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1. Introduction 
 

The seismic behavior of tunnels is of great concern since 

severe damages to tunnels are reported in recent 

earthquakes (Wang and Zhang, 2013, Yu et al. 2016). 

Among the existing methods, the numerical procedures are 

widely used to estimate the seismic performance of tunnels. 

To some extent, these approaches generally provide a good 

prediction of the tunnel behavior. However, some 

uncertainties still exist associated with the behavior of a 

tunnel under an earthquake loading which requires an 

analysis to consider the range of possible responses 

(Hardyniec and Charney 2015). Important uncertainties 

include the material constitutive relations, the soil-tunnel 

interaction, the input ground motions, the rock or soil 

properties, and the damping models. Many studies have 

been performed to understand the effect of the first three of 

type of uncertainties on the seismic behavior of tunnels 

(Cilingir and Madabhushi 2011, Hatzigeorgiou and Beskos 

2010, Liu et al. 2015, Kontoe et al. 2011, Sedarat et al. 

2009, Sevim 2013, Sun and Dias 2019a, b, Sun et al. 2016a, 

2019, Zhang et al. 2017). However, little attention was 

given to the viscous damping effect. 

By summarizing the recent numerical Round Robin on 

Tunnel Tests (RRTT), Bilotta et al. (2014) concluded that 

the different numerical predictions of five research groups  
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(Amorosi et al. 2014, Conti et al. 2014, Gomes 2014, 

Hleibieh et al. 2014, Tsinidis et al. 2014), the uncertainty in 

the small strain viscous damping parameters had a 

significant effect, besides the constitutive models of soil. 

Manica et al. (2014) found that the damping models in 

FLAC had a significant impact on the free field response in 

Mexico city. Importantly, the effect was more evident in the 

elastic cases (Kwok, et al. 2007). Detailed investigations 

were done to discuss the influence of viscous damping 

(mostly focused on the Rayleigh damping) on the 

earthquake response of arch dams and other structures 

(Chen et al. 2012, Hardyniec and Charney 2015, Shih et al. 

2016, Sun et al. 2016b, Sun and Bo 2017, Wang 2011, 

Zhang et al. 2009).  

In this paper, first, a brief description of the Rayleigh 

damping model is presented, four damping determination 

procedures are described and selected. Then the comparison 

of those damping procedures effects on the seismic 

response of tunnels is performed in viscoelastic soil, a series 

of dynamic analysis of free-field and tunnels for three shear 

wave velocity profiles are carried out. In the end, the 

influence of the target damping ratio on the numerical 

results is also investigated, and the reasons which cause the 

differences are simply discussed. 
 

 

2. Rayleigh damping 
 

2.1 Presentation 
 

In the non-linear analysis, the following dynamic 

equation of motion is solved 
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Fig. 1 Rayleigh damping 
 

 

[𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑢} = −[𝑀]{𝐼}�̈�𝑔 (1) 

where [𝑀] is the mass matrix; [𝐶] is the viscous damping 

matrix; [𝐾] is the stiffness matrix; {�̈�} is the vector of 

nodal relative acceleration; {�̇�}  is the vector of nodal 

relative velocities; and {𝑢} is the vector of nodal relative 

displacements; �̈�𝑔 is the acceleration at the base of the soil 

column and {𝐼} is the unit vector.  

There are generally two sources of damping (Priestley 

and Grant 2005). One is the hysteretic damping, associated 

with the area bounded by hysteretic stress-strain loops 

permits to dissipate energy. However, zero damping is 

usually encountered at small strain when the elastic model 

or the simple elastoplastic constitutive model is employed 

in the dynamic analysis, which is incompatible with the 

laboratory data (Carlton and Pestana 2016, Senetakis et al. 

2015). It should be noted that only a small number of 

advanced and complex constitutive models can obtain 

satisfactory performances without using any additional 

mechanical damping, such as the bounding surface bubble 

model (Ni 2007). Additional viscous damping is necessary 

to overcome such a limitation, while the Rayleigh damping 

is widely adopted one. 

The basic form of a frequency-dependent Rayleigh 

damping matrix is illustrated in Fig. 1, and can be expressed 

as follows 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾] (2) 

where 𝛼 and 𝛽 are the mass-proportional and stiffness-

proportional coefficients, respectively. The coefficients can 

be obtained according to the Eqs. (3) and (4) 

{
𝛼
𝛽} =

2𝑡𝑎𝑟

𝜔𝑖+𝜔𝑗
[
𝜔𝑖𝜔𝑗

1
]  (3) 

 =
1

2
(

𝛼

𝜔
+ 𝛽𝜔) (4) 

where 𝜔𝑖 and 𝜔𝑗 are the two parameters which ensure the 

frequency range, 
𝑡𝑎𝑟

 is the target damping ratio.  is the 

damping ratio used in the calculations. 

There are two important issues for the Rayleigh 

damping (Hu, 2006): (1) the choice of the type of damping 

model; and (2) the method to obtain three key parameters: 

the target damping ratio 
𝑡𝑎𝑟

; the matching frequencies 𝑓1 

and 𝑓2, as shown in Fig. 1. For the type of damping model, 

the simplified and full Rayleigh damping matrix are mainly 

used, the extended Rayleigh damping is seldom used in 

practice. With regard to the target damping ratio, which is 

always based on the small strain damping or on the smallest 

value to obtain the stable solution, a constant damping ratio 

range between 1.5% to 5% for geo-material is often 

employed. For the matching frequencies, they are 

determined depending on the methods selected. Fig. 1 

shows that for 𝑓1 < 𝑓 < 𝑓2 the resulting damping ratio is 

less than the target damping ratio while for 𝑓 < 𝑓1 or 𝑓 >
𝑓2 the resulting damping ratio is significantly increased. 

The damping parameters determination procedures lead to 

different 𝑓1 or 𝑓2 values if no careful choice is made.  

 
2.2 Methods to determine the damping 
 
It is difficult to choose a reasonable frequency interval 

[𝑓1, 𝑓2] to cover the main frequency range of the input 

motions, especially when the ground motion frequency is 

much higher than 𝑓2. In the geotechnical engineering field, 

many methods to determine the damping parameters are 

proposed. 
For the hysteretic damping, the main methods are 

summarized as follows: 

(1) Specimen tests, such as the resonant column test, the 

cyclic triaxial test, the bender element, and the cyclic 

simple shear test, etc. (Kokusho 1980, Lings and Greening 

2001, Senetakis et al. 2015, Vucetic et al. 1998). 

(2) Shaking table tests or centrifuge data (Brennan et al. 

2005, Conti and Viggiani 2012, Li et al. 2013, Rayhani and 

Naggar 2008).  

(3) Downhole array measurements (Mercado et al. 2015, 

2017, Tasi and Hashash 2008, Groholski and Hashash 2013, 

Groholski et al. 2014) and the field measured data (Badsar 

et al. 2010, Guo et al. 2002). 

(4) Element-scale numerical tests, such as a discrete 

element method (Dinesh et al. 2004, Tong and Wang 2015). 

For the viscous (Rayleigh) damping, it mainly includes 

the following methods: 

(1) Adopting the first natural mode of the soil (i.e., site 

fundamental frequency), and the characteristics of input 

ground motions (Hudson et al. 1994, Hashash and Park 

2001, 2002, Kwok et al. 2007, Park and Hashash 2004, 

2009, Tsai et al. 2014). The method is widely used in time-

domain site response analysis, and the detailed introduction 

and comparison will be presented in the next section. 

(2) Using the first natural mode only (Idriss et al. 1973). 

It is more commonly used in dynamic analysis, however, 

with great uncertainty and arbitrariness. 
(3) Calibrating the viscous damping parameters using 

1D free-field site response analysis program like SHAKE, 
EERA or DEEPSOIL (Amorosi et al. 2010, Visone et al. 
2010). The equivalent-linear soil model is preliminary used 
to obtain the stiffness and damping parameters compatible 
with the effective deformation level expected during the 
earthquakes, then adopted those damping parameters in 
dynamic analysis. The process is complex and needs to be 
repeated if different input motions and soil properties are 
used. 
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2.3 Selection of the methods 
 

Due to the limitation of the Rayleigh damping 

formulation, the defined frequency interval has a great 

effect on ground motion propagation. In current practice, 

the lower matching frequency 𝑓1 is usually taken as the site 

fundamental frequency (1st natural mode); the difficulty is 

to determine the higher matching frequency 𝑓2.  
Several procedures were proposed to estimate the 

Rayleigh damping matrix. Idriss et al. (1973) only selected 

the site fundamental frequency to evaluate the seismic 

response of soil structures and implemented it in the code 

QUAD4. Then Hudson et al. (1994) improved this method, 

the odd-integer multiplier of the site fundamental frequency 

was selected to determine 𝑓2 and was applied in the code 

QUAD4M. Park and Hashash (2001; 2002) compared the 

site response analysis using four soil modes (e.g., 1st, 2nd, 

5th, 8th). They proposed an extended Rayleigh damping that 

accounted for the characteristics of input motions and the 

soil mass, then implemented it in the code DEEPSOIL. 

Kwok et al. (2007) compared three real sites seismic 

response and recommended the first mode site frequency 

and five times the site frequency can be used to achieve the 

damping matrix as a first approximation. Phillips and 

Hashash (2009) introduced an approach to construct a 

frequency-independent viscous damping formulation which 

reduced the overdamping at high frequencies. Tsai et al. 

(2014) suggested that the maximum among the predominant 

frequency, the mean frequency of the input motions and five 

times the site fundamental frequency can be selected to 

determine the higher frequency.  

Based on the above study, in this article, a full Rayleigh 

damping is selected. The target damping ratio is adjusted to 

5%, the 𝑓1  is taken as the site fundamental frequency 

(abbreviated as SF hereafter) while the higher matching 

frequency 𝑓2 are determined by four procedures, including: 

(a) the site fundamental frequency (SF); 

(b) the five times the site fundamental frequency (5SF); 

(c) the predominant frequency of ground motions (PF); 

(d) the mean frequency of ground motion (MF). 

The site fundamental frequency can be estimated as 

follows (Kramer 1996) 

𝑆𝐹 =
𝑉𝑠𝑒

4𝐻
 (5) 

𝑉𝑠𝑒 =
𝐻

∑(𝐻𝑖 𝑉𝑠𝑖⁄ )
                              (6) 

 

 

where 𝐻  is the total thickness of the soil, 𝐻𝑖  is the 

thickness of the soil layer 𝑖; 𝑉𝑠𝑒  is equivalent shear wave 

velocity of the soil, and 𝑉𝑠𝑖 is the shear wave velocity of 

the soil layer 𝑖. 
The mean frequency of ground motion, which can be 

calculated using Eq. (7) 

𝑀𝐹 =
∫ 𝑓∙𝑆(𝑓)𝑑𝑓

+∞
−∞

∫ 𝑆(𝑓)𝑑𝑓
+∞

−∞

                              (7) 

where 𝑓 is the frequency of ground motions, and 𝑆(𝑓) is 

the power spectral density function of ground motions. 
 

 

3. Numerical modeling 
 

A two-dimensional numerical model is developed to 

simulate the seismic response of circular tunnels, using the 

finite difference program FLAC (Itasca, 2005) as presented 

in Fig. 2. Three different soil conditions are considered 

herein to study a wide range of site fundamental 

frequencies, as shown in Fig. 3. 

The model considers the vertical propagation of 

horizontal shear waves, the input motion is one of the Friuli 

earthquake signal recorded at Tolmezzo station in 1976, as 

shown in Fig. 4. It is filtered to prevent frequency levels 

more than 15Hz in order to avoid the numerical distortion 

that may occur during the propagation of seismic waves 

inthe model.  

The maximum elements size is calculated using Eq. (8), 

recommended by Lysmer and Kuhlemeyer (1969) 

∆𝑙 ≤
𝑉𝑠𝑚𝑖𝑛

10𝑓𝑚𝑎𝑥

 (8) 

 

 

 

Fig. 3 Shear wave velocity profiles 

 

Fig. 2 Numerical model 
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where 𝑉𝑠𝑚𝑖𝑛 is the lowest shear-wave velocity, and 𝑓𝑚𝑎𝑥 

is the highest frequency of input motions. In this paper, the 

maximum element size adopted is equal to 1 m. 

Other necessary parameters for the site and the tunnel 

are given in Table 1. A no-slip interface between soil and 

tunnel is considered in the model. For the dynamic 

calculation, the two vertical boundaries are defined as free-

field boundary conditions, the velocity in the y-direction 

along the model base is fixed and the acceleration record is 

applied along this boundary. 

 

 

4. Results 
 

4.1 Accelerations  
 

Fig. 5 presents a comparison of the 𝑃𝐺𝐴 amplification 

factor variation along with soil profile for the three site 

conditions, as well as their Arias intensity (𝐼𝑎) amplification 

factor. The Arias intensity gives a measure of the ground 

motion energy and is defined as 

𝐼𝑎 =
𝜋

2𝑔
∫ 𝑎2(𝑡)𝑑𝑡

𝑡

0
                           (9) 

where 𝑔  is the gravitational acceleration, and 𝑡  is the 

time. 

The 𝑃𝐺𝐴 or 𝐼𝑎 amplification factor at a given depth is 

calculated as the ratio of the 𝑃𝐺𝐴 or 𝐼𝑎 at that depth to  

 

 
 

the 𝑃𝐺𝐴 or 𝐼𝑎  of the base motion. The 𝑃𝐺𝐴 of the site A 
is amplified near the surface and then reduces the 
amplification at the depth between 10m and 20m. On the 
contrary, a continuous amplification appeared on the sites B 
and C. The different damping procedures used given the 
same variation trends. Variation of the 𝐼𝑎  amplification 
factor along with soil depth is similar to the 𝑃𝐺𝐴 ones, as 
shown in Fig. 5(b). For site A, a significant difference is 
observed for the 𝑃𝐺𝐴 amplification factors and 𝐼𝑎. Taking 
5SF as frequency 𝑓2 results in the largest values for both 
𝑃𝐺𝐴 and 𝐼𝑎. Taking SF induces the minimum results, as 
mentioned above, this method is widely used in practice and 
leads to an underestimation. Similar results have been 
obtained in the previous studies (Kwok et al. 2007, Phillips 
and Hashash 2009, Tsai et al. 2014). The difference is 
decreased with the site fundamental frequency increases, a 
lower effect is observed in the case of site C. 

The relative deviation of 𝑃𝐺𝐴  and 𝐼𝑎  for the three 

sites is presented in Fig. 6. The relative deviation is defined 

as 

𝑅𝐷 =
𝑃𝐺𝐴𝑖−0.25 ∑ 𝑃𝐺𝐴𝑖

4
1

0.25 ∑ 𝑃𝐺𝐴𝑖
4
1

                         (10) 

where 𝑃𝐺𝐴𝑖  is the peak ground acceleration calculated by 

the damping method 𝑖, and the same formula is used for the 

𝑅𝐷 of the Arias intensity. 

In general, the relative deviations are large for low site 

fundamental frequency. The relative deviation is 

 

 
(a) (b) 

Fig. 4 Input motion (a) acceleration time history and (b) spectral acceleration 

Table 1 Parameters of site and tunnel 

 Soil profile 
Tunnel 

 Site A Site B Site C 

Mass density,  (kg/m3) 2000 2000 2000 2500 

Shear wave velocity, Vs (m/s) Variable with depth (see Fig 3) - 

Coefficient of earth pressure at rest, K0 0.5 0.5 0.5 - 

Poisson’s ratio,  0.3 0.3 0.3 0.25 

Target damping, D (%) 5 5 5 - 

Fundamental site frequency, SF (Hz) 1.2 2.2 3.5 - 

Radius, r (m) - - - 4.0 

Thickness, t (m) - - - 0.6 

Buried depth, h (m) - - - 10 

Elastic modulus, El (GPa) - - - 35 
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decreased with the site fundamental frequency increases. 

For 𝑃𝐺𝐴 of site A, the maximum 𝑅𝐷 is equal to 16.9% 

and the minimum 𝑅𝐷  is equal to -18.6%. For 𝐼𝑎 , the 

maximum and minimum values are equal to 29.9%, and -

27.3% respectively. It seems that the Rayleigh damping has 

a greater influence on the 𝐼𝑎 than the 𝑃𝐺𝐴. 

The surface ground accelerations calculated using four 

damping procedures are shown in Fig. 7, in terms of 5% 

damped surface acceleration response spectra and the Arias 

intensity time histories. For a specific site, the shape of the 

acceleration time histories with different four damping 

procedures are similar. Nevertheless, the shapes of 

acceleration time histories among the three sites are 

different. It shows that the site conditions strongly modify 

the frequency content of the input motions.  

For the acceleration response spectra, the observed 

difference among the four damping procedures is 

significant for site A (period smaller than 0.3s), but the 

effect is negligible for sites B and C. For the site A, the 

maximum for the spectral values is obtained in the period 

between 0 and 0.3s when using 5SF as the frequency f2. The 

minimum value occurs when SF is used as the frequency  

 

 

 

𝑓2. For site B, the choice of 5SF induces the largest spectral 

values in the period between 0 and 0.2s, and the smallest 

values in the period between 0.2 and 0.5s. The 

overestimation of the seismic response for smaller periods 

and the underestimation for larger periods may result from 

the lower or higher damping values for those frequencies 

interval, respectively. The reasons will be discussed in 

section 5.2. Finally, The site C fundamental frequency 

(SF=3.5Hz) coincides with the predominant frequency of 

the input motion and leads to the phenomenon of resonance. 

The behavior of the Arias intensities is similar, furthermore, 

it reaches the peak value fastly on much stiffer sites, 

whatever the type of the damping procedure used. 
 

4.2 Internal forces 
 
Fig. 8 illustrates the time histories of the axial force and 

bending moment at the right arch shoulder of the tunnel 

(=45°) during the earthquake. In order to distinguish the 

difference clearly, the internal forces only between the time 

range from 4 to 7s are presented. The maximum effects are 

included in this range. Similar to the acceleration time  

 

Fig. 5 Ground motion amplification factors in the free-field (a) PGA and (b) 𝐼𝑎 

  

(a) (b) 

Fig. 6 Relative deviations of ground surface motions (a) PGA and (b) 𝐼𝑎 
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histories for a specific site, the shape of axial forces and 

bending moments time histories for the four different 

damping procedures are similar. Nevertheless, the evolution 

of the axial force and bending moment for site C are much 

more like the case of the free vibration due to the so-called 

phenomenon of resonance occurred. 
The dynamic internal force increments along the 

perimeter of the tunnel are presented in Fig. 9. The dynamic 

internal force increments correspond to the earthquake-

induced maximum internal forces during the earthquake. 

The results show that the damping methods do not change  

 

 

the distribution of the dynamic axial force increments and 

dynamic bending moment increments in the elastic 

response. The observed difference among the four damping 

methods are remarkable for site A for both axial forces and 

bending moments. A smaller influence is found on stiffer 

sites, especially for the case of the site C. The maximum 

internal force values are obtained using 5SF as the matching 

frequency, the minimum value occurred when using SF, and 

the ratio of the maximum value to the minimum value for 

axial force is nearly 1.5 while it is 1.4 for bending moment. 

Furthermore, the maximum dynamic bending moment and  

 

Fig. 7 Comparison of the surface motions for the three sites: (a) acceleration time histories, (b) 5%-damped spectral 

accelerations and (c) Arias intensity time histories 
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the dynamic axial force occur near an angle of 45° 

(diagonal), the same with the analytical solutions (Bobet 

2010, Park et al. 2009, Penzien 2000, Wang 1993). 

As a general remark, the effect of the damping 

procedures on the tunnel response closely depend on the 

site condition. In order to quantify this influence, two 

dimensionless parameters: the internal force increment 

factor  and the flexibility ratio 𝐹 (Peck et al. 1972) are 

used herein, defined as the following expressions 

 =
𝐼𝐹𝑑𝑦𝑛

𝐼𝐹𝑠𝑡𝑎
                                                   (11) 

where 𝐼𝐹𝑑𝑦𝑛  is the maximum dynamic internal force 

increment and 𝐼𝐹𝑠𝑡𝑎 is the maximum static internal force. 

 

 
 

𝐹 =
𝐸𝑚(1−𝜇𝑙

2)𝑟3

6𝐸𝑙𝐼(1+𝜇𝑚)
                                              (12) 

where 𝐸𝑚, 𝜇𝑚 are the elastic modulus, Poisson’s ratio of 

the soil respectively; 𝐸𝑙 , 𝜇𝑙, 𝑟, 𝐼 is the elastic modulus, 

Poisson’s ratio, radius, and moment of inertia of the tunnel 

lining respectively. 

The computed axial force and bending moment 

increment amplification factor are presented in Fig. 10. It 

should be noted that a decrease of the difference among the 

four damping procedures for a high flexibility ratio is 

observed for both axial forces and bending moments, 

although the internal force amplification factors are 

increased with the flexibility ratios increase. Using 5SF to  

 

Fig. 8 Internal forces time histories at right arch shoulder: (a) dynamic axial force and (b) dynamic bending moments 

 

Fig. 9 Dynamic internal force increments along the perimeter of the tunnel: (a) axial force; (b) bending moments 
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determine the damping parameters can result in a higher 

amplification factor. On the contrary, using SF induces the 

lower value. 

The results indicate that the damping procedures can not 

modify the distribution of the dynamic internal force 

increments for an elastic analysis, but significant difference 

in terms of maximum dynamic internal force increments are 

obtained, especially for the site A. In fact, the flexibility 

ratio is also related to the diameter and thickness of the 

tunnel, the elastic modulus of soil and tunnel lining and 

Poisson’s ratio of soil and tunnel lining (see Eq. (8)). In 

order to examine the damping determination procedures on 

the tunnel response with three thickness (0.2, 0.4 0.6 m) and 

three elastic moduli (15, 23, 32 GPa) of tunnel lining for a 

wide range of flexibility ratios. Only 5SF and SF for site A 

are investigated because this case leads to higher 

differences according to the above results. 

The computed dynamic internal force increments ratios 

for the two damping procedures are presented in Fig. 11, as 

a function of the flexibility ratio. The results for sites B and 

C are also plotted. For the site A, the flexibility ratio is 

increased due to the thickness and the elastic modulus of the 

tunnel lining, the difference between the cases of 5SF and 

SF is not decreased, variation at a narrow range, near 1.4 in 

terms of axial force and bending moment. The tendency is 

different from the results in Fig. 10, it is worth remarking 

that the flexibility ratio in Fig. 11 depends on the 

mechanical parameters of the tunnel, while the flexibility  

 

 

 

ratio in Fig. 10 can significantly modify the characteristic of 

the input motions and of the Rayleigh damping matrix. 

 

 

5. Discussion 
 

5.1 Target damping ratio 
 

As mentioned above, the target damping ratio is one of 

the three important parameters. In practice, the users usually 

take the small strain damping or the smallest damping to 

obtain a stable solution as the target damping ratio. In order 

to evaluate its effects, three target damping ratios are also 

selected to calculate the response on site A, the SF and 5SF 

are also chosen to obtain the Rayleigh damping matrix. It is 

noticed that the 10% and 20% target damping ratios are 

unrealistic and not employed in practice, the reason to select 

the higher values are only to distinguish clearly the 

tendency. 

Fig. 12 and Fig. 13 compare the acceleration time 

histories, response spectra, and dynamic internal force 

increments, respectively. For peak ground accelerations and 

internal forces, the results are smaller at higher target 

damping ratio. The absolute difference of the results 

between two matching frequency determination procedures 

seems too small for the higher target damping ratio due to 

lower results are computed. The results of the present study 

have a good agreement with Kwok et al. (2007).  

  
(a) (b) 

Fig. 10 Dynamic internal force increments ratio 𝜂: (a) bending moments and (b) axial forces 

  
(a) (b) 

Fig. 11 Comparisons of two damping models as a function of flexibility ratio: (a) axial forces and (b) bending moments 
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5.2 Causal analysis 
 

Fig. 14 shows the surface response spectra, the transfer 

function, the Fourier amplitude spectrum of the input 

motion and the effective damping ratio in the site A. The 

target damping ratio is taken equal to 5%, two damping 

procedures: SF and 5SF are chosen for analysis. Fig. 14 (c) 

shows that most components of the input ground motion are 

concentrated on the frequency range from PF to MF.  

 

 

 

Selecting SF to obtain the Rayleigh damping matrix, the 

effective damping ratio near MF is equal to 6.3%, higher 

than the target damping ratio (i.e., 5%) whereas 3.8% 

effective damping ratio is calculated by 5SF. The transfer 

functions of two damping ratios are calculated in the 

frequency-domain. Fig. 14 (b) shows the TF of 6.3% 

damping ratio and 3.8% damping ratio for comparison, the 

difference is significant after frequency greater than SF, 

lower TF means the smaller response. Furthermore, the soil  

 
 

(a) (b) 

Fig. 12 Surface ground motions in the free-field with three target damping ratio: (a) acceleration time histories and (b) 

spectral acceleration 

 
(a) 

 
(b) 

Fig. 13 Dynamic internal force increments along the perimeter of the tunnel at different target damping ratio: (a) axial force 

and (b) bending moments 
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high modes are much easier to participate in the response in 

a soft site, but the first mode is in a dominant position in a 

much stiffer site (Phillips and Hashash 2009), this can 

enlarge the difference. 

For the site A, five times site fundamental frequency is 

greater than the mean frequency and predominant frequency 

of the input ground motion, Tsai et al. (2014) recommend 

that a value of f2  equal to 5SF should be chosen to obtain 

the damping parameters in this case, the results of this study 

validate their recommendations. 

 

 

6. Conclusions 
 

The effects of the Rayleigh damping on the seismic 

behavior of tunnels are studied using numerical modellings. 

The four damping procedures and three site conditions are 

considered. The following findings are observed: 

 

 

A great influence is found for a softer site, but the 

impact is negligible for the much stiffer site. It seems that 

the difference caused by damping procedures deeply 

depend on the site conditions. When determining the 

Rayleigh damping parameters, the guideline to choose the 

two significant matching frequencies is to cover the main 

frequency component of the considered input motion. The 

conventional approach of using the first natural mode of the 

soil to determine the viscous damping parameters may not 

always result in conservative results; this may lead to an 

unsafe seismic design of the tunnel. Based on the results in 

the present study, considering simplicity in application, the 

five times site fundamental frequency is recommended and 

it provides a relatively reasonable result.  

However, this paper does not consider the frequency 

characteristics of input motions, it may also underestimate 

the seismic response of the tunnel if the main frequency of 

input motions is much greater than the site fundamental 

 

Fig. 14 Surface response spectrum, TF, Fourier amplitude spectrum of input motion and effective damping ratio in the site 

A 
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frequency. Furthermore, the Rayleigh damping effect in 

inelastic cases which accounting for the soil plasticity needs 

to be illustrated.  
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