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Hyperstatic Reaction Method (HRM) is a simple but effective method with attractive features in calculating internal forces and deformations of the tunnel lining. The superior ability of the HRM method under static conditions inspires the further development of this method for tunnel seismic design. This paper implements an improved HRM method for estimating seismic-induced internal forces in the tunnel lining in a quasi-static condition.

To this end, a modification parameter (a) for approximating the applied active load as well as a varying spring stiffness factor (β) for characterizing the soil-tunnel interaction is incorporated into the existing HRM method. The values of two dimensionless parameters are calibrated through an analytical solution for a wide range of the soil and tunnel lining properties. The efficiency of the improved HRM method is verified against the analytical solution and numerical analysis in several benchmark cases. The comparisons show that the improved HRM method can be used for the preliminary seismic design of tunnels.

Introduction

Tunnels are an important part of the infrastructure of modern society and their applications continue to expand in high earthquake risk regions. The severe damages to tunnels in strong earthquakes have demonstrated that the seismic design demand of tunnels should be adequately considered [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF][START_REF] Sun | A state-of -the-art review of seismic response analysis of tunnels[END_REF]. To guide the tunnel seismic design, many efforts have been made by a series of analytical solutions [START_REF] Bobet | Drained and undrained response of deep tunnels subjected to far-field shear loading[END_REF][START_REF] Park | Analytical solution for seismic-induced ovaling of circular tunnel lining under no-slip interface conditions: A revisit[END_REF][START_REF] Penzien | Elastoplastic analysis of the seismic response of tunnels in soft soils[END_REF][START_REF] Zou | A pseudo-static method for seismic response of underground frame structures subjected to increasing excitations[END_REF], numerical analyses [START_REF] Amorosi | Numerical modelling of the transverse dynamic behaviour of circular tunnels in clayey soils[END_REF]Fabozzi et al., 2018;[START_REF] Patil | Behavior of shallow tunnel in soft soil under seismic conditions[END_REF]Shahrour et al., 2010;Sun andDias, 2019a, 2019b;Sun et al., 2019[START_REF] Sun | Soft soil layer-tunnel interaction under seismic loading[END_REF][START_REF] Yu | Damage observation and assessment of the Longxi tunnel during the Wenchuan earthquake[END_REF] and experimental studies [START_REF] Cilingir | Effect of depth on seismic response of circular tunnels[END_REF][START_REF] Bilotta | A numerical Round Robin on tunnels under seismic actions[END_REF][START_REF] Chen | Shaking-table tests for immersed tunnels at different sites[END_REF][START_REF] Chen | Seismic response of irregular underground structures under adverse soil conditions using shaking table tests[END_REF].

Analytical solutions are very attractive tools for the preliminary seismic design, as they provide easy and fast calculations of internal forces and deformations of the tunnel lining.

The analytical procedures generally consider a homogeneous isotropic soil medium subjected to a seismically induced uniform shear strain field, but they disregard any inertial interaction.

The soil-tunnel interaction is often assumed as the no-slip and full-slip conditions except [START_REF] Park | Analytical solution for seismic-induced ovaling of circular tunnel lining under no-slip interface conditions: A revisit[END_REF]. Oppositely, numerical analysis is a higher-level and more complex approach for calculating seismic design loads of tunnels. It generally needs careful consideration of many inherent or man-made uncertainties in the numerical simulations [START_REF] Hashash | Ovaling deformations of circular tunnels under seismic loading, an update on seismic design and analysis of underground structures[END_REF][START_REF] Lu | Implementation of the modified cross-section racking deformation method using explicit FDM program: A critical assessment[END_REF][START_REF] Sun | Significance of Rayleigh damping in nonlinear numerical seismic analysis of tunnels[END_REF], including the model boundary, the mesh size, the soil constitutive models, and the selection of input ground motions, etc. Most of all, it is difficult to, a-priori, quantify the degree of the slippage between the soil and the tunnel in a numerical model.

The analysis of a tunnel lining should consider the soil-tunnel interaction, which is a fundamental component to calculate the internal forces develop in the tunnel lining. A simple but effective way of achieving this is to use the Hyperstatic Reaction Method (HRM) [START_REF] Cdta | Code for design on tunnel of railway. The professional standards compilation group of PRC[END_REF]Do and Dias, 2018;[START_REF] Duddeck | Structural design models for tunnels in soft soil[END_REF]Einstein and Schwart, 1979;[START_REF] Ita | Guidelines for the design of shield tunnel lining[END_REF][START_REF] Leca | Preliminary design for NATM tunnel support in soil[END_REF]. This method requires defining the active loads that are directly applied to the tunnel lining by the soil mass; further passive loads are due to the displacement of the tunnel lining because of the soil-tunnel interaction. The HRM method is developed in the Matlab software within the FEM framework, to calculate the internal forces of tunnels in a homogeneous medium. In comparison with traditional numerical analyses, the HRM method provides a fast and accurate prediction with less computational cost [START_REF] Oreste | A probabilistic design approach for tunnel supports[END_REF][START_REF] Oreste | A numerical approach to the hyperstatic reaction method for the dimensioning of tunnel supports[END_REF]. These attractive features greatly promote its application to calculate the lining forces of various tunnels, e.g., segmental tunnel [START_REF] Do | A new numerical approach to the hyperstatic reaction method for segmental tunnel linings[END_REF][START_REF] Do | Behaviour of segmental tunnel linings under seismic loads studied with the hyperstatic reaction method[END_REF](Do et al., , 2018)), U-shaped tunnel (Du et al., 2018a(Du et al., , 2018b)), sub-rectangular tunnel [START_REF] Do | Study on the behavior of squared and sub-rectangular tunnels using the Hyperstatic Reaction Method[END_REF], and shotcrete lining [START_REF] Oreste | The hyperstatic reaction method for the analysis of the spraryed concrete linings behavior in tunneling[END_REF][START_REF] Oreste | Assessment of the safety factor evolution of the shorcrete lining for different curing ages[END_REF]. The HRM method allows a great deal of analyses to be performed in a very short time, thus it is an appropriate method for the tunnel probabilistic analysis [START_REF] Kroetz | Reliability of tunnel lining design using the Hyperstatic Reaction Method[END_REF][START_REF] Oreste | A probabilistic design approach for tunnel supports[END_REF] and optimization design [START_REF] Du | Lining performance optimization of sub-rectangular tunnels using the Hyperstatic Reaction Method[END_REF].

This paper aims at presenting an improved HRM method for estimating seismicinduced internal forces of a deep circular tunnel in homogeneous isotropic soil medium. The paper begins with a brief presentation of the mathematical formulation of this method. Then, the numerical procedure to implement this method under seismic conditions is presented. In this work, two dimensionless parameters are introduced respectively to modify the applied active loads and the soil-tunnel interaction. Next, the formulas of the two parameters are presented by calibrating the HRM solution with an analytical solution. Finally, extensive validations of the improved HRM method are conducted in several benchmark cases.

Hyperstatic reaction method

Mathematical formulation

The calculation scheme of support structures with the HRM method is illustrated in Fig. 1. In the HRM method, the structure is subdivided into a finite number of linear elements.

Those elements interact with each other through nodes and they are connected to the soil through normal springs. Therefore, the interaction between the soil and the tunnel support is simulated through the normal springs and active loads. The normal springs allow the reaction produced by the soil to be simulated when the support, which deforms under the applied active loads, moves towards the soil. The tangential spring at the soil-tunnel interface is not considered herein due to the difficulty in determining the maximum shear reaction pressure.

The no-slip condition permits to consider the most unfavorable internal force scenario [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF]. Since the structure interacts with the soil by the normal springs distributed over the nodes, one can obtain the stresses on each element once the displacements of the nodes are known.

The unknown displacements can be achieved by defining the global stiffness matrix of the whole structure elements as well as the connections to the surrounding soil. The global stiffness matrix K is assembled by the local stiffness matrix ki of the i th element in the global Cartesian reference system. In the static analysis, only half of the
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structure is considered because of the tunnel center symmetry with respect to the vertical axis.

The global stiffness matrix K is given as follows:
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where the terms , , and represent the 3×3 sub-matrices of the local stiffness matrix kn-1 of the (n-1) th element under the global Cartesian coordinates.

The local stiffness matrix ki of the i th element under the global Cartesian reference system can be obtained as follows:

[ ] = • [ ] • (2) 
where is the local stiffness matrix under local Cartesian reference system and is the transformation matrix respectively:
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After knowing the global stiffness matrix K, the unknown vector of nodal displacement / = [/ , / , … , / ] under the global Cartesian reference system can be determined by the following relation:

[ ] • [/] = [2] (5) 
where 2 = [2 , 2 , … , 2 ] is the vector of the nodal forces applied to the numerical model, such as the external active loads applied to the lining. Note that / , / , …, / are the subvectors composed of three displacements of each node, respectively; 2 , 2 , …, 2 are the sub-vectors composed of three external forces applied to each node, respectively. Once the vector / is calculated, a conversion of nodal displacements at the local reference system of the element is easily calculated. The characteristic of nodal stresses can then be determined through the local stiffness matrix.

A pressure-displacement relation is adopted to describe the interaction between the soil and the tunnel. Unlike other methods, in which the normal stiffness is set as a constant value (i.e., a Mohr-Coulomb type), [START_REF] Oreste | A numerical approach to the hyperstatic reaction method for the dimensioning of tunnel supports[END_REF] introduced a nonlinear relationship between the reaction pressure and the support normal displacement (Fig. 3):
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where plim is the maximum reaction pressure that the ground can offer, and η0 is the initial stiffness of the ground. This relation represents the simplest way to describe the behavior of the ground when the initial stiffness and the limit pressure are known with a certain confidence. By performing a plate load test in the ground, it is possible to note a curve loaddisplacement that is very similar to the hyperbolic one [START_REF] Aftes | Guidelines on the plate loading test of the rock mass[END_REF][START_REF] Do | A new numerical approach to the hyperstatic reaction method for segmental tunnel linings[END_REF]. The apparent stiffness η * of the ground is given by the p/δ ratio that can be calculated at each node of the support structure:
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The ground reaction generally depends on the ground elasticity parameters and tunnel radius [START_REF] Aftes | Guidelines on the plate loading test of the rock mass[END_REF][START_REF] Oreste | A numerical approach to the hyperstatic reaction method for the dimensioning of tunnel supports[END_REF]. In this study, the following formula is applied to determinate the initial normal stiffness of the ground [START_REF] Do | A new numerical approach to the hyperstatic reaction method for segmental tunnel linings[END_REF][START_REF] Möller | Tunnel induced settlements and structural forces in linings[END_REF]:
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where νs and Es are respectively the Poisson's ratio and Young's modulus of soil; R is the tunnel radius; β is a dimensionless factor.

For non-cohesion soil, the maximum reaction pressure plim can be calculated based on the friction angle φ, Poisson's ratio D E , and active loads [START_REF] Do | A new numerical approach to the hyperstatic reaction method for segmental tunnel linings[END_REF][START_REF] Oreste | A numerical approach to the hyperstatic reaction method for the dimensioning of tunnel supports[END_REF][START_REF] Vu | Structural analysis for shallow tunnels in soft soils[END_REF]:
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where ∆σconf is the confining pressure that acts on the tunnel perimeter. It can be defined by the following equation:
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The normal stiffness of each spring can then be given by the formula:
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• T1 -6 7"8 6 7"8 9: ; •< " U ! "QR 9! " (11) Using Eqs. 1 to 11, the internal forces in the tunnel lining are therefore calculated through the nodal displacements and the local stiffness matrices of each element. It should be emphasized that the normal springs will disappear in zones in which the support structure moves towards the tunnel. Therefore, only compressive loads are possible in the normal direction, in which the tunnel support moves towards the ground. More details of the HRM method can be found in the literature [START_REF] Do | A new numerical approach to the hyperstatic reaction method for segmental tunnel linings[END_REF][START_REF] Do | Behaviour of segmental tunnel linings under seismic loads studied with the hyperstatic reaction method[END_REF]Du et al., 2018aDu et al., , 2018b[START_REF] Du | Lining performance optimization of sub-rectangular tunnels using the Hyperstatic Reaction Method[END_REF][START_REF] Duddeck | Structural design models for tunnels in soft soil[END_REF][START_REF] Leca | Preliminary design for NATM tunnel support in soil[END_REF][START_REF] Oreste | A probabilistic design approach for tunnel supports[END_REF][START_REF] Oreste | A numerical approach to the hyperstatic reaction method for the dimensioning of tunnel supports[END_REF][START_REF] Vu | Structural analysis for shallow tunnels in soft soils[END_REF].

HRM method under seismic conditions

Analytical solutions assume the ovaling deformation of the cross-section is the most critical deformation of circular tunnels during a seismic event [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF][START_REF] Lu | Implementation of the modified cross-section racking deformation method using explicit FDM program: A critical assessment[END_REF]Sun and Dias, 2019), as illustrated in Fig. 4a. Since the inertia effect of a deep tunnel is relatively small (i.e., dynamic interaction can be ignored), the ovaling deformation can further be simplified as a pseudo-static case in a two-dimensional plane strain condition [START_REF] Bobet | Drained and undrained response of deep tunnels subjected to far-field shear loading[END_REF][START_REF] Park | Analytical solution for seismic-induced ovaling of circular tunnel lining under no-slip interface conditions: A revisit[END_REF]. Hence, the seismic-induced stress and deformations can easily be predicted when the external shear stress is applied to the far-field, as shown in Fig. 4b. This stress state is equivalent to a compressive and tensile free-field stress at 45° with the direction of pure shear, as presented in Fig. 4c.

The acting shear stress τ, can be calculated by [START_REF] Penzien | Elastoplastic analysis of the seismic response of tunnels in soft soils[END_REF]:
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where γmax is the maximum shear strain at the position of tunnel axis. As previously mentioned, the internal forces in the tunnel lining are influenced by the exact evaluation of the active loads (σh and σv) and the definition of the initial stiffness of the normal springs (η0). In the HRM method, the normal springs can only work in compression Compressive active loads applied to the tunnel in one direction will automatically produce tensile loads in a perpendicular direction. This leads to the shear stress that acts on the lining is not identical to the one in a quasi-static condition. Therefore, a parameter (a) is necessary to be adopted to modify the active loads that are applied to the tunnel lining under seismic conditions, as shown in Fig. 4d.

In previous static analyses, the value of β was usually set to 1 [START_REF] Mashimo | Numerical modelling of the behavior of shield tunnel lining during assembly of a tunnel ring[END_REF][START_REF] Molins | Experimental and analytical study of the structural response of segmental tunnel linings based on an in situ loading test. Part 1: Test configuration and execution[END_REF] or 2 [START_REF] Do | A new numerical approach to the hyperstatic reaction method for segmental tunnel linings[END_REF][START_REF] Vu | Structural analysis for shallow tunnels in soft soils[END_REF]. For a given case, using a constant value of β is reasonable. However, this hypothesis is questioned when a wide range of properties of the soil and tunnel lining is considered, since the value of β is related to the properties of the soil and tunnel lining. In this work, a varying dimensionless factor (β) is thus utilized to realistically describe the soil-tunnel interaction.

To determine the values of two dimensionless parameters, a thorough parametric analysis is then required. To this end, the results obtained from the HRM method are verified against the ones calculated by an analytical solution [START_REF] Bobet | Drained and undrained response of deep tunnels subjected to far-field shear loading[END_REF], considering a wide range of practical properties of the soil and tunnel lining. The quasi-static numerical model is not adopted in this study since there is no reference to calibrate the model. This consideration allows the accuracy of the improved HRM method is comparable to the analytical solution.

Numerical implementation

In this section, the assumptions of the improved HRM method are first summarized. Following that, the numerical procedure to implement the improved HRM method with the help of parametric analysis is presented.

Underlying assumptions

Since the analytical solution is adopted to calibrate two dimensionless parameters, the improved HRM method inevitably shares the same underlying assumptions or limitations of analytical solutions [START_REF] Bobet | Drained and undrained response of deep tunnels subjected to far-field shear loading[END_REF][START_REF] Park | Analytical solution for seismic-induced ovaling of circular tunnel lining under no-slip interface conditions: A revisit[END_REF][START_REF] Penzien | Elastoplastic analysis of the seismic response of tunnels in soft soils[END_REF]: Two-dimensional plane strain models condition is assumed, considering the ovaling deformation of the tunnel's cross-section is the most critical mode.

A homogenous, isotropic and linear elastic half-space is considered.

The tunnel lining is represented as a cylindrical shell with thin walls.

The stress history in the medium and the lining is not considered and the tunnel excavation is assumed to take place simultaneously with the installation of the lining.

The external forces are applied under fully drained conditions, ignoring any inertial interaction.

Numerical procedure

To implement the HRM method under seismic conditions, the formulas of the two dimensionless parameters need to be determined. Extensive comparisons between the seismic-induced internal force increments predicted by the HRM method and the ones calculated by the Bobet's solution are performed.

In the initial calibration phase, the parameters of the tunnel lining are as follows:

Young's modulus El =24.8 GPa and Poisson's ratio νl =0.2. The tunnel radius (R) varies from 3 m to 5 m according to engineering practice. A larger tunnel radius is not adopted since the analytical solution accuracy is not acceptable [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF][START_REF] Hashash | Ovaling deformations of circular tunnels under seismic loading, an update on seismic design and analysis of underground structures[END_REF]. Concerning the lining thickness (t), the relative thickness t/R ratio varies from 1/15 to 1/10 to consider the commonly used values in practice. The relative thickness utilized satisfies the assumption of the analytical solutions (i.e., the thickness should be relatively small in comparison with the tunnel diameter). For the soil parameter, Poisson's ratio νs=0.25 is adopted, while Young's modulus (Es) varies parametrically from 1 to 500 MPa to capture a wide range of soil conditions (i.e., from very soft to hard soils). It should be noted that for the HRM method, the friction angle of soil should be defined to calculate the maximum reaction pressure (Eq. 9). A low plim will prevent the development of the normal stress at the soil-tunnel interface, whereas the analytical solution allows normal stress increases continuously with tunnel deformation (i.e., linear relation). Thus, the upper limit value of the friction angle of soil (i.e., about 50°) is adopted to produce sufficient reaction pressure. Although this work is academic research, the soil and tunnel parameters are taken from the literature [START_REF] Bobet | Drained and undrained response of deep tunnels subjected to far-field shear loading[END_REF][START_REF] Du | Lining performance optimization of sub-rectangular tunnels using the Hyperstatic Reaction Method[END_REF][START_REF] Hashash | Seismic design and analysis of underground structures[END_REF][START_REF] Hashash | Ovaling deformations of circular tunnels under seismic loading, an update on seismic design and analysis of underground structures[END_REF][START_REF] Park | Analytical solution for seismic-induced ovaling of circular tunnel lining under no-slip interface conditions: A revisit[END_REF]. A value of γmax=0.00252 is adopted in the initial calibration phase, which is identical to the one used in [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF]. Once the input soil and tunnel lining parameters are defined, the calibration work of the two parameters (i.e., a and β) can then be performed. The main schemes to calibrate two parameters are presented in Table 1 and Fig. 5. Table 1 Overview of the calibration process.

Step Description 1 Generate the input soil and lining parameters {ti, Ri, Esi} from the defined parameter ranges.

2 Select a pair of parameters {t1, R1, Es1}, then respectively compute the corresponding seismic-induced axial force and bending moment {TB, MB} using Bobet's solution, and the initial values of {TH, MH} using HRM method on the basis of a=β=1.

3 Calculate the relative error between the two methods.

4

If eT≤0.02 and eM≤0.02, output a and β, otherwise, update these two parameters until the target accuracy is satisfied.

5

Repeat steps 2 to 4 until all cases are considered.

6

Obtain the optimal formulas of a and β as the functions of ti, Ri, Esi using program SigmaPlot, with the maximum coefficient of determination (i.e., close to 1). After all the calibration works are completed, the relationships between the two parameters with the soil and tunnel lining properties can be established, with the help of the data analysis software SigmaPlot. The optimal functions are selected based on the goodness of fit (i.e., the coefficient of determination is close to 1). The parameter β can be given by: 13) while:
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The coefficients a1, b1, c1, and d1 are expressed as the functions of the t/R ratio, as shown in Figs. 8a~d and their best fitting solutions are presented in Eqs. 14~17. As for the parameter a, it is also a function of the relative thickness and Young's modulus of soil. It is further demonstrated that the parameter a can be normalized by the parameter β, as follows:
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The relationships between the coefficients a2, b2, c2, and d2 and t/R ratios are respectively shown in Figs. 8e~h and the corresponding solutions are presented in Eqs.

19~22: Once the formulas of two parameters are determined, it is necessary to examine their efficiencies. Thus, the values of parameters β and β/a computed by the proposed formulas are compared respectively with the true values (i.e., obtained during the calibration process), as shown in Fig. 9. These analyses correspond to t/R=1/10, 1/12, 1/14, and 1/15, R=3 m, and various Es values. The comparison results indicate that the proposed formulas can represent the values of parameters β and β/a. The comparisons for other cases also show good agreement, and the results are not presented for the sake of brevity. Furthermore, Fig. 10 compares the seismic internal force increments that are calculated respectively by the analytical solution and the HRM method (using the proposed formulas). These analyses correspond to t/R=1/10, 1/12, and 1/15, Es varies from 1 to 500 MPa, and R=3 and 5 m. It demonstrates that the proposed formulas of two parameters have the capability for predicting the true tunnel lining forces. 
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Method validation

In this section, extensive validations are performed to demonstrate the effectiveness of the improved HRM method. The first validation attempts to examine the accuracy of the improved HRM method using different properties of the soil and tunnel lining, which are not considered in section 3. Then, two academic cases that are taken from the literature are respectively used in validations 2 and 3. In each validation, the improved HRM method is compared with the analytical solution or/and the numerical analysis.

Validation 1

Fig. 11. Effect of the maximum shear strain on the calculated lining forces (R=3 and 5 m).

The formulas of parameters a and β are proposed in the case of γmax=0.00252. The comparison between the improved HRM method and the analytical solution in terms of the maximum axial force and bending moment is performed for different values of γmax. The amplitude of γmax varies parametrically from 0.001 to 0.005, in the case of t/R=1/10, Es varies from 1 to 500 MPa, and R=3 and 5 m. The other soil and tunnel lining properties are identical to the ones used in section 3. As shown in Fig. 11, the maximum axial force and the bending moment calculated by the improved HRM method coincide well with the analytical solution.

Two methods capture the same trend: axial forces and bending moments increase with increasing applied shear strains. It indicates that the improved HRM method can be successfully applied in a larger strain range, although the proposed formulas correspond to γmax=0.00252. The validation is also performed for the varying Young's modulus of tunnel lining (El). The value of El varies from 20 to 40 GPa, which corresponds to the commonly used concrete strength. The analysis corresponds to γmax=0.00252, t/R=1/10, and R=3 m. The other soil and lining properties are the same as the ones used in section 3. Fig. 12 shows the comparison for different El values in terms of maximum axial force and bending moment. The maximum axial forces from the HRM method result in an almost perfect match with the Bobet's solution, whereby the differences are within 5% for all three cases. Compared to the analytical solution, the improved HRM method also accurately predicts the maximum bending moments, particularly for the cases of El=20 and 24.8 GPa. For the value of Es varies from 100 to 500 MPa, the improved HRM method tends to slightly underestimate the calculated bending moment in the case of El=40 GPa, with the maximum difference is about 9%.

The comparison of the improved HRM method with the Bobet's solution for a wide range of soil Poisson's ratios is performed, as shown in Fig. 13. The analysis corresponds to the value of νs varies from 0.1 to 0.4, in the case of γmax=0.00252, t/R=1/10, and R=3 m. The other soil and lining properties are the same as the ones used in section 3. The axial forces calculated by the improved HRM method and the Bobet's solution both decrease with the increase of νs value. The maximum error of the axial force is around 7%. Concerning the bending moment, the improved HRM method matches well with the analytical solution when the soil Young's modulus is less than 300 MPa. Further increases in the value of Es, a relatively larger discrepancy with a maximum error up to 15% occurs. However, the soil Poisson's ratio has an unimportant effect on the calculated bending moments as compared to the applied shear strain and Young's modulus of the tunnel lining, due to the relatively low computed bending moments. 

Validation 2

The numerical examples in [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF] are employed to further verify the accuracy of the improved HRM method. The lining forces calculated by the improved HRM The lining forces calculated by the improved HRM method, analytical solution, and numerical model for three cases are listed in Table 3. The axial forces and bending moments calculated by the improved HRM method agree very well with the FLAC results. The maximum error is around 7% for the axial force and reaches 9% for the bending moment in case 2. The maximum axial force of the improved HRM method matches perfectly with the Bobet's solution in case 1, whereby the error is less than 2%. A larger error (~12% for axial forces, ~13% for bending moments) between the improved HRM method and the Bobet's solution is observed in case 2. As compared to the Bobet's solution, the improved HRM method slightly overestimates the lining forces for all the cases considered, providing a conservative seismic design.

Validation 3

This section attempts to validate the effectiveness of the improved HRM method in a wide range of tunnel radii. The soil and tunnel properties are taken from the literature [START_REF] Do | Behaviour of segmental tunnel linings under seismic loads studied with the hyperstatic reaction method[END_REF], as shown in Table 4. The comparisons between the Bobet's solution and the improved HRM method are given in Fig. 16, in terms of the maximum axial force and bending moment. The improved HRM method captures the same trend between the lining force and tunnel radius with the Bobet's solution: both the axial force and bending moment increase with increasing tunnel radius. Although the soil and lining properties used here are different with the ones adopted for obtaining formulas of two parameters, a good agreement between the improved HRM method and the Bobet's solution is observed for the axial forces for all the tunnel radii compared here, with the maximum error is less than 7%. For the bending moment, a slightly larger difference with a maximum error of 25% occurs when the tunnel radius equals to 4.5 m. This could be attributed to the obvious underestimation of the bending moment for the rigid tunnel, as also illustrated in Fig. 12b. The accuracy of the improved HRM method in computing bending moment is significantly improved as the tunnel radius increases, with an error of about 2% in the case of R=8 m. 

Conclusions

This study proposed an alternative numerical procedure to compute the seismic design loads in a deep circular tunnel lining due to seismic-induced ovaling deformation, using the Hyperstatic Reaction Method. The mathematical formulas of the HRM method were first introduced in brief. Then, the underlying assumptions and algorithms to implement the HRM method under seismic conditions were presented in detail. Considering a wide range of properties of soil and tunnel lining in practice, the formulas of two dimensionless parameters a and β were given for the preliminary seismic design, with the help of parametric analysis.

To verify the effectiveness of the improved HRM method, extensive validations were performed in a wide range of numerical examples. The improved HRM method was validated with the analytical solution and the quasi-static numerical model. The comparative studies have demonstrated that the improved HRM method could be an effective tool for the preliminary seismic design of circular tunnels with a certain confidence. Nevertheless, the formulas of two parameters were calibrated through an analytical solution, thus they inevitably shared the same assumptions and limitations with the analytical solution.

The novelty and contribution of this paper, first, lied on providing a new and alternative approach to fast calculate the seismic design loads. Second, the applicability of the HRM method was extended from the static to the seismic condition. This was particularly
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 1 Fig. 1. Calculation scheme of support structures with the HRM method under static conditions. With: σv: the vertical loads; σh: the horizontal loads; kn: the stiffness of springs; R: the tunnel radius; αi: the angle of inclination of the element (i) with respect to the horizontal; EJ and EA: bending and normal stiffness of the support; X and Y are the global Cartesian coordinates.

Fig. 2

 2 Fig.2illustrates the scheme of a beam-type element, which can develop internal forces.

Fig. 2 .

 2 Fig. 2. A finite element under the local Cartesian coordinates: h: initial node; j: final node; θ: rotation; x and y: local Cartesian coordinates; v: transversal displacement; u: axial displacement; Li: element length.

Fig. 3 .

 3 Fig. 3. Nonlinear relationship between the reaction pressure p and the support normal displacement δ: η0: initial spring stiffness; plim: maximum reaction pressure.

Fig. 4 .

 4 Fig. 4. Transversal response in 2D plane strain conditions (a) ovaling deformation; (b) corresponding seismic shear loading; (c) equivalent static loading; (d) equivalent static loading with the HRM method.

Fig. 5 .

 5 Fig. 5. Calibration flowchart of the two parameters.

Figs. 6

 6 Figs. 6 and 7 present the calibration results of parameters a and β for various values of Es. In Fig. 6, the representative results of t/R equals to 1/10 and 1/15 and tunnel radius equals to 3 m and 5 m are shown, while Fig. 7 presents the results for different ratios of t/R and Es. It shows that both the values of the parameter β and the parameter a increase with increasing value of soil Young's modulus, until peak amplitude is reached. A further increase in the value of Es leads to a decrease in the values of parameters a and β. Besides, the same t/R ratio predicts identical values of a and β. Fig. 7 further shows that the maximum values of the parameter a and β increase with the decrease of the t/R ratio. Regardless of the individual impact of thickness or radius, the values of two parameters are only influenced by the relative thickness t/R and soil Young's modulus Es.

Fig. 6 .

 6 Fig. 6. Typical values of the two parameters.

Fig. 7 .

 7 Fig. 7. Effects of t/R and Es on the calibrated values of the two parameters.

Fig. 8 .

 8 Fig. 8. Coefficients fitting curves for the formulas of the parameters a and β.

Fig. 9 .

 9 Fig. 9. Comparison of the values of β and β/a calculated by the proposed formulas and the true values (t/R=1/15~1/10).

Fig. 10 .

 10 Fig. 10. Comparison of the axial forces and bending moments calculated by the proposed formulas and the ones calculated by the analytical solution (R=3 and 5 m).

Fig. 12 .

 12 Fig. 12. Effect of the lining Young's modulus on the calculated lining forces (R=3 m).

Fig. 13 .

 13 Fig. 13. Effect of Poisson's ratio of soil on the calculated lining forces (R=3 m).

Fig. 15 .

 15 Fig. 15. Calibration of the value of shear spring stiffness.

Fig. 16 .

 16 Fig. 16. Comparison of axial forces and bending moments calculated by three methods at various shear strains.

Table 3

 3 Comparison of the results of the improved HRM method, Bobet's solution, and FLAC.

		HRM	Bobet	FLAC	HRM vs Bobet (%)	HRM vs FLAC (%)
	Case1					
	Tmax	1066.54	1046.49	1106.5	1.88	-3.74
	Mmax	179.37	159.27	183.7	11.21	-2.41
	Case2					
	Tmax	924.52	813.57	861.90	12.0	6.77
	Mmax	159.55	139.14	145.83	12.79	8.60
	Case3					
	Tmax	570.27	507.20	536.84	11.06	5.86
	Mmax	149.25	133.67	140.10	10.44	6.13

Table 4

 4 Soil and tunnel lining properties[START_REF] Do | Behaviour of segmental tunnel linings under seismic loads studied with the hyperstatic reaction method[END_REF].

	Properties	Value
	Soil parameter
	Young's modulus, Es	450 MPa
	Poisson's ratio, νs	0.3
	Input shear strain, γmax	0.0035%
	Lining parameter
	Young's modulus, El	35 GPa
	Tunnel thickness, t	0.4 m
	Tunnel radius, R	4.5-8 m
	Poisson's ratio, νl	0.15
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method are compared with the quasi-static numerical model and Bobet's solution respectively.

The properties of soil and lining are presented in Table 2.

Table 2 Soil and tunnel lining properties [START_REF] Hashash | Seismic design and analysis of underground structures[END_REF].

Properties Value

Soil parameter

Case Before going into the detailed comparison, more details about the numerical model should be presented for clarity. A two-dimensional quasi-static numerical model is built using the finite difference code FLAC [START_REF] Itasca | FLAC -Fast Lagrangian Analysis of Continua -Version 7.0 User's Guide[END_REF]. The numerical model is 50 m wide and 50 m high while the circular tunnel is placed at the numerical model center, as illustrated in Fig. 14.

The model dimensions and tunnel burial depth adopted here are enough to get rid of the boundary effects [START_REF] Lu | Implementation of the modified cross-section racking deformation method using explicit FDM program: A critical assessment[END_REF][START_REF] Zou | A pseudo-static method for seismic response of underground frame structures subjected to increasing excitations[END_REF]. The mesh size is 1×1 m and the mesh around the tunnel is refined. Before the quasi-static numerical analysis, a static analysis is conducted to determine the initial stress in the lining. The displacements in both directions along the model bottom are restricted and the horizontal displacements are also fixed for the lateral boundaries.

A deformation based quasi-static numerical model is used in this study, in which the seismic-induced ovaling deformation is applied to the model considering inverted triangular displacements along the two lateral boundaries of the model and a uniform lateral displacement at the model's top boundary [START_REF] Lu | Implementation of the modified cross-section racking deformation method using explicit FDM program: A critical assessment[END_REF]Sun and Dias, 2019a). For the quasi-static analysis, the horizontal and vertical displacements are fixed along the bottom and two lateral boundaries. The vertical displacement along the top boundary is also fixed.

The displacement applied method and boundary conditions used here are consistent with the assumptions of analytical solutions [START_REF] Bobet | Drained and undrained response of deep tunnels subjected to far-field shear loading[END_REF][START_REF] Park | Analytical solution for seismic-induced ovaling of circular tunnel lining under no-slip interface conditions: A revisit[END_REF]. The shear strain γmax=0.00252 is adopted, which corresponds to a maximum displacement applied along the model boundary equal to 0.126 m. Spring-type interface elements of zero thickness are used to model the soil-tunnel interaction condition. Based on the sensitivity analysis, the normal stiffness of spring with a value of Kn=10 10 N/m 3 is used in this study [START_REF] Itasca | FLAC -Fast Lagrangian Analysis of Continua -Version 7.0 User's Guide[END_REF]. The difficulty is to select a proper shear stiffness value (Ks) which associates with the soil-tunnel slippage. Thus, a parametric analysis is performed considers a range of values of shear spring stiffness. Fig. 15 compares the axial forces and bending moments calculated by the quasi-static numerical model with different values of Ks, corresponding to soil and tunnel properties shown in Table 2 (case 1).

The lining forces predicted by the improved HRM method and the Bobet's solution are also presented. The shear spring stiffness has a pronounced influence on the calculated internal forces, particularly for the axial forces. The results of numerical analyses are in good agreement with the Bobet's solution and the improved HRM method only when the value of Ks equals to 5 10 8 N/m 3 . This value is also adopted to simulate the soil-tunnel condition for cases 2 and 3, as listed in Table 2. Fig. 15 again indicates that the soil-tunnel interface parameters should be determined with caution in the numerical analysis.

useful for researchers and designers who were familiar with the HRM method for tunnel static design.