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[bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: _Hlk148707985][bookmark: _Hlk148770263][bookmark: _Hlk156575073]Abstract: Underground structures can significantly affect the ground motion and further influence the seismic design of aboveground structures around them. Although this issue has been well recognised and studied, it is not thoroughly addressed as a large number of factors are involved. This paper focuses on ground motion amplification induced by twin circular tunnels embedded in saturated poroelastic soil. The saturated poroelastic soil is modelled as a two-phase medium to consider parameters characterising the fluid phase. Three-dimensional scattering features of the twin tunnels for obliquely incident seismic waves are numerically investigated by a 2.5D finite element and boundary element hybrid model. It is shown that the presence of the twin tunnels can lead to significant modifications of the free-field motion, in terms of its magnitude and distribution. The three-dimensional oblique incidence scenario presents a more general perspective on the ground motion amplification. Moreover, the effects of saturated poroelastic soil parameters on the ground motion amplification, including soil permeability, groundwater levels, and the degree of saturation, are parametrically investigated. The differences in ground motion amplification patterns between the saturated poroelastic and dry poroelastic soil scenarios are notable, highlighting the effects of parameters characterising the fluid phase.
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1. Introduction
Nowadays underground space is extensively utilised. Ground motion around underground structures may differ significantly from the free-field motion due to wave scattering, influencing the seismic demand of aboveground structures in their vicinity [1-5]. This effect has been observed in previous earthquake events (e.g., [6-9]). Gizzi and Masini [7] examined about 1400 technical reports of Rionero in Vulture for the 1930 Irpinia earthquake and found extensive damage to structures concentrated in areas characterized by a notable density of shallow underground cavities. Moreover, experimental investigations also highlight the influence of underground structures on the ground motion (e.g., [10-13]). 
[bookmark: _Hlk172928904][bookmark: _Hlk171943709]A series of studies on ground motion amplification due to underground structures have been performed by analytical methodologies or numerical simulations, aiming to explore how underground structures influence ground motion and identify critical factors involved, which can facilitate the interpretation of field observations and contribute to more precise seismic input motions for the design of aboveground structures. In their majority, emphasis is placed on the effects of excitation frequencies (e.g., [14-18]) and configurations of underground structures, such as their buried depth, geometry, and stiffness (e.g., [19-24]). In addition, the effects of soil nonlinearity on ground motion amplification are investigated by Sica et al. [25] and Sun et al. [26] in an equivalent linear way. Despite the plethora of existing studies, the influence of underground structures on the surface ground motion and the built environment is not fully understood given the large number of factors involved in this issue. One of them is soil properties. The seismic site response is significantly influenced by the pore water phase within poroelasticity, with saturated deposits having distinct features in comparison to dry ones due to the interaction of the solid skeleton and pore water [27-32]. However, ground motion amplification induced by underground structures embedded in saturated poroelastic soil has seldomly been investigated, despite its significance in regions with high groundwater levels. For instance, Shanghai, Tianjin, and Nanjing in China are major cities with extensive subway systems within deposits that are usually fully saturated. 
[bookmark: _Hlk172914257][bookmark: _Hlk172928933]For wave scattering by underground structures in saturated poroelastic soil, numerous previous studies investigated the dynamic response of the structures, but they did not present results involving ground motion amplification (e.g., [33-40]). For instance, Hasheminejad and Avazmohammadi [34] presented analytical solutions for the harmonic response of two circular cavities with different configurations in an infinite saturated poroelastic medium; Senjuntichai and Rajapakse [35] analytically studied the transient response of a circular cavity in an unbounded poroelastic medium, and their study highlighted the influence of compressibility and permeability in a poroelastic medium; Kattis et al. [36] numerically studied harmonic wave scattering by tunnels embedded in a poroelastic saturated full-space using a boundary element method, paying particular attention to the differences in responses between lined and unlined tunnels. More recently, Ba et al. [41] and Liu et al. [42] investigated harmonic ground surface displacements above a circular tunnel in saturated poroelastic half-spaces for different porosity and drainage conditions, using boundary element methods. In addition, Liang et al. [43] studied peak ground acceleration amplifications due to twin circular cavities in a saturated poroelastic half-space, focusing on the effects of the distance between the two cavities. 
[bookmark: _Hlk172928790]The aim of this numerical study is to investigate, in a greater depth than previously, the ground motion amplification due to twin tunnels embedded in saturated poroelastic soil. Our approach towards this goal is a systematic investigation of the influence of saturated poroelastic soil parameters, namely soil permeability, groundwater level, and the degree of saturation, which have not been considered in previous studies. Furthermore, we examine the three-dimensional scattering of obliquely incident seismic waves by the twin tunnels, and the resulting ground motion amplification is analysed in three cartesian coordinates. This allows to develop a more general and comprehensive understanding of the ground motion amplification patterns induced by underground tunnels, well beyond a two-dimensional model with incident seismic waves perpendicular to the tunnel’s longitudinal axis in previous studies, which ignore the three-dimensional scattering features of the tunnels. It is worth mentioning that, although Liang et al. [44] studied the three-dimensional scattering of obliquely incident seismic waves by twin cavities, they considered only one set of properties for the saturated poroelastic soil. 
[bookmark: _Hlk171942896][bookmark: _Hlk171435360]To accurately simulate wave scattering by structures embedded in saturated poroelastic soil, a two-phase model is needed to rigorously account for the saturated poroelastic soil properties. In the next sections, governing equations of saturated poroelastic soil based on Biot’s theory are introduced. The scattering of obliquely incident seismic waves by twin circular tunnels embedded in saturated poroelastic soil is simulated by a 2.5D finite element and boundary element (FE-BE) hybrid model. After a detailed verification of the numerical simulation, a parametric study is conducted to investigate the ground motion amplification above the twin tunnels as a function of the angle of incidence, soil permeability, groundwater level, and the degree of saturation, with results presented in the frequency domain for harmonic plane SV and P1 waves.

2. Governing equations of saturated poroelastic soil
[bookmark: _Hlk152332286][bookmark: _Hlk152345539][bookmark: _Hlk152263842]The coupled hydro-mechanical behaviour of saturated poroelastic soil under dynamic conditions can be described by Biot’s theory [45,46]. In saturated poroelastic soil (i.e., a two-phase medium), there are two types of compressional waves: fast compressional waves (P1 waves) and slow compressional waves (P2 waves). The P1 waves are similar to the compressional waves in dry soil (i.e., a single-phase medium), while the P2 waves are generated by the relative movement between the pore water and solid skeleton and tend to attenuate quickly. The full mixed formulation of Biot’s theory has three variables, namely, u (the displacement of the solid skeleton), w (the relative displacement of the pore water to the solid skeleton), and p (the pore water pressure), which is also known as the u-w-p formulation. Although it can rigorously describe the coupled hydro-mechanical behaviour, the u-w-p formulation is rarely employed in numerical simulation as it is computationally expensive. Alternative choices are the u-w, u-p, and u-U formulations (U denotes the absolute displacement of the pore water). In particular, the u-p formulation is widely adopted as it results in the fewest unknowns, but it is derived by ignoring terms related to pore water inertial forces, limiting its validity for high frequencies and large permeability values [47,48]. As a compromise, this study employs the u-w formulation, in which the relative displacement of the pore water is defined as w = n(U-u) [46,49]. It fully satisfies Biot’s theory like the u-w-p formulation, while leading to fewer unknows. 
[bookmark: _Hlk172914475]The water flow relative to the solid skeleton through the pores is assumed to follow the Poiseuille type. The dynamic governing equations of a saturated poroelastic medium are expressed as, 

                   (1a)

                        (1b)


[bookmark: OLE_LINK302][bookmark: OLE_LINK303][bookmark: _Hlk130724010][bookmark: _Hlk130503318]where u and w are the primary field variables, with i, j = x, y, and z; ρ = (1–n)ρs+nρf denotes the mass density of the saturated soil, where ρs and ρf are the mass densities of the soil grain and pore water, respectively, and n is the porosity; μ and λ are the Lame constants of the solid skeleton, and in the frequency domain, the hysteretic damping can be introduced by replacing μ and λ with their complex counterparts, i.e., μ* = μ(1+2iζs) and λ* = λ(1+2iζs), where ζs is the damping ratio of the soil; the two parameters α = 1–Kd/Ks and M = Ks2/(Kb–Kd) [31,50] represent the compressibility of the solid grain and pore water, respectively, where Kb = Ks[1+n(Ks/Kf–1)], with Ks and Kf being the bulk moduli of the soil grain and pore water, respectively, and Kd = 2μ(1+υs)/3(1-2υs) is the bulk modulus of the solid skeleton, with υs being the Poisson’s ratio; the parameter  [31,46] is related to the inertial interaction of the solid skeleton and pore water, where  = 0.5 for a solid skeleton packed with spherical solid grains [31]; the parameter b = ρfg/k [46,51] is related to the viscous interaction of the solid skeleton and pore water, where g is the gravity acceleration and k is soil permeability.

3. Problem statement and the solution
[bookmark: _Hlk173053600]The model of twin circular tunnels embedded in a horizontally layered half-space is illustrated in Fig.1, in which r and d, respectively, denote the outer radius and buried depth of the twin tunnels, L denotes the distance between centers of the twin tunnels, and H denotes the thickness of the saturated poroelastic soil layers (two-phase media), which overlie the elastic bedrock (a single-phase medium). The tunnels and the surrounding soil are fully bonded. A stress-free condition applies at the ground surface (S0), and impermeable conditions apply along the soil-tunnel interfaces (S1 and S2), as well as the interface between the saturated soil layer and the elastic bedrock (Sb). Harmonic plane SV and P1 waves are obliquely incident from the bedrock. The direction of the incident seismic waves is described by two angles: the horizontal angle of incidence θh is the angle between the y-axis and the projection of the propagation direction of the incident waves in the x-o-y plane (θh = 90° corresponds to a plane stain scenario), and the vertical angle of incidence θv is the angle between the z-axis and the propagation direction of the incident waves (θv = 0° corresponds to a vertical incidence scenario). 

[bookmark: _Hlk172104706][image: ]
Fig. 1. The 2.5D finite element and boundary element hybrid model for twin circular tunnels in a horizontally layered half-space subjected to obliquely incident seismic waves. 

[bookmark: _Hlk173053672][bookmark: _Hlk171422522][bookmark: _Hlk173055305]The direction of the incident seismic waves is not perpendicular to the tunnel longitudinal axes, rendering the wave scattering by the twin tunnels a three-dimensional feature. Consider a longitudinally invariant soil-tunnel system with the longitudinal axes of the twin tunnels being parallel to the y-axis. The 2.5D FE-BE hybrid model can address problems involving arbitrary horizontal angles of incidence, namely, three-dimensional scattering of obliquely incident seismic waves by the twin tunnels. The 2.5D finite elements and boundary elements have degrees of freedom in the y-direction, allowing them to simulate movement in the longitudinal direction. By applying Fourier transforms between the y coordinate and the wavenumber ky, the associated three-dimensional problem can be addressed using a two-dimensional cross section [52-55], thus considerably reducing computational costs compared to a fully three-dimensional model.
For the linear elastic case considered in this study, the twin tunnels are modelled with finite elements, the horizontally layered half-space is modelled with boundary elements, and the finite element mesh matches the boundary element mesh along the soil-tunnel interfaces. The boundary element model can exactly satisfy the radiation condition at infinity. Although artificial boundaries can be introduced into finite element models, those for saturated poroelastic media are usually approximate, adopting assumptions of infinite or zero permeability [56]. Moreover, the boundary element method offers the advantage of simulating an oblique incidence scenario, whereas the input of oblique waves needs extra effort in finite element simulation (e.g., [57]), especially for a saturated poroelastic case. 

3.1 Modelling of the twin tunnels 
The twin tunnels are modelled with 2.5D finite elements, which have four nodes with three degrees of freedom per node, namely the translational displacements in the x-, y- and z-directions. The equilibrium equation of the 2.5D finite elements is [58],

                         (2)
where the superimposed “~” denotes variables in wavenumber domains, which are obtained by the Fourier transform on the y coordinate, converting it to the wavenumber the wavenumber ky.

                       (3)
The nodal displacement vector.

                     (4)
The mass matrix, 

                                 (5)
where ρt is the mass density of the tunnel lining, N(x, z) is the shape function matrix.
The stiffness matrices, 



, , and       (6)
where B1 = L1N and B2 = L2N are the strain matrices, with


,                    (7)
and D* = (1+2iζt)D, with D being the elastic constitutive matrix of the tunnel lining, ζt being the damping ratio, and i being the imaginary unit.
The nodal force vector, 

                                 (8)

where  collects the unknown distributed loads acting on the tunnel lining along the soil-tunnel interfaces. 
The overall finite element equation of the twin tunnels can be expressed as, 

                             (9)
where the subscript “s” denotes the nodes along the outer edges of the tunnel linings, and the subscript “i” denotes the nodes along the inner edges of the tunnel linings. The nodal displacements obtained from Eq. (9) are in the wavenumber domain, and their corresponding results in the space domain are obtained by the inverse Fourier transform. 

                      (10)

3.2 Modelling of the half-space
[bookmark: _Hlk171437212]The total wave field in the half-space is a superposition of the free wave field and the scattered wave field. 

3.2.1 Solution of the free wave field
The displacements of the solid skeleton and the relative displacements of the pore water are expressed as, 

                  (11a)

                 (11b)




where the superscript “f” denotes the free wave field.  and  represent the displacement amplitudes in the wavenumber domain (see Appendix A), the wavenumbers  and , with cR being the wave velocity of the bedrock. The total stresses of the saturated poroelastic soil σij and the pore water pressure p can be obtained from the constitutive relations, 

                             (12a)

                                 (12b)
[bookmark: OLE_LINK125]where εij is the strain tensor of the solid skeleton, and e and ξ denote the volume strains of the solid skeleton and pore water, respectively. The tractions in the x-, y-, and z-directions are obtained by,

                     (13)
[bookmark: OLE_LINK52][bookmark: OLE_LINK53]where nx, ny, and nz denote the direction cosines.
The free-field motion is obtained by a dynamic stiffness matrix method. The soil layers overlying the bedrock are divided into several sub-layers according to the boundary element mesh. The overall dynamic stiffness matrix of the layered half-space SP1-P2-SV-SH is constructed by assembling the stiffness matrices of the sub-layers Sj (j = 1, 2, …, l) and the bedrock Sl+1. For the j-th sub-layer, the displacement and stress amplitudes at its top and bottom interfaces are,

     (14a)

    (14b)
[bookmark: _Hlk172542986][bookmark: _Hlk171436912]where AP1j, AP2j, ASVj, and ASHj represent the amplitudes of up-propagating waves, and BP1j, BP2j, BSVj, and BSHj represent the amplitudes of down-propagating waves. The matrix Dj contains coefficients of those wave amplitudes, which are related to wave velocities, wavenumbers, frequencies, and properties of the j-th soil layer and can be obtained from Eqs. (A.1), (A.2), (A.3), and (A.6); similarly, the matrix Ej can be derived from Eq. (12) in combination with Eqs. (A.1), (A.2), (A.3), and (A.6). The dynamic stiffness matrix of the j-th sub-layer is obtained by eliminating the wave amplitude vector.

                               (15)
For the bedrock, the displacement and stress amplitudes at its surface are, 

                    (16a)

                   (16b)
and the dynamic stiffness matrix of the bedrock can be obtained by.  

                             (17)
Once the overall dynamic stiffness matrix SP1-P2-SV-SH is obtained, the displacement amplitudes at the interfaces of each sub-layer can be solved by, 

                               (18)


where the vector  collects the loads induced by seismic waves incident from the bedrock. Additionally, in order to apply an impermeable interface between the saturated soil layer and bedrock, i.e., , the associated diagonal element in the stiffness matrix SP1-P2-SV-SH is set to unity, and the other elements in the same row and column are set to zero. Then, the amplitudes of the up-going and down-going waves are determined from Eq. (14). Finally, the harmonic free-field displacements and tractions are obtained by Eqs. (11) and (13) with substituting these wave amplitudes.

3.2.2 Solution of the scattered wave field 
The scattered wave field is solved by a 2.5D boundary element method based on half-space Green’s functions for moving line loads. The boundaries along the soil-tunnel interfaces are discretized with line elements, and each element has two nodes. The scattered-field displacements and tractions are expressed as,

                  (19a)

                 (19b)

                  (19c)
















where , , , and  are unknown distributed moving loads acting on the j-th boundary element; , , and  (i = x, y, z) represent displacement Green’s functions of the solid skeleton for unit moving line loads in the x-, y-, and z-directions acting on the j-th boundary element, respectively, and  represents displacement Green’s functions of the solid skeleton for unit moving line load normal to the j-th boundary element; analogously, , , , and  represent relative displacement Green’s functions of the pore water, and , , , and  represent traction Green’s functions.
The unit line loads moving along the positive y-axis are, 

                (20)
where Px0 = Py0 = Pz0 = Pf0 = 1, γ is the angle between the boundary element and the positive x-axis, and ca = cR/cosθhsinθv is the velocity of the loads. Transforming these moving line loads into the frequency-wavenumber domain by Fourier transforms gives,

            (21)
where kx and ky are wavenumbers in the x- and y-directions, respectively. 
The calculation of the Green’s functions for the moving line loads is as follows. First, the top and bottom interfaces of the sub-layer where the loaded boundary element locates are assumed to be fixed. The harmonic response of this fixed sub-layer satisfies the equilibrium equations (Eq. (1)) with the moving line loads, 

                 (22a)

             (22b)

                (22c)

    (22d)

           (22e)

     (22f)

where . The particular solutions of Eq. (22) are,

                  (23a)

                  (23b)
















where the coefficients ai and bi can be determined by the equations in Appendix B. The particular solutions of the displacements at the top and bottom interfaces of the fixed sub-layer are denoted by (z = 0), (z = h), (z = 0), and  (z = h), with h being the thickness of the sub-layer. The particular solutions of the soil stress and pore water pressure ((z = 0), (z = h), (z = 0), and (z = h)) can be obtained from the constitutive relations (Eq. 12). Since the sub-layer is fixed, the homogeneous solutions of the displacements at its top and bottom interfaces equal the negative values of the particular solutions, namely  = ,  = ,  = , and  = . In addition, reaction forces are generated at the top and bottom interfaces of the fixed sub-layer,

                  (24)

where S is the dynamic stiffness matrix of the fixed sub-layer. To eliminate the fixing effect, the negative values of the reaction forces  are imposed on the top and bottom interfaces of the corresponding sub-layer, and the dynamic response of the half-space to the negative reaction forces can be solved by Eq. (18), with substituting the corresponding free-field parameters by the scattered-field ones. Finally, the Green’s functions in the space domain are obtained by inverse Fourier transforms. The displacement and traction Green’s functions in the sub-layer (where the loaded boundary element locates) are,

            (25a)

           (25b)

             (25c)
[bookmark: OLE_LINK76][bookmark: _Hlk172131796]where i = x, y, z, denotes the direction of the displacements and tractions, j = x, y, z, f denotes the direction of the unit moving line loads, and the superscripts “p, h, and r” represent the particular, homogeneous, and reaction solutions, respectively. It is worth mentioning that the integral of ky in Eq. (25) is performed analytically taking advantage of the δ-function, thus reducing the original double inverse Fourier transforms to a single integral calculation. The accuracy of the boundary element method heavily depends on the integral calculation of the wavenumber kx. The numerical integration strategy is frequency-dependent: higher excitation frequencies typically require larger truncated wavenumbers and smaller integration steps, which can be determined through case-by-case sensitivity testing. 

3.3 Solution of the soil-tunnel interaction 
[bookmark: _Hlk172149824]The finite element discretization of the twin tunnels follows the boundary element mesh along the soil-tunnel interfaces. To accurately represent wave transmission, it is necessary to ensure that the element size is sufficiently small relative to the transmitted wavelengths. Typically, the finite element side length should be smaller than one-tenth to one-eighth of the smallest wavelength in the direction of propagation [59], and the boundary element length should be smaller than one-sixteenth of the smallest wavelength [60]. Accordingly, in this study, the length of both finite elements and boundary elements is set to be smaller than one-sixteenth of the shear wavelength. 
The finite elements and boundary elements are coupled through the displacement compatibility and traction equilibrium conditions,

                            (26a)

                           (26b)
where the superscripts “1 and 2” denote the finite element response and the boundary element response, respectively, and N is the number of the coupled finite and boundary elements. For the j-th boundary element, the element response is obtained by a superposition of the free-field and scattered-field response, 

                                 (27a)

                                 (27b)
where the superscripts “f and s” denote the free and scattered wave fields, respectively. For the j-th finite element, its displacements and tractions are expressed as, 

                       (28a)

                       (28b)







where , , and  are displacement response functions of the j-th finite element, and , , and  are traction response functions, with i = x, y, z denoting the direction of the displacements and tractions. These response functions represent the element response induced by unit moving line loads acting on each finite element along the soil-tunnel interfaces, and the subscripts “x, y, and z” denote the directions of the unit moving line loads. The response functions can be calculated by Eq. (9), by substituting the corresponding elements in the vector  with unit moving line loads and setting the others to be zero. Once the nodal displacements of the finite element mesh are determined, the displacement and traction response functions can be obtained by averaging the nodal displacements and nodal tractions of each finite element, respectively. 
In addition to the displacement compatibility and traction equilibrium conditions, the impermeable condition along the soil-tunnel interfaces applies, 

                          (29)
where wn is the relative displacement of the pore water normal to the soil-tunnel interfaces. Combining Eqs. (26), (27), (28), and (29) yield the equilibrium equation of a pair of coupled finite and boundary elements, 

                          (30)




[bookmark: OLE_LINK346][bookmark: OLE_LINK347]in which Ruj and Rtj are fully populated matrices of size 3×3N, collecting the displacement and traction response functions, Guj and Gtj are fully populated matrices of size 3×4N, collecting the displacement and traction Green’s functions, and Gwnj is a fully populated matrix of size 1×4N, collecting the relative displacement Green’s functions. Accordingly, N pairs of coupled finite and boundary elements result in a set of 7N×7N equations, from which the unknown load vectors  and  can be determined. Finally, the harmonic response of the twin tunnels and the half-space can be obtained by substituting  and  into Eqs. (9) and (19), respectively. 

4. Verification
The correctness and accuracy of the 2.5D FE-BE hybrid model for predicting ground motion amplification by twin tunnels in saturated poroelastic half-spaces subjected to obliquely incident seismic waves are demonstrated through the following three exercises.

4.1 Ground motion above a circular cavity
Fig. 2 shows the comparison of ground surface displacements above a circular cavity in a uniform viscoelastic half-space obtained by the 2.5D FE-BE hybrid model with those obtained by de Barros and Luco [52] using an indirect boundary integral equation method. The ratio of the buried depth of the cavity to its radius is d/r = 2. The uniform viscoelastic half-space is characterized by a damping ratio of 0.01 and a Poisson’s ratio of 1/3. Harmonic plane P waves of a dimensionless frequency 2rf/cs = 0.5 are incident with the vertical angle of incidence θv = 45° and the horizontal angle of incidence θh = 0°, 30°, 60°, 90°. To consider a cavity case, the material parameters of the tunnel lining elements are set to be the same as those of the half-space. In addition, the soil parameters associated with the pore water (ρf, n, α, M, m, and b) are set to zero to model a single-phase medium. In Fig 2, the ground surface displacements ux, uy, and uz are normalised by amplitudes of the incident seismic waves. The agreements in the ground surface displacements between this paper and the literature [52] indicate that the 2.5D FE-BE hybrid model can accurately simulate scattering of obliquely incident seismic waves by a circular cavity in viscoelastic half-spaces. 

[image: ]
[bookmark: _Hlk130680736]Fig. 2. Comparison of ground surface displacements above a circular cavity in a uniform viscoelastic half-space for obliquely incident P waves with those in [52].

4.2 Ground motion above twin circular cavities
Fig. 3 shows the comparison of ground surface displacements above twin circular cavities in saturated poroelastic soil by the 2.5D FE-BE hybrid model with the results by Liang et al [44] using an indirect boundary element method. The twin cavities have a radius of 5 m, their buried depth is 10 m, and the distance between centers of the twin cavities is 25 m. The saturated soil layer has a thickness of 20 m, with μ = 216 MPa, ρs = 2400 kg/m3, ρf = 2400 kg/m3, υs = 0.25, ζs = 0.05, n = 0.3, α = 0.8287, M = 2490 MPa, m = 7222 kg/m3, and b = 0 (i.e., an infinite soil permeability scenario). The material parameters of the elastic bedrock are μ = 5400 MPa, ρs = 2400 kg/m3, υs = 0.25, and ζs = 0.05. Harmonic plane SH waves of a frequency f = 15 Hz are incident from the bedrock with θv = 45° and θh = 45°. As shown in Fig. 3, the two solutions in this paper and the literature [44] are in good agreement, indicating the accuracy of the 2.5D FE-BE hybrid model for simulating of wave scattering by twin cavities in saturated poroelastic soil. 
[image: ]
Fig. 3. Comparison of ground surface displacements above twin circular cavities in saturated poroelastic soil for obliquely incident SH waves with those in [44]. 

4.3 Ground motion above twin circular tunnels

[bookmark: _Hlk172202570][bookmark: _Hlk172200310]To further verify the 2.5D FE-BE hybrid simulation of soil-tunnel interaction in saturated poroelastic soil, ground motion above twin circular tunnels is compared with that obtained by a finite element simulation in PLAXIS v22.01 [61]. The twin tunnels have an outer radius r = 3.3 m, their buried depth d = 12 m, and the distance between centres of the two tunnels L = 13.2 m. The concrete tunnel linings have a thickness of 0.35 m, with an elastic modulus Et = 34.5 GPa, a mass density ρt = 2500 kg/m3, a Poisson’s ratio υt = 0.2, and a damping ratio ζt = 0.02. A saturated poroelastic soil layer with a thickness H = 29 m overlies an elastic bedrock. Material parameters of the saturated poroelastic soil and the elastic bedrock are listed in Table 1. The considered soil-tunnel system has a flexibility ratio  = 122.5, suggesting that the tunnel lining has much lower stiffness than the surrounding soil [62]. Harmonic plane SV waves of a frequency f = 25 Hz are vertically incident from the bedrock (θv = 0° and θh = 90°). 











Table 1
Material parameters of the saturated poroelastic soil and elastic bedrock.
	Saturated poroelastic soil 

	Shear modulus, μ 
	1313 MPa

	Mass density of the solid grain, ρs
	2650 kg/m3

	Mass density of the pore water, ρf
	1000 kg/m3

	Bulk modulus of the soil grain, Ks
	36000 MPa

	Bulk modulus of the pore water, Kf
	2200 MPa

	Poisson’s ratio, υs
	0.25

	Damping ratio, ζs
	0.02

	Porosity, n
	0.34

	Biot’s parameter, α
	0.939

	Biot’s parameter, M
	5841 MPa

	Biot’s parameter, m
	5796 kg/m3

	Biot’s parameter, b
(Permeability, k)
	1.0×108 N·s/m4
(1.0×10-4 m/s)

	
	

	Elastic bedrock

	Shear modulus, μ 
	14114 MPa

	Mass density, ρ
	2089 kg/m3

	Poisson’s ratio, υs
	0.25

	Damping ratio, ζs
	0.02



[bookmark: _Hlk172928587][bookmark: _Hlk172562627][bookmark: _Hlk172929193][bookmark: _Hlk172202804]In the FE-BE hybrid simulation, discretization is implemented only along the interfaces between the twin tunnels and the soil. For this numerical example, the soil-tunnel interfaces (S1 and S2 in Fig.1) were discretized into 160 segments, resulting in 80 quadrilateral finite elements for each tunnel lining and 80 line boundary elements along the corresponding soil boundary. In the PLAXIS finite element simulation, each tunnel was discretized with 60 triangular elements, with a perfect bonding between the tunnel lining and the soil. The tied degrees of freedom boundary condition was applied at the two lateral boundaries of the soil-tunnel finite element model, and the compliant boundary condition was applied at the model base. The surface ground displacements stabilized, namely, their amplitudes would not significantly change with increasing the model width, when the width of the finite element model reached 600 m, leading to a total of 37268 triangular elements. The PLAXIS simulation was carried out in two steps: initially, gravity loads were introduced within a static step, and subsequently, dynamic loading was introduced employing the u-p formulation of dynamic consolidation analysis. Harmonic plane SV waves with a frequency f = 25 Hz were introduced at the compliant boundary in terms of a harmonic displacement time history with a period of 1 s and a time step of 0.001s. Note that the ground surface displacements due to the gravity loads were subtracted from the total displacements to facilitate the comparison with the FE-BE hybrid simulation. 
Fig. 4 presents the horizontal and vertical displacements above the twin tunnels in response to the vertically incident SV waves. The ground surface displacements obtained by the FE-BE simulation compare reasonably well with those obtained by the PLAXIS finite element simulation. The slight differences in the displacement amplitudes between the two solutions might be attributed to the different Biot formulations adopted in the two simulations: the u-p formulation is employed in PLAXIS while the FE-BE simulation adopts the u-w formulation. In addition, it is worth mentioning that the calculation took more than 3 hours for the PLAXIS finite element simulation, whereas it took less than 3 minutes for the FE-BE hybrid simulation, indicating an advantage of the FE-BE simulation. 

[image: ]
Fig. 4. Comparison of ground surface displacements above twin circular tunnels in saturated poroelastic soil for vertically incident SV waves between the 2.5D FE-BE simulation and the PLAXIS finite element simulation. 

5. Parametric study
This section parametrically investigates the ground motion amplification induced by twin circular tunnels embedded in saturated poroelastic soil for different angles of incidence, soil permeability, groundwater levels, and saturation states. The parameters of the twin tunnels, saturated poroelastic soil, and elastic bedrock are the same as those in Section 4.3. 


5.1 Effects of the angle of incidence



[bookmark: _Hlk172914944]The ground motion amplification is represented by ratios of ground surface displacements above the twin tunnels to the corresponding free-field ones, namely , , and . The amplification ratios are presented for harmonic plane SV and P1 waves, with different vertical angles of incidence (θv = 0°, 30°, 60°, and 75°) and a horizontal angle of the incidence θh = 45°. The excitation frequency f ranges from 0.01 to 50 Hz, covering frequencies of interest for earthquake engineering. In the following analysis, a dimensionless period η = cs/2rf is introduced to facilitate the application of findings to various tunnel diameters, and the considered frequency range corresponds to dimensionless periods η = 2.6 → ∞. It is worth mentioning that the maximum frequency (i.e., 50 Hz) is lower than the characteristic frequency (fc = bn/(2πρf)) of the saturated poroelastic soil, and thus the parameter b is practically independent of frequency [45,51].



Fig. 5 shows the amplification ratios in -20 ≤ x/r ≤ 20 over the full range of dimensionless periods and for the SV wave case. Fig. 6 shows the same type of results as Fig. 5 but for the P1 wave case. For the vertical incidence scenario (i.e., θv = 0°), the vertical ground motion amplification ratio  is not presented for the SV wave case, and the two horizontal ground motion amplification ratios  and  are not presented for the P1 wave case, since the corresponding free-field displacements are zero under this circumstance. The vertical angle of incidence has a big influence on the ground motion amplification, in terms of the distribution and magnitude. For the vertical incidence scenario, pronounced amplifications or de-amplifications occur right above the twin tunnels. For SV waves with larger vertical angles of incidence, the two horizontal displacements ux and uy tend to be amplified at the illuminated side of the twin tunnels while de-amplified at the shadow side, and a similar phenomenon can also be observed for the P1 wave case and for the horizontal displacements ux. 
[image: ]
Fig. 5. Ground motion amplification for the SV wave case, with the grey shaded area marking the position of the twin tunnels. The different columns are for different vertical angles of incidence θv; the first row shows the horizontal ground motion amplification in the x-direction, the middle row shows the horizontal ground motion amplification in the y-direction, and the bottom row shows the vertical ground motion amplification. 

[image: ]
Fig. 6. Ground motion amplification for the P1 wave case, with the grey shaded area marking the position of the twin tunnels. The different columns are for different vertical angles of incidence θv; the first row shows the horizontal ground motion amplification in the x-direction, the middle row shows the horizontal ground motion amplification in the y-direction, and the bottom row shows the vertical ground motion amplification.

The ground motion amplification patterns in the two horizontal directions (the x- and y- directions) are different, highlighting the significance of considering the three-dimensional scattering features of obliquely incident seismic waves. Especially for the P1 wave case, unlike the horizontal displacements ux, which is significantly de-amplified at the shadow side of the twin tunnels, the horizontal displacements uy can be noticeably amplified at the shadow side. In existing studies, horizontal and vertical ground motion amplification is usually evaluated separately for vertically incident SV and P1 waves. Figs 5 and 6 show that obliquely incident SV waves can also cause noticeable amplifications of the vertical ground motion, and the amplification pattern is distinct from that for vertically incident P1 waves. Similar findings can also be observed from the amplification patterns of the two horizontal ground motions for obliquely incident P1 waves. 
The ground motion amplification pattern is significantly affected by the excitation frequency. As shown in Figs 5 and 6, the influence of the twin tunnels tends to be more pronounced in the smaller dimensionless period range (higher excitation frequencies) and becomes negligible when the dimensionless periods are beyond 13.1, i.e., the excitation frequencies are lower than 10 Hz. In order to evaluate the overall effect of the twin tunnels on the ground motion over the whole frequency range, ratios of root-mean-square (RMS) displacements between the twin-tunnel case and the free-field case are introduced, which are referred to as amplification factors.

                     (31)
[bookmark: _Hlk131442379]Fig. 7 shows the maximum amplification factors for locations in -20 ≤ x/r ≤ 20. The maximum horizontal amplification factor Rx is significantly larger for the P1 wave case than the SV wave case. For the P1 wave case, the maximum Rx is about 1.6 (at x/r = -4.3) for θv = 30°, and it decreases with the vertical angle of incidence, reaching 1.3 (at x/r = -3.8) for θv = 75°. For the SV wave case, the maximum Rx remains close to unity for the different vertical angles of incidence. In contrast to the horizontal amplification factor Rx, the maximum horizontal amplification factor Ry is larger for the SV wave case, and it has a tendency to increase with the vertical angle of incidence. The maximum Ry is about 1.13 (at x/r = -8.2) for the SV wave case with θv = 60°, while it remains close to 1.05 for the P1 wave case. As for the maximum vertical amplification factor Rz, its magnitude is comparable for the two wave cases and the change in the maximum Rz with the vertical angle of incidence is small, within the range of 1.12 to 1.17. It is noteworthy that the vertical incidence scenario always results in smaller amplification factors than the oblique incidence scenario. 

[image: ]
Fig. 7. The maximum amplification factors for SV and P1 waves with different vertical angles of incidence.

5.2 Effects of soil permeability 

Soil permeability is a critical parameter that characterizes the viscous interaction of the solid skeleton and pore water. In this section, a wide range of soil permeability (k = 1.0×10-7~1.0×10-2 m/s) is considered to investigate its influence on the ground motion amplification, and the other soil parameters are the same as those in Table 1. Additionally, fully undrained and drained scenarios are included for comparison. The fully undrained scenario corresponds to extremely low soil permeability, resulting in negligible relative movement between the pore water and solid skeleton. Hence, it can be simulated by a single-phase model, with the mass density of the single-phase medium equal to that of the saturated soil, i.e., ρ = 2089 kg/m3, and the undrained Lame constant λundrained = λ+α2M = 6463.53 MPa [46,51]. The fully drained scenario corresponds to extremely high soil permeability, which can be simulated by setting the permeability related parameter b = 0. This eliminates the first-time derivative of the relative pore water displacement, i.e., , in Equation (1b). 
Figs. 8 and 9 show the ground motion amplification ratios with the dimensionless coordinate for different permeability values and for the SV and P1 wave cases, respectively. The soil permeability affects the ground motion amplification pattern to a certain degree. For the cases of k = 1.0×10-7, 1.0×10-5, and 1.0×10-4 m/s, the ground motion amplification is very close to that for the fully undrained scenario. As the soil permeability increases, the amplification ratios approach those for the fully drained scenario. This effect is more pronounced for smaller dimensionless periods. 

[image: ]
Fig. 8. Ground motion amplification for different soil permeability and for SV waves with θh = 45° and θv = 60°.
[image: ]
Fig. 9. Ground motion amplification for different soil permeability and for P1 waves with θh = 45° and θv = 60°.


[bookmark: _Hlk156568287][bookmark: _Hlk168042050]To elaborate the effects of soil permeability, the ground surface displacements at locations with the maximum amplification ratios for different permeability values are plotted against the dimensionless period, together with their corresponding amplification spectra in Fig. 10, for the SV wave case. The ground surface displacements tend to be larger for smaller permeability values. The displacement spectra can be roughly divided into two groups: those associated with permeability values of k = 1.0×10-7, 1.0×10-5, and 1.0×10-4 m/s are similar to those for the fully undrained scenario, while the displacement spectra for the larger permeability values of 5.0×10-3 and 1.0×10-2 m/s closely resemble those of the fully drained scenario. Although the soil permeability has a big influence on the displacement amplitudes, its influence on the ground motion amplification ratios is insignificant, indicating that a change in the soil permeability can noticeably affect the free-field response, but it barely influences the scattered wave field. For the SV wave case, the twin tunnels generally amplify the horizontal displacement ux in the dimensionless period range of 3.6 and de-amplify it for larger dimensionless periods, and the influence of the twin tunnels on the horizontal displacement ux is negligible when the dimensionless period is beyond 6.6. The horizontal displacement uy tends to be amplified in the dimensionless period range of 4.4. As for the vertical ground motion amplification ratio , notable peaks occur around η = 6.6 as the free-field vertical ground motion at this dimensionless period approaches zero. 


Fig. 11 presents the same type of results as Fig. 10 but for the P1 wave case. The twin tunnels always amplify the horizontal displacements ux and uy in the dimensionless period ranges of 4.4 and 3.3, respectively. In addition, large peaks in the amplification ratios  and  are observed around η = 6.6 due to the corresponding minor free-field horizontal ground motions. The vertical displacement uz tends to be amplified in the dimensionless period range of 3.3 and transitions to de-amplification for the larger dimensionless periods extending to 4.4. 
[image: ]
Fig. 10. (a) Ground surface displacements at locations with the maximum amplification ratios, where the annotations show their dimensionless coordinates; (b) the amplification ratios for different soil permeability and for SV waves with θh = 45° and θv = 60°.

[image: ]
Fig. 11. (a) Ground surface displacements at locations with the maximum amplification ratios, where the annotations show their dimensionless coordinates; (b) the amplification ratios for different soil permeability and for P1 waves with θh = 45° and θv = 60°.

[bookmark: _Hlk172410100][bookmark: _Hlk172410185][bookmark: _Hlk172410366][bookmark: _Hlk172410258]The effects of soil permeability on the ground motion amplification over the whole dimensionless period range are quantified by the amplification factors Rx, Ry, and Rz. Fig. 12 shows the maximum amplification factors for different permeability values, and for SV and P1 waves with different vertical angles of incidence. For a given soil permeability value, the maximum amplification factors vary significantly with the vertical angle of incidence. This is because obliquely incident seismic waves strike the twin tunnels at different angles, resulting in distinct patterns of wave scattering and reflection. However, since the influence of soil permeability on the scattered wave field is rather limited, the differences in the maximum amplification factors between different permeability values are minimal for a given vertical angle of incidence. Generally, the maximum amplification factors are larger for lower permeability values. Nevertheless, due to the complex interaction between the obliquely incident seismic waves and the coupled hydro-mechanical behaviour of saturated poroelastic soil, exceptions are found for the SV wave case with a large vertical angle of incidence (θv = 75°), where the maximum horizontal amplification factors Rx and Ry are greater for the high soil permeability case of 1.0×10-2 and the fully drained case (i.e., extremely large permeability values).

[image: ]
Fig. 12. The maximum amplification factors for different soil permeability and for (a) SV and (b) P1 waves with different vertical angles of incidence.

It is worth mentioning that, although the ground motion amplification pattern for different permeability values remains similar for the examined soi-tunnel system, the soil permeability plays an essential role in wave propagation in saturated poroelastic media. The influence of soil permeability is correlated with the stiffness of the solid skeleton. In this study, the saturated poroelastic soil properties are selected based on experimental data of sandstones [31], which are representative of a stiffer solid skeleton case. However, the effects of soil permeability are expected to be more prominent for softer soil [30]. 

5.3 Effects of groundwater levels
Groundwater levels may change due to seasonal variations or human activities. The effects of groundwater levels on the ground motion amplification are examined in this section by modelling the soil above the groundwater level as a dry poroelastic medium. The material parameters of the dry poroelastic soil are the same as those of the saturated poroelastic soil (Table 1), but those associated to the pore water (ρf, α, M, m, and b) are set to zero. Twelve cases of groundwater levels are considered, namely dw = 0, 1.8, 3.6, 5.4, 8.7, 10, 12, 14, 15.3, 18.6, 24, and 29 m. Fig. 13 illustrates the two particular cases of dw = 8.7 and 15.3 m, corresponding to the groundwater level immediately above and below the twin tunnels, respectively.

[image: ]
Fig. 13. Illustration of the groundwater level at a depth of (a) 8.7 and (b) 15.3 m. 




[bookmark: _Hlk172712393][bookmark: _Hlk156570627][bookmark: _Hlk131456583][bookmark: _Hlk131441799][bookmark: _Hlk131456739]Figs. 14 and 15 show the ground motion amplification ratios with the dimensionless coordinate for different groundwater levels and for the SV and P1 wave cases, respectively. To interpret the results more universally and enhance the practical applicability of the findings, the groundwater level is expressed in a dimensionless way as dw/d = 0, 0.15, 0.30, 0.45, 0.73, 0.83, 1, 1.17, 1.28, 1.55, 2, and 2.42, where d is the buried depth of the twin tunnels. The groundwater level has a big influence on the ground motion amplification pattern, in terms of its magnitude and distribution. The differences in the amplification ratios for different groundwater levels are frequency-dependant. As the dimensionless period increases (i.e., smaller frequencies) the amplification ratios approach unity, and the effects of the groundwater level becomes minor. However, remarkably large differences in the vertical ground motion amplification ratio  are observed at the dimensionless period η = 6.6 for the SV wave case (Fig. 14(d)). This is because the vertical free-field ground motion is close to zero at that dimensionless period when the groundwater level is higher than dw/d = 1. Analogous explanations apply to the two horizontal ground motion amplification ratios  and  at η = 6.6 for the P1 wave case (Fig. 15(d)). It appears that dw/d = 1, i.e., the groundwater level locates at the centers of the twin tunnels, is a critical case for the considered soil-tunnel system. For dw/d < 1, the ground motion amplification pattern generally resembles that of dw/d = 0 (the fully saturated poroelastic scenario), with slight differences in the magnitude of the amplification ratios. However, significant changes in the ground motion amplification pattern may occur when the groundwater level locates close to dw/d = 1 and as the groundwater level further drops (dw/d > 1), the ground motion amplification pattern progressively approaches that of dw/d = 2.42 (the fully dry poroelastic scenario).
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Fig. 14. Ground motion amplification for different groundwater levels and for SV waves with θh = 45° and θv = 60°.
[bookmark: _Hlk155374129][image: ]
Fig. 15. Ground motion amplification for different groundwater levels and for P1 waves with θh = 45° and θv = 60°.

[bookmark: _Hlk154758862]Fig. 16 shows the ground surface displacements at locations with the maximum amplification ratios and their corresponding amplification spectra against the dimensionless period, for the SV wave case. Fig. 17 shows the same type of results as Fig. 16 but for the P1 wave case. The presence of a groundwater level below the ground surface results in a high contrast in compressibility between the dry soil layer and the saturated soil layer, due to low compressibility of the pore water. Consequently, the ground surface displacements vary significantly with the groundwater level. Moreover, the amplification spectra can be very different for different groundwater levels (Figs. 16(b) and 17(b)), indicating a significant interaction of the twin tunnels and the groundwater level. This effect suggests that there could be a critical groundwater level that leads to the largest ground motion amplification, which will be discussed further below. 












As show in Fig. 16(b), for the SV wave case, the two horizontal ground motion amplification ratios  and  are significantly affected by the groundwater level in the dimensionless period range of 4.4, and then the change in  and  with the groundwater level becomes minor for the larger dimensionless periods. As for the vertical ground motion amplification ratio , the effects of the groundwater level extend to a larger dimensionless period range of 13.1, and the amplification ratio  is generally lager for the groundwater level dw/d < 1 (i.e., the groundwater level locates above the centers of the twin tunnels). For the P1 wave case (Fig. 17(b)), the two horizontal ground motion amplification ratios  and  for dw/d = 2.42 have remarkably large peaks at η = 3.1, this is because the corresponding free-field motions approach zero around that dimensionless period. The effects of the groundwater level on  and  are noticeable in the dimensionless period range of 13.1, which are more pronounced for dw/d < 1. The vertical ground motion amplification ratio  varies significantly with the groundwater level. When the groundwater level is close to the surface, the amplification ratio  is larger than unity for η < 3.5, as the groundwater level drops to around the centers of the twin tunnels, the vertical ground motion tends to be amplified in the dimensionless period range of 3.5 to 10, and with the groundwater level further decreasing, the amplification effect shifts back to smaller dimensionless period ranges. 
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Fig. 16. (a) Ground surface displacements at locations with the maximum amplification ratios, where the annotations show their dimensionless coordinates; (b) the amplification ratios for different groundwater levels and for SV waves with θh = 45° and θv = 60°.

[image: ]
Fig. 17. (a) Ground surface displacements at locations with the maximum amplification ratios, where the annotations show their dimensionless coordinates; (b) the amplification ratios for different groundwater levels and for P1 waves with θh = 45° and θv = 60°.

To identify critical groundwater levels that cause the most significant ground motion amplification, Fig. 18 presents the maximum amplification factors as a function of the groundwater level. Fig. 18(a) shows results for the SV wave case with different vertical angles of incidence. The variation of the horizontal amplification factor Rx with the groundwater level is more pronounced for larger vertical angles of incidence, and the largest value of Rx occurs for θv = 75° at dw/d = 1.55. The horizontal amplification factor Ry is generally larger for the larger vertical angles of incidence θv = 60° and 75°. It is large when the groundwater level locates above the twin tunnels (i.e., dw/d < 0.73) and noticeably changes when the groundwater level locates around the tunnel (see the shaded area in Fig. 18(a)). The vertical amplification factor Rz first rapidly decreases as the groundwater level drops and then stabilises, with the transition point going deeper for larger vertical angles of incidence, which is dw/d = 0.73, 1, and 1.28 for θv = 30°, 60°, and 75°, respectively.

[image: ]
Fig. 18. The maximum amplification factors for different groundwater levels (the shaded area marks the location of the twin tunnels), and for SV and P1 waves with different vertical angles of incidence.

For the P1 wave case (Fig. 18(b)), the variation of the maximum amplification factors with the groundwater level is similar for different vertical angles of incidence. The horizontal amplification factor Rx tends to first increase as the groundwater level goes lower and then decreases, with a turning point at dw/d = 0.3. The horizontal amplification factor Ry remains close to unity for the different groundwater levels, and the influence of the vertical angle of incidence is minor. The vertical amplification factor Rz initially increases with the dropping groundwater level, and it reaches the largest value at dw/d = 0.3 before decreasing. The smallest value of Rz occurs at dw/d = 0.83 for θv = 0° and 30°, and at dw/d = 1 for θv = 60° and 75°.
[bookmark: _Hlk163810006]Table 2 summarizes the critical groundwater levels in Fig. 18, which correspond to the groundwater levels resulting in the largest amplification factors for the SV and P1 cases with different vertical angles of incidence. For the SV wave case, the critical groundwater level is a function of the vertical angle of incidence. The horizontal amplification factor Rx tends to be large when the groundwater level is much lower than the twin tunnels, while the horizontal amplification factor Ry and the vertical amplification factor Rz tend to be large when the groundwater level is above the twin tunnels. For the P1 wave case, the critical groundwater level is irrespective of the vertical angle of incidence, and the largest values of Rx, Ry, and Rz always appear when the groundwater level is above the twin tunnels while below the ground surface. 

Table 2
Critical groundwater levels (dw/d) resulting in the largest amplification factors for SV and P1 waves 
with different vertical angles of incidence. 
	θv
	SV waves
	
	P1 waves

	
	Rx
	Ry
	Rz
	
	Rx
	Ry
	Rz

	0°
	2.42 (1.07)
	0.45 (1.05)
	-
	
	-
	-
	0.30 (1.14)

	30°
	2.42 (1.08)
	0.15 (1.08)
	0.15 (1.17)
	
	0.30 (1.65)
	0.45 (1.048)
	0.30 (1.14)

	60°
	1.55 (1.09)
	0.30 (1.13)
	0.00 (1.12)
	
	0.30 (1.37)
	0.45 (1.054)
	0.30(1.15)

	75°
	1.55 (1.10)
	0.45 (1.13)
	0.00 (1.17)
	
	0.30 (1.33)
	0.45 (1.052)
	0.30 (1.16)


Note: The number in brackets represents the largest amplification factor.


5.4 Effects of the degree of saturation
[bookmark: _Hlk131459501]The soil may not always be fully saturated, and this section investigates the effects of the degree of saturation on the ground motion amplification. Assuming the pore air forms small bubbles in the pore water, the air-water mixture can be regarded as homogeneous pore fluid [63,64]. Accordingly, for highly saturated scenarios, partially saturated soil can be modelled by the classic two-phase model based on Biot’s theory, with the air-water mixture bulk modulus [51,65], 

                             (32)
where Sr denotes the degree of saturation and pa represents the absolute pressure. 
Figs. 19 and 20 show the ground motion amplification ratios with the dimensionless coordinate for different saturation states and for the SV and P1 wave cases, respectively. It is assumed that only a small amount of air exists in the pores such that the modified two-phase model can be justified. The degree of saturation can significantly change the ground motion amplification pattern. The differences in the magnitude and distribution of the ground motion amplification ratios are noticeable between the full saturation case (Sr = 1) and the partial saturation cases (Sr = 0.999, 0.99, 0.98, and 0.95). However, the differences among the four partial saturation cases are small. 
[bookmark: _Hlk155375714][image: ]
Fig. 19. Ground motion amplification for different degrees of saturation and for SV waves with θh = 45° and θv = 60°.
[image: ]
Fig. 20. Ground motion amplification for different degrees of saturation and for P1 waves with θh = 45° and θv = 60°.

To further investigate the effects of the saturation state on the ground motion amplification, the ground surface displacements at locations with the maximum amplification ratios for different degrees of saturation, and their corresponding amplification spectra, are presented in Figs. 21 and 22, respectively for the SV and P1 wave cases. In addition to the full and partial saturation scenarios, results for the fully dry poroelastic scenario (i.e., the results for dw/d = 2.42 in Figs. 16 and 17) are also plotted in Figs. 21 and 22 for comparison, which are referred to as the limiting case of Sr = 0. A comparison of the ground surface displacements and the amplification spectra between the cases of Sr = 1 and Sr = 0.999 indicates that even a slight reduction in the degree of saturation can cause significant changes in the ground motion amplification. Nevertheless, further decreases in the degree of saturation barely affect the ground surface displacements, though small differences in the magnitude of the ground motion amplification ratios may be observed in shorter dimensionless period ranges for Sr = 0.999 compared to the cases of Sr = 0.99, 0.98, and 0.95. It is noteworthy that the amplification spectra for the partial saturation scenario (Sr = 0.999, 0.99, 0.98, and 0.95) show a tendency to approach those for the fully dry poroelastic scenario (Sr = 0). 

[image: ]
Fig. 21. (a) Ground surface displacements at locations with the maximum amplification ratios, where the annotations show their dimensionless coordinates; (b) the amplification ratios for different saturation states and for SV waves with θh = 45° and θv = 60°.
[image: ]
Fig. 22. (a) Ground surface displacements at locations with the maximum amplification ratios, where the annotations show their dimensionless coordinates; (b) the amplification ratios for different saturation states and for P1 waves with θh = 45° and θv = 60°.

The influence of the degree of saturation on the ground motion amplification pattern can be interpreted by the change in the soil constrained modulus due to different saturation states,

                               (33)



whererepresents the compressibility of the air-water mixture and can be obtained with the air-water mixture bulk modulus , and thus the soil constrained modulus D is a function of . Table 3 shows the air-water mixture bulk modulus and the corresponding soil constrained modulus for different degrees of saturation, in which the soil constrained modulus for Sr = 0 degenerates to λ+2μ. A slight reduction in the degree of saturation from 1 to 0.999 leads to a remarkable decrease in the air-water mixture bulk modulus from 2200 MPa to 97 MPa and a decrease in the soil constrained modulus from 9090 MPa to 4188 MPa. The soil constrained modulus is an essential parameter relating to the soil properties [30,66]. The significant difference in the soil constrained modulus between the cases of Sr = 1 and 0.999 results in different soil-tunnel interaction, which explains their distinct ground motion amplification patterns. However, the rate of the decrease in the soil constrained modulus with decreasing saturation drops rapidly. For instance, the reduction in the soil constrained modulus exceeds 50% when the degree of saturation changes from 1 to 0.999, whereas the reduction is only 5% when the degree of saturation further decreases to 0.99. Moreover, the soil constrained modulus approaches that for the case of Sr = 0 with the decreasing degree of saturation, explaining the similarity in the amplification spectra of the partial saturation and fully dry poroelastic scenarios. 

Table 3
The air-water mixture bulk modulus and the soil constrained modulus for different 
degrees of saturation.
	Sr
	1
	0.999
	0.99
	0.98
	0.95
	0

	
(MPa)
	2200
	97
	10
	5
	2
	0

	D (MPa)
	9090
	4188
	3965
	3952
	3944
	3939
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Fig. 23. The maximum amplification factors for different degrees of saturation and for SV and P1 waves with different vertical angles of incidence.

Fig. 23 compares the maximum amplification factors for different saturation states. The maximum amplification factors for the partial saturation cases (Sr = 0.999, 0.99, 0.98, and 0.95) are close to those for the fully dry poroelastic case (Sr = 0). The differences in the maximum amplification factors between the full saturation case (Sr = 1) and the partial saturation cases are noticeable and affected by the wave types. For SV waves, the full saturation case tends to result in slightly smaller horizontal ground motion amplification factors in the x-direction than the partial saturation cases, while the vertical ground motion amplification factor is significantly larger for the full saturation case. For P1 waves, the full saturation case always leads to larger amplification factors.

6. Summary and Conclusions
[bookmark: _Hlk171433062][bookmark: _Hlk171431663]The three-dimensional ground motion amplification induced by twin circular tunnels embedded in saturated poroelastic soil for obliquely incident seismic waves is investigated numerically. The soil-tunnel system is considered longitudinally invariant and behaves in a linear viscoelastic manner. The results are presented in the form of ratios of the ground surface displacements above the twin tunnels to the corresponding free-field ones for different vertical angles of incidence, soil permeability, groundwater levels, and saturation states. The principal findings of this study are as follows. 
[bookmark: _Hlk171522716]1. The ground motion amplification distribution for the oblique incidence case is distinct from that of the vertical incidence case, and the amplification patterns of the two horizontal displacements ux and uy are different, which could affect the seismic design, emphasizing the significance of considering the three-dimensional scattering features of the twin tunnels for obliquely incident seismic waves. Moreover, the oblique incidence case tends to cause larger amplification factors than the vertical incidence case. 
2. Soil permeability significantly affects the free-field response: the ground surface displacements are larger for smaller permeability values. However, its effects on the ground motion amplification are minor, suggesting a limited influence on the wave scattering (i.e., the scattered wave field). 
3. The interaction between the twin tunnels and the groundwater level results in distinct ground motion amplification patterns. For this considered soil-tunnel system, the ground motion amplification pattern is close to that for the fully saturated poroelastic scenario (dw/d = 0) when the groundwater level is above the centers of the twin tunnels (dw/d < 1), and it progressively approaches that for the fully dry poroelastic scenario (dw/d = 2.42) as the groundwater level drops below the centers of the twin tunnels (dw/d > 1). The critical groundwater levels, which results in the largest amplification factors, are a function of the vertical angle of incidence for the SV wave case, while for the P1 wave case, the largest amplification factors always appear when the groundwater level is above the twin tunnels but below the ground surface.
4. A slight reduction in the degree of saturation can lead to significant decreases in the soil constrained modulus, which further affects the soil-tunnel interaction, resulting in quite different ground motion amplification patterns for the full and partial saturation scenarios. For the SV wave case, the full saturation scenario leads to smaller horizontal ground motion amplification factors in the x-direction but larger vertical ground motion amplification factors. For the P1 wave case, the full saturation scenario always results in more significant ground motion amplification than the partial saturation scenario. 
[bookmark: _Hlk172712428][bookmark: _Hlk171436320][bookmark: _Hlk172929063]It is concluded that, despite its limitations, this horizontally single-layered and linear viscoelastic model provides useful insights into the ground motion amplification patterns induced by twin circular tunnels embedded in saturated poroelastic soil. More complex models are needed to account for more realistic irregularly stratified effects and nonlinear responses. This study focuses on the effects of saturated poroelastic soil parameters on the ground motion amplification. Our results indicate that the groundwater level and the degree of saturation play a prominent role in this matter. However, ground motion amplification induced by underground tunnels is also affected to a great degree by other factors, such as the location, shape, and size of the tunnels, as well as the soil-tunnel relative stiffness. Therefore, the findings in this paper are only applicable to cases that meet the considered assumptions.
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cp1 and cp2 are the fast and slow compressional-wave velocities of the soil, respectively, and cs is the shear-wave velocity of the soil; the wavenumbers , , and .
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