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Worldwide, it is a great challenge to tunnel in portal section, where excessive deformation, cracking, or even collapse often occurs during the construction process. This paper presents a comparison study of face stability between entering and exiting a shallow-buried tunnel with a front slope. Firstly, the theoretical solutions of support pressure σT and safety coefficient FS of the excavation face considering surface slope are derived by upper-bound limit analysis method. Secondly, for different slope angles, buried depth and surrounding rocks of the exit and entrance sections, the σT and FS are obtained. The results show that when the burial depth of the tunnel crown h remain constant, the σT increased first and then decreased while the FS increased gradually, and both become steady when the slope angle α arrive at a certain value. In addition, the thicker the h is, the smaller the certain value α is. When the h and α remain constant, the loose area in front of the excavate face will decreased apparently with the increase of the internal friction angle φ, thus the σT will decrease and FS will increase. Moreover, the σT decreased linearly with the increase of cohesion c and unit weigh γ of surrounding rock, while the FS is the opposite. Compared with the entrance section, the construction risk at the exit section is greater.
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1 INTRODUCTION
The tunnel portal section is often affected by unfavorable terrain and geological conditions such as shallow burial depth, unsymmetrical loading and broken surrounding rocks, resulting in various damages such as excessive deformation, cracking, or even collapse during the construction process (Ye et al., 2012; Liu et al., 2015). Currently, there have been a large number of studies and reports on tunnel portal section, covering various aspects such as pre-reinforcement technology (Coulter and Martin, 2006; Xiao et al., 2016; Yang et al., 2019), slope and face stability (Adam et al., 2014; Lei et al., 2015; Yuan et al., 2020; Zhou et al., 2021; Li et al., 2022), excavation methods and support (Miura, 2003; Yang et al., 2021), damage and treatment (Kontogianni et al., 2004; Yang et al., 2019; Cui et al., 2021), and others (He and Kusiak, 2017; Li et al., 2021a; Li et al., 2021b). However, the existing literatures has mainly focus on the condition of entering the tunnel, while relatively few studies have been carried out on the exit section. Actually, the occurrence of all kinds of damage in the tunnel exit section is not uncommon, such as the Pingzhai Tunnel of Xiamen—Chengdu Highway, due to shallow burial and low quality of surrounding rock, collapse occurred during exiting process. Firstly, a circular collapse about 50 cm appeared on the surface (Figure 1), and the collapse gradually increased with the further excavation. The distortion of primary support, breakage of pipe roof and collapse of slope in the tunnel exit section of Wafanggou Tunnel of Shangzhou - Manchuanguan Highway (Li, 2009). Li and Yang (2016) used a 3D numerical model to simulate the excavation of Pingzhai Tunnel portal, the result showed that the stress and deformation of surrounding rock are different between entering and exiting the portal using the same excavation method.
[image: Figure 1]FIGURE 1 | Collapse during exiting the Pingzhai Tunnel (western China).
Limit analysis method or limit equilibrium method is often used in the theoretical analysis of tunnel excavation face stability. In 1987, Broms and Bennermark, (1967) firstly put forward the concept of stability factor N of tunnel face in undrained clay stratum and suggested that n < 6 should be taken as the condition for the excavation face to remain stable. In the following decades, this method has been widely used and improved. For instance, Anagnostou and Perazzelli (2013) and Wu et al. (2015) proposed formulas for calculating the limit support pressure considering the arching effect in soil, respectively. Liang et al. (2017) changed the failure area of the square wedge body in front of excavation face into the spiral body, and deduced the calculation model considering excavation footage. Leca and Dormieux (1990) proposed a failure criterion for the tunnel face in the general case of a cohesive and friction soil, and provided charts to allow a bracketed estimate of the required retaining pressure. Based on the Leca’s model, Mollon et al. (2009) and Zhang et al. (2015) proposed the failure modes composing of multiple rigid truncated cones, and obtained the upper-bound solution for the face stability through optimization, respectively. Zhao et al. (2017) obtained the optimal upper limit solution for support pressure by using the sequential quadratic programming method. The above mentioned literatures are mainly carried out under the condition that the surface is horizontal. However, the tunnel portal section is usually shallow buried, hence the effect of surface slope should not be ignored.
In this paper, the tunnel portal with a front slope, which is one of the most typical portal types, is taken to investigate the difference between entering and exiting the tunnel. As shown in Figure 2, the covering depth of this tunnel on the left and right sides is almost the same, and therefore no obviously unsymmetrical loading is formed. However, the covering depth gradually increases along the tunnel axis to form a front slope with a dip direction parallel to the tunnel axis. The construction of this tunnel portal section, i.e., excavation at the foot of the front slope, will easily lead to the instability of slope and surrounding rock. Firstly, the theoretical solutions of support pressure σT and safety coefficient FS of the excavation face considering surface slope are derived by upper-bound limit analysis method. Then the face stability under entering and exiting conditions is systematically compared through calculation the σT and FS of different burial depth, surrounding rock parameters and the slope angles. The conclusion can serve as references for the excavation and support of similar engineering.
[image: Figure 2]FIGURE 2 | A typical front slope tunnel portal.
2 LIMIT ANALYSIS OF THE TUNNEL FACE STABILITY
2.1 Failure mode
Since such tunnel portal is symmetrically distributed along the center line, a two-dimensional model can be used for simplified analysis. The assumed failure mode of tunnel face is shown in Figure 3, AB is the excavation face; BF is the sliding surface on the top of the vault; AF is the sliding surface on the lower part of the bottom vault. According to the research results of Chambon and Corté (1994) and Takano et al. (2010), it is assumed that the loose area in front of the face is in the shape of a logarithmic spiral, i.e. AF in Figure 3 is a logarithmic spiral curve (O is the center point), and the equation is
[image: image]
[image: Figure 3]FIGURE 3 | The failure model of tunnel face at portal section: (A) entrance section; (B) exit section.
The included angle between AF and the horizontal plane at the tunnel bottom surface, the included angle between BF and the horizontal plane, and the included angle between OA and the–y axial are all (π/4+φ/2) (Chambon and Corté, 1994; Takano et al., 2010).
2.2. Geometry parameter
As shown in Figure 3, the equations for BF and the ground surface CD are
[image: image]
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The coordinates of points A (xA and yA), B (xB and yB), C (xC and yC), D (xD and yD) and F (xF and yF) can be easily obtained by combining the above (Eqs. 1–3), and the values are as follows respectively:
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From Eqs 4–8, the length ROD, ROF, LOB, LOC, LBC, LCD and LBF can be obtained.
2.3 External load power
When the rigid slider ABCD rotates around the center of rotation O (i.e., the origin of coordinates), the sliding surfaces AD and BC are velocity discontinuity surfaces. The power of the external work done by ABCD due to its own weight can be obtained by adding the power algebraic of the external work done by the blocks OAB, OBC, OCD, and OAD. The specific expression of the power done by each block due to its own weight is as follows:
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As shown in Figure 3A, for the entrance section, the power of the external work done by ABCD due to its own weight is
[image: image]
and Eq. 13 is also applicable for the exit section when (π/2+α) > θc (as shown in Figure 3B, the corresponding α of the exit is a negative value). For the exit section when (π/2+α)<θc, the power of external work done by ABCD due to its own weight is
[image: image]
When the intersection F between AF and BF is located inside the slope, the power of the external work done by the rigid slider ABF due to its own weight can be obtained by algebraically adding the external work power done by OAB, OAF, and OBF
[image: image]
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When the slider ABF is located inside the slope, the power of external work done due to its own weight is as follows:
[image: image]
The power W0 and WT of the external work done by the surface overload σ0 and the supporting pressure σT on the tunnel excavation surface is as follows respectively:
[image: image]
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2.4 Internal energy dissipation
According to the upper-bound theorem of limit analysis, the internal energy dissipation on the section between different speeds is calculated. The energy dissipation of the failure mode shown in Figure 3 includes the energy consumption on AD and BC on the top of the vault. The calculation formula is as follows:
[image: image]
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Then, the total internal energy dissipation on the sliding surface is
[image: image]
When the intersection F between AF and BF is located inside the slope, the total internal energy dissipation on the sliding surface is
[image: image]
2.5 Calculation and verification
According to the virtual work principle in the limit analysis theory, the external load power is equal to the internal energy dissipation power, i.e. D = WG+W0+WT, and the objective function of the limit support pressure σT of the tunnel excavation face is obtained as follows:
[image: image]
The strength reduction method was adopted to obtain the safety coefficient FS of the tunnel face
[image: image]
where c and φ are the cohesion and friction angle of the surrounding rocks, respectively. And c’ and φ′ are the reduction parameters of the cohesion and friction angle for the failure of the excavation face, respectively. Substituting Eq. 25 into Eq. 24 so as to make sure σT of the tunnel face is equal to 0, and then FS of the tunnel face can be obtained.
Calculations of σT at given parameter values (c = 7 kPa, φ=17°, γ =18 kN/m3, D=10 m, σ0 =0 kPa) are carried out and comparisons with others are conducted. Graphically, the calculation results are depicted in Figure 4. It can be seen that the calculation results in this paper are very close to those in the existing literatures, which are 6.2 and 6.5% lower than those of Mollon et al. (2009) and Zhao et al. (2017), respectively, but are 11.9% higher than those of Leca and Dormieux. (1990). When c/d is greater than 0.6, the loose area is located inside the slope, and σT of the face is constant, which is consistent with the actual situation. Through the above comparison and analysis, the rationality and correctness of the calculation method in this paper are verified.
[image: Figure 4]FIGURE 4 | Calculated limit support pressure σT at given parameters (c = 7 kPa, φ=17°, γ =18 kN/m3, D=10 m, σ0 =0 kPa).
3 COMPARISON IN ENTERING AND EXITING
The slope at the tunnel entrance and exit sections is indicated by α (a positive value representing the slope of the ground surface at the tunnel entrance section or a negative value representing the slope of the ground surface at the tunnel exit section). In order to analyze the influence of the surface slope at the tunnel entrance and exit sections on the stability of the tunnel surface, the following parameters are taken: D =10 m, h =4 m, γ =18 kN/m3, c =7 kPa and φ=17°. When analyzing the influence of a certain factor on the stability of the tunnel face, other parameters shall remain unchanged.
3.1 Different burial depth
The relationships between the σT and FS of the tunnel face and the slope of the ground under the condition of different burial depth of the tunnel crown h are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Limit support pressure σT and safety coefficient FS changing with slope angle α and burial depth h (A) σT; (B) FS.
Figure 5A shows under the same h, with the increase of α, the σT of the face increases first, and then decreases to a certain value, and eventually goes steady. When the σT is constant, the loose area in front of the face will be all inside the slope, and the loose area no longer extends upward due to the arching effect of the surrounding rock, so the increase of h will not lead to the increase of σT. When the α is small, the loose area will shrink, thus the required σT will decrease; With the increase of α and the loose area, the increase of external load power will decrease gradually, while the increase of internal energy dissipation on the sliding surface is approximately a constant value (Figure 3), thus causing σT increasing first and then decreasing. In addition, it is easy to understand that the larger the h is, the smaller the corresponding α when reaching the maximum value and the constant value, and the change of h has no influence on the maximum value and the constant value of σT.
Figure 5B shows when h is the same, the FS of the face increases gradually with the increase of the surface slope until the loose area is completely inside the slope; when the α remains a small value, the larger the h is, the larger the corresponding FS is. When α = −70° and H = 1.0 m, the corresponding FS and σT are the smallest; when α = −15° and H = 1.0 m, the corresponding FS is the largest, but the σT is the largest.
According to the above results, the stability of the tunnel face at the exit section is lower than that at the entrance section. When the loose area is completely located inside slope, the stability of the excavation face are the highest.
3.2 Strength parameters of different surrounding rocks
3.2.1 Internal friction angle φ
When the internal friction angle φ of the surrounding rock is different, the relationship between the σT and FS of the tunnel face and the surface slope α is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Limit support pressure σT and safety coefficient FS changing with slope angle α and internal friction angle φ: (A) σT; (B) FS.
It can be seen that when h is constant and φ is small, the σT of the face increases with the increase of α and then decreases, and finally tends to be constant; FS of the face gradually increases with the increase of α, and finally reaches a constant value; the larger the φ is, the smaller the α is when σT and FS reach constant values. When the α is large, σT and FS of the face are both constant; when α is constant, the larger the φ is, the smaller the corresponding σT is, and the larger the FS is. The main reason is that the increase of φ makes the loose area in front of the face decrease significantly, resulting in a significant reduction of external load power, as shown in Figure 7. And when the σT and FS are constant, it means that the loose area of the surrounding rock is completely located inside the slope, and the loose area is no longer developed upward due to the arching effect of the surrounding rock.
[image: Figure 7]FIGURE 7 | The effect of internal friction angle φ on the loose area.
3.2.2 Cohesion c
Under different cohesion c, the relationship between the σT and FS of the tunnel face and the surface slope α is shown in Figure 8. When α is constant, the σT decrease linearly with the increase of c, while FS increase linearly with the increase of c.
[image: Figure 8]FIGURE 8 | Limit support pressure σT and safety coefficient FS changing with slope angle and soli cohesion: (A) σT; (B) FS.
When the surface is horizontal (i.e., α = 0°), the change law of c and φ corresponding to different FS are shown in Figure 9. The values of other parameters are as follows: d =10 m, h = 10 m, and γ = 20 kN/m3. It can be seen that c and φ can significantly affect the FS. When the FS of the face is constant, the required c decreases gradually with the increase of the φ, and the decreasing amplitude increases gradually. The larger the φ is, the smaller the difference in c required to meet the requirements of different stability factors of the excavation face is.
[image: Figure 9]FIGURE 9 | Change law of cohesion c and internal friction angle φ of the surrounding rock corresponding to different safety coefficients FS (α =10°, d =10 m, h = 10 m, and γ = 20 kN/m3).
3.3 Unit weight of the surrounding rock γ
Under the condition of different unit weight γ of surrounding rocks, the relationship between σT and FS of the tunnel face and α is shown in Figure 10. It can be seen that when the α is the same, the σT and FS of the tunnel face decrease and increase linearly with the increase of γ, respectively.
[image: Figure 10]FIGURE 10 | Limit support pressure σT and safety coefficient FS changing with slope angle and unit weight of surrounding rock: (A) σT; (B) FS.
4 CONCLUSIONS AND PERSPECTIVES
Based on the upper-bound theorem of limit analysis, a calculation method to quantitatively analyze the limit support pressure σT and safety coefficient FS of the tunnel face is put forward. Compared with the existing literature results, the correctness and effectiveness of this method adopted in this paper are verified. By using such method, the calculation of the σT and FS of the tunnel face under the conditions of different surface slopes α at the tunnel entrance and exit sections is carried out. The following conclusions are drawn:
1) The σT of the tunnel face increases first and then decreases with the increase of α and finally reaches a constant value; the FS increases gradually with the increase of α, and goes steady when α increases to a certain value.
2) When α is small, the FS of the tunnel face gradually increases with the increase of the burial depth of the tunnel crown h; when the loose area in front of the excavation is completely located inside the slope, the loose area no longer develops upward due to the arching effect, so when the slope increases by a certain amount, the σT and FS of the tunnel face are no longer affected by the change of h.
3) The cohesion c and internal friction angle φ of the surrounding rock can significantly affect the σT and FS of the face. The increase of φ will obviously reduce the loose area in front of the face and will significantly improve the face stability; when the α is constant, the σT and FS of the face increase linearly with the increase of c and unit weight of the surrounding rock γ. The larger the φ is, the smaller the difference in c required to meet the requirements of different safety coefficients of the excavation face is.
4) For shallow buried tunnel, the FS of exiting is relatively low compared with that of entering. Therefore, more attention should be paid during the excavation of exiting the tunnel.
5) Research results show that the face stability between entering and exiting excavation is different for the shallow-buried tunnel with a front slope, which can serve as references for the excavation and support of this portal. Further research can be carried out for other types of tunnel portals, such as the shallowly buried and asymmetrically loaded tunnel portal.
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ABBREVIATIONS
FS, safety coefficient; R, polar radius of the logarithmic spiral curve (m); R0, length of OA (m); ROD, length of OD (m); ROF, length of OF (m); LOB, length of OB (m); LOC, length of OC (m); LBC, length of BC (m); LCD, length of CD (m); LBF, length of BF (m); θ, polar angle of the logarithmic spiral curve (°); θ0, included angle between OA and –y axial (°); θb, included angle between OB and –y axial (°); θc, included angle between OC and –y axial (°); θd, included angle between OD and –y axial (°); θf, included angle between OF and –y axial (°); h, burial depth of the tunnel crown (m); d, tunnel height (m); α, included angle between ground surface and the horizontal plane (°), it is positive at the entrance and negative at the exit; γ, unit weight (kN/m3); c, cohesion (kPa); φ, internal friction angle (°); σT, support pressure distributed on the excavation surface (kPa); σ0, additional pressure acting on the surface (kPa); ω, rotational angular velocity.
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