 

principle, focusing on two factors: the presence or absence of support installation and the timing of its installation. Wang J[6] 37 

investigated the spatial effect of the tunnel excavation face based on the LDP curve, establishing and verifying a calculation 38 

method for the lost displacement. Li G[7] studied the deformation characteristics of a typical deep roadway in the inclined rock 39 

strata of the Jinchuan Mine through field investigation, theoretical analysis, similar model tests, and numerical simulation. Chen 40 

L[8] measured the uniaxial and triaxial compressive strengths of field-sampled rocks through laboratory tests, and combined the 41 

results of field acoustic tests and laboratory experiments to study the longitudinal deformation profile of a large-cross-section 42 

tunnel under high in-situ stress. Sun Wang[9] used FLAC3D to study the influence of factors such as rock mass parameters and 43 

stress conditions on the longitudinal deformation of an unsupported circular tunnel. Liang Yiwen[10] considered Poisson's ratio, 44 

elastic modulus, cohesion, internal friction angle, and blasting parameters in their research on the equation for the surrounding 45 

rock longitudinal deformation curve, and used FLAC3D to analyze and improve the rationality and effectiveness of the modified 46 

equation. Xue Long[11] proposed a numerical testing method that allows arbitrary control of the magnitude and direction of 47 

principal stresses in three-dimensional space. He conducted numerical tests on three-dimensional rotation of principal stresses 48 

and, based on in-depth analysis, established a constitutive model that considers the effect of three-dimensional principal stress 49 

rotation. Qian J[12], Zhe Mei[13], Liu Chao[14], and Jamil F[15] conducted tests on different specimens and found that the direction 50 

of the principal stress axis affects the strength and deformation of the specimens. Li Liang[16] conducted systematic research on 51 

surrounding rock control technology under weak mining conditions involving principal stress deflection. Liu Jiashun [17] 52 

established a numerical calculation model for the excavation disturbance of weakly cemented soft rock roadways, studied the 53 

evolution law of the magnitude and direction of principal stresses in the surrounding rock induced by roadway excavation, and 54 

determined the loading state parameters for the excavation disturbance rotational stress path tests. 55 

Most of the aforementioned studies on the LDP curve are based on horizontal tunnels as the engineering context, with little 56 

consideration given to the spatial effects of the excavation face during the tunneling process of inclined shafts in three-57 

dimensional space. During the excavation of an inclined shaft, the direction of excavation has a certain angle with the horizontal 58 

plane, which increases the complexity of studying the longitudinal deformation patterns of inclined shafts. To address these 59 

issues, this paper takes the circular inclined shaft as the research object. Considering various rock mass parameters in three-60 

dimensional space, theoretical analysis and numerical simulation methods are employed to construct a three-dimensional 61 



 

 

excavation model of a circular inclined shaft. The study aims to reveal the patterns of the LDP curve for circular inclined shafts 62 

in three-dimensional space and proposes a modified formula for the LDP curve under the combined influence of spatial and rock 63 

property parameters. The findings can provide certain references for the study of construction support in similar engineering 64 

projects. 65 

2 Three-Dimensional LDP curve model for circular tunnels in inclined shafts 66 

2.1 Mechanical model for circular tunnels in inclined shafts 67 

The deformation of surrounding rock after roadway excavation is primarily attributed to stress redistribution caused by the 68 

excavation. Therefore, it is essential to fully understand the principal stress distribution patterns in the surrounding rock of the 69 

tunnel to mitigate such damage[18]. For inclined circular tunnels, stress concentrations form at the periphery of the surrounding 70 

rock. The excavation direction is inclined at a certain angle to the horizontal plane, and adjustments involving both the maximum 71 

and minimum horizontal in-situ stresses are involved. This makes the stress distribution model in the surrounding rock complex, 72 

and its theoretical analysis has long been a challenging problem. To facilitate the analytical process, based on previous studies[18-73 

22], certain conditions are simplified, and the following mechanical assumptions are made: (1) There are no additional roadways 74 

in the vicinity of the research subject. (2) The surrounding rock is homogeneous. (3) The cross-sectional shape of the roadway 75 

is circular. 76 

 77 

 
 

(a) Three-dimensional mechanical model of the circular inclined shaft (b) Schematic diagram of the model's spatial position 

Fig. 1. Three-dimensional mechanical model and spatial position schematic diagram of the circular inclined shaft. 

Because the direction of principal stresses changes near the circular inclined shaft, direct analysis would complicate the 78 

stress distribution model in the surrounding rock. To simplify the stress state of the surrounding rock, based on the coordinate 79 

transformation theory of elasticity, the coordinate system is aligned with the z-axis parallel to the shaft axis. Considering the 80 

spatial position of the circular inclined shaft within the three-dimensional stress field, a three-dimensional mechanical model of 81 

the circular inclined shaft is established. The three-dimensional mechanical model and spatial position schematic of the circular 82 



 

 

inclined shaft are shown in Fig. 1. 83 

In Fig.1(a), σV  represents the vertical in-situ stress, σH denotes the maximum horizontal in-situ stress, and σh indicates the 84 

minimum horizontal in-situ stress; σx, σy, and σz represent the normal stresses on each plane parallel or perpendicular to the shaft 85 

axis; τxy, τyz, and τzx denote the shear stresses within the planes. In Fig.1(b), α represents the angle between the plane of the circular 86 

inclined shaft and the horizontal plane; β denotes the angle between the shaft axis and the projection of σh onto the plane of the 87 

circular inclined shaft. The spatial parameters α and β can be used to determine the exact position of the circular inclined shaft 88 

within the stress space. 89 

According to the geometric relationships and mechanical analysis associated with triaxial stress conditions[23], the stress 90 

expression for the mechanical model of the circular inclined shaft is as follows: 91 
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As shown in Equation (1), as the angles between the plane of the inclined circular tunnel and the horizontal and vertical 93 

planes change, the triaxial stresses in the surrounding rock undergo adjustments, leading to variations in the local stress 94 

environment from a mechanical perspective. Considering the differences in triaxial stresses, the stress state and deformation 95 

characteristics of the surrounding rock may vary significantly at different distances from the tunnel center. This implies that even 96 

under identical in-situ stress conditions, altering the spatial orientation of the tunnel can induce different stress states in the far-97 

field. When analyzing the mechanical behavior of the surrounding rock near the tunnel, it is essential to account for the spatial 98 

layout of the tunnel, as the stress state of the surrounding rock transitions from the triaxial in-situ state in the far-field to a distinct 99 

state in the near-field closer to the tunnel periphery. 100 

To further the investigation, a finite-length circular inclined shaft is taken as the object of study. Based on the superposition 101 

principle of elastic field variables, its stress field is simplified into the superposition of three simpler stress fields. The complex 102 

three-dimensional stress field of the circular inclined shaft is thus simplified into the superposition of three fundamental stress 103 

fields: the plane strain mechanical model of the circular inclined shaft, the shear mechanical model of the circular inclined shaft, 104 

and the uniaxial compression mechanical model. In the figure, σz1 and σz2 represent the components of σz along the axial direction 105 

of the circular inclined shaft. Figure 2 illustrates the simplified stress field of the circular inclined shaft.  106 



 

 

 107 

Fig. 2 Simplified diagram of the stress field in the circular inclined shaft. 108 

Fig.3 illustrates the plane strain mechanical model of the circular inclined shaft, where σr, σθ, and τrθrepresent the radial 109 

stress, tangential stress, and shear stress of the micro-element in polar coordinates, respectively; R denotes the radius of the 110 

circular inclined shaft; the radial vector r indicates the distance between the micro-element and the center of the shaft; and θ 111 

represents the angle between the radial vector r and the horizontal direction. 112 

 113 
Fig. 3. Plane strain mechanical model of the circular inclined shaft. 114 

Fig.3 shows the plane strain mechanical model of the circular inclined shaft. The plane strain problem described can be 115 

simplified into a planar model[24], and mechanical analysis is conducted using micro-elements. The stress expression is derived 116 

through the generalized plane strain theory [25]，in the equation, v represents Poisson's ratio. 117 
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  （2）  118 

To obtain the stress solution for the shear mechanical model of the circular inclined shaft, the equilibrium equation (3) is 119 

established. 120 
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The stress expression for the uniaxial compression mechanical model can be derived from the following formulas: 122 

                                       2z E =                                         （4） 123 

Here, E represents the elastic modulus of the rock mass, and ε denotes the axial strain under the action of σz2. According to 124 

Hooke's law under plane strain conditions[26]: 125 
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For small deformation problems, the geometric equations that the surrounding rock of the tunnel must satisfy are given by 130 

Equation 9[23].  131 
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Based on the relationship between strain and displacement, integration is performed. 133 
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Unlu and Gercek[27] first observed that the LDP curves ahead of and behind the tunnel face do not follow a single continuous 137 

functional relationship with X. The monitoring cross-section can be divided into two states based on its position relative to the 138 

tunnel face, reflecting the spatial constraint effect of the tunnel excavation face[28]. At the tunnel face (X = 0), the radial 139 

displacement can be estimated using Poisson's ratio, where u*
0 represents the displacement release factor at the tunnel face (X = 140 

0). 141 

When the distance approaches infinity, the displacement is expressed as shown in Equation 13: 142 
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When the monitoring section is located behind the excavation face, the displacement at the tunnel wall gradually increases 144 

as the distance from the face grows. After reaching a certain distance, the radial displacement stabilizes. This stabilized radial 145 

displacement can be regarded as the maximum displacement value u max , within the range affected by the spatial effects of the 146 

excavation face. The longitudinal deformation curve is shown in Fig.4.  147 

 148 

Fig. 4. Longitudinal deformation profile. 149 

To characterize the LDP curves reflecting the spatial effect of the excavation face under different working conditions, the 150 

data needs to be normalized. Let x*=X/Ｒ, representing the relative distance between the monitoring section and the excavation 151 

face (where X is the distance from the monitoring section to the excavation face; X＜0 indicates the monitoring section is ahead 152 

of the face, and X＞0 indicates it is behind the face; Ｒ is the excavation radius of the tunnel). 153 

The extent of surrounding rock displacement release is described by the displacement release factor u*, defined as the ratio 154 

of the radial displacement u* at the tunnel wall to its maximum displacement umax under plane strain conditions without support. 155 

That is: 156 

                                  
max

ru
u

u

 =                                         （14） 157 



 

 

2.2 Numerical model scheme 158 

This numerical simulation is based on the modeling approach of "Rhino3D-Griddle-Flac3D." Utilizing Rhino3D-FLAC3D 159 

coupling technology, a three-dimensional inclined shaft tunnel model was established. The model’s element structure consists of 160 

unstructured elements, including hexahedrons, tetrahedrons, and triangular prisms[29]. By importing the model generated in Rhino 161 

into the FLAC3D software[30], the limitations of FLAC3D’s pre-processing capabilities were circumvented. Particularly in meeting 162 

the requirements for various mesh element types, this method improved computational speed while ensuring accuracy[31-32]. The 163 

Mohr-Coulomb model was adopted for the rock mass constitutive model. This model employs a simplified geological model for 164 

analysis, aiming to reveal the influence of different parameters on the LDP curve. The tunnel radius is R = 3.8 meters. Since 165 

selecting an influence zone of 3–5 times the excavation size is considered most reasonable, and to balance solution accuracy 166 

with computational speed, a region of 76 m × 60 m × 76 m (width × length × height) was chosen to establish the FLAC3D 167 

calculation model. The model is divided into a total of 73,888 nodes and 114,077 elements. The model mesh and geometry are 168 

shown in Fig.5. 169 

 170 

Fig. 5. Model mesh and geometry diagram 171 

Displacement constraints are applied at the bottom and both side boundaries of the model, while a uniform load equivalent 172 

to the self-weight of the overlying surrounding rock is applied to the upper boundary. The initial in-situ stresses in the formation 173 

include vertical stress σy and horizontal stresses σx and σz, which are calculated according to the following formulas: 174 

                          𝜎௬ = 𝜎0 +  ௜ℎ௜                                             (15) 175ߛ∑

                           𝜎௫ = 𝜎௭ = λ𝜎௬                                              (16) 176 

Where γi is the unit weight of the overlying rock in each layer, kN·m⁻³; hi is the thickness of the overlying rock in each layer, 177 

m; and λ is the lateral pressure coefficient. In this study, to investigate the longitudinal deformation profile of circular tunnels 178 

under a three-dimensional stress field, the control variable method is employed. Different working condition schemes are 179 

established to analyze the displacement evolution patterns of inclined shaft tunnels. Based on setting the horizontal lateral 180 

pressure coefficient λH, the axial lateral pressure coefficient λh is introduced, where λH=y/z  and λh=x/z. When the tunnel is 181 

in a stress environment at a burial depth of 600 m, certain mechanical parameters of the surrounding rock of the circular tunnel 182 



 

 

are assumed: 𝜎௭ = 15 MPa, tunnel radius R = 3.8 m, inclination angle of the inclined shaft α= 5°, angle between the shaft axis 183 

and the projection of σh onto the plane of the circular inclined shaft β = 0°, elastic modulus E = 10 GPa, Poisson’s ratio υ = 0.2, 184 

cohesion c = 3 MPa, and internal friction angle φ = 25°. 185 

Table 1 Numerical Simulation Schemes  186 

Geological structural 

factor α（°） 

Geological structural 

factor β（°） 

Axial lateral pressure 

coefficient λh 

Horizontal lateral pressure 

coefficient λH 

Elastic modulus 

E/GPa 

Poisson's 

ratio v 

Cohesion c

（MPa） 

Internal friction 

angle （°） 

5 0 0.5 0.5 5 0.2 2 20 

15 30 0.75 0.75 10 0.25 3 25 

25 60 1 1 15 0.3 2.5 30 

35 90 1.25 1.25 20 0.35 3.5 35 

 187 

Table 1 presents the numerical simulation schemes, which consider a total of 8 influencing parameters. The observation 188 

plane is set at the center cross-section, i.e., at 30 m. Excavation advances with a step length of 1.5 m each time, progressing to 189 

the observation plane over 20 excavation steps. Radial displacement monitoring points on the tunnel wall are established every 190 

3.8 m.  191 

3 Influence patterns of typical factors 192 

3.1 Influence of geological structural factors on displacement and displacement release coefficient 193 

Select typical geological structural factors such as α, β, the axial lateral pressure coefficient, and the horizontal lateral 194 

pressure coefficient, and analyze their impact patterns on the longitudinal deformation characteristics of surrounding rock. The 195 

longitudinal deformation curve of the surrounding rock is illustrated in Fig.6.  196 

  

(a) α (b) β 



 

 

  

(c) λh (d) λH 

Fig. 6 Geological structural factors influencing the deformation of surrounding rock 

Fig.6 reveals the differential influence patterns of different geo-mechanical parameters on the radial displacement of 197 

surrounding rock in the inclined shaft. Regarding the effect of the spatial inclination angle α, as α increases from 5° to 35°, the 198 

maximum radial displacement of the surrounding rock gradually decreases from 16.367 mm to 14.256 mm, indicating that a 199 

larger inclination angle can effectively inhibit surrounding rock deformation. The influence of the orientation angle β exhibits a 200 

nonlinear characteristic: when β increases from 0° to 60°, the displacement rises from 16.367 mm to a peak of 18.490 mm; as β 201 

further increases to 90°, the displacement then decreases to 16.434 mm, demonstrating the sensitivity of surrounding rock 202 

deformation to the tunnel's orientation. In terms of the stress environment, an increase in the axial lateral pressure coefficient 203 

causes the displacement to steadily decrease from 16.367 mm to 15.239 mm, reflecting its significant constraining effect. In 204 

contrast, variations in the horizontal lateral pressure coefficient only induce minor fluctuations between 16.172 mm and 16.367 205 

mm, indicating its relatively limited control over surrounding rock deformation. 206 

  

(a) α (b) β 



 

 

  

(c) λh (d) λH 

Fig. 7 Impact of geological structural factors on displacement release coefficient 

Fig 7 provides an in-depth illustration of the controlling mechanisms of geological structural factors on the evolution of the 207 

displacement release coefficient. The increase in the spatial parameter α significantly alters the development path of surrounding 208 

rock deformation. When α is 5°, the displacement release coefficient increases from 8.24% ahead of the tunnel face to 86.18% 209 

behind it, while when α rises to 25°, the variation range shifts to 5.59%–89.19%. Its influence zone remains stable within the 210 

interval of X/R = −6 to 6. The parameter β exhibits more complex spatial effects. As β increases from 0° to 60°, the variation 211 

amplitude of the displacement release coefficient narrows from 86.18% to 56.31%, and the affected zone expands to a larger 212 

interval of X/R = −6 to 9. This indicates that the relative orientation between the tunnel axis and the principal stress direction 213 

substantially adjusts the spatial effect domain. In contrast to conventional understanding, variations in the axial and horizontal 214 

lateral pressure coefficients have relatively limited influence. Under different working conditions, the abrupt change amplitude 215 

of the displacement release coefficient remains within a small fluctuation range of 85.4% to 86.6%, and all curves maintain the 216 

typical S-shaped evolutionary pattern. In all cases, a sudden increase in the displacement release coefficient is observed as the 217 

tunnel face is traversed. This nonlinear jump characteristic reveals the abrupt release of the spatial constraint effect induced by 218 

excavation. The differences in curve morphology under different parameters reflect the intrinsic mechanism by which geological 219 

structural factors regulate the spatiotemporal development of surrounding rock deformation through modifications in the 220 

three-dimensional stress field. 221 



 

 

  

(a) α (b) β 

  

(c) λh (d) λH 

Fig. 8 Variation of displacement release coefficient at tunnel face 

Fig. 8 clearly illustrates the variation pattern of the displacement release coefficient at the tunnel face with different 222 

geological structural factors, profoundly revealing the dominant role of spatial parameters compared to traditional stress 223 

parameters. Analysis shows that the spatial parameter α has an extremely significant influence on the displacement release 224 

coefficient at the tunnel face. When α increases from 5° to 35°, the displacement release coefficient sharply decreases from 225 

15.830% to 5.107%. This is primarily because an increase in α reduces the component of vertical stress on the inclined shaft 226 

plane, thereby weakening the initial deformation tendency of the surrounding rock near the tunnel face. Similarly, the spatial 227 

parameter β also exhibits crucial influence. As β varies from 0° to 90°, the displacement release coefficient decreases from 15.830% 228 

to 8.920%, reflecting that changes in the relative orientation between the tunnel axis and the in-situ stress field significantly alter 229 

the mechanical response of the surrounding rock at the tunnel face. It can be seen from the figure that variations in the axial 230 

lateral pressure coefficient and the horizontal lateral pressure coefficient have a negligible impact on the displacement release 231 

coefficient at the tunnel face. When the axial lateral pressure coefficient varies between 0.5 and 1.25, the displacement release 232 



 

 

coefficient fluctuates only within a narrow range of 15.141% to 15.823%. The influence of the horizontal lateral pressure 233 

coefficient is similarly limited, with the variation range of the displacement release coefficient caused by its change being only 234 

15.772% to 15.808%. This comparison strongly confirms that in three-dimensional spatial problems such as those encountered 235 

in inclined shafts or tunnels, the key factor determining the strength of spatial effects at the tunnel face lies in the spatial geometric 236 

orientation of the tunnel, rather than traditional stress magnitude parameters. This finding holds significant guiding importance 237 

for engineering practice, indicating that in the support design for inclined shafts, precise assessment and control of the tunnel's 238 

spatial orientation must be prioritized. 239 

3.2 Influence of mechanical parameters of surrounding rock on displacement and displacement release coefficient 240 

Select elastic modulus, Poisson's ratio, cohesion, and internal friction angle as mechanical properties, and analyze their 241 

influence patterns on the longitudinal deformation characteristics of surrounding rock. The longitudinal deformation curve of the 242 

surrounding rock is shown in Fig.9. 243 
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Fig. 9 Influence of different mechanical parameters on surrounding rock deformation 

Fig.9 systematically reveals the controlling mechanism of the mechanical properties of surrounding rock on tunnel 244 

deformation behavior, clearly demonstrating the differential influence patterns of various parameters on displacement 245 

development. The variation in elastic modulus significantly alters the deformation scale of the surrounding rock. When the elastic 246 

modulus increases from 5 GPa to 20 GPa, the maximum radial displacement substantially decreases from 32.443 mm to 8.111 247 

mm, exhibiting a typical inverse proportional relationship. This fully demonstrates the fundamental role of rock mass stiffness 248 

in resisting deformation. The increase of Poisson's ratio within the range of 0.2 to 0.35 also leads to a reduction in displacement, 249 

from 16.367 mm to 12.705 mm. This phenomenon is closely related to the change in axial stiffness caused by the enhanced 250 

lateral deformation capacity of the rock mass. The strength parameters of the rock mass exhibit more complex controlling 251 

characteristics. When cohesion increases from 2 MPa to 3.5 MPa, the displacement decreases from 26.379 mm to 14.470 mm, a 252 

reduction of 45.2%. As the internal friction angle increases from 20° to 35°, the displacement decreases from 21.993 mm to 253 

12.702 mm, a reduction of 42.3%. The significant influence of these two strength parameters highlights the critical role of rock 254 

mass shear strength in controlling surrounding rock deformation. It is particularly noteworthy that when the cohesion is 2 MPa, 255 

the surrounding rock fails to reach a stable deformation state, indicating that under this strength condition, the surrounding rock 256 

may have entered a stage of plastic development. This phenomenon carries important warning significance for the timing 257 

selection of engineering support.  258 

By comparing the magnitude of influence of the four parameter groups, it can be found that the elastic modulus variation 259 

causes the largest displacement difference. Although the influence of strength parameters is relatively smaller, their 260 

characteristics near critical states are more pronounced. These patterns collectively indicate that in inclined shaft or tunnel 261 

engineering, accurately obtaining the mechanical parameters of the rock mass and identifying their dominant control mechanisms 262 

play a decisive role in predicting surrounding rock deformation behavior and formulating reasonable support schemes. 263 
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Fig. 10 Influence of different geological factors on the displacement release coefficient 

The data in Fig.10 reveals the differential influence of different mechanical parameters on the spatial distribution pattern of 264 

the displacement release coefficient. Variations in the elastic modulus do not alter the fundamental distribution characteristics of 265 

the displacement release coefficient. The curves under all scenarios maintain a complete "S"-shaped evolution pattern. The 266 

displacement release coefficient at the tunnel face remains within a narrow range of 8.24% to 8.26%, while the far-field value 267 

ranges between 85.91% and 86.25%. This indicates that material stiffness primarily controls the magnitude of absolute 268 

displacement, with minimal impact on the spatial distribution pattern of the dimensionless displacement release coefficient. The 269 

effect of Poisson's ratio exhibits distinct spatial locality, with its influence confined to a region within approximately 3 times the 270 

tunnel diameter in front of and behind the tunnel face. As Poisson's ratio increases from 0.2 to 0.35, the displacement release 271 

coefficient at the tunnel face gradually changes from 8.24% to 7.72%, while the far-field value increases from 86.18% to 89.32%. 272 

This non-synchronous response between the near-field and far-field reflects the modulating effect of rock mass deformation 273 

properties on the propagation process of spatial effects. The strength parameters demonstrate significant control over the curve 274 

morphology and development process. When cohesion is 2 MPa, the curve form is incomplete. After increasing to 3.5 MPa, not 275 

only does the release coefficient at the tunnel face decrease from 11.10% to 7.81%, but a complete "S"-shaped curve is also 276 

formed. The influence of the internal friction angle is more systematic. As it increases from 20° to 35°, the release coefficient at 277 

the tunnel face decreases from 9.99% to 7.04%, and the far-field value substantially increases from 68.23% to 95.27%. These 278 

characteristics fully demonstrate that the rock mass strength parameters are the dominant factors controlling the spatiotemporal 279 

evolution characteristics of the displacement release coefficient. 280 
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Fig. 11 Influence of different geological factors on the displacement release coefficient at the tunnel face 

Fig.11(a) illustrates the relationship between the tunnel face displacement release coefficient u*
0 and the elastic modulus E. 281 

As the elastic modulus increases from 5 GPa to 20 GPa, the tunnel face displacement release coefficient remains within an 282 

extremely narrow fluctuation range of 15.82% to 15.83%. This nearly constant characteristic indicates that material stiffness has 283 

a negligible effect on the dimensionless displacement release coefficient, with its primary role being the control of the absolute 284 

displacement value. 285 

Fig.11(b) shows the relationship between the tunnel face displacement release coefficient u*
0 and Poisson's ratio v. Near the 286 

observation face, the surrounding rock displacement release coefficient varies under different Poisson's ratio conditions. As 287 

Poisson's ratio increases from 0.2 to 0.35, the tunnel face displacement release coefficient decreases linearly from 15.83% to 288 

13.54%. Based on the numerical simulation results, the relationship between the tunnel face displacement release coefficient u*
0 289 

and Poisson's ratio v is fitted, yielding the displacement release coefficient u*
0 for the inclined shaft circular tunnel face as: 290 

                                 0 0.15 0.10vu = − +                                 （18） 291 



 

 

Meanwhile, the fitting formula provided by Unlu and Gercek[27] is as follows. 292 

                                 0 0.22 0.19u v = +                                   （19） 293 

An error analysis of the fitting results was conducted: the root mean square error RMSE=5.816×10-2, the sum of squared 294 

errors SSE=1.1632×10-1, the correlation coefficient R = 0.9803, and the coefficient of determination DC = 0.961. The fitting 295 

results are reliable. Based on the formula, it can be concluded that for inclined shaft tunnels under the same conditions, a larger 296 

Poisson's ratio of the surrounding rock leads to a smaller displacement release coefficient at the same position relative to the 297 

tunnel face. Comparing the fitting results with the formula provided by Unlu and Gercek reveals that the intercept and slope are 298 

smaller. Compared to horizontal tunnels, the longitudinal deformation curve of inclined shafts is less affected by Poisson's ratio. 299 

Although the potential influence range may be relatively narrow, its presence suggests that some unexplained phenomena are 300 

affecting the value of u*
0. 301 

As shown in Fig.11(c) and (d), when cohesion increases from 2 MPa to 3.5 MPa, the release coefficient decreases from 302 

18.80% to 14.38%. Similarly, as the internal friction angle rises from 20° to 35°, the release coefficient drops from 18.40% to 303 

12.08%. This trend indicates that shear strength parameters of the rock mass influence spatial effects by controlling the 304 

development range of the plastic zone in the surrounding rock. When the strength parameters are low, the plastic zone ahead of 305 

the tunnel face expands, leading to greater deformation release before support is applied. In contrast, increased strength 306 

effectively restricts the expansion of the plastic zone, concentrating deformation more behind the tunnel face. This mechanism 307 

demonstrates that strength parameters exert a more fundamental control over the spatial effects in inclined tunnels compared to 308 

deformation parameters. 309 

4 Verification of modified LDP fitting formula 310 

4.1 Modified LDP fitting formula 311 

According to literature[27], the curves ahead of and behind the observation face do not follow a single continuous functional 312 

relationship with X. When the monitoring face is located ahead of the tunnel face, X < 0, theoretically, as X → ∞, the 313 

displacement release coefficient u* = 0, and Aa=-u*0. 314 

                                      
00,lim

X
au u A

→

  = −=                                （20） 315 

When the monitoring face is located behind the tunnel face, X > 0, theoretically, as X → ∞, the displacement release 316 

coefficient u* = 1, and Ab=1- u*0. 317 

 318 

                                   
01,lim 1 b

X
u u A

→

 


= = −                                （21） 319 



 

 

It has been found that the statistical constants Ba and Bb are both linearly related to Poisson's ratio Bb. Through statistical 320 

analysis and fitting, the following equations are obtained: 321 

                                 
1.2111675 0.110345

1.108385 0.3365975

a

b

B

B




= −
 = +

                           （22） 322 

Combined with equation 14, the modified formula for the longitudinal deformation curve of the inclined shaft roadway is 323 

derived as follows: 324 
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The spatial parameters α and β cause changes in the local stress direction, which in turn leads to an adjustment in the lateral 326 

pressure coefficient λ. If α increases, the component of vertical stress σv on the inclined shaft plane decreases, while the 327 

component of horizontal stress σh increases, resulting in an increase in λ. To facilitate the study, an equivalent lateral pressure 328 

coefficient λ´ is introduced. The equivalent lateral pressure coefficient can be defined as the ratio of the average horizontal stress 329 

to the vertical stress. From (Equation 1), it can be seen that: 330 

                           
2 2

2 2

cos sin

2( sin cos )
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                               （24） 331 

Substituting (16) into the expression yields: 332 
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                               （25） 333 

When the monitoring face is located ahead of the tunnel face (X<0), the exponential function 1-eBa x* describes the 334 

displacement release rate. A larger Ba value corresponds to a faster displacement release. The tunnel crown, being significantly 335 

influenced by gravity, exhibits a wide displacement release range (X/R = -4 ~ 7). To allow displacement to release more rapidly 336 

ahead of the tunnel face, a crown adjustment factor γ(λ´)=1+c1λ´ is introduced. 337 
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4.2 Engineering verification 339 

To verify the above formula, the inclined shaft of Shenhua Xinjie Coal Mine in Ordos City, Inner Mongolia Autonomous 340 

Region, was selected for study. The mining area is located in the south-central part of the Ordos Plateau. The first layer is the 341 

surface layer, primarily consisting of aeolian sand, with a thickness of less than 10 meters. The second layer is the Lower 342 

Cretaceous Zhidan Group (K₁zh), with an average thickness of 376 meters. The lithology of this stratum is mainly composed of 343 

brownish-red and purplish-brown medium to fine-grained sandstones. The third layer is the Middle Jurassic Anding Formation 344 

(J₂a), with an average thickness of 120 meters. The lithology of this stratum is primarily purplish-brown or brownish-red fine to 345 

coarse-grained sandstones. The fourth layer is the Middle Jurassic Zhiluo Formation (J₂z), with an average thickness of 143 346 

meters. The lithological combination of this stratum consists of gray-green sandy mudstone in the upper part and gray-green 347 

medium sandstone in the lower part. The fifth layer is the Middle Jurassic Yan'an Formation (J₁₋₂y), with an average thickness 348 

of 50 meters. This formation is mainly composed of gray-white medium-grained sandstone. No faults, folds, or intrusive igneous 349 

rocks were found within the survey area, indicating that the geological structure is of a simple type. The geological profile is 350 

shown in Fig.12, and the physical and mechanical parameters of the rock layers are listed in Table 2. 351 

 352 

Fig. 12 Geological cross-section 353 

Table 2 Physical and mechanical parameters of rock strata  354 

Rock Type 
Average Unit Weight 

/(kN·m-3) 

Elastic Modulus 

/GPa 

Poisson's Ratio 

 

Internal Friction Angle 

/(°) 

Cohesion 

/MPa 

Tensile Strength 

/MPa ②Lower Cretaceous Zhidan Group K1zh 24.9 7.3 0.21 27.2 2.6 0.74 ③Jurassic Anding Formation J2a 24.7 9.6 0.20 27.1 2.9 0.98 ④Jurassic Zhiluo Formation J2z 25.0 10.8 0.20 27.2 3.2 1.07 ⑤Jurassic Yan'an Formation J1-2y 25.1 8.5 0.17 27.1 3.3 1.72 

Fig.13 shows the displacement release coefficient curve and the envelope. It can be seen from Fig.13 that within the range 355 

influenced by the spatial effects of the excavation face in the inclined shaft, the LDP curves for each working condition are 356 

clustered near the average value. Therefore, for specific projects, it is recommended to obtain the LDP curve and umax through 357 

numerical calculation methods. The design of support parameters should then be carried out by considering the influence of 358 

spatial parameters α, β, and rock property parameters v, c, φ, with the aid of the envelope and the corresponding average values. 359 



 

 

The consistency and accuracy of the proposed analytical model can be validated by leveraging the LDP expression from 360 

previous studies and numerical simulation results[28]. Representative formulas are listed in Table 3. 361 

Table 3 Representative formulas 362 

Formula Expression Influencing Factors 
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Fig.14 presents a comparison with existing formulas. The modified LDP fitting formula shows good overall agreement with 363 

the FLAC3D calculation results obtained in this study, with some discrepancies possibly attributed to mesh precision. By 364 

comparing the calculation results with the displacement release coefficients proposed by other scholars, it can be observed that 365 

the modified fitting curve in this study, which considers the influence of spatial parameters α, β, and lithological parameters v, c, 366 

φ on the spatial effects of the excavation face in inclined circular shafts, aligns well with the numerical simulation results under 367 

actual working conditions. This demonstrates the reliability of the fitting formula proposed in this study. However, existing 368 

formulas, which do not account for the conditions of spatial parameters α, β, and lithological parameters v, c, φ for horizontal 369 

tunnels, show slight deviations from the fitting formula presented here. Analysis indicates that during the excavation of inclined 370 

shafts, the in-situ stress on the surrounding rock ahead of the excavation face gradually increases. This means that the same 371 

location in the unexcavated surrounding rock bears a greater load, causing the roof of this section to deform earlier during 372 

excavation, resulting in a larger influence range ahead of the excavation face. In contrast, the stress released in the excavated 373 

surrounding rock is smaller than that released at the same location in horizontal tunnels. Therefore, the rate of deformation release 374 

in the roof of the surrounding rock after excavation is slower compared to horizontal tunnels, leading to a slightly larger influence 375 

range behind the excavation face. Thus, the modified fitting formula proposed in this study can better reflect the spatial effect 376 

patterns of inclined shafts under three-dimensional spatial conditions, ensuring the safety and scientific rationality of inclined 377 

shaft support. 378 



 

 

 379 

Fig. 13 Displacement Release Coefficient Curve and Envelope Line 380 

 381 

   Fig.14 Comparison Diagram with Existing Formulas                               382 

5 Conclusion383 

This study establishes the corresponding longitudinal deformation and displacement release coefficient curves of 384 

surrounding rock for circular inclined shafts in three-dimensional space. It investigates the influence of the coupling between 385 

spatial parameters and rock property parameters on the surrounding rock release coefficient and its evolution process. 386 

Additionally, the Unlu-Gercek formula is modified based on the main influencing factors, resulting in a fitted formula for the 387 

surrounding rock release coefficient of circular inclined shafts. The following conclusions are drawn: 388 

(1) Geological structural factors α and β, as well as mechanical parameters cohesion and internal friction angle, have a 389 

significant influence on the shape of the LDP curve. The influence range of α on the LDP curve shape is between X/R = -6 and 390 

6, while the influence ranges of β, cohesion, and internal friction angle are between X/R = -6 and 9. These parameters should be 391 

given priority during support parameter design. 392 

(2) The axial lateral pressure coefficient, horizontal lateral pressure coefficient, and elastic modulus have a relatively minor 393 



 

 

influence on the shape of the LDP curve. The convergence displacement and maximum displacement at various points along the 394 

tunnel wall decrease proportionally as the elastic modulus increases, resulting in a constant displacement release coefficient 395 

despite these changes. Thus, their effect on the displacement release coefficient at the excavation face can be neglected. The 396 

influence of Poisson's ratio on the displacement release coefficient is mainly concentrated near the excavation face, with an 397 

effective range on the LDP curve shape between X/R = -1 and 3. Its effect on the displacement release coefficient at the 398 

excavation face is small but not negligible. 399 

(3) For specific engineering projects, it is recommended to use numerical calculation methods to obtain the LDP curve and 400 

umax. Support parameter design should be conducted by considering the influence of geological structural factors α and β, along 401 

with mechanical parameters v, c, and , utilizing envelope curves and their corresponding average values. The modified fitting 402 

formula proposed in this study can better reflect the spatial effect laws of inclined shaft tunnels under three-dimensional 403 

conditions, thereby ensuring the safety and scientific soundness of inclined shaft support.404 
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