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Effective analytical models that can assess safety factors of a tunnel face with crown-type reinforcements are very important for the preliminary design phase of tunnel excavations. However, such a model is rarely reported in the literature. By combining the strength reduction method and the kinematic approach of limit analysis, an advanced three-dimensional (3D) failure mechanism is extended to calculate the safety factor of a realistic non-circular tunnel face reinforced with umbrella pipes. A strict plastic failure model of umbrella pipes fully considering the plastic yielding of both axial tensile resistance and the bending moments is first coupled with the 3D failure mechanism. A comparison with numerical simulations conducted in this study shows that the strict plastic analysis (SPA) model leads to rigorous but excessively large upper-bound solutions of safety factors. To overcome this drawback, a pseudo-plastic analysis (PPA) model that employs an axial deformation model and a Winkler-spring model to simulate the interactions between soils and steel pipes is proposed. The computed safety factors of the proposed PPA model agree well with those of the numerical simulations. At the end of this work, a parametric analysis is conducted to discuss the effects of the pipe length, the pipe number, the elevation angle of pipes and the excavation method on the tunnel face stability.

Introduction

Construction of tunnels is an efficient approach for developing urban underground space, in order to address the problems of traffic congestion, pollution, noise, and space insufficiency [START_REF] Ye | Soil Conditioning for EPB Shield Tunneling in Argillaceous Siltstone with High Content of Clay Minerals: Case Study[END_REF]. Except for tunneling boring machines, the open-face conventional tunneling method, such as the New Austrian Tunneling Method (NATM), has also been extensively used for tunnel excavations recently. In NATM, no supporting pressures are applied to stabilize a tunnel face, thus some pre-supporting auxiliary techniques, like face bolts and umbrella pipes, were developed to ensure safe excavations in weak ground conditions. Assessment of reinforcing effects of these auxiliary techniques on face stability is vital in tunnel designs and constructions. In the past decades, there have been numerous researches on this topic, by means of numerical simulations, experimental tests and theoretical researches.

Experimental investigations using centrifuge model tests mainly focus on measuring ground displacements and the stress-strain behaviours of reinforcing members ahead of tunnel faces. Table 1 summarizes recent studies of experimental investigations on reinforced tunnel face stability and their relevant findings. The mechanical behaviours of reinforcements are highly dependent on the positions of the reinforcements installed at the tunnel crown or at the center of faces. For example, Kamata and Mashimo [START_REF] Kamata | Centrifuge model test of tunnel face reinforcement by bolting[END_REF] found that the reinforcing effects of face bolts are mainly caused by axial forces, while Shin et al. [START_REF] Shin | Model testing for pipe-reinforced tunnel heading in a granular soil[END_REF] showed that the reinforcing members at the crown mobilize both axial forces and bending moments. These findings are very important to develop simplified soil-reinforcing interaction models. With respect to the displacement behaviours of ground, all researches demonstrated that reinforcements including face bolts and umbrella pipes could result in evident reductions of face extrusions and surface settlements. Even though experimental tests are able to give insight to the problems of reinforcing effects, they are expensive and hardly used for specific engineering.

Numerical simulations are able to offer detailed information on the behaviour of bolts and ground masses around tunnel faces under different boundary conditions and external loadings. Many papers were devoted to this topic in the last twenty years, see Table 1 for a summary. All these works showed that face reinforcements are an effective and economical reinforcement technique to enhance face stability and control ground settlements for open face excavations in poor grounds. Peila [START_REF] Peila | A theoretical study of reinforcement influence on the stability of a tunnel face[END_REF] compared ground displacements with and without reinforcements and concluded that an obvious reduction of face displacements and a change of stresses in the core soil ahead of tunnel faces are mainly caused by face reinforcements (longitudinal pipes). Yoo [START_REF] Yoo | Finite-element analysis of tunnel face reinforced by longitudinal pipes[END_REF] studied the effects of the ratio of buried depths to tunnel diameters on the force distribution mobilized in longitudinal pipes and found that soil arching effects should be incorporated in the design of reinforcements. The optimal length and the optimal axial rigidity of face bolts were reported by researchers [START_REF] Yoo | Finite-element analysis of tunnel face reinforced by longitudinal pipes[END_REF]). However numerical simulations are cumbersome in terms of mesh generations, boundary condition configurations and computational costs.

Analytical methods, primarily referring to the upper-bound limit analysis methods and the limit equilibrium methods, were also employed to investigate this problem. Table 2 summarizes the main publications of analytical models. The failure mechanisms used for assessing tunnel face stability without reinforcements are directly employed to assess tunnel face stability, and an additional term is adopted to account for reinforcing effect (axial forces, bending moments or shearing forces) of the reinforcements. Most previously reported works focused on the reinforcement effects of face bolts. In order to get a solution, some simplifying and complementary assumptions are often made on tunnel cross-sectional geometry and on interactions between reinforcing members and surrounding soils. For example, a non-circular cross-section of an NATM tunnel (horse-shoe, elliptical or more complex shape) is often simplified as a circular one [START_REF] Oreste | Stabilisation of the excavation face in shallow tunnels using fibreglass dowels[END_REF]. Oreste and Dias [START_REF] Oreste | Stabilisation of the excavation face in shallow tunnels using fibreglass dowels[END_REF] considered the shearing and bending resistance of reinforcement elements on tunnel faces and computed the safety factors of a tunnel face based on a triangular-base-prism model in the context of the limit equilibrium method. Anagnostou and Perazzelli [START_REF] Anagnostou | Analysis method and design charts for bolt reinforcement of the tunnel face in cohesive-frictional soils[END_REF] and Perazzelli and Anagnostou [START_REF] Perazzelli | Analysis method and design charts for bolt reinforcement of the tunnel face in purely cohesive soils[END_REF] investigated the effects of reinforcement layout and soil heterogeneity on the stability of reinforced faces for c-ϕ soils and purely cohesive soils, respectively. Anagnostou and Perazzelli [START_REF] Anagnostou | Analysis method and design charts for bolt reinforcement of the tunnel face in cohesive-frictional soils[END_REF] considered that the contribution of face reinforcing members is related to the interface bonding strength. With a 3D rotational failure mechanism in the framework of the kinematical approach of limit analysis, Pan and Dias [START_REF] Pan | Safety factor assessment of a tunnel face reinforced by horizontal dowels[END_REF] assessed safety factors of an NATM tunnel reinforced by face bolts in which an analytical mode separately considering tensile and pull-out failures was proposed to simulate the intersection between soil masses and reinforcements. However, the analytical model of crown-reinforced type problems is rarely reported in the literature. Pinyol and Alonso [START_REF] Pinyol | Design of micropiles for tunnel face reinforcement: undrained upper bound solution[END_REF] proposed a model to evaluate face stability reinforced by micropipes inserting at tunnel crowns in undrained soils, in which the bending resistance of umbrella micropipes was considered by simply regarding it as a pile subjected to lateral loads, and the axial resistance of micropipes was neglected in this model. Besides a two-dimensional plan strain failure mechanism was adopted to derive the ultimate limit state at failure, while the pipe roof support system is actually a three-dimensional problem [START_REF] Volkmann | Contribution to the Effect and Behavior of Pipe Roof Supports[END_REF].

As summarized above, there is a lack of an effective analytical model that can be employed to assess safety factors of a NATM tunnel face with crown-type reinforcements. This is very important for the preliminary design phase of tunnel face stability. To fill this gap, this study proposes two failure models of umbrella pipes, which is further integrated into an advanced 3D rotational failure mechanism for a horse-shoe NATM tunnel face in the context of the kinematic approach of limit analysis. The first model adopts an existing failure model of reinforcements proposed by Buhan and Salençon [18]. This model is a strict plastic analysis (SPA), in which the tensile resistance is considered by a tension failure mode and the bending resistance is incorporated by using a beam with two plastic hinges. However, a comparison with numerical simulations shows that this model is not suitable in the actual design because overestimated safety factors are obtained. To overcome this drawback, an improved failure model of umbrella pipes using pseudo-plastic analysis (PPA) is proposed, in which an axial failure model and a Winkler's spring model are used to simulate the interactions between soils and steel pipes considering the axial deformations and bending deformations of steel pipes, respectively. The results in term of safety factors obtained by the PPA agree well with those of numerical simulations. At the end of this study, a parametric analysis is conducted to discuss the effects of pipes lengths, pipe intervals, pipe elevation angles and excavation methods on the face stability.

Kinematical analysis on a reinforced tunnel face

3D rotational collapse mechanism

The kinematic approach of limit analysis is able to provide an upper-bound estimate of collapse loads based on a work balance equation, in which the external work rates and the internal energy dissipations are both computed with respect to a pre-assumed kinematically admissible failure mechanism. A kinematically admissible failure mechanism should obey kinematical boundary conditions and the normality rule associated with soil yield conditions. For a Mohr-Coulomb material, the normality rule requires that velocities at the failure surface should incline an angle equal to soil friction angle φ with the failure surface [START_REF] Chen | Limit analysis and soil plasticity[END_REF] [START_REF] Zhang | Estimation of 3D active earth pressure under nonlinear strength condition[END_REF].

Many kinematically admissible failure mechanisms have been proposed to study face stability, among which the 3D rotational collapse mechanism generated by a spatial discretization technique originally proposed by Mollon et al. [START_REF] Mollon | Rotational failure mechanisms for the face stability analysis of tunnels driven by a pressurized shield[END_REF] appears to be the best one for Mohr-Coulomb soils. This advanced 3D collapse mechanism inspired a series of subsequent contributions [START_REF] Zou | Face stability analysis for a shield-driven tunnel with nonlinear yield criterion[END_REF] [14] [START_REF] Huang | Face stability analysis for a longitudinally inclined tunnel in anisotropic cohesive soils[END_REF].

The spatial discretization technique is adopted in this work to generate a three-dimensional failure mechanism for a non-circular NATM tunnel face reinforced by umbrella pipes. A non-circular NATM tunnel with height H and buried depth C is sketched in Fig. 1(a), points A, B and E representing, respectively, the crown, invert and center of the tunnel face. Fig. 1(b) plots the longitudinal section of the failure mechanism along the symmetry plane. The whole failure mechanism is assumed to rotate around a horizontal axis passing through point O with an angular velocity ω; the velocity of any point in the failure mechanism is equal to the product of the angular velocity and the distance between the rotating center and the point under consideration.

The tunnel face is discretized by 2n points, namely A1, …, An and corresponding symmetrical points A'1,…, A'n. In order to generate a 3D failure surface, a series of radial planes, e.g. Πi, which pass through the rotation center O, are defined in Fig. 1(b); the radial planes that cut the tunnel face are determined by two symmetric discretized points on the tunnel face, and other radial planes which do not intersect the tunnel face are separated by a given angle of δβ.

The boundary of the 3D rotational failure mechanism is composed of a series of points. The discretized points at the tunnel face are adopted as an initial condition in the process of point generations.

The coordinate of a new point to be generated is computed by using two conditions: (a) locate at a previously defined radial plane and (b) respect the normality rule (its velocity inclines an angle of soil friction angle with the failure surface). The process of generating points ends when it reaches the position of point F which is the intersection of two logarithmic spirals or when it outcrops the ground surface. The detailed scheme about point generations can be seen in [START_REF] Mollon | Rotational failure mechanisms for the face stability analysis of tunnels driven by a pressurized shield[END_REF] [START_REF] Pan | Upper-bound analysis on the face stability of a non-circular tunnel[END_REF].

The precision of the generated failure mechanism is dependent on n and δβ, which are set to be n=100 and δβ=0.5° recommended by Mollon et al. [START_REF] Mollon | Rotational failure mechanisms for the face stability analysis of tunnels driven by a pressurized shield[END_REF] in this work. These two discretization parameters are finer enough to provide reliable results. The geometry of the failure mechanism is determined by the position of the rotation center O.

Umbrella pipes, a group of steel pipes assembled on steel arches toward the tunnel's longitudinal direction to form a pre-supporting roof, are known as forepoling or spilling method [START_REF] Oke | Numerical analyses in the design of umbrella arch systems[END_REF] and widely applied to NATM tunneling for soil masses with poor mechanical properties. Umbrella pipes are rather prevalent because of several advantages: 1) remarkable safety improvement; 2) obvious stress reduction at working faces; 3) simple drilling operations. Umbrella pipes serve as an approach of pre-support to improve the stability of working faces and decrease excavation-induced deformations. In practical engineering, there are two common types of installing umbrella pipes: 1) drilling holes around tunnel crowns at first and then inserting steel pipes into these holes; 2) rotary-percussive self-drilling without pre-holes. More details regarding the installation methods, the readers can refer to [START_REF] Volkmann | Tender document specifications for pipe umbrella installation methods[END_REF]. The effectiveness of umbrella pipes benefits from the stresses redistribution in the longitudinal direction, transferring loads from the unsupported area to the steel set or concrete lining. As shown in Fig. 2, umbrella pipes are characterized by several parameters as follows: 1) length ; 2) elevation angle defined by the inclination angle between the steel pipe and the horizontal line; 3) external diameter of steel pipes ; 4) internal diameter of steel pipes ; 5) reinforcing range ; 6) number of steel pipes N; 7) radius of umbrella pipes R.

In this study, several assumptions for umbrella pipes are made as below:

(1) For the sake of simplicity, only one array of umbrella pipes is taken into account. By investigating the effect of pipe length, this study can predict the optimal installation separation between two continuous arrays (or rings) of umbrella pipes.

(2) Because the cross-section of steel pipes is a thin-wall ring, when a steel pipe is subjected to external lateral forces, the working rate contributed by mobilized shear forces is much smaller than that of axial forces and bending moments. Besides, a neglect of the contributions of shear deformations can not only lead to conservative results but also make work rate calculations more straightforward and tractable.

Hence, in this study, only the working rates done by axial forces and bending moments are included in the kinematical analysis of umbrella pipes.

(3) Steel pipes are distributed uniformly around the tunnel perimeter.

(4) The steel pipes and soil masses undergo a common continuous deformation.

Work rate calculations

Based on the kinematic approach of limit analysis, in order to acquire the safety factor of a reinforced tunnel face, the following terms should be calculated first in the analysis: 1) the work rate of gravity; 2) the work rate of internal energy dissipation; 3) the resisting work rate contributed by reinforcement.

1) The work rate considering the effect of gravity,

where γ is the soil unit weight; as shown in Fig. 3, r is the distance between the rotating point O and the barycenter of the discretized block; β is the polar angle of the barycenter of the discretized block V is the volume of the discretized block; is the angular velocity of the whole velocity field..

2) The internal energy dissipation occurring in soil masses,

where c and ϕ represent the soil cohesion and the soil friction angle, respectively; as shown in Fig. 3, S is the area of the elementary triangle.

3) The resisting work rate contributed by umbrella pipes,

where m is the number of reinforcing elements; represents the resistance contributions of a single reinforcement.

Especially, assuming a uniform support pressure is applied on working faces, the work rate of face pressures can be calculated,

where denotes the uniform face pressures; represents the polar angle of the barycenter of the elementary area of tunnel faces; dS is the elementary area of tunnel faces.

According to the upper bound limit analysis theorem, the critical face pressure can be obtained by equating the work rate of external forces to the energy dissipation rate,

∑ ∑ ∑ (5) 
Safety factors instead of necessary support pressures are employed to evaluate the stability of an NATM tunnel face in this work, because no face pressures exist in NATM tunnels. There are often two effective techniques used in the evaluation of safety factors of tunnel faces, one being the ratio between the material-resisting capacity to the externally destructive effect and the other based on the strength reduction method (SRM). Pan and Dias [START_REF] Pan | Safety factor assessment of a tunnel face reinforced by horizontal dowels[END_REF] found that the safety factors provided by the SRM are more conservative than those defined by a ratio of resistance to external destructive effect. Thus, the SRM is adopted in this work to compute the safety factors of a tunnel face based on the kinematic approach of limit analysis.

The strength reduction method (SRM), has been widely applied in the context of a Mohr-Coulomb material whose shear strength refers to cohesion and friction angles. In the SRM, the cohesion c and the friction angle are continuously reduced if a structure is initially stable until a failure occurs (see Eq. ( 6)).

" /$ %&% &% $ (6) 
In the calculation of safety factors, the continuous reductions or increments of the cohesion and the friction angle are conducted until = 0 (provided in Eq. ( 5)), which represents the limit state where the working rate contributed by external forces is equal to the ones contributed by dissipations. The aforementioned calculation is achieved by a so-called dichotomy process (Fig. 4) with the help of the optimization tool of Genetic Algorithm built in MATLAB. The adopted dichotomy contains: 1) select a suitable initial interval $ ' , $ ) . The upper bound $ ) represents an stable state (i.e. < 0) and the lower bound $ ' represents an unstable state (i.e. > 0); 2) calculate $ by averaging $ ' and $ ) ;

3) compute critical face pressure by maximizing Eq. ( 5) with reference to the variables: * /+, * (see Fig. 1); 4) use

$ to replace $ ' if > 0, or use $ to substitute $ ) if < 0. The computation terminates if | | < 0.1 Pa or $ ) $ ' < 0.
001. The values of 0.1 Pa and 0.001 are determined by pre-analysis with the considerations of less time-consuming and precise enough results.

In summary, the work rate of external forces as well as the rate of internal energy dissipation can be calculated easily. The item to be determined is the work rate contributed by umbrella pipes, which requires a reasonable selection of failure models of reinforcements. This will be discussed in Section 2.3 and 2.4.

2.3 Failure models using strict plastic analysis (SPA)

The resistances contributed by reinforcement elements across the failure surface should be considered with regard to tension/compression, shearing, or bending. What kind of resistance should be accounted for in an analytical failure model is dependent on the material mechanical properties of reinforcing elements and the types of geotechnical structures or positions to be reinforced. Different reinforcement materials show different mechanical behaviours; flexible reinforcing elements which have high tensile strength and low compressive capacities, such as fibreglass bolts, geotextile and geogrid, can be simplified to have only tensile resistance, while stiff reinforcements, like metallic strips and steel pipes, should take into account the shearing and bending strengths. Besides, the mechanical behaviours of reinforcements are highly related to their reinforcing positions. The model test by Kamata and Mashimo [START_REF] Kamata | Centrifuge model test of tunnel face reinforcement by bolting[END_REF] showed that the reinforcing effect of face bolts (face reinforcement) is mainly contributed by the tensile forces. This inspired Pan and Dias [START_REF] Pan | Safety factor assessment of a tunnel face reinforced by horizontal dowels[END_REF] to develop a model considering axial resistance of face bolts only. Qualitative analyses by Shin et al. [START_REF] Shin | Model testing for pipe-reinforced tunnel heading in a granular soil[END_REF] showed that both axial forces and bending moments are well mobilized in grouted-pipes (crown reinforcements). Therefore, it can be concluded that steel umbrella pipes installed at the tunnel crown can resist axial and bending deformations.

To the authors' best knowledge, the works considering the combined effects of axial and bending resistances of reinforcements are rarely reported. The widely recognized analytical model is the one proposed by Buhan and Salençon [START_REF] Buhan | A comprehensive stability analysis of soil nailed structures[END_REF] for stability analysis for vertical cuts. Buhan and Salençon [START_REF] Buhan | A comprehensive stability analysis of soil nailed structures[END_REF] introduced an "intersection zone", in which the cross-sections of reinforcements in the intersection zone reach the yield tensile strength. This axial failure model inspired many subsequent works for stability analyses of tunnel faces [START_REF] Pan | Safety factor assessment of a tunnel face reinforced by horizontal dowels[END_REF] [31] slopes [START_REF] Michalowski | Limit analysis in stability calculations of reinforced soil structures[END_REF] and retaining walls [START_REF] Porbaha | Upper bound estimate of scaled reinforced soil retaining walls[END_REF]. The bending failure of nails was simulated by a beam with double hinges. Stability number of vertical cuts was obtained by optimizing the width of the intersection zone.

In this section, a plastic failure model that considers axial deformations and bending deformations with two plastic hinges proposed by Buhan and Salençon [START_REF] Buhan | A comprehensive stability analysis of soil nailed structures[END_REF] are employed. Fig. 5 depicts the failure model with axial and bending deformations. This failure model assumes that: 1) a failure surface divides the soil masses into two parts, and a 3D rotational failure mechanism is assigned to the soil masses at the left of the failure surface; 2) a shear zone with a finite thicknessis located at the right of the failure surface of the rigid block failure mechanism where tensile, and bending deformations of the umbrella pipes are developed to resist collapse. . denotes the length of steel pipes inserted into the shear zone; 3) there exists a perfect adherence between soil masses and umbrella pipes in the shear zone, namely no relative displacement between umbrella pipes and soil masses occurring; 4) the steel pipes and soil masses undergo a common continuous deformation. In other words, a common velocity /, which inclines an angle of friction angle φ with the failure surface to obey the normality rule in the kinematical approach of limit analysis, is assigned to the steel pipes at the failure surface; 5) as shown in Fig. 4, the velocity v (or displacement y) at the failure surface is composed of two components (or displacement components), the axial component / 0 (axial displacement 1 0 ) and the normal component / 2 (normal displacement 1 2 ).

The axial velocity / 0 only induces axial stresses in the steel pipes. The bending moments mobilized in the steel pipes are caused by the normal velocity / 2 .

The tensile failure model

Fig. 6 presents a sketch of the axial failure model of steel pipes using SPA. This axial failure model assumes that: 1) a linear velocity distribution with a high-velocity gradient is assigned to the steel pipe in the shear zone; 2) the axial forces along the shear zone reach the tensile yield strength of steel pipes. The corresponding work rates of the axial resistance are given as below.

The strain rate can be computed by

34 / - ( 7 
)
where / is the velocity of objects studied;is the thickness of shear zones.

For a Mohr-Coulomb material, the energy dissipation can be computed by, 

5
Thus, as shown in Fig. 6, the work rate (energy dissipation) of the axial resistance is computed by

; 5 < 34 = > 7/?@2A 8 ( 10 
)
where < is the tensile yield strength, 34 = is the axial strain rate calculated by 34 = 9: B 9= : C? ADE 7/?@2A : C? ADE
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, thus

; 5 < / - > 7/?@2A 8 < / (11) 
Surprisingly, the work rate caused by the axial resistance is independent of the thickness of the shear zone.

The bending failure model

In the structural engineering, plastic hinges are used to describe the deformation of a section of a beam where plastic bending occurs. It is assumed that an abrupt transition from elastic to ideally plastic behaviour occurs at the plastic moment F G . When the moment in a certain cross-section reaches the plastic moment F G , a plastic hinge exists at this cross-section. The plastic hinge is a one-way hinge, and the direction of the cross section of the beam is consistent with that of the plastic limit bending moment. Fig. 7 presents the collapse of a beam with two plastic hinges, which is used to model the bending failure of steel pipes in this study.

As shown in Fig. 7, the bending deformation of steel pipes is only induced by the normal velocity component / 2 at the failure surface. When the steel pipe reaches its bending ultimate limit state, two plastic hinges are assumed to occur at the intersecting point between the steel pipe and the failure surface, and at the right edge of the shear zone, respectively. The bending moment of steel pipes in the cross-section with plastic hinges reaches the plastic moment F G . In addition, it is presumed that in this bending failure model, the cross-section of steel pipes is always normal to its neutral axis. This means that no shearing resistance is mobilized in the steel pipe.

Fig. 7 also presents the normal velocity distribution of steel pipes in the ultimate limit state. The virtual rotation of 4 can be computed by the normal velocity difference between points A and B. Thus the work rate contributed by the bending moment mobilized in steel pipes can be calculated as below,

H 2F J • 4 2F J • / 2 0 . ( 12 
)
where F J is the plastic moment; / 2 is the normal velocity at the intersection between steel pipes and failure surfaces; . is the length of steel pipes in the shear zone and can be calculated by

7 ?@2A
. In this case, the thickness of the shear zonewould be taken as an additional optimal parameter in the calculations of the safety factor of tunnel faces.

The resisting work rate contributed by all umbrella pipes is obtained by,

H + ; ( 13 
)
where m is the number of reinforcing elements; H and ; represent the resistance contributions of bending moments and axial forces, respectively.

Result analysis

In order to validate the developed model, numerical simulations using FLAC 3D 3 and Fig. 9(c)). Besides, the parameters regarding the interaction between soil masses and steel pipes are given in Table 3, which are recommended by Vlachopoulos [START_REF] Vlachopoulos | Back analysis of a tunnelling case study in weak rock of the alpine system in northern Greece: validation and optimization of design analysis based on ground characterization and numerical simulation[END_REF].

In the numerical simulations, the ending of pile elements at the tunnel face are fixed, which aims at simulating the fact that the ending of steel pipes are fixed in the steel arch in practical engineering. The surface of pile elements is defined and restricted by the interface parameters in Table 3. The values of the interface parameters are referred to Oke et al. ( 2014)). [START_REF] Trinh | Analyses of a cave-in problem in a hydropower tunnel in Vietnam[END_REF] reported that there are two types of pile friction strength available which are confinement-independent and confinement-dependent. The confinement-independent friction strength is used in this study. In the numerical analysis, the safety factor is searched automatically using the strength reduction technique.

Soil masses with unit gravity γ = 20 kN/m 3 , soil cohesions c ranging between 8 kPa and 16 kPa and friction angles φ between 15°-20° are investigated in this section. The pipe geometrical parameters are: θ = 3°, L = 12 m. Table . 4 presents the obtained safety factors between the developed model and the numerical simulations.

As expected, the results given in Table . 4 show that the safety factor increases with the increasing of soil cohesions and friction angles. Generally, the results obtained from the developed model using SPA are highly greater than those of the numerical simulation, although this model is based on a rigorous plastic failure analysis. This indicates that the developed model using SPA is not applicable for practical engineering design, since it leads to excessive unsafe results. This disagreement is possibly due to the fact that the adopted SPA failure model assumes that the tensile yield strength and bending yield strength of the umbrella pipes are simultaneously reached in the energy dissipation calculations. In order to clarify this issue, the pipe deformations, axial forces and bending moments at the ultimate limit state provided from numerical simulations are plotted in Fig. 10. 

An improved failure model using pseudo-plastic analysis

To overcome the shortcomings of the proposed SPA model, this section aims at developing a more reasonable failure model of umbrella pipes that is consistent with the results captured by numerical simulations. A pseudo-plastic analysis (PPA) is conducted for umbrella pipes under the limit failure state.

The meaning of PPA is twofold: (1) PPA is an elastic-plastic analysis that assumes only the cross-section of reinforcements at failure surfaces reaches the plastic state and other sections are in the elastic state. This assumption is consistent with the ultimate state of reinforcements obtained by numerical simulations. (

PPA is a non-strict upper-bound limit analysis which requires completely plastic energy dissipation of reinforcements. For SPA, the rigorous kinematical analysis is conducted for the whole system including the soil masses ahead of tunnel faces and umbrella pipes. For PPA, the rigorous kinematical analysis only refers to the soil masses ahead of tunnel faces.

The tensile failure model

Because this study assumes that: 1) there exists a perfect adherence between soil masses and umbrella pipes in the shear zone; 2) the steel pipes and soil masses undergo a common continuous deformation.

Therefore, no relative displacement between umbrella pipes and soil masses occurs, namely the energy stored in the pipe-soil interface can be ignored. Fig. 11 presents the force equilibrium of a steel pipe member. As shown in Fig. 11(c) considering the element equilibrium in the x-direction leads to [START_REF] Pan | Safety factor assessment of a tunnel face reinforced by horizontal dowels[END_REF],

N 0 > > N O PQ RS 0 > 0 ( 14 
)
where P is the shear stiffness at the pipe-soil interface; R is the Young's modulus of steel pipes; S is the cross-section area of steel pipes; is the external diameter of steel pipes;

The boundary conditions are given by:

T > 0 0 > - 0 ( 15 
)
where 0 is axial displacement at > -;is the width of the shear zone.. The axial displacement of steel pipes can be derived by solving Eq. ( 14) as follows:

s 0 > VW X .Y *Z = W DX .Y *Z = [ < VW X .Y *Z 7 + W DX .Y *Z 7 [ RS X PQ RS > ∈ ]0, -^ ( 16 
)
where < is the tensile yielding strength.

The corresponding axial force is,

< = < W X .Y *Z = + W DX .Y *Z = W X .Y *Z 7 W DX .Y *Z 7 > ∈ ]0, -^ (17) 
The potential maximum displacement when the steel pipe reaches its limit tensile strength < can be computed by

'= s 0 > =_7 cos . W X .Y *Z 7 W DX .Y *Z 7 < W X .Y *Z 7 + W DX .Y *Z 7 RS X PQ RS cos . (18) 
The maximum axial force and the axial force of any point at the reinforcement and can be determined by Eqs. ( 17) and (18) by using s 0 > =_7 '= 0

, respectively, where

'= 0
is the maximum axial displacement calculated by Eq. (34) (will be presented in Section 2.4.3). Then the resisting work rate contributed by the axial force can be written by, 

The bending failure model

The normal component 2 causes bending moments. As shown in Fig. 10(b), the normal displacement 2 > at the point x is calculated with the application of the "Winkler's spring" model (Eq. ( 20)).

N F > N h1 ( 20 
)
where K is the foundation coefficient of soils.

According to material mechanics, one can obtain

Ri N 1 > N F (21) 
Combing Eq. ( 20) and Eq. ( 21) results in,

Ri j 1 > j h1 (22) 
Eq. ( 22) is a homogeneous linear fourth order differential equation and its general solution is,

1 W X k j*l m = no cos p O h 4Ri m >r + o N sin p O h 4Ri m >ru + W D X k j*l m = no v cos p O h 4Ri m >r + o j sin p O h 4Ri m >ru (23) 
where is the external diameter of steel pipes, EI being the flexural rigidity.

The integration constants B1, B2, B3 and B4 can be obtained with the following boundary conditions,

T > 0 1 0, 14 0 > - 1 2 , 14 0 (24) 
These boundary conditions are also adopted by Pinyol and Alonso [START_REF] Pinyol | Design of micropiles for tunnel face reinforcement: undrained upper bound solution[END_REF].

The equations of the rotational angle, bending moment and shearing force of steel pipes can be formulated by,

w > 14 = ( 25 
)
F > Ri1x = ( 26 
)
y > Ri1 z = (27) 
According to Eq. ( 27), the equations of bending moments can be expressed as,

F > 2 Ri 1 { N > N Ri 1 { N > N . > ∈ ]0, -^ (28) 
where 1 { is the normal displacement component at > -. Note that the normal displacement 2 > depends linearly on the magnitude of displacement s at > -.

Note that the maximum bending moment occurs at > -(at the failure surface), under which condition a potential maximum displacement '= N can be obtained,

F > '= '= N Ri 1 { N > N =_7 • . | F G (29) 

Work rates contributed by umbrella pipes

The maximum moment M and the maximum axial force T occur at > -. Assuming that the steel pipe reaches its limit state at > -, at the bolt edge, applying the von Mises criterion leads to,

Rg '= v W X .Y *Z 7 + W DX .Y *Z 7 W X .Y *Z 7 W DX .Y *Z 7 | . | + 32 Ri '= v Q j j ~ 1 { N > N =_7 . | 4< Q N N (30)
Therefore, the maximum displacement '= should be the minimum one among

'= , '= N , '= v , '= • '= , '= N , '= v (31) 
Then the maximum displacement components '= 0 and '= 2 can be computed by:

'= 0 '= cos . ( 32 
) '= 2 '= sin . (33) 
The resisting work rate of bending moments can be computed by,

€ 5 F • 4 7 8 Ri '= 2 / . . . 5 V 1 { N > N [ N > 7 8 (34) 
The resisting work rate of all umbrella pipes is expressed as,

€ + ; ( 35 
)
where m is the number of reinforcing elements; € and ; represent the resistance contributions of bending moments and axial forces of a single pipe, respectively.

Result analysis

In order to validate the developed model, the results of the proposed model using PPA are compared with the numerical simulations conducted in Section 2.4.3. The comparison results are illustrated in Table .    4. This table shows that the results of the improved model using PPA compare well with those of the numerical simulation. The maximum difference is 17.5%. This agreement gives confidence in the parametric analysis using the PPA reported in the following section.

Parametric analysis

The example of Xiao-Zong-Dian tunnel with a buried depth of 30 m and a horseshoe cross-section (full-face excavation method) (see Fig. 9(a)) driven in a soil with unit gravity = 20 kN/m 3 , cohesion = 10 30 kPa and friction angle ranging from 15° to 35° is investigated in this section.

Effect of elevation angle

In practical engineering, an installation of steel pipes with rather small elevation angles is employed, so this work only studies the effect of elevation angles ranging from 0° to 10°. Fig. 12(a) and (b) plot the safety factor versus the elevation angle of pipes with various friction angles using the SPA and PPA, respectively. The pipe parameters are: L = 12 m, N = 56 and the other basic parameters can be found in Table . 3.

It can be identified from Fig. 12 that the safety factors obtained by the SPA and PPA both increase with the increase of the elevation angle. This can be explained by: a larger elevation angle can make sure that a larger scale of stress-release can be transferred from the ground ahead of the tunnel face to the rigid steel arch. In practical engineering, the elevation angle is limited to a small range. This is due to the fact that the effective supported length is shortened if the elevation angle is set to too large, which may lead to over-excavation. Pipe inclination angles, with respect to the horizontal line, ranging between 2° and 3°, were suggested by Pinyol and Alonso [START_REF] Pinyol | Design of micropiles for tunnel face reinforcement: undrained upper bound solution[END_REF]. Oke et al. [START_REF] Oke | Numerical analyses in the design of umbrella arch systems[END_REF] reported that the elevation angle is the possible minimum angle that is determined by the thickness of shotcrete, steel arches and clearance equipment.

Additionally, the safety factors obtained by the SPA are all greater than those assessed by PPA model. For example, the SPA model gives a safety factor of around 1.75, while the PPA gives a safety factor of 0.9 for a soil with poor properties = 10 kPa, 15°, and 3°. 

Effect of pipe length

As shown in Fig. 13, both the relationship between the safety factor and the pipe length obtained by the SPA and PPA can be divided into three parts: 1) the length has a slight effect on the safety factors, during which range the reinforcement with umbrella pipes has limited influence on the estimated values of safety factor; 2) the safety factors increase quickly with the increasing of pipe lengths, which means that more and more pipes begin to work to support the ground; 3) the safety factors trend to stay constant again and an optimum length is manifested (maximum strengthening effect and least cost). To guarantee the reinforcing effect of pipes, a pipe must at least cover the failure mechanism body along the excavation direction, which means that the pipe length should be long enough to reach the failure surface (i.e. > .

(see Fig. 5)). Therefore, the trend presented above can be explained by the fact that few pipes satisfy the condition of > . when the length of reinforcement is short (the first part), beyond which the safety factor increases dramatically with the increasing number of pipes crossing the failure surface (the second part); and there is no obvious increase of safety factor when all steel pipes have crossed the failure surface (i.e. > . ). That is to say, if the reinforcing length is smaller than . , the next array of umbrella arch needs to be installed.

engineering practice, the full-face excavation is preferable instead of the top-heading excavation if possible, because the full-face excavation has the advantages of high construction speeds, low disturbance to surrounding soil masses. However, for poor geotechnical conditions, is the staged excavation method is often selected rather than the full-face excavations. For example, in the case of = 10 kPa, = 20° and † = 40, the top-heading excavation can guarantee a safe construction but the full-face excavation does not. 

Conclusions

Although numerical simulations, experimental tests and analytical approaches were adopted to study the stability of a reinforced tunnel face, it still lacks a 3D theoretical method to assess the tunnel face stability reinforced with umbrella pipes. To fill this gap, the present work aims at the estimation of the safety factor of a horseshoe cross-section tunnel face reinforced with umbrella pipes using the upper bound limit analysis. The 3D rotational collapse mechanism proposed by Mollon et al. [START_REF] Mollon | Rotational failure mechanisms for the face stability analysis of tunnels driven by a pressurized shield[END_REF] was extended to generate a failure mechanism for a horseshoe cross-section tunnel. The contribution of umbrella pipes is integrated into the advanced 3D rotational failure mechanism for a horse-shoe NATM tunnel face. Two failure models of umbrella pipes are investigated. In the first mode using the strict plastic analysis (SPA), the tensile resistance is considered by a tension failure model and the bending resistance is incorporated by using a beam with two plastic hinges. A comparison with numerical modelling shows that the first model leads to overestimations of safety factors, which is not safe in practical engineering design. To overcome this drawback, an improved failure model of umbrella pipes using pseudo-plastic analysis (PPA) (i.e. the elastic-plastic analysis ) is proposed, in which an axial failure model and a Winkler's spring model are used to simulate the interactions between soils and steel pipes considering the axial deformations and bending deformations of steel pipes, respectively. A good agreement in terms of estimated safety factors can be found between the proposed PPA model and thenumerical modelling with FLAC 3D . In this study, the term "kinematical analysis" represents different meanings for the two proposed models. For the SPA model, the rigorous kinematical analysis is conducted for the whole system including the soil masses ahead of tunnel faces and the umbrella pipes. However, for the model using PPA, the rigorous kinematical analysis is only performed for soil masses ahead of tunnel faces.

The results of the parametric analysis using both failure models show that: 1) the safety factor increases with the increase of the reinforcement elevation angles; 2) with increasing of the reinforcing length, the safety factor goes through three stages, namely keeping constant firstly, then increasing significantly and finally staying constant; 3) there exists an optimum pipe length ranging from 0.2H to 0.7H using the SPA and from 0.3H to 0.6H using the PPA, which permits to provide the maximum reinforcement effect with the least cost; 4) the safety factor increases with the increase of the reinforcing pipes number before N =48, beyond which the safety factor keeps constant; 5) the design tables obtained by the PPA can be used in the design phase directly.

In this study, a relatively simple and practical "Winkle spring" model is applied to simulate the behaviors of umbrella pipes. The kinematical stability analysis of NATM tunnel faces incorporating a more complex and rigorous model of umbrella pipes, such as the "Pasternak spring" model [START_REF] Pasternak | On a new method of an elastic foundation by means of two foundation constants[END_REF], would be a future research subject. 1. There exists the critical values of length of pipes independent of the ratio of buried depth to tunnel diameter and the axial stiffness independent of the ratio of buried depth to tunnel diameter for which the reinforcement performs by the maximum resistance and with the least cost;

Tables

2. The face reinforcement acts as equivalent stabilized pressures; 3. A bowl shaped pattern of surface settlement is observed.

[8]

Reduced with increase of axial rigidity surface settlement)

Reduced with the increase of axial rigidity of soil nails (-) Finite element method (ABAQUS) Axial rigidity

1. An optimum axial rigidity of reinforcing nail can be identified, which can improve face stability by reducing the deformation of tunnel face, the surface settlement and the magnitude of generated excess negative pore water pressures. [START_REF] Kamata | Centrifuge model test of tunnel face reinforcement by bolting[END_REF] Installing the face bolting in the upper section is more effective and safer than in the lower section.

0.5D The forepoling can prevent the failure extending to the ground surface but not influence the shape and area of failure region. 2. If consider economic benefit, a shorter reinforcement length can be employed at the face than at the crown;

3. Umbrella pipes increase longitudinal load transfer and decrease stress concentration in the lateral direction. [START_REF] Juneja | Centrifuge modelling of tunnel face reinforcement using forepoling[END_REF] The forepoling impacts the length of the settlement trough, but not its width.

(-) Model testing

Length; Unsupported span 1. The tunnel stability not only depends upon the unsupported length but also on the length of forepoling;

2. The forepoling is effective for reducing the length of settlement trough but performs no effect in narrowing the width of settlement trough. 601 602 

  5.0 are carried out for a real tunnel reinforced with umbrella pipes. A numerical model with around 23000 zones and 25000 grid points is shown in Fig. 8. It has a height of 80 m, a width of 100 m and a length of 130 m, which is large enough to eliminate the effect of the boundaries on the model responses. Since the model is symmetrical, in order to reduce the computational expenses, only half of the domain is considered. As shown in Fig. 8, the displacements at the bottom of the model and at the vertical boundary planes are fixed, and the displacements in the normal direction are fixed for the other three vertical boundaries. The tunnel, Xiao-Zhong-Dian tunnel with a buried depth of 30 m is located in Xiang-Ge-Li-La City (Yun-Nan Province, China). It was excavated with open-face methods with a concrete lining. Linear elastic shells are considered to model the concrete lining (see Table.

  3). The cross-section geometries of the Xiao-Zhong-Zian Tunnel are provided in Fig.9.The soil masses are modelled as an elastic-plastic material following the Mohr-Coulomb failure criterion. According to the existing numerical models ([START_REF] Oke | Numerical analyses in the design of umbrella arch systems[END_REF] [START_REF] Volkmann | Optimization of excavation and support in pipe roof supported tunnel sections[END_REF]), steel umbrella pipes can be simulated by pile elements in FLAC 3D . The fundamental parameters of the umbrella pipes used in this work (including Young's modulus E, Poisson's ratio ν, elevation angle θ, length L, reinforcing range λ, external diameter D, internal diameter d and number N) are adopted from the Xiao-Zhong-Dian Tunnel (see Table.

Fig. 10 (

 10 Fig.10(a-b) shows the deformation of umbrella pipes, in which a shear zone of umbrella pipes ahead of the failure surface of soil masses can be observed. Fig.10(c) and Fig.10(d)shows the mobilized axial

Fig. 13 plots

 13 Fig. 13 plots the safety factors versus the pipe lengths for different friction angles. The pipe parameters are: = 3°, † = 56, = 0-12 m; other parameters can be seen in Table.3.

Fig. 16 shows

 16 Fig. 16 shows the failure mechanisms by the developed model and the umbrella pipes with reference to the full-face excavation and the top-heading excavation for the cases of = 15 kPa, = 15° and † = 48.
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 13 Fig. 13. Safety factors versus normalized length of pipes with various friction angles: (a) using the SPA; (b) using the PPA.
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 14 Fig. 14. Design charts for full-face excavation method: (a) = 0 kPa; (b) = 10 kPa; (c) = 20 kPa; (d) = 30 kPa.
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 15 Fig. 15. Design charts for top-heading excavation method: (a) = 0 kPa; (b) = 10 kPa; (c) = 20 kPa; (d) = 30 kPa.
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 16 Fig. 16. Failure mechanisms for the case of = 15 kPa, = 15° and † = 48: (a) top-heading excavation; (b) full-face excavation

  

  

  

  

  

  

  Table. 1. A summary of existing experimental tests and numerical simulations.

			Face reinforcement(Longitudinal fibreglass pipes)		Crown reinforcement(umbrella pipes, forepoling)				
	Reference	Vertical settlement at/ above tunnel	Horizontal displacement on/ahead of	Plastic zone	Stress state	Optimal length	Vertical settlement at/ above tunnel	Horizontal displacement on/ahead of	Plastic zone	Stress state	Optimal length	Approaches	Parameters analysis	Interesting conclusions
		crown	the face				crown	the face						
					Ground: from									
					tension to									
					compression									
	[6]	Small influence	Significant reduction of about 40%	Slightly reduced	Lining:	(-)						Finite element method	Reinforcement pattern (with or without face reinforcement)	1. The displacements of the unsupported section and the lining are insensitive to the face reinforcement.
					normal stress									
					and bending									
					moment									
													Length;	
	[7]	Considerably reduced by 75%(surface settlement)	Significantly reduced (70%)	Reduced (from 0.5D to near face)		0.5-1.0D						Finite element method (DIANA)	Density; Axial rigid of pipes; Boundary condition (cover	
													depth)	

Table . 3

 . . Parameters used in the numerical simulation. 604

		Density (ρ)	kN/m 3	1500
		Parameters (Symbols)	Units	Values
		Young's modulus (E)	GPa	200
		Poisson's ratio (ν)		0.33
		Limit tensile strength (σb)	MPa	335
		Limit bending strength (σbb)	MPa	335
		Elevation angle (θ)	°	3
		Length (L)	m	12
		External diameter (D)	m	0.108
		Internal diameter (d)	m	0.102
		Number (N)		32
	Pile element	Reinforcing range (λ)	°	180
		Radius of umbrella pipes (R)	m	5.5
		Friction angle of interfaces in the shear	°	2×ϕ
		direction		
		Friction angle of interfaces in the normal	°	2×ϕ
		direction		
		Stiffness in normal direction	GPa	1
		Stiffness in shear direction	MPa	10
		Cohesion of interfaces in the shear direction	F/L	2cDπ
		Cohesion of interfaces in the normal direction	F/L	2cDπ
		Dilatancy Angle (ψ)	°	0
		Unit Weight (γ)	kN/m 3	20
	Soil			
		Young's modulus (E)	MPa	400
		Poisson's ratio (ν)		0.3
		Young's modulus (E)	GPa	15
	Shell	Thickness (t)	m	0.22
		Poisson's ratio (ν)		0.2

Table . 4

 . . A comparison of safety factors among the developed model using PPA, the numerical simulation and the existing failure mode using SPA.

			Friction angle ϕ (°)	
	Cohesion c (kPa)	Methods		
			15	20
		PPA	0.80	0.98
	8	FLAC 3D	0.66	0.83
		SPA	1.42	1.85
		PPA	1.07	1.24
	16	FLAC 3D	0.93	1.09
		SPA	1.78	2.22

Acknowledgement

This work was supported by National Key R&D Program of China(2017YFB1201204).

Similar to the published works, the safety factor rapidly increases with the normalized pipe length L/H (H is the height of tunnel faces) before a certain value (the so-called optimum normalized length), beyond which the safety factor remains unchanged. This critical values found by the SPA is in the range of 0.2H-0.7H and by the PPA is in the range of 0.3H-0.6H. The range found by the PPA model is in a good agreement with that reported by Peila et al. [START_REF] Peila | Study of the influence of sub-horizontal fiber-glass pipes on the stability of a tunnel face[END_REF] (0.3H-0.4H) used in the design practice. Besides, the optimum pipe length decreases with the increase of soil internal friction angles. This is under the expectation and is due to the fact that the failure body spans a larger region for weak soils, which requires longer umbrella pipes to reach the failure surface.

Design charts

In traditional NATM, the face stability is usually achieved by using staged construction with for example a stabilization bench. Therefore, design charts for full-face excavation as well as top-heading excavation with different numbers of reinforcement are provided for the pre-design of face stability. Only the PPA is applied to compute the safety factors of design tables in this section.

Two examples of tunnels with buried depth 30m and horseshoe cross-sections (full-face excavation method (see Fig. 9(a)) and top-heading excavation method (see Fig. All curves show that the safety factor increases with the increasing of reinforcement number before an optimal value. The provided diagrams can be used to determine whether the reinforcement is necessary or not (see the safety line). For example, the face of a tunnel excavated by the full-face method can be self-stable when = 30 kPa, = 20° in the absence of reinforcement. The face stability can be improved evidently by installing umbrella pipes, especially for poor geotechnical conditions. For example, in the case of = 10 kPa, = 25°, by installing umbrella pipes with N = 40, the tunnel face turns to stable.

By comparing Fig. 14 Closed-form solution using homogenization approach Length 1. In the elastic zone, the face displacement and the extension of decompressed zone are little sensitive to variations of reinforcement lengths;

2. In the plastic zone, increasing the reinforcement length can cause a high reduction of face displacement and extension of decompressed zone. [START_REF] Oreste | Stabilisation of the excavation face in shallow tunnels using fibreglass dowels[END_REF] Fibreglass If the overburden is larger than the width of the tunnel face, the required bolts number keeps constant;

2. A higher concentration of bolts in the lower part of tunnel face would be more effective;

3. More bolts installed in the weak layer may create a counterproductive effect. [START_REF] Perazzelli | Analysis method and design charts for bolt reinforcement of the tunnel face in purely cohesive soils[END_REF] Face bolts Axial forces Support pressures Wedge Limit equilibrium theory Length; Density; Longitudinal overlapping; Nonhomogeneous soil (depth-dependent undrained strength) 1. Tunnel faces can be stable in the conditions of h > 0.5 H (H is the height of tunnel faces and h is buried depth) and OCR > 4 without reinforcements. [START_REF] Pan | Safety factor assessment of a tunnel face reinforced by horizontal dowels[END_REF] Face bolts Axial forces (tensile failure and pull-out failure) Safety factors 3D rotational mechanism Upper limit analysis theory Length; Density; Soil strength 1. The safety factors calculated by employing a horseshoe cross-section have a little difference with those obtained by an equivalent circle cross-section;

2. An optimal length of steel pipes ranging from 1.0H to 1.2H was found. 30 [START_REF] Zhang | Stability of NATM tunnel faces in soft surrounding rocks[END_REF] Face bolts Axial forces Support pressures 2D logarithmic spiral Limit equilibrium theory Tensile strength of bolts; Soil parameters 1. Face bolts can effectively enhance the shearing strength of the front core soil but play a small role in increasing the strength of surrounding rock.

Safety factors

2D logarithmic spiral Upper limit analysis theory Unsupported span; Tunnel depth; Tensile strength of bolts;

1. The unsupported section takes effect on support pressures only if friction angle was smaller than 30°;

2. The limit face support pressures show a linear decrement with the increasing of support pressures applied to the unsupported section.