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Abstract: A new arc consistent viscous-spring artificial boundary (ACVAB) was proposed by changing a 

traditional flat artificial boundary based on the theory of viscous-spring artificial boundaries. Through 

examples, the concept underpinning the establishment, and specific setting of, the boundary in the finite 

element software were described. Through comparison with other commonly used artificial boundaries in an 

example for near-field wave analysis using the two-dimensional (2-d) half-space model, the reliability of the 

ACVAB was verified. Furthermore, the ACVAB was used in the numerical analysis of the effects of an 

earthquake of underground structures. The results were compared with shaking-table test results on 

underground structures. On this basis, the applicability of the ACVAB to a numerical model of the seismic 

response of underground structures was evaluated. The results show that the boundary is superior to common 

viscous-spring boundaries in terms of accuracy and stability, and therefore it can be used to evaluate radiation 

damping effects of seismic response of underground structures and is easier to use. 

Keywords: underground structure; numerical simulation; arc consistent viscous-spring boundary; seismic 

response; artificial boundary. 

1 Introduction 

Given increasing urbanisation, underground rail transit has developed rapidly. Numerical simulation, as 

one of the main methods to study the seismic performance of underground structures at present, can be used 

to reproduce the dynamic characteristics of underground structures under seismic loads. The infinite domain 

(infinite foundation) can be simulated by introducing an artificial boundary (Gao et al., 2021; Song and Wolf, 

1997; Li et al.,2018; Song and Li,2013; Mangiante and Charless,1998), so artificial boundary theory is an 



important basis for seismic analysis and numerical model study of underground structures. In the numerical 

simulation of near-field wave motion, artificial boundary conditions directly affect the accuracy of the 

calculations and a reasonable artificial boundary can simulate the propagation process of waves in an infinite-

domain medium. An ideal artificial boundary should be stable, accurate, efficient, and easy to realise, but 

there are often contradictions among the above characteristics. 

The generalised artificial boundaries are classified into global artificial boundaries and local artificial 

boundaries. Global artificial boundaries are mainly characterised by coupled motion of all boundary nodes 

in space and time and satisfaction of all field equations and mathematical and physical conditions in the 

infinite domain, which can accurately simulate the infinite domain (Teng,2010：Ryabenkii et al.,2001；Liu 

TY ,2010).In the analysis of large-scale, complex wave motion, especially nonlinear generalised structures, 

global artificial boundaries impose a onerous computational burden. The boundary integral equation 

(Guzelbey and Tonuc,2000; Blandford et al.,1981; Dimitri and Beskos,1997), thin-layer method 

(Lysmer,1970; Lysmer and Waas,1972; Kausel et al.,1975), and exact Dirichlet-to-Neumann artificial 

boundaries (Givoli,1999; Ting and Miksis,1986; Givoli and Cohen,1995) are categorised to global artificial 

boundary conditions. Local artificial boundaries allow approximate simulation of the infinite domain. Unlike 

global artificial boundaries, local artificial boundaries are mainly characterised by spatiotemporal decoupling 

(Qiu and Jin,2003), indicating that there is no need to solve simultaneous equations, which greatly reduces 

the amount of calculation required. At present, the main local artificial boundary conditions include a 

Sommerfeld boundary (Vichnevetsky and Pariser,1985;Torre,2006),paraxial axial approximation artificial 

boundary (a Clayton-Engquist boundary)(Robert and Clayton,1980;Robert and Clayton,1977),Higdon 

boundary (Higdon,1992;Higdon,1987;Higdon,1992), multi-transmitting boundary (Wolf and Song,1995; 

Jing et al., 2002;Jing,2004),viscous boundary (Lysmer and Kuhlemeyer,1969; White et al.,1977), and a 

viscous-spring boundary (Deeks et al., 1994). 

The artificial boundaries introduced above are mostly expressed in the form of differential equations of 

boundaries by approximate treatment of wave equations. However, in combination with the explicit finite 

element method, the discrete form is inconvenient to engineering design and there is no obvious advantage 

in its simulation accuracy. By referring to other studies (Sun et al.,2011; Aterman and Karal,1968; Liu et 

al.,2006; WANG and ZHAO,2006), several boundaries, such as viscous boundaries, viscous-spring 

boundaries, consistent viscous-spring boundary elements and remote artificial boundaries, are discrete 



artificial boundary conditions established using approximate solutions to one-sided wave equations. They 

can be easily realised by appropriate finite element analysis software. 

Aterman and Karal (1968) performed numerical simulations on near-field wave motion and compared 

them with concise analytical solutions of integral transformation based on remote artificial boundaries. The 

principle of the remote boundary is that for the problem of near-field wave motion, when the generalised 

structure is far enough from the artificial boundary, the artificial boundary problem can be ignored, that is, 

the artificial boundary can be set arbitrarily. This processing method of the remote artificial boundary has 

still been used to provide accurate solutions hitherto. However, this method runs contrary to the goal of high 

efficiency and is invalid in current engineering design and calculation. The viscous boundary was first studied 

by Lysmer et al. (Lysmer and Kuhlemeyer,1969; White et al.,1977), whose working principle (Liu et al.,2006; 

WANG and ZHAO,2006) is derived based on the assumption that there is no energy reflection at the boundary. 

It is found from the research that the viscous boundary does not permit attenuation of waves in the medium, 

and then does not consider the stiffness recovery of the medium, which is likely to raise problems of structural 

drift and low accuracy. Deek et al. (1994) were the first to propose the expression of the two-dimensional (2-

d) plane strain problem of the viscous-spring boundary. To cope with the problems of structural drift and low 

accuracy in the use of viscous boundaries, Liu (2006) proposed the concept of consistent viscous-spring 

artificial boundary elements based on the cylindrical wave equation. A viscous-spring artificial boundary 

with good elastic recovery performance was established by using discrete spring-dampers at the boundary, 

which overcame the problem of low-frequency instability, indeed resulting in good stability (Gu and 

Liu,2007;Liu et al. 2006;Liu and Lv,1998),At present, the boundary has been widely utilised in finite element 

analysis software, however, when solving the dynamic problem of the complex 2-d semi-infinite domain, the 

section of the viscous-spring boundary is not directly introduced into most finite element analysis software. 

For this reason, researchers need to calculate the parameters of spring-dampers and apply spring-dampers 

one-by-one, requiring significant time in preprocessing. Moreover, in the derivation of the viscous-spring 

artificial boundary, the cylindrical wave assumption is adopted, but the boundary is simplified to a flat 

boundary, which is inconsistent with reality. 

The concentrated viscous-spring dynamic artificial boundary requires onerous preprocessing, is of low 

accuracy and is inconsistent with the cylindrical wave assumption. In view of these problems, a new artificial 

boundary, namely, a 2-d arc consistent viscous-spring artificial boundary element (ACVAB),was established 



based on the theory of consistent viscous-spring artificial boundary and viscous-spring artificial boundary 

element (Liu et al., 2006;Gu and Liu, 2007). Section 1 introduces the concept and realisation method of the 

ACVAB. Section 2 introduces the methods of setting equivalent stiffness and damping. In Section 3, an 

example of near-field wave analysis using the 2D half-space model and an example of the seismic response 

of underground structures are described. Section 4 discusses the results of examples and verifies the accuracy 

of the ACVAB and its applicability to the analysis of the seismic response of underground structures. The 

conclusions are summarised in Section 5. 

2 ACVAB 

2.1 Description of the equivalent viscous-spring artificial boundary 

In the 2-d consistent viscous-spring artificial boundary element, a global stiffness matrix and a damping 

matrix of the model are derived, as shown in Formulae (1) and (2) (Deeks et al.,1994). In the finite element 

analysis software, the consistent viscous-spring artificial boundary is realised by extending a layer of the 

same type of elements along the normal to the outer surface of the established model area, fixing nodes on 

the outer element surface and setting springs and dampers. Based on the equivalence principle of the matrix, 

the consistent stiffness and damping matrixes of the element are transformed into an equivalent stiffness 

matrix and an equivalent damping matrix of the boundary element, thus meeting the requirements of 

resilience and damping on the boundary (Fig. 1). 
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where, KBT, KBN, CBT, and CBN represent the tangential stiffness, normal spring stiffness, tangential damping 

coefficient, and normal damping coefficient, respectively. 

 



 

Fig. 1 Equivalent viscous-spring artificial boundary 

 

2.2 Description of the ACVAB 

When processing the artificial boundary in a semi-infinite domain, to simplify the model, previous 

researchers have mostly adopted the flat artificial boundary (Fig. 1). In the derivation of the viscous-spring 

artificial boundary, the cylindrical wave assumption is used, so it is inconsistent with actual situations when 

simplifying the boundary to be flat. Therefore, a new viscous-spring boundary processing method, that is, 

the ACVAB, was proposed in the present study. 

In the specific setting, first, a finite element model of an arc boundary of radius R is established taking the 

point of action of the scattered wave source as the centre, so that the distance from the wave source to the arc 

boundary remains unchanged. Second, a layer of ordinary elements can be extended along the normal 

direction on the boundary of the established finite element analysis model and the outer boundary is fixed. 

An appropriate material coefficient is given through calculation to replace the original discrete spring-

dampers. The calculation and setting of the coefficient are described in the following section and the model 

is displayed in Fig. 2. 

This method does not need to calculate and arrange spring-dampers one-by-one, which greatly simplifies 

the preprocessing work. Meanwhile, because the radius of the model is fixed, the error caused by the 

approximation of the coefficient of material property is avoided, and the accuracy of the dynamic finite 

element analysis is thus improved. 

3 Setting of equivalent stiffness and damping of the ACVAB 

The artificial boundary introduced in the analysis of dynamic interaction between structures and 

foundations is generally deduced based on the assumption that there is no energy reflected at the boundary, 



such as the viscous boundary (Lysmer and Kuhlemeyer,1969). Based on the assumption that 2D scattered 

waves are cylindrical Deeks (Deeks et al. ,1994) deduced the artificial boundary condition as follows:  

𝐶𝑏 = 𝜌𝑐𝑠，𝐾𝑏 = 𝐺2𝑟𝑏                                         （3） 

where, 𝑟𝑏 represents the coordinates of the artificial boundary in a polar coordinate system; 𝐶𝑏 and 𝐾𝑏 are 

the viscous damper and linear spring applied on the artificial boundary 𝑟 = 𝑟𝑏, respectively; 𝑐𝑠 = √𝐺/𝜌 

denotes the shear wave velocity; and G and 𝜌 separately denote the shear modulus and mass density of the 

medium. 

Based on the cylindrical wave equation, Liu et al. (2006) established a 2-d viscous-spring artificial 

boundary, in which the spring coefficient KB and damping coefficient CB of the equivalent physical system 

are separately expressed as follows: 

Tangential boundary: 

𝐾𝐵𝑇 = 𝛼𝑇 𝐺𝑅 , 𝐶𝐵𝑇 = 𝜌𝑐𝑠,                                       (4) 

Normal boundary 

𝐾𝐵𝑁 = 𝛼𝑁 𝐺𝑅 , 𝐶𝐵𝑁 = 𝜌𝑐𝑃,                                    (5) 

where, 𝐾𝐵𝑁 and 𝐾𝐵𝑇 refer to the normal and tangential stiffness of the spring; R represents the distance 

from the wave source to the artificial boundary point; 𝑐𝑠 and 𝑐𝑃 denote the S-wave and P-wave velocities; 

and 𝛼𝑇   and 𝛼𝑁  denote the parameters of the tangential and normal viscous-spring artificial boundaries, 

respectively. 

As shown in Fig. 2, the artificial boundary element B consists of continuously and uniformly distributed 

springs and dampers. As illustrated in Fig. 3, the displacement shape function of the two-node artificial 

boundary element can be expressed by the linear interpolation function. The springs distributed in the normal 

direction of the element B and the corresponding displacement shape function are shown in Fig. 4. 



 

Fig. 2 The ACVAB model. 

 

 

Fig. 3 Details of the element (the length l of the element is minimised). 

 

Fig. 4 Normal displacement shape function. 

Assuming u and v represent the tangential and normal displacements of the artificial boundary, the 

displacements of nodes i and j of the artificial boundary element are expressed as follows: 



{δ}B = {ui νi uj νj}T                            （6） 

As shown in Fig. 4, the normal displacement shape function of the artificial boundary element is expressed 

as follows: 

Ni(x) = 1 − xl , Nj(x) = xl ,                           （7） 

The tangential displacement shape function is same as the normal displacement shape function. 

The geometry matrix of the artificial boundary element corresponding to Formula (3) is shown as follows: 

[N] = [𝑁𝑖(𝑥) 0 𝑁𝑗(𝑥)0 𝑁𝑖(𝑥) 0  0𝑁𝑗(𝑥)]                       （8） 

The elastic stiffness matrix of springs distributed on the viscous-spring artificial boundary is expressed as 

follows: 

[D] = [𝐾𝐵𝑇 00 𝐾𝐵𝑁]                             （9） 

The stiffness matrix of the viscous-spring artificial boundary element can be derived based on the principle 

of virtual work as follows: 

[K]𝐵 = ∫ [𝑁]𝑇[𝐷][𝑁]𝑑𝑥𝑙0                               （10） 

By substituting Formulae (8) and (9) into Formula (10), the stiffness matrix of the consistent viscous-

spring artificial boundary element is obtained: 

[K]𝐵 = 𝑙6 [ 2𝐾𝐵𝑇 0 𝐾𝐵𝑇0 2𝐾𝐵𝑇 0𝐾𝐵𝑇 0 𝐾𝐵𝑇  0𝐾𝐵𝑁0   0    𝐾𝐵𝑁    0  2𝐾𝐵𝑁  ]                       （11） 

Through the same steps to form the stiffness matrix of the consistent viscous-spring boundary element, the 

damping matrix of the 2-d consistent viscous-spring boundary element can be attained: 

[C]𝐵 = 𝑙6 [ 2𝐶𝐵𝑇 0 𝐶𝐵𝑇0 2𝐶𝐵𝑇 0𝐶𝐵𝑇 0 𝐶𝐵𝑇  0𝐶𝐵𝑁0   0    𝐶𝐵𝑁    0  2𝐶𝐵𝑁  ]                      （12） 

Formulae (11) and (12) demonstrate the stiffness matrix and damping matrix of the 2-d consistent viscous-

spring artificial boundary element. When the arc viscous-spring boundary is segmented into infinite elements 

with the minimum thickness (extremely dense meshing), each element approximates a rectangular element. 

A four-node rectangular element is used to simulate the 2-d ACVAB. As shown in Fig. 5, the displacement 

shape function of the element is described as follows: 



𝑁𝑖 = 14 (1 − 2𝑥𝑙 ) (1 + 2𝑦ℎ )，𝑁𝑗 = 14 (1 + 2𝑥𝑙 ) (1 + 2𝑦ℎ )，𝑁𝑘 = 14 (1 + 2𝑥𝑙 ) (1 − 2𝑦ℎ )，𝑁𝑙 =
14 (1 − 2𝑥𝑙 ) (1 − 2𝑦ℎ )，                                                          (13) 

 

Fig. 5 Rectangular finite element. 

where, l and h represent the side length and the extended thickness of the element, respectively; i, j, k, and l 

represent the nodes of the element, of which i and j indicate the nodes of the aforementioned consistent 

viscous-spring artificial boundary: because nodes l and k of the element are fixed, the explicit expression of 

the stiffness matrix of plane strain can be found, thus giving the equivalent stiffness matrix of the element 

corresponding to two nodes i and j： 

[�̃�] = 𝑙�̃�2ℎ
[  
   
 2ℎ2𝑐�̃�23𝑙2 + 2𝑐�̃�23 ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙 2𝑐�̃�23 + 2ℎ2𝑐�̃�23𝑙2  − 2ℎ2𝑐�̃�23𝑙2 + 𝑐�̃�23 − ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙 𝑐�̃�23 − 2ℎ2𝑐�̃�23𝑙2− 2ℎ2𝑐�̃�23𝑙2 + 𝑐�̃�23 ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙− ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙 𝑐�̃�23 − 2ℎ2𝑐�̃�23𝑙2   2ℎ2𝑐�̃�23𝑙2 + 2𝑐�̃�23 − ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙− ℎ(3𝑐�̃�2−𝑐�̃�2)/2𝑙 2𝑐�̃�23 + 2ℎ2𝑐�̃�23𝑙2 ]  

   
 
         （14） 

where, �̃� represents the mass density of the equivalent element; 𝑐�̃� and 𝑐�̃� indicate the S-wave and P-wave 

velocities of the medium of the equivalent element. 

When the thickness of the artificial boundary zone is h ≈ 0, the stiffness matrix is approximated as follows: 

[�̃�] = 𝑙�̃�6ℎ [  
  2𝑐�̃�2 00 2𝑐�̃�2 𝑐�̃�2 00 𝑐�̃�2𝑐�̃�2 00 𝑐�̃�2  2𝑐�̃�2 00 2𝑐�̃�2]  

  
                         （15） 

By comparing Formulae (15) and (11)： 

   [�̃�] = [K]𝐵                                  （16） 



{ρ̃𝑐�̃�2 = h𝐾𝐵𝑇ρ̃𝑐�̃�2 = h𝐾𝐵𝑁                                 （17） 

according to the following definitions of S-wave and P-wave velocities, 

{ ρ𝑐𝑆2 = Gρ𝑐𝑃2 = 𝐸(1−𝑣)(1+𝑣)(1−2𝑣)                            （18） 

The equivalent shear modulus and elastic modulus of the boundary element are obtained as follows: 

{ G̃ = h𝐾𝐵𝑇 = 𝛼𝑇ℎ 𝐺𝑅Ẽ = (1+�̃�)(1−2�̃�)(1−�̃�) h𝐾𝐵𝑁 = 𝛼𝑁ℎ 𝐺𝑅 ∙ (1+�̃�)(1−2�̃�)(1−�̃�)                  （19） 

where, G̃ , Ẽ , and �̃�  denote the equivalent shear modulus, equivalent elastic modulus and equivalent 

Poisson’s ratio of the equivalent viscous-spring boundary element, respectively; h, R, and G refer to the 

thickness of the equivalent element, distance from source of the wave to the artificial boundary point and 

shear modulus of the medium, respectively. 

The damping matrix of the equivalent boundary element is formed by using damping proportional to the 

stiffness, and then let 

[C]𝐵 = [̃ ] [𝐾]𝐵                                        (20) 
and 

[̃ ] = [  
  ̃ 𝐵𝑇 00 ̃ 𝐵𝑁

0 00 0
0 00 0 ̃ 𝐵𝑇 00 ̃ 𝐵𝑁]  

  
                           (21) 

where, ̃ 𝐵𝑇  and ̃ 𝐵𝑁 separately represent the scale factors related to tangential and normal stiffness. By 

substituting Formulae (11) and (12) into Formula (21), the following formula is obtained. 

̃ 𝐵𝑇 = 𝐶𝐵𝑇𝐾𝐵𝑇 = 𝜌𝑐𝑠𝑅𝛼𝑇𝐺                                   (22) 
̃ 𝐵𝑁 = 𝐶𝐵𝑁𝐾𝐵𝑁 = 𝜌𝑐𝜌𝑅𝛼𝑁𝐺                                   (23) 

To realise the boundary element in a convenient manner, the damping scale coefficient of the equivalent 

element is set as the average of the parameters in two directions. 

̃ = 𝜌𝑅2𝐺 ( 𝑐𝑠𝛼𝑇 + 𝑐𝑃𝛼𝑁)                                (24)    



4 Example verification 

4.1 Example for near-field wave analysis using the 2-d half-space model 

To verify the accuracy of the ACVAB proposed in this study, an example of near-field wave analysis using 

the 2-d half-space model was compared with other commonly used artificial boundaries. When modelling 

the ACVAB, a semicircular near-field observation area with a radius of 50 m was taken, a layer of elements 

with the unit thickness was extended around the model, and the nodes on the outer layer were fixed. The 

medium of the elastic semi-infinite domain was selected for research, and the density of the medium, Young’s 

modulus, and Poisson’s ratio were 2000 kg/m3, 20 MPa, and 0.3, respectively. Considering the Rayleigh 

damping of the medium, a = 0.616 and β = 0.000312. The coefficient of the material property of the arc 

viscous-spring element is calculated by referring to Formulae (19) and (24). Half of a sinusoidal pulse at a 

frequency of 1 Hz was applied at the centre and surface points A at the axis of symmetry and B at a burial 

depth of 10 m were taken as points for observation. The 2-d half-space model for near-field wave analysis is 

shown in Fig. 6. To verify the effects of the ACVAB, multiple models including the concentrated viscous 

boundary, ACVAB, concentrated viscous-spring boundary, fixed boundary, and remote boundary were also 

established for comparisons. 

 

Fig. 6 2-d half-space model   

4.2 Example for seismic response of underground structures 

To assess the applicability of the ACVAB proposed in this research to the seismic analysis of underground 

structures, a numerical model for the seismic response of underground structures was built based on the 

ACVAB. The model results were compared with data from shaking table tests (Quan et al.,2020), thus 

allowing the analyst to determine whether the boundary is applicable to the analysis of radiation damping 

effects in the seismic response of underground structures. 

4.2.1 Description of project background 



The geomorphic unit of Xi’an Feitian Road station belongs to the second and third grade loess tableland. 

The lithologic characteristics of the site strata are summarised in Appendix 1 and Appendix 2. The table is 

arranged from top to bottom according to the order of soil layers from shallow to deep. The underground 

subway station is a reinforced concrete structure with a total height of 14.01 m and a total width of 19.2 m. 

The longitudinal spacing of the center pillar is 9 m. The cross-section of the center pillar measures 0.8 m × 

1.2 m. The depth of soil above the roof is 3.459 m. The density of concrete ρ is 2.5 g/cm3, its modulus of 

elasticity E is 35 GPa, and Poisson’s ratio ν is 0.15. A typical cross-section is shown in Fig. 7. 

The station is located in Chang’an district of Xi’an city. The site type in this area is class II, the basic 

seismic intensity is 8 degrees, and the characteristic period of the seismic response spectrum is 0.4 s.  

 

Fig. 7 Schematic diagram of a typical cross-section (dim.: mm) 

4.2.2 Description of calculation model 

Due to the length of the Feitian Station, the three-dimensional dynamic interaction system of the loess 

subway underground structure was considered as a two-dimensional plane strain problem in seismic analysis 

by the time-history analysis method. The typical section of the loess site and subway underground structure 

was numerically simulated, and the model was established as shown in Fig. 8. 

 
Fig. 8 Schematic representation of the time-history analysis calculation model. 

The ACVAB proposed in this paper is adopted as the artificial boundary of the calculation model. TAFT 



waves are chosen as the incident seismic waves, and the seismic fluctuation input problem is transformed 

into a wave source problem to realise the seismic wave input (Liu JB and Lv YD,1998). The plastic damage 

model of concrete in ABAQUS finite element analysis software was adopted to simulate the mechanical 

behaviour of the prototype subway station concrete. The CPE4R element was used for on-site soil and the 

CPE4 element was used to model the subway station structure. The initial stress on the soil was calculated 

using the geostatic module in ABAQUS. To simulate the in-situ stress on the soil and how it affects the 

adjacent underground structure, the model states of excavation, support, construction of underground 

structure, and backfilling were established to simulate the construction process of this subway station, and 

the stress state in the soil after construction was taken as the initial stress field for the later dynamic analysis. 

5 Results and discussion 

5.1 Comparison and discussion of the results of the example for near-field wave analysis using the 

2-d half-space model 

To validate the accuracy of the 2-d ACVAB, the displacements of observation points on each boundary 

model were compared and analysed. A remote boundary with complex modelling, low calculation efficiency, 

and optimal simulation effects was taken as the standard solution to seek an the artificial boundary with 

accuracy approaching the remote boundary and high modelling efficiency and calculation efficiency. As 

shown in Fig. 9, due to reflection-induced interference, the fixed boundary model differs greatly from the 

standard solution obtained by the remote boundary and cannot reflect the actual propagation of waves in the 

semi-infinite domain medium. In the model of the concentrated viscous-spring boundary, the reflection of 

waves is reduced, but there is a significant downward drift in the middle and rear sections, so it is considered 

that its accuracy cannot meet the requirements of engineering practice. For the models of viscous boundaries, 

ACVABs and remote boundaries, after inputting pulse waves, the energy rapidly decreases, showing only 

small fluctuations and being almost completely absorbed by the boundary element, which meets the accuracy 

requirements imposed by engineering practice. Through comparison, the advantages and disadvantages of 

the commonly used artificial boundaries and the ACVAB proposed in this study are summarised in Table 1. 
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（a）                                         (b) 
Fig. 9 Displacement time history of observation points: (a)Point A;(b) Point B. 

Table 1 The advantages and disadvantages of artificial boundaries 

   Type          
Fixed 

boundary 

Concentrated 

viscous boundary 

Concentrated 

viscous-spring 

boundary 

Remote 

boundary 

ACVAB 

 

effect of wave propagation 

reflection-

induced 

interference 

The energy 

absorption is fast 

and the fluctuation 

is small 

there is a 

significant 

downward drift in 

the middle and 

rear sections 

The energy 

absorption is the 

fastest and the 

fluctuation is the 

smallest 

The energy 

absorption is fast 

and the fluctuation 

is very small 

Difficulty of modeling simple commonly commonly hard simple 

Speed of solution fast commonly commonly very slow fast 

To compare the accuracy of artificial boundaries, Table 2 is obtained by dividing the displacement of 

observation points of each boundary model by the displacement of observation points on the remote boundary 

(standard solutions). After processing the data in Table 2, the factors of accuracy improvement using the 

proposed ACVAB compared with other commonly used artificial boundaries can be determined, as listed in 

Table 3. By combining this with the data in Tables 2 and 3, the accuracy of the ACVAB model increases with 

increasing burial depth. For surface observation point A (used for monitoring displacement), the accuracy of 

the ACVAB is improved by 0.6 to 3.4% compared with other commonly used artificial boundaries. In terms 

of observation point B at the deep part, its accuracy increases by 3.1 to 16.7% in comparison with other 

commonly used artificial boundaries. From the perspective of the mean value, its accuracy increases by 3.5 

to 15.4% on average. In conclusion, it is considered that the calculation accuracy and stability of the ACVAB 

are superior to those of the viscous boundary and concentrated viscous-spring boundary. The accuracy is 

closer to that of the remote boundary, and the setting method is simpler. It is easier to realise this in the finite 

element analysis software. 



Table 2 Comparison of fitting accuracy of time history curve 

Type Fixed boundary 

Concentrated 

viscous boundary 

Concentrated 

viscous-spring 

boundary 

ACVAB 

 Remote 

boundary 

A 0.965 0.992 0.99 0.998 1 

B 0.848 0.96 0.948 0.99 1 

average 0.852 0.95 0.942 0.983 1 

Table 3 The factors of accuracy improvement of ACVAB 

Type Fixed boundary Concentrated viscous boundary Concentrated viscous-spring boundary 

A 3.4% 0.6% 0.8% 

B 16.7% 3.1% 4.4% 

average 15.4% 3.5% 4.4% 

5.2 Comparison and discussion of the results of an example of the seismic response of underground 

structures 

The numerical simulation results of loess-subway stations based on the ACVAB were compared with 

shaking table test results (Quan Det al.,2020). Under the action of seismic waves, the acceleration response 

time history of the foundation in the model and corresponding Fourier spectra in the numerical simulation 

and shaking table test were compared, as shown Fig. 10. The comparison of the acceleration time history of 

the structure and corresponding Fourier spectra is shown in Fig. 11. 

   
Fig. 10 Acceleration response of model foundation 

 

Fig. 11 Acceleration response of model structure 

As illustrated in Fig. 10, the waveforms and amplitudes of the acceleration response time history of the 

foundation in the model and the composition characteristics of Fourier spectra recorded in the numerical 

simulation and shaking table test coincided. At a low acceleration, the numerical simulation and test results 



are consistent in terms of waveforms and amplitudes of acceleration response time history of the foundation 

in the model and composition characteristics of Fourier spectra; however, as the acceleration increases, the 

simulated accelerations of the foundation show certain deviation from the test result, with the error within 

15%. This result indicates that the proposed ACVAB can be used to simulate the propagation of seismic 

waves in the soil medium of the semi-infinite domain, which solves the transmission of ground motion energy 

from near-field to far-field areas. 

As demonstrated in Fig. 11, the waveforms and amplitudes of the acceleration response time history of the 

structure in the model and the composition characteristics of Fourier spectra recorded in the numerical 

simulation and shaking-table test are similar. When the acceleration is low, consistent waveforms and 

amplitudes of the acceleration response time history of the structure in the model and composition 

characteristics of Fourier spectra are found in the numerical simulation and test data. As the acceleration rises, 

the numerical simulation shows a certain error (within 25%) from the test results in terms of acceleration, 

which is related to the model of structural materials and accuracy of the processing method for contact 

between the structure and foundation. 

In summary, the numerical simulation based on the ACVAB effectively reduces boundary effects and 

shows high calculation accuracy and efficiency in the simulation of propagation of seismic waves in soil 

mass. This boundary can be used to ascertain radiation damping effects in the calculation of the seismic 

response of structures. 

6 Conclusions 

The concept of a new ACVAB was proposed based on the theory of the consistent viscous-spring artificial 

boundary and viscous-spring artificial boundary element. The establishment ideas of the artificial boundary 

and the implementation method in the finite element analysis software were described, and its applicability 

was studied by analysing numerical examples. 

(1) Considering the error caused by the approximation in the setting of the concentrated viscous-spring 

boundary and the cumbersome preprocessing work, a new artificial boundary, namely, the ACVAB, was 

proposed in this research. The operation of this element model is simpler than that of the concentrated 

viscous-spring boundary, and its high accuracy and good stability were proven by example. 

(2) Through the example of near-field wave analysis using the 2-d half-space model, the ACVAB was 

compared with other commonly used artificial boundaries. The results demonstrate that the boundary with 



high accuracy and a simple setting method is easy to realise in finite element analysis software and improves 

both modelling efficiency and calculation speed. 

(3) The numerical simulation results pertaining to loess and subway stations therein based on the ACVAB 

were compared with shaking table test results. The results show that the ACVAB can reduce boundary effects 

and simulate the propagation of seismic waves in a soil medium forming a semi-infinite domain, which 

favourably solves the transmission of ground motion energy from near-field to far-field areas. It can be used 

to analyse radiation damping effects in the calculation of the seismic response of underground structures. 
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