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As the main source of pressure around tunnel rock masses, in-situ stress must be thoroughly understood to accurately predict the potential for rockburst events, especially in high-stress construction environments. Yet, theoretical advancements in this field remain behind practical engineering demands. In this study, we used a multiple linear regression approach to determine the initial in-situ stress field across the entire Ping’an tunnel and employed strength theory to predict rockburst occurrence. The regression results closely match field measurements, and the consistently low p-values confirm the reliability of the model. In addition, the rockburst intensity predicted based on the strength criterion shows strong agreement with real-world engineering observations, demonstrating the rationality of the proposed methodology. The findings from this research contributes to a deeper understanding of the initial in-situ stress field in rockburst-prone tunnels under high in-situ stress conditions and provide a scientific basis for tunnel alignment optimization and rockburst risk assessment. These insights hold significant practical implications for the construction of similar projects.
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1 INTRODUCTION
In-situ stress is the fundamental source of surrounding rock pressure in tunnels. The initial in-situ stress refers to the internal stress within the crustal rock mass in its natural state (Ghorbani and Sharifzadeh, 2009; Js et al., 2003; Martin et al., 1999). Although this stress arises from long and complex geological processes and varies under different geological conditions, the dominant components are the weight of rock mass and tectonic stress (Pei et al., 2017; Figueiredo et al., 2014). During underground engineering construction, the initial in-situ stress is often disturbed, leading to a redistribution of in-situ stress (Hu et al., 2014). Consequently, local in-situ stress may exceed the strength of the surrounding rock (Xie et al., 2015). This can cause excessive surrounding rock deformation, which finally leads to the instability of underground engineering. Therefore, understanding the distribution of in-situ stress field is crucial for ensuring the safety and stability of underground engineering projects.
In recent years, considerable in-depth research has been conducted on the initial in-situ stress field, while various ideas for inverting the initial in-situ stress field based on limited measured in-situ stress data have been proposed (Feng et al., 2019; Feng et al., 2012). McKinnon. (2001) suggested that a least square approach can be used to invert the initial geo-stress field of rock masses. Wang et al. (2015) assessed the maximum horizontal tectonic stresses at different depths at fault intersections based on the analysis of tectonic stress subregions and geo-mechanical tracing method. Zhang et al. (2012) inversely estimated the initial geo-stress field at the Jinping II Hydropower Station using a least square approach. Jiang et al. (2008) combined the principle of stratum denudation and neural network method to invert the initial in-situ stress field at the Jinping II Hydropower Station site based on the measured data from the tunnel wall after excavation. Meng et al. (2018) employed the multiple linear regression method to obtain the initial in-situ stress field, corrected the in-situ stress field in the rockburst area after tunnel excavation, and ultimately determined the in-situ stress of the tunnel after excavation.
As a major geological hazard in deep rock masses, rockburst has been widely investigated by researchers both domestically and internationally through theoretical studies, experiments, and numerical analyses. Different researchers have analyzed the origin and failure mechanisms of rockbursts based on energy theory, strength theory, rigidity theory, instability theory, impact tendency theory, catastrophe theory, chaos theory, fractal theory, and dissipative structure theory. Numerous empirical criteria have been developed to classify and predict rockburst types. According to current research, these criteria can be summarized as empirical criteria based on strength theory, brittleness theory, stiffness theory, and energy theory. Among them, empirical criteria based on strength theory are the most closely integrated with engineering practice, feature easily obtainable parameters, offer strong practical applicability, and can dynamically update stress parameters in real time. This enables iterative risk prediction of rockbursts during construction and guides support optimization, making it suitable for rapid rockburst identification in deep underground engineering.
Existing research indicates that the multiple linear regression method is the most widely used approach for in-situ stress inversion analysis due to its reasonable and reliable results (Yazdani et al., 2012; Sharifzadeh et al., 2012; Wang et al., 2012). However, studies focusing on the initial in-situ stress field of the rockburst-prone tunnels in high in-situ stress environments remain limited (Vardakos et al., 2016). Zhang et al. (2015) considered the influence of self-weight and tectonic movement on the for-mation of the initial ground stress field, and adopted the multivariate regression method to perform a multivariate regression inversion analysis of the three-dimensional initial ground stress at the powerhouse area of the Shuangjiangkou Hydropower Station. In contrast, Pei et al. (2016) proposed a secondary inversion method for rock mass stress fields that accounts for the distribution characteristics of the stress tensor. This method achieves a stress field that is globally continuous over large scales while exhibiting localized dis-continuities influenced by local geological structures over smaller scales. Zhang et al. (2017) ob-tained the ground stress field in the powerhouse area of the Huangdeng Hydropower Station by integrating an intelligent nonlinear method based on the stepwise regression principle with artificial neural networks. Pei et al. (2024) proposed a joint inversion method combining stepwise multivariate linear regression and neural networks. This approach first uses stepwise multivariate regression to determine reasonable tectonic movement factors and their reference values, and then employs neural network inversion to obtain optimized inversion results.
Currently, during the multivariate linear regression inver-sion process, significance testing of the regression model and regression coefficients is an essential step. In the studies mentioned above, when performing significance testing, the F-test is generally used to assess the significance of the initial ground stress field regres-sion model, while the t-test is typically employed to evaluate the significance of the re-gression coefficients. However, both the F-test and t-test share a limitation: they can only provide a basis for determining significance but cannot quantify the strength of that ev-idence. This drawback leads to insufficient verification of the regression model’s reliabil-ity. To address this, this study proposes using the p-value method for significance testing during the inversion of the initial rock mass stress field. This approach not only provides a basis for determining significance but also quantifies the strength of the evidence. Therefore, it enables a more thorough verification of the reliability of the adopted regression model.
This study analyzed the stress magnitude and distribution of the in-situ stress based on measurements from the Ping’an tunnel of Cheng-Lan Railway. Furthermore, the initial in-situ stress field, obtained through the multiple linear regression method, was quantitatively analyzed regarding its distribution pattern and characteristics. Additionally, the rockburst intensity of the Ping’an tunnel along its full length was predicted based on the reversed initial in-situ stress field using the strength theory criterion. This research advances the understanding of initial in-situ stress fields in rockburst-prone tunnels and supports the optimization of tunnel alignment. It also establishes a scientific basis for assessing rockburst risks, with significant implications for the safe and efficient construction of relevant engineering works.
2 PROJECT OVERVIEW
The Ping’an Tunnel is a critical project on the Cheng-Lan Railway, with a length of 28,428 m. It is located between the Taohuazhai Groove and the Taiping Groove in Mao County, Aba Tibetan and Qiang Autonomous Prefecture, Sichuan Province, and is the longest railway tunnel in the southwest mountainous region of China. As illustrated in Figure 1, the tunnel adopted a sub-repair construction plan. The left-line tunnel has 7,550 m of Grade II and III surrounding rocks, 16,230 m of Grade IV surrounding rock, and 4,648 m of Grade V surrounding rock, while the right-line tunnel has 7,166 m of Grade II and III surrounding rocks, 16,465 m of Grade IV surrounding rock, and 4,797 m of Grade V surrounding rock. The highest and lowest elevations of the Ping’an Tunnel are 4,200 m and 1,690 m, respectively, resulting in the relative elevation difference of 2,510 m. Additionally, the maximum depth of the tunnel is 1,720 m.
[image: Geological profile of a tunnel route, illustrating different rock layers including quartz sandstone, hard phyllite, limestone, carbonaceous phyllite, and interbedded sandstone and phyllite. The diagram shows entrance and exit mileage, with photos of the tunnel construction above. Altitude ranges from 1100 to 4700 meters, and the length is 28428 meters. A 3D terrain model is displayed above the profile. Horizontal and vertical scales are noted.]FIGURE 1 | Geological profile of the Ping’an tunnel.The tunnel site lies within a denuded, deeply cut middle mountain canyon characterized by vertical and horizontal valleys, with steep walls in some areas. The tunnel traverses’ numerous streams, such as Longtang Groove and Shidaguan. It is situated approximately 3–4 km from an active fault along the Min River. This proximity to the fault has led to significant rock structure development at the tunnel site. Construction observations indicate that the surrounding rock primarily consists of intact hard sandstone and limestone, with a maximum natural compression resistance of 127.7 MPa. The measured maximum horizontal principal stress is 31.5 MPa. The strata traversed by the tunnel are predominantly thin to medium-thick layers, partially sandwiched with thick layers, while the dip angle of the rock strata range from horizontal to steep. The excavation in deep-buried, hard, and intact surrounding rock was affected by factors such as high stress, strong disturbance, high osmotic pressure, and unfavourable structural surfaces, resulting in high-intensity rock bursts. Statistical analyses revealed that rock bursts in the Ping’an tunnel frequently occurred in Grade II and Grade III surrounding rock sections, which exhibit relatively complete geological structures and fracture zones where tectonic stress is concentrated. The occurrence of rock bursts poses serious threats and challenges to the safety of personnel during tunnel construction.
3 INVERSION ANALYSIS OF INITIAL IN-SITU STRESS FIELD IN THE PING’AN TUNNEL
3.1 In-situ stress test using hydraulic fracturing method
To obtain the initial in-situ stress field of the Ping’an Tunnel, an in-situ stress test was conducted at the borehole DZ-TP-10 using the hydraulic fracturing method, which is located 8 m away from the marker DK171 + 550, as illustrated in Figure 2. The borehole depth was about 781.0 m, the test aperture was 91.0 mm, and the buried depth of the underground static water level was 331.0 m. A total of 6 hydraulic fracturing stress measurements were performed at depths ranging from 545.0 to 760.0 m within the borehole, the specific steps are as follows.
	(1) Determine the test position and clean the borehole, and conduct a packer pre-pressure test and a high-pressure seal test on the pressurized tubing that should not exceed 20 MPa.
	(2) Connect the rubber packer in series and place it in the determined test position, apply pressure to the predetermined seat seal pressure, expand the packer seat seal onto the hole wall, then inject water and pressurize the fracturing section, and record and plot the pressure-time relationship, curve and flow-time relationship.
	(3) Observe the trend of the pressure-time relationship curve. When the pump pressure rises to a certain peak pressure, the pressure suddenly drops or the curve shows an inflection point, the rock wall breaks; Keep the flow rate of the pressure pump constant. If the pressure continues to drop or remains at a certain stable pressure and the pressure fracture expands, the pump will stop pressurizing. Repeat the pressurization and depressurization cycles step by step for the pressure fracture retension test, and the number of cycles should not be less than three.
	(4) Based on the measured fracturing process curve, determine the characteristic pressure parameters such as the fracture pressure, instantaneous closing pressure p:and retension pressurep, of the test section during the fracturing process, Sh and SH using Equations 1–3 to calculate the maximum and minimum horizontal principal stress. According to the impression or borehole video data, draw the fracture morphology and determine the fracture location.

Sh=ps(1)
SH=3Sh−pb−p0+σt(2)
SH=3Sh−pr−p0(3)
[image: Three-dimensional geological model showing a tunnel axis highlighted by a dashed line running through mountainous terrain. Key features noted include the Shidaguan, Xiaoguanzi, and Taiping No. 1 faults. Entrance and exit points are labeled D8K151+758 and D8K180+186, with K160+000 and K170+000 markers. A specific hole location is indicated along the tunnel path.]FIGURE 2 | Three-dimensional topographic map of in-situ stress measurement for the Ping’an Tunnel.In the formula: SH and Sh-large and small plane principal stress on the cross-section of the borehole, MPa; pb-Rock fracture pressure, MPa; p0-Rock mass pore pressure, MPa; σt-Rock mass tensile strength, MPa; ps-Instantaneous closing pressure, MPa; pr-Rock mass retension pressure, MPa.
Due to the favorable conditions in the borehole rock formation, the testing was proceeded smoothly, and the expected results were obtained. The location and results of the in-situ stress measurements obtained through the hydraulic fracturing method are presented in Table 1.
TABLE 1 | Measurement results of hydraulic fracturing stress from borehole DZ-TP-10 in the Ping’an Tunnel.	Depth/(m)	Principal stress value/(MPa)	Fracture azimuth
	σHa)	σhb)	σvc)
	545.00	17.60	10.58	14.42	—
	668.30	17.99	11.85	17.68	—
	732.50	18.42	12.68	19.38	—
	741.20	19.51	12.77	19.62	—
	756.71	19.11	12.62	20.02	N40°W
	760.60	20.19	12.95	20.11	N52°W


Note: a) σH: the maximum horizontal principal stress in the drilling section; b) σh: the minimum horizontal principal stress in the drilling section; c): σV the vertical principal stress.
Table 1 revealed that the measured maximum horizontal principal stress is 17.60–20.19 MPa, the minimum horizontal principal stress is 10.58–12.95 MPa, and the vertical stress is 14.42–20.11 MPa. The maximum horizontal principal stress at a depth of approximately 760 m near the tunnel body is about 20 MPa, while the minimum horizontal principal stress is about 13 MPa. The vertical principal stress estimated based on the bulk density of the overlying rock (about 2.7 g/cm3) is also about 20 MPa. The relationship between the three-dimensional principal stress values near the tunnel axis is σH > σV > σh. This finding indicates that the horizontal tectonic stress predominates. The direction of the maximum principal stress is N40∼52ºW, and the dominant direction is N46ºW. The intersection angle between this direction and the axial direction of the designed tunnel (N7ºE) is approximately 53°, which indicates that the direction of the maximum principal stress intersects the tunnel axis obliquely. This intersection angle is twice the largest optimal angle of 30°, which may adversely affect the stability of the tunnel construction. In-situ stress measurements reveal a relatively high level of tectonic stress in the region. The deep burial of the Ping’an Tunnel further amplifies the regional stress field. Consequently, the likelihood of rockbursts is significantly increased in hard rock zones with large burial depths.
3.2 Inversion analysis of initial in-situ stress field
Many uncertainties in engineering practice can impact the distribution of the initial in-situ stress field. Typically, multiple variables are interconnected and affect each other. To address this complexity, the macroscopic in-situ stress field in the engineering area can be derived through regression and inversion analysis. Although several inversion methods are available for determining the initial in-situ stress field, the finite element linear regression method is regarded as the most reliable approach. Assuming that there are P variables that influence the distribution of the initial in-situ stress field, denoted as x1, x2…, the analysis of the quantitative relationship between the initial in-situ stress field and these variables falls under multiple regression analysis. In this framework, the regression calculation values of the initial stress field serve as the dependent variable, while the stress values calculated by the finite element method for each influencing factor are treated as the independent variable. Thus, the regression equation can be formulated by Equation 4:
σ^k=∑i=1nLiσki(4)
where k is the serial number of the observation point; σ^k is the finite element regression calculation value at the observation point k; Li is the multivariate review coefficient of the corresponding independent variable; σki is the single-column matrix of the calculated value of the corresponding stress component; i is the number of working conditions, i = 1, 2…, N.
Assuming that there are m in-situ stress observation points, and each measuring point has 6 stress components, the residual sum of squares between all measured values and the finite element regression calculation value can be used to characterize the degree of deviation of the regression equation from the measured value, which can be expressed by Equation 5:
Sc=∑k=1m ∑j=16 σjk*-σ^jk2=∑k=1m ∑j=16 σjk*-∑i=1n∑Liσjki2(5)
where σ*jk is the measured value of the stress component j at the measuring point k; σ^jk is the numerically calculated value of the stress component j at the measuring point k under working condition i.
3.3 Inversion analysis of three-dimensional initial in-situ stress field in the Ping’an tunnel
The stress data collected from the tunnel site using the hydraulic fracturing method were analyzed through multiple regression analysis and numerical calculation methods to establish a comprehensive three-dimensional initial in-situ stress field for the Ping’an tunnel.
3.3.1 Model establishment and parameter selection
The Ping’an tunnel extends from D8K151 + 760 to D9K180 + 186, with a total length of 28.428 km. The model established for the tunnel has an axial length of 28.428 km and a lateral width of 5,000 m. It comprises 909,270 nodes and 606,873 elements, as shown in Figure 3. The elastic constitutive model was employed for the calculations, and the mechanical parameters of the rock masses were determined comprehensively based on geological survey data and laboratory test results, as presented in Table 2. Subsequent studies have shown that rockbursts generally occur in Class II and Class III hard surrounding rocks, which are capable of storing large amounts of elastic strain energy. The bottom boundary of the model was constrained to prevent displacement in the Z-direction, while the upper boundary was designed as a free surface. Additionally, gradient stresses were applied to the side faces to simulate tectonic extrusion in both the east-west and north-south directions. In the numerical model, the interaction between different rock types was defined using tie constraints, while the interaction between the fault and the surrounding soil was modeled using surface-to-surface contact that allows relative sliding.
[image: Three-dimensional geological model showing a terrain with multiple colored sections labeled I to V. Key features include tunnel entrance, Shidaguan, Xiaoguanzi, and Taiping no.1 faults, and DZ-TP-10 hole. Diagram indicates non-sliding (tied) and sliding (contact) zones. Dimensions are 28428 meters by 5000 meters along axes OXZ.]FIGURE 3 | Finite element model for the three-dimensional initial stress field in the Ping’an Tunnel.TABLE 2 | Mechanical parameters of rock mass in the Ping’an Tunnel.	Surrounding rock	Elasticity modulus E (GPa)	Poisson’s ratio	Gravity density γ (kN/m3)	Cohesion (MPa)	Internal friction angle (°)	Integrity coefficient (Kv)	Uniaxial compressive strength (MPa)	Surrounding rock characteristics
	Carbonaceous phyllite, Quartzite, limestone (Ⅳ)	34	0.36	22.0	48.32	25.2	0.15–0.32	15–35	Interbedded soft and hard rocks, relatively fractured rock mass
	Phyllite, Quartzite (Ⅳ)	30	0.32	22.0	51.25	23.1	0.18–0.30	16–32	Interbedded soft and hard rocks, relatively fractured rock mass
	Shidaguan fault (Ⅴ)	8	0.38	23.8	42.58	22.6	0.10–0.14	8–30	Relatively soft rock, fractured rock mass
	Limestone, Carbonaceous shale, Sandstone (Ⅲ)	46	0.32	24.0	50.14	27.3	0.40–0.52	60–100	Hard rock, relatively fractured rock mass
	Conglomerate, Sandstone, limestone (Ⅲ)	48	0.30	25.0	49.57	28.4	0.36–0.50	60–120	Hard rock, relatively fractured rock mass
	Xiaoguanzi fault (Ⅴ)	8	0.40	24.0	43.15	25.6	0.08–0.13	8–25	Relatively soft rock, fractured rock mass
	Phyllite, Sandstone, Shale (Ⅴ)	28	0.38	23.5	54.16	24.7	0.10–0.12	6–16	Relatively soft rock, fractured rock mass
	Taiping no.1 fault (Ⅴ)	6	0.40	23.5	49.25	27.3	0.08–0.12	8–30	Relatively soft rock, fractured rock mass
	Phyllite, Sandstone, limestone (Ⅳ)	36	0.36	24.0	53.95	26.2	0.25–0.31	16–32	Interbedded soft and hard rocks, relatively fractured rock mass
	Sandstone, limestone, Conglomerate (Ⅱ)	48	0.28	25.0	53.81	28.4	0.56–0.72	80–150	Hard rock, relatively intact rock mass
	Sandstone, limestone, Conglomerate (Ⅲ)	46	0.30	24.0	50.16	26.1	0.38–0.48	80–120	Hard rock, relatively fractured rock mass


3.3.2 Boundary conditions
Due to the limitations associated with the hydraulic fracturing method, in-situ stress measurements in the Ping’an tunnel did not account for shear stress in the vertical plane. Consequently, only shear stress in the horizontal XOZ plane was considered. The numerical simulation process involves the following steps.
	1. Self-Gravity Stress Field: Based on the parameters of rock masses outlined in Table 2, gravitational acceleration was applied in the Y direction within the numerical model to calculate the self-gravity stress field. Normal displacement constraints were imposed on the side and bottom boundaries of the model.
	2. Tectonic Stress Field: Horizontal uniform loads were applied to both sides of the model to simulate tectonic stress in the horizontal direction. During the application of tectonic stress, the lateral and bottom surfaces retained the same boundary conditions as those under the gravity-induced stress field, while the constraints on the loaded surface were removed. It is worth noting that the simulation of in-plane shear stress was achieved by applying a 3.0 mm displacement on the long boundary and a 16.9 mm displacement on the short boundary.

The constraints on the unloaded side and bottom boundaries were consistent with those used for the self-gravity stress field. Displacement boundaries were introduced to simulate shear stress in the horizontal plane.
3.3.3 Regression inversion of initial in-situ stress field
We use the regressed initial in-situ stress values as the dependent variable, while the stress values calculated by the finite element method—considering both the self-weight stress field and the tectonic stress field—are employed as independent variables. The in-situ stress measured by the hydraulic fracturing method, along with the residual sum of squares between the measured and regressed values, characterizes the deviation between the regression equation and the measured data. Subsequently, based on the least squares method, the expression minimizing the residual sum of squares Sc is derived as shown in Equation 6:
∑k=1m ∑j=16 σjk1σjk2 ∑k=1m ∑j=16 σjk1σjk2 ... ∑k=1m ∑j=16 σjk1σjkn ∑k=1m ∑i=16 σjk22 ... ∑k=1m ∑j=16 σjk2σjkn⋮⋱∑k=1m ∑j=16 σjkn2  L1L2⋮L3=∑k=1m ∑j=16 σjk*σjk1∑k=1m ∑j=16 σjk*σjk2⋮∑k=1m ∑j=16 σjk*σjkn(6)
The undetermined regression coefficient b=b1,b2L,bn2 can be obtained by solving this equation. The initial in-situ stress field of the Ping’an tunnel can be derived by superimposing the finite element calculation values that have passed the significance tests for each working condition, Equation 7:
σ=15.98σX+1.36σY+2.48σZ+12.34σXOZ(7)
where σ is the regression value of the initial in-situ stress field in the Ping’an tunnel, σX、σY, and σZ are the stress fields in the X, Y, and Z directions, respectively, σXOZ is the shear stress in the horizontal XOZ plane.
Since the in-situ stresses were expressed in the principal stress coordinate system (Table 1), but the regression analysis was performed in the XYZ computational coordinate system (Figure 3), a coordinate transformation was necessary to align the data with the analysis framework. Given the angular deviation between true north and the negative Z-axis, the stress components were converted using elastic theory, following the standard transformation Equation 8:
σi′j′=αi′iαj′jσij(8)
In the transformation formula, σi′j′ and σij represent the stress components in the original and transformed coordinate systems, respectively, αi′i and αj′j are the corresponding transformation coefficients. The stress regression analysis was conducted using in-situ data obtained from borehole DZ-TP-10 via hydraulic fracturing. The regression results are presented in Table 3 and Figure 4.
TABLE 3 | Comparison of measured and regressed values of in-situ stress.	Depth/m	σx/MPa	σy/MPa	σz/MPa	τxz/MPa
	Measured value	Regression value	Absolute error	Measured value	Regression value	Absolute error	Measured value	Regression value	Absolute error	Measured value	Regression value	Absolute error
	545.00	14.82	13.59	0.082	13.36	12.67	0.051	14.42	14.60	0.013	3.43	3.53	0.029
	668.30	15.56	15.60	0.003	14.28	14.31	0.002	17.68	17.74	0.003	3.00	3.28	0.092
	732.50	16.15	16.70	0.034	14.95	15.25	0.020	19.38	19.34	0.002	2.81	3.14	0.118
	741.20	16.84	16.85	0.001	15.44	15.38	0.004	19.62	19.55	0.003	3.30	3.12	0.054
	756.71	15.86	17.12	0.079	15.86	15.61	0.016	20.02	19.94	0.004	3.25	3.09	0.049
	760.60	18.04	17.18	0.047	15.10	15.67	0.038	20.11	20.05	0.003	3.31	3.08	0.069


[image: Four graphs showing stress versus depth. Each graph features red solid lines for measured values and blue dashed lines for regression values. Graphs are labeled (a), (b), (c), and (d) with varying stress ranges. Depth spans from 550 to 750 meters in all graphs.]FIGURE 4 | Variations in measured and regressed values of in-situ stress with depth: (a) Comparison of measured σx and regressed σx; (b) Comparison of measured σy and regressed σy; (c) Comparison of measured σz and regressed σz; (d) Comparison of measured τxz and regressed τxz.As indicated in Table 3 and Figure 5, the regressed and measured stresses were in good agreement, with a maximum absolute error of 1.26 MPa. The regressed value of the in-situ stress in the vicinity of the borehole was comparable in magnitude to the measured value, and the distribution was basically consistent. This indicated that the initial in-situ stress field obtained through inversion analysis is reasonable and reliable.
[image: 3D topographic mesh plot displaying a terrain with color gradations from red to blue, indicating varying values of stress (S33) across the surface. The legend on the left shows numerical values corresponding to colors, ranging from high stress (red) to low stress (blue), with a note indicating an average of seventy-five percent.]FIGURE 5 | Calculated Y-direction gravitational stress field of the Ping’an Tunnel.3.3.4 Reliability test of regression models
In the process of multivariate linear regression inversion of the initial geo-stress field of rock masses, the t-test for regression coefficients first assumes that all regression coefficients of the independent variables are equal to zero. The rejection region can be expressed by Equations 9, 10:
Ti=n−kCiciiSE>c(9)
c=t1−α/2n−k(10)
In this expression, Ti is the observed value of the test statistic, SE is the square root of the residual sum of squares, and cii is the ith diagonal element of the inverse of the normal equation coefficient matrix. If Ti exceeds the critical value c, the null hypothesis H0 is rejected at the significance level α, confirming the significance of the corresponding regression coefficient.
Furthermore, in the multivariate linear regression inversion of the initial geo-stress field of rock masses, the p-value approach corresponding to the t-test was adopted to assess the significance of the regression coefficients. The calculation method for the p-value of a regression coefficient is shown as Equation 11:
p=PTi=n−kCiciiSE>c(11)
When the p-value is less than or equal to the significance level α, the null hypothesis H0 is rejected, indicating that the regression coefficient passes the significance test. According to statistical conventions, different ranges of p-values correspond to varying strengths of evidence for rejecting H0. When p < 0.01,the basis for using the regression model to invert the initial geo-stress field is considered strong. The relationship between the regression coefficients and their corresponding p-values obtained by this method is presented in Table 4.
TABLE 4 | Comparison of measured and regressed values of in-situ stress.	Independent variable	Coefficient	Standard error	t	p
	σx	15.98	0.03	15.80	4.8E-14
	σy	1.36	0.41	20.15	2.4E-15
	σz	2.48	0.32	−6.30	1.8E-06
	σxoz	12.34	0.18	18.68	1.1E-14


According to the computational results, the p-values of the regression model are generally very low, which fully demonstrates the reliability of the model.
4 DISTRIBUTION CHARACTERISTICS OF IN-SITU STRESS FIELD IN THE PING’AN TUNNEL
4.1 Macroscopic distribution characteristics of in-situ stress field in the Ping’an tunnel
The numerical results regarding the self-gravity stress field in the Y-direction, the uniform load boundary in the X- and Z-directions, and the displacement boundary in the XOZ plane of the Ping’an Tunnel are presented in Figures 6–9.
[image: 3D mesh plot representing data values on a surface, with a color gradient from blue to red indicating varying intensity levels. The legend shows values ranging from negative sixty-four point six three to negative eleven million.]FIGURE 6 | Calculation results of the X-direction uniform load boundary model for the Ping’an Tunnel.[image: Three-dimensional topographic mesh visualization with a color gradient from red to blue representing varying data values. A legend on the left shows values from negative one thousand two hundred and two to negative two point five nine five times ten to the power of seven. The terrain resembles rugged mountains.]FIGURE 7 | Calculation results of the Z-direction uniform load boundary model for the Ping’an Tunnel.[image: Three-dimensional mesh model depicting a mountainous landscape with colors indicating different elevation levels. A legend on the left uses a color scale from red to blue to represent values from positive five hundred sixty-seven thousand five hundred five to negative two million three hundred seventy-one thousand six. The mesh appears detailed and varies in color across the surface to illustrate varying data values.]FIGURE 8 | Calculation results of XOZ plane displacement boundary model for the Ping’an Tunnel.[image: Line graph showing stress in megapascal (MPa) versus mileage. Three lines represent stress components: σx (black), σz (red), and σy (blue). σx and σz show fluctuations between 20 and 40 MPa. σy fluctuates more widely, reaching up to 50 MPa. The x-axis ranges from DK81K52 to DK91K80.]FIGURE 9 | Variations of stresses in three directions along the tunnel axis.These figures illustrate the macroscopic distribution characteristics of the in-situ stress field within the Ping’an Tunnel. It is evident that, under the action of the self-gravity stress field, the in-situ stress within the tunnel increases with the increase of the buried depth. At the same depth, in-situ stress in the Grade II surrounding rock was greater than that in the Grade III surrounding rock, while Grade III surrounding rock had noticeably higher in-situ stress than grade IV surrounding rock. The more intact the rock mass is, the higher its strength tends to be, and the higher the in-situ stress is likely to be. High-intensity rockbursts often occur in such rock masses, which is consistent with the theory of stress storage capacity in rock mechanics. Intact Class II surrounding rocks typically contain fewer fractures and exhibit greater strength, allowing them to accumulate more energy from tectonic and gravitational forces. In contrast, fractured Class IV rock masses tend to release stress through discontinuities, thereby reducing the amount of stored strain energy.
In addition, under the influence of the tectonic stress field, regions with greater topographic relief tend to exhibit higher in-situ stress. For example, the in-situ stress near the Shidaguan Fault, Xiaoguanzi Fault, and Taiping No.1 Fault is significantly higher than that in the surrounding rock masses. This indicates that topography and fault structures greatly influence the macroscopic distribution of the stress field. Specifically, terrain variations alter the direction and magnitude of local tectonic stress, leading to stress concentration. Regional fault activity can further impose additional tectonic stress fields on the rock mass, resulting in increased overall stress levels.
4.2 Quantitative analysis of initial in-situ stress field in the Ping’an tunnel
To quantitatively analyse the regression results of the Ping’an tunnel, stress components along the tunnel axis were extracted at intervals of 500 m. The variations of in-situ stress in three directions, the longitudinal and lateral pressure coefficients, and the variation of horizontal principal stress along the tunnel axis are illustrated in Figures 9–11.
[image: Line graph showing stress in megapascals (MPa) against mileage. Three lines represent different stress types: vertical stress (\(σ_v\)) in black, horizontal stress (\(σ_h\)) in red, and maximum horizontal stress (\(σ_H\)) in blue. The x-axis is labeled with mileage intervals D8K152 to D9K180. Stress values fluctuate between 10 and 50 MPa.]FIGURE 10 | Change curve of horizontal principal stress at the axis position of Ping’an Tunnel.[image: Line graph showing lateral pressure coefficient against mileage. The red line (Kx) starts at 2.5, peaks at 2.8 around D8K154, and decreases, stabilizing near 1.5. The blue line (Kz) begins at 2.0, peaks slightly near 2.2, then drops below Kx, also stabilizing around 1.5. Both lines slightly rise towards the end.]FIGURE 11 | Change curve of lateral pressure coefficient of Ping’an Tunnel.Figure 9 clearly demonstrated that the inverted stress values of the Ping’an Tunnel were all greater than 10 MPa, which are consistent with the measured results. The longitudinal stress in the X-direction was the largest at the tunnel entrance (D8K152). Geological tectonism contributes to increased longitudinal stress in the X-direction and transverse stress in the Z-direction near the geological formations such synclines, anticlines, folds and faults. The highest in-situ stress was observed near the Shidaguan Fault (D8K157), where the longitudinal and transverse stresses reached 40.04 MPa and 32.77 MPa. The Y-direction self-gravity stress increased with depth, peaking at 48.77 MPa at the deepest section (D8K160). The valley terrain itself may alter the direction and magnitude of local tectonic stress, leading to localized stress concentration. Meanwhile, regional tectonic activity, primarily fault movement, generates additional tectonic stress fields within the rock mass, further increasing the overall stress level. The abnormal stress reversal observed on the slopes suggests that stress redistribution occurred due to unloading effects from valley incision. The vertical stress in the Y-direction increases with burial depth, reaching a maximum value of 48.77 MPa at the deepest point (D8K160), indicating that changes in vertical stress are consistent with the variation in burial depth along the entire tunnel alignment.
Figure 10 shows the vertical stress σv, the minimum horizontal principal stress σh, and the maximum horizontal principal stress σH along the axis of the Ping’an tunnel. It was observed that the maximum horizontal principal stress σH of 47.41 MPa occurred near the valley (D8K157) close to the Shidaguan fault. The maximum horizontal principal stress σh of 26.98 MPa was located near the mileage D8K167. The maximum vertical stress σv was observed at the maximum buried depth (D8K160). This indicates that the buried depth directly affects the distribution of the vertical stress field of the tunnel. In terms of stress distribution, the minimum horizontal principal stress across the entire tunnel remained relatively constant, while the maximum horizontal principal stress increased with increasing buried depth and decreased with decreasing buried depth. However, a different trend was observed in the valley zone near the Shidaguan fault (D8K157). The maximum horizontal principal stress continued to decrease as the buried depth increased. Similar patterns were noted in the vicinity of Xiaoguanzi fault (D8K167) and Taiping no.1 fault (D8K169). In the vicinity of folds and slope topography, the maximum principal stress increased locally as the buried depth decreased. This indicates that the maximum horizontal principal stress is greatly affected by the topography and the fault. In fault zones and their affected areas, the maximum horizontal principal stress was significantly reduced, and a stress relaxation zone was identified. Additionally, in regions with pronounced terrain undulations, the horizontal principal stress was significantly increased.
Figure 11 shows the variations in the longitudinal (KX) and transverse (KZ) lateral pressure coefficients of the Ping’an tunnel with respect to mileage. It was observed that the lateral pressure coefficients at shallower buried depths (D8K152 to D8K157, D8K174 to D9K180) were generally greater than 1 due to the influence of synclines, anticlines, folds and faults. This indicates that the geological tectonism has a significant impact, with tectonic stress dominating. The self-gravity stress increased as buried depth increased. However, when the buried depth exceeded 1,000 m (D8K158 to D8K172), the lateral pressure coefficient stabilized, with most sections exhibiting values less than 1. This suggests that at greater buried depths, the tectonic stress stabilized, and the in-situ stress became predominantly influenced by the self-gravity stress.
4.3 Rockburst prediction based on strength theory
The Russense criterion is widely used for rockburst prediction; consequently, this criterion was employed to predict the rockbursts in the Ping’an tunnel. The discriminant relationship of the stress-strength ratio of Russense criterion is expressed as Equation 12 (Zhang H. X. et al., 2025; Zhang S. S., 2025; Yang et al., 2020):
σθ/σc<0.3 No rockburst0.3≤σθ/σc<0.5 Weak rockburst0.5≤σθ/σc<0.7 Medium rockburstσθ/σc≥0.7 Strong rockburst(12)
where σθ represents the maximum tangential stress of the cavern. If the tunnel section is assumed to be circular, as shown in Figure 12, σθ can be derived from Equation 13. σc represents the uniaxial compressive strength of the rock mass.
σθ=3σ1−σ2,σ1≥σ23σ2−σ1,σ2≥σ1(13)
where σ1 is the horizontal stress after coordinate transformation; σ2 is the vertical principal stress.
[image: Diagram showing a stress field around a cylindrical hole at depth \(H\) beneath a surface. Arrows indicate stress components \(\sigma_1\), \(\sigma_2\), \(\sigma_\theta\), and \(\sigma_r\). A line at angle \(\theta\) with radius \(r\) intersects point \(N\).]FIGURE 12 | Schematic diagram of calculation model for the circular tunnel.The inversion results of the in-situ stress derived from data simulation provide a preliminary evaluation of the likelihood of rockbursts in the Ping’an Tunnel. Furthermore, the actual number of rockburst events observed during tunnel construction was recorded on site. Figure 13 presents both the assessment results and the recorded rockburst events.
[image: A graph shows the stress intensity ratio versus mileage, with markers indicating where actual rockbursts occurred compared to predicted intensities. The graph is divided into zones labeled strong, medium, weak, and no rockburst, with corresponding photos of rockburst sites at different mileages displayed on the right and bottom. Each photo is labeled with specific mileage points, illustrating the severity and conditions of rockbursts.]FIGURE 13 | Predicted results of rockbursts along the axis of the Ping’an Tunnel.As shown in Figure 13, there is a strong agreement between the predicted rockburst intensity and the observed field data. The results reveal that areas with higher predicted rockburst intensity not only exhibit a greater likelihood of rockburst occurrence but also tend to experience more severe events. The combined effects of intense tectonic and self-gravity stress fields result in high to extremely high in-situ stress levels in some sections of the tunnel site. In this high in-situ stress environment, the tunnel experienced severe uneven vertical and lateral loads. This put the overall structure of the tunnel in an extremely unfavourable stress state, which could lead to varying degrees and types of rockbursts. The main rockburst activity zones in the Ping’an tunnel are concentrated in the middle section and near the exit. The location of these zones is closely related to the terrain and tectonics. The rockburst intensities primarily ranged from weak to moderate. However, due to extremely high in-situ stress resulting from significant relative elevation differences and vigorous tectonic activity, there is a considerable accumulation of strain energy. This can lead to severe damage in hard rock during the tunnel excavation process and cause high-intensity rockbursts. Therefore, special attention should be given to the design and construction of the tunnel.
5 CONCLUSION
This study analyzed the initial stress levels and distribution patterns of the in-situ stress based on the measured values from the Ping’an Tunnel on the Cheng-Lan Railway. Additionally, a finite element multiple linear regression method was used to derive the initial in-situ stress field along the entire length of the Ping’an tunnel for further quantitative analysis. The distribution patterns and characteristics of the initial in-situ stress field in the rockburst-prone tunnel were discussed. The main conclusions are as follows.
	(1) A multiple linear regression method was used to predict the in-situ stress field of the Ping’an Tunnel. The results show that the predicted stress values agree well with the field measurements, with a maximum absolute error of less than 10%. In addition, to further verify the reliability of the regression model and its coefficients, the p-value method was applied.
	(2) The Ping’an Tunnel exhibited relatively high stress values, exceeding 10 MPa. Due to geological structures, both longitudinal stress in the X-direction and transverse stress in the Z-direction were notably elevated near synclines, anticlines, folds, and faults. The Shidaguan fault, located near the bottom of the adjacent river valley, demonstrated the highest in-situ stress, with a maximum longitudinal stress of 40.04 MPa and a maximum transverse stress of 32.77 MPa. The self-weight stress in the Y-direction increased with increasing depth and peaked at 48.77 MPa at the maximum depth, indicating a strong correlation with the buried depth of the tunnel.
	(3) The lateral pressure coefficient of the Ping’an Tunnel at shallow depths generally exceeded 1 due to geological structures such as synclines, anticlines, folds, and faults, which indicated the dominance of tectonic stress. However, the lateral pressure coefficient at depths greater than 1,000 m dropped below 1.0. This observation indicated that tectonic stress stabilized, while vertical stress distribution was primarily influenced by self-gravity.
	(4) The combined influence of significant tectonic and self-gravity stress fields resulted in pronounced vertical and horizontal load imbalances, placing the tunnel structure in an extreme stress state. Consequently, rockbursts of varying intensities and types occurred, primarily concentrated in the middle section and near the exit of the tunnel. The locations of these rockbursts correlated with terrain and tectonics. While most rockburst intensities ranged from weak to medium, areas with extremely high in-situ stress experienced severe damage during excavation due to large relative elevation differences and strong tectonic activity, potentially resulting in high-strength rockbursts. These areas require special attention during the design and construction of the tunnel.
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