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Abstract. This study evaluates the applicability of traditional vibration input methods in tunnel
seismic analysis to address limited calculation accuracy and ambiguous applicability. The
vibration input method, wave input method, and theoretical solutions are compared to clarify the
error mechanism and main influencing factors. Through correlation analyses, the relationships
between model dimensions, geological parameters, and accuracy are established. Then an
innovative approach is proposed to improve the calculation accuracy and refine the scope of
applicability. The results indicate that the assumed bedrock surface position and model boundaries
can significantly affect the accuracy of the model, with the height and wave velocity of the
surrounding rock being key control parameters. When the model height is fixed, the correlation
coefficient between vibration and wave input results shows three stages of change with increasing
width: rapid increase, deceleration growth, and asymptotic convergence to 1. In the case of a fixed
width, as the height increases, the coefficient follows a trend of “approximately stable slightly
decreasing”. The optimal aspect ratio is 1:2. Size optimization formulas under different rock
conditions and methods for selecting analysis time periods are proposed to clarify the engineering
applicability of the vibration input method.

Keywords: seismic response of tunnels, vibration input method, assessment of accuracy,
applicability boundaries, optimized numerical model.

1. Introduction

As a key component of lifeline infrastructure, tunnels are essential for seismic safety. The
seismic response of tunnels is controlled by complex soil-structure interaction mechanisms [1].
The construction of resilience curves depends heavily on the computational accuracy of structural
seismic responses [2]. In numerical simulations of tunnel seismic response, selecting an
appropriate ground motion input method is crucial for accurate results. Although the traditional
viscous boundary input method is convenience and simple, its calculation accuracy is relatively
low and its applicability is limited. In addition, there is a lack of clear standards to define its scope
of application. Therefore, the study of the applicability and calculation accuracy of the viscous
boundary input method in tunnel seismic analysis has significant theoretical and practical
significance. It also has direct implications for promoting seismic design standards and ensuring
engineering safety.

In seismic response analysis of tunnels, the selection of seismic input method is critical for the
accuracy of numerical simulations. There are two commonly used methods: the wave input
method, and the vibration input method. The wave input method can accurately simulate wave
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propagation and scattering by applying seismic motion through equivalent nodal forces. This
method is particularly suitable for complex geological environments and scenes involving oblique
wave incidence [3-5]. It has been demonstrated that viscoelastic artificial boundaries can provide
stable results [6-8]. However, this method involves complex preprocessing procedures and high
computational requirements. In addition, accurately determining the equivalent nodal force
requires accurate identification of wavefield characteristics [9]. In contrast, the vibration input
method directly specifies the displacement or acceleration time history in the model. However, it
is only effective when dealing with rigid bedrock or uniform displacement boundary conditions
[10-12]. Displacement-based vibration input may lead to significant inaccuracy (such as tunnel
displacement responses as low as 0.12 of the value obtained using nodal force input). Meanwhile,
due to the reflection of stray waves at the boundary, acceleration-based input is susceptible to
numerical instability [13-14]. Therefore, the vibration input method is only suitable for relatively
simple sites (such as flat ground and vertically propagating seismic waves). In cases involving
steep slopes, tunnel entrances, or heterogeneous formations, it fails to fully consider spatial
variability and traveling wave effects [15].

The improvement in the vibration input method has focused on optimizing boundary
conditions and adjusting input mechanisms. Examples include using layered acceleration input to
explain the temporal variation of wave propagation and combing uniform displacement
boundaries with viscoelastic boundaries and substructure techniques to reduce artificial wave
reflections [16]. However, this method is still limited by its inability to explain multi wave
reflection and scattering effects, which poses ongoing challenges for its application in complex
seismic environments.

Previous research mainly focused on comparing the results of vibration input method and wave
input method in tunnel seismic analysis. However, there is still a clear lack of systematic
theoretical explanation to the relationship between these two methods and the physical
mechanisms in their differences. More specifically, two critical issues remain unresolved:
(1) quantitative decomposition of the total error to the vibration input method; (2) quantitative
definition of its scope of application. Solving these fundamental problems is a prerequisite for
fully utilizing the computational efficiency advantage of vibration input method in numerical
simulation of tunnel seismic response.

This study compares and analyzes the vibration input method and wave input method, as well
as the factors influencing these differences using a free-field model. Correlation and sensitivity
analysis are used to systematically examine the impact of model size, geological parameters, and
assumptions about bedrock interfaces on the accuracy of vibration input methods. This study
proposes key technical strategies to improve the accuracy of the vibration input method and
scientifically delineate its scope of applicability.

2. Implementation methods and a comparative analysis of wave input method and vibration
input method

2.1. Implementation of the wave input method

Based on wave theory, this method transforms physical problems in infinite domains into
numerically solvable models in finite domains through rigorous mathematical formulas. The main
principle of this method is to transform the wave propagation problem in unbounded regions into
finite field simulation by introducing artificial boundaries and equivalent node forces. The
procedure includes:

(1) Governing equation of wave motion: The propagation of waves in a medium is governed
by scalar wave equations:

— = 2V, )
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where: u(r,t) denotes the wave function; ¢ represents the wave velocity, and V2 is the Laplace
operator.

According to the principle of linear superposition, the total wave field can be decomposed into
a free field and a scattered field. A free field corresponds to the propagation of seismic waves
through undisturbed natural geological formations. On the other hand, the scattering field
constitutes additional wave components caused by disturbances in the original wavefield. This
scattering component originates from the structural interface and propagates infinitely outward.

(2) Transformation from an infinite to a finite domain and artificial boundaries.

In numerical simulation, modeling an infinite domain directly is infeasible. To address this
issue, a viscoelastic artificial boundary is introduced to truncate the domain and define a finite
calculation region. Under this artificial boundary, the combined effect of the input force caused
by free-field stress and the compensating force provided by the viscoelastic boundary ensures that
the numerical solution within the calculation domain satisfies the governing wave equation. In this
numerical model, both the bottom and lateral boundaries are treated as viscoelastic artificial
boundaries. The governing equation is expressed as follows:

F, = Ap(Kub + Cif + o), ()

where: F,, denotes the equivalent load at the boundary node; 4, represents the equivalent nodal
area; K and C are the stiffness and damping coefficients of the boundary spring, respectively.
These coefficients depend on the shear modulus G, density p, wave velocity (either P-wave
velocity ¢, or S-wave velocity cg), and boundary correction coefficients (normal direction ay,

tangential direction ay; ul, i} and o} refer to the free-field displacement, velocity, and stress,
respectively.

(3) Governing equations of the finite domain model.

In the seismic response analysis of tunnels, the wave input formulation for the finite domain
model is mainly based on a viscoelastic artificial boundary. The equivalent nodal force method is
combined to achieve seismic motion input. The governing equations are expressed as follows:

Mil + Ci + Ku = F,, 3)

where: M, C and K denote the global mass, damping, and stiffness matrices of the system,
respectively; u, 1 and i represent the displacement, velocity and acceleration vectors,
respectively; and F, refers to the seismic load vector using the equivalent nodal force method.

2.2. Implementation of the vibration input method

Based on d'Alembert’s principle, the vibration input method is used to analyze the seismic
response of tunnels. Assuming there is a bedrock interface, seismic excitation will be transformed
into inertial forces applied throughout the entire model. This methodology avoids directly
inputting seismic waves. Instead, equivalent loads are applied, and the analysis emphasizes the
governing of relative displacement of internal structural forces. In the numerical model, fixed
constraints are applied to the bottom boundary, and viscoelastic artificial boundaries are applied
to the side boundaries. The core governing equation for the solution is expressed as follows:

Mii' + Cit’ + Ku' = —Mil, (4)

where: M, C and K denote the global mass matrix, global damping matrix, and global stiffness
matrix of the system, respectively; u, @ and ii represent the relative displacement vector, relative
velocity vector, and relative acceleration vector of the system relative to the bedrock surface,
respectively; il, at the input acceleration at the bedrock surface.
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2.3. Comparative analysis of vibration and wave input methods

A free-field soil model is established based on the standard cross-sectional dimensions of a
double-track tunnel. To ensure sufficient spatial discretization accuracy for dynamic analysis, the
finite element standard proposed by Kuhlemeyer et al. [17] is strictly followed, which stipulates
that the maximum element size should not exceed one tenth of the shear wavelength of seismic
waves. The input pulse wave has a frequency of 4 Hz, and the shear wave velocity of the site
ranges from 200 to 600 m/s, corresponding to a shear wavelength of 50 to 150 m. Consequently,
the maximum permissible element size is 5 m. In actual meshing, the entire model adopts a
mapping mesh strategy, with an element size from 0.5 m tol.0 m. This discretization scheme
strictly meets the above accuracy requirements and ensures faithful capture of wave propagation
characteristics. The detailed model dimension parameters are expressed as in Eq. (5) and Eq. (6).
Fig. 1(a) shows the geometric configuration of the model, where point E indicates a representative
boundary reference location:

Hiotr = Hp + Hy + Hp, 5
Wiotar = B + 2W), (6)

where: Hiprqr and Wiopqr denote the overall height and width of the model, respectively. Hp
corresponds to the tunnel burial depth, taken as 20 ml. Hy indicates the tunnel height, taken as
12 m. H, refers to the vertical distance from the bottom boundary of the model to the tunnel invert,
taken as 72 m. B represents the tunnel span, taken as 12 m. W, defines the horizontal distance
from the side boundary of the model to the tunnel sidewall, with a value of 72 m.

In the wave input method model, both the bottom and lateral boundaries use viscous-spring
artificial boundaries, as shown in Fig. 1(b). In contrast, the bottom boundary is fixed in the inertial
input method model, and viscous-spring artificial boundaries are applied to the lateral boundaries,
as shown in Fig. 1(c).

My Tl

w.

a)
Fig. 1. Schematic diagram of the finite element model: a) finite element model; b) boundary conditions of
the wave input method model; and c¢) boundary conditions of the vibration input method model

The surrounding rock and soil layers are designed as Grade VI. The material parameters are
set as: elastic modulus E = 100 MPa, Poisson’s ratio v = 0.3, and density p = 1700 kg/m>. Based
on the theory of elasticity, the shear wave velocity of the rock-soil medium is calculated as
v = 150.4 m/s.

Dynamic excitation is applied as a vertically incident, horizontal, unit-impulse shear-
displacement wave. Eq. (7) shows its mathematical representation, and Fig. 2 shows the
waveform. In the wave input method, the equivalent nodal forces for the lateral and bottom
boundaries are calculated using Eq. (2) and applied to the boundary nodes. In the vibration input
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method, the acceleration time history is obtained by taking the second-order time derivative of
Eq. (4), and this signal is applied as the input load across the entire model:

u(t) = % [1 — cos(8mft)], @)

where: f =4.0,0 <t <0.25.
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Fig. 2. Unit impulse shear displacement wave

To compare the calculation results under different earthquake input methods, three key areas:
the top of the model (A), the tunnel arch top (B), and the bottom boundary (C), are selected for
analysis. To verify the fundamental wave propagation behavior of the numerical model without
tunnel structure, the theoretical solution to the one-dimensional wave equation is introduced as a
benchmark. The general solution based on d'Alembert’s formula is given as:

uy,t) = f(y—ct) + g(y + ct), (®)

where f(y — ct) denotes a wave propagating in the positive y-direction (upward); g(y + ct)
represents a wave propagating in the negative y-direction (downward), and c is the shear-wave
velocity of the medium. This formulation indicates that the displacement field u(y,t) at any
arbitrary location in the free field is governed by the superposition of two counter-propagating
wave components. Therefore, it provides a theoretical basis for subsequent wavefield
decomposition and identification of the arrival time of reflected waves.

Fig. 3 compares the displacement results of the wave motion input method and one-
dimensional wave theory solution. As shown in Fig. 3, the displacement responses at points A, B,
and C using the wave input method are consistent with the one-dimensional wave theory solution.
This method accurately simulates the full propagation process of seismic waves. It includes the
incidence of pulse waves from the bottom boundary, their reflection at the top free surface, and
the physical phenomenon where the incident and reflected waves overlap at the surface, resulting
in amplitude doubling. Eventually, the waves are absorbed and transmitted through the bottom
boundary. Therefore, the calculation results obtained from the wave input method are adopted as
the benchmark to evaluate the accuracy of the vibration input method. Fig. 4 compares the stress
responses at point B (the tunnel vault) between the vibration and wave input methods.

A pulse wave is applied at point B at the time interval of 0.54-1.08 s, as shown in Fig. 4. 1) The
time-history responses of shear stress and the first principal stress obtained by the vibration and
wave input methods have a high consistency at T < 1.08 s. The fluctuations of the two methods
are basically the same, mainly with slight differences in oscillation amplitude. 2) The response
characteristics are different significantly after1.08 s. The wave input method introduces a
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viscoelastic boundary at the bottom, effectively absorbing incident wave energy. Therefore, the
waves propagating in the formation gradually attenuate and disappear, causing the response to
decay to zero. In contrast, the vibration input method models the bottom boundary as a fully fixed
constraint that lacks energy absorption capacity. The seismic waves that encounter this boundary
are completely reflected and re-enter the formation, producing a standing wave effect. This
phenomenon induces persistent and significant responses at observation points in subsequent time
intervals. This causes sustained and significant reactions at the observation point in subsequent
time intervals.
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Fig. 3. Comparison between the wave input method solution and the theoretical solution
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Fig. 4. Comparison between the vibration input method solution and the wave input method solution:
a) shear stress; and b) first principal stress

Comprehensive analysis shows that the vibration input method is not as accurate as the wave
input method in simulating tunnel seismic analysis. First, in the absence of basic boundary
reflection, the vibration input method has accurate deviations. Analysis suggests that these errors
mainly caused by the coupling effect between the model dimensional scale and the structural
natural vibration; Second, when using the vibration input method, the standing wave effect caused
by base boundary reflections exacerbates calculation inaccuracy. This is closely related to the
simplified assumption of the bedrock surface. Therefore, this study examines the mechanisms and
patterns behind these two types of errors.

3. Sensitivity analysis of the accuracy of the vibration input method with respect to various
influencing factors

In this study, the results of the wave-based input method are used as the benchmark. Using the
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Pearson correlation coefficient as a statistical indicator, the consistency between the results of the
vibration input method and the wave input method are evaluated to characterize the accuracy of
the vibration input method. An in-depth analysis is conducted on the error sources related to
vibration input methods, and the influence of key factors such as model size and geological
conditions on calculation accuracy is studied. Systematic correlation analysis and sensitivity
assessment are also conducted.

3.1. Pearson correlation coefficient

Pearson correlation coefficient is a statistical measure used to quantify the strength and
direction of a linear relationship between two continuous variables. It has a range of [-1; 1]. A
larger absolute value indicates a stronger linear correlation. A positive value signifies a positive
linear relationship; a negative value signifies a negative linear relationship; a value of zero
signifies an absence of a linear relationship. Mathematically, the Pearson correlation coefficient
is defined as the ratio of the covariance of the two variables to the product of their standard
deviations:

cov(X,Y) =X - X - V)
. -

Py \/zzgl(xi _ R YL (Y - T)?

©)

where: cov denotes the covariance; o represents the standard deviation; X; and Y; are the observed
values of the two variables; X and Y are the sample means, and n is the sample size.

As shown in Fig. 4, a comparative analysis of the time-history curves obtained by the vibration
and wave input methods indicates that the main difference between the two methods is the
incomplete overlap of curve morphology, rather than substantial differences in numerical values.
This feature can prevent parallel curves caused by significant numerical deviations. Therefore, it
effectively reduces the risk of overestimating the correlation coefficient. The results confirms that
Pearson correlation coefficient accurately quantifies the difference between the two methods,
providing a reliable measure for evaluating the accuracy of vibration input methods.

3.2. Investigation of the influence of model dimensions on the accuracy of the vibration input
method

3.2.1. Calculation cases

According to the Saint-Venant principle, when the boundary is far away from the structure,
the influence of boundary constraints on the stress-strain field in the tunnel will rapidly decrease.
However, an excessively large calculation domain greatly increases the number of elements,
thereby increasing computational costs. To balance accuracy and efficiency, static analysis usually
sets the distance from the boundary to the center of the tunnel to no less than three times the tunnel
span. In dynamic problems, boundaries are more sensitive to model responses. To investigate the
influence of model dimensions on the accuracy of the vibration input method, the models with
different widths and heights are considered. Key material and dimensional parameters such as Hp,
Hr, and B remainconsistent with the examples in Section 2.3. The variable parameters and case
configurations are as follows: the vertical distance from the bottom boundary of the model to the
tunnel invert (Hp) is set to 1B, 2B, 3B, 4B, 5B, 6B, 9B, 12B, and 15B.The horizontal distance
from the side boundary of the model to the sidewall of the tunnel (W) is set to 1B, 2B, 3B, 4B,
5B, 6B, 9B, 12B, and 15B.
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3.2.2. Analysis of calculation results

(1) Influence of model width on the accuracy of the vibration input method.

The vertical distance (H) from the model bottom boundary of the model to the tunnel arch is
fixed at 6B. The effect of the side boundary is investigated by changing the horizontal distance
(W) from the model side boundary to the tunnel sidewall, which is set to 1B, 2B, 3B, 4B, 5B,
6B, 9B, 12B, and 15B. During the simulation process, the stress time history response of the
surrounding rock and soil near the tunnel is analyzed. To ensure the reliability of the results, stress
time periods contaminated by reflected waves from the bottom boundary of the model are
excluded during data processing. The accuracy of the simulation results is quantitatively assessed
by calculated the Pearson correlation coefficient between the stress time history of each case and
the corresponding theoretical wave solution. Shear stress results at point B are selected for
evaluation (see Fig. 5).

8 1.0
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Fig. 5. Results of shear stress and correlation coefficients under different model widths:
a) time history of shear stress; b) correlation coefficients

=l
=
=

As shown in Fig. 5, the width of the model has a significant impact on the accuracy of the
simulation of the vibration input method in the seismic analysis of tunnels. When the distance H,,
from the model bottom to the tunnel invert bottom is fixed at 6B, as the model width increases,
the Pearson correlation coefficient between the dynamic responses obtained by the vibration and
wave input methods improves in three different stages. That is a rapid improvement stage (a width
from 1B to 2B, correlation coefficient increases from —0.01093 to 0.50338), a decelerated
improvement stage (a width from 2B to 6B, correlation coefficient increases from 0.50338 to
0.93998) and a stable convergence stage (width exceeding 6B, correlation coefficient
approaches 1). This behavior is mainly attributed to the attenuation of boundary reflection effects.
Therefore, increasing proper model width can effectively improve the simulation accuracy of the
vibration input method.

(2) Influence of model height on the calculation accuracy of the vibration input method.

When the lateral boundary distance W}, from the model side boundary to the tunnel sidewall
is fixed at 6B, the influence of bottom boundary reflection is examined by changing the vertical
distance H; from the model bottom boundary to the tunnel invert bottom (with values of 1B, 2B,
3B, 4B, 5B, 6B, 9B, 12B, and 15B). To ensure the reliability of the results, signal segments
contaminated by bottom boundary reflections are excluded during data processing. The accuracy
of the simulation results is quantitatively evaluated by calculating the Pearson correlation
coefficient between the simulated stress time history and the corresponding theoretical wave
solution. For consistency, representative shear stress results at point B are selected for analysis
(see Fig. 6).

As shown in Fig. 6, increasing the model height of a fixed width will result in a slight decrease
in the correlation coefficient, although the overall effect is limited. The correlation coefficient
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between the two methods remains at a high level throughout the entire change process, exceeding
0.8603. The analysis of vibration modes at different heights of the model shows that when the
height exceeds a certain threshold, the structure becomes increasingly slender. This leads to a
notable change in its natural vibration. These changes, in turn, have a moderate influence on the
calculation results.

6 1.0

— Wave input method solution — —
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Fig. 6. Results of shear stress and correlation coefficients under different model heights:
a) time history of shear stress; b) correlation coefficients

(3) Investigation of rational model dimension parameters.

Based on the preceding analysis, a systematic calculation is conducted to evaluate the
correlation coefficients between the results of the vibration and wave input methods at different
model widths and heights, as shown in Fig. 7. The findings indicate that the height-to-width ratio
of the model has a significant impact on the calculation accuracy of the vibration input method.
To achieve high simulation accuracy of the vibration input method, especially to maintain a
correlation coefficient of above 0.9 relative to the wave input method, a height-to-width ratio of
1:2 is recommended. In addition, the distance from the model side boundary to the tunnel wall,
denoted as W,,, should be no less than six times the tunnel span. This combination of parameters
ensures the calculation efficiency and effectively captures the dynamic interaction behavior
between the surrounding rock and the supporting structure.

1.0 )
0.9 %
E
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£ 0.6
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Fig. 7. Correlation coefficients between the vibration and wave input methods
under different model widths and model heights

3.3. Analysis of factors influencing the calculation accuracy of the vibration input method
under the bedrock surface assumption

The assumption of the bedrock surface is mainly affected by the interference effect caused by
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the reflected waves generated by the bottom boundary, which affects the calculation accuracy of
the vibration input method. According to one-dimensional wave theory, these reflected waves are
mainly generated by two key parameters: the propagation speed of seismic waves in rock and soil
layers and the model height. Specifically, the velocity of seismic wave directly determines the
wave propagation within the medium directly. The model height determines the propagation path
and superposition effect of reflected waves. Therefore, to improve the calculation accuracy, it is
necessary to conduct a systematic investigation focusing on these two parameters.

20 20

16 —— Wave input method solution 16 —— Wave input method solution

" Vibration input method solution Vibration input method solution
12
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%‘h
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&
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16 —— Wave input method solution

Vibration input method solution
12
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¢) ¢ =600 m/s
Fig. 8. Comparison of shear stress in surrounding rock under different shear wave velocities

The propagation velocity of seismic waves in rock-soil layers is closely related to the
surrounding rock. The seismic responses are compared under three wave velocities of 200, 400
and 600 m/s; a model parameter of W), = 8B, H, = 6B, and a pulse load duration of 0.25 s. The
other geometric parameters are consistent with those in Section 2.3. It is evident that the change
in wave velocity have a significant impact on the propagation of seismic waves and the response
at observation points (see Fig. 8). The specific results are as follows:

(1) At a wave velocity of 200 m/s, the incident wave passes point completely at 0.915 s, and
the reflected wave arrives at 1.455 s, allowing point B to record a complete and undisturbed
response segment. This yields a correlation coefficient of 0.89162 with the wave input method;

(2) When the wave velocity increases to 400 m/s, the incident wave passes point B at 0.7075 s,
and the reflected wave arrives at 0.7275 s, with a relatively high correlation coefficient of 0.79368
still being maintained between the two methods;

(3) However, at a velocity of 600 m/s, the incident wave passes point B in 0.6383 s. The
reflected wave arrives earlier, in 0.485 s, causing significant superposition interference and
reducing the correlation coefficient to 0.62837.
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This indicates that under high wave velocity in the surrounding rock, the rapid propagation of
seismic waves shortens the effective observation time window and increases the difficulty of
signal analysis.

Numerical simulation is used to analyze the seismic response of underlying rock layers at
different heights (H, = 2B, 4B, 6B) to examine the effect of model height on the reflection
behavior at the bedrock interface. The model parameters are set as follows: W}, = 8B and a pulse
load duration of 0.5 s. The other geometric parameters are consistent with those in Section 2.3.
The rock mass wave velocity is maintained at 400 m/s. The corresponding results are shown in
Fig. 9. The findings reveal that when H;, = 2B, the incident wave fully passes point B at 0.5875 s,
and the reflected wave arrives at 0.3675 s. The premature arrival of the reflected wave leads to
significant superposition interference, resulting in the loss of effective response segments. The
correlation coefficient relative to the wave method is only 0.76695. When H;, = 4B, the incident
wave completely passes the point at 0.6475 s, and the reflected wave arrives at 0.5475 s. Although
the interference in the tail portion of the signal, the number of affected segments decreases and
the correlation coefficient increases to 0.86237. When Hy, = 6B, the incident wave fully passes the
point at 0.7075 s, and the reflected wave arrives at 0.7275 s. Under this condition, a complete
interference-free response segment is obtained, and the correlation coefficient reaches 0.91384.
These results confirm that increasing the model height can effectively alleviate the reflection effect
at the bottom boundary.
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Fig. 9. Comparison of shear stress in surrounding rock under different model heights

The influence of bedrock surface assumptions on the calculation accuracy of the vibration
input method is mainly due to the superposition of incident and reflected waves at the bedrock
interface. Since the vibration analysis method usually follows one-dimensional wave theory, the
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initial time at which reflected waves begin to influence observation points can be estimated based
on model height, dynamic loading duration, and wave velocity of the rock and soil medium.
Results obtained using the vibration input method before this initial time are accurate and reliable.
Therefore, increasing the height of the model appropriately can delay the arrival time of the
reflected wave and capture the complete response segment that is not affected by wave
superposition, thereby expanding the applicability of the vibration input method.

4. Methodology for delineating and extending the applicability of the vibration input method
4.1. Procedure for delineating and extending applicability

Based on the preceding analysis, the following systematic methodology is proposed for
delineating and extending the applicability of the vibration input method:

(1) Determine a rational model height. The height is selected based on the principle of ensuring
a complete response segment that is free from interference by reflected waves. The minimum
value that satisfies:

c.t
Hiptqs = Hp + Hy + H, > % H, > 3B, (10)

where: ¢; denotes shear wave velocity, and t represents the duration of the input load.
(2) Determine the width of the rational model based on a prescribed height-to-width ratio of
1:2. The minimum value that satisfies:

Wiotat = B + 2Wy = 2Hiotq1, Wy, = 6B. 1D

(3) Identify a complete response analysis segment. A response analysis segment is identified
to ensure that it is complete and free from the influence of reflected waves according to the
following criterion:

h 2Htotal —h
—<T<———+1, 12
C < . + (12)

where: T is the response analysis time, and h is the height of the study point from the bottom
boundary.

4.2. Case study validation

A representative computational case was selected to validate this methodology by simulating
a grade VI surrounding rock stratum. The material properties are: elastic modulus
E =0.7168 GPa, Poisson’s ratio v = 0.4, and density p = 1600 kg/m>. Based on elastic theory,
the shear wave velocity of the rock stratum is calculated as vy = 400 m/s. The tunnel geometry is
defined by a burial depth of H, = 32 m, a span of B = 12 m, and a height of H; = 10 m. The
input dynamic load is a pulse wave with a duration of t = 1 s, as shown in Fig. 10.

According to Eq. (10), the total height must satisfy H,,rq; = ¢st/2, which equals 200 m. This
indicates a minimum overall model height of 200 m, with H, = 160 m > 3B =36 m.

From Eq. (11), the minimum overall width of the model is determined to be W, ,4; = 400 m,
with W, = (400 — 12)/2 = 194 m, which is greater than 6B = 72 m.

Based on Eq. (12), the reasonable analysis time interval is derived to be
0.4175s < T < 1.5825s.
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Using this methodology, dimensions are established for the numerical model. Vibration
response analysis is conducted for the free-field and scattering field models incorporating tunnel
structures. Fig. 11 shows the comparison of the stress response time-history results obtained using
the vibration input method and the wave input method.
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Fig. 11. Comparison of seismic response analysis results for the optimized model:
a) free-field model and b) scattered-field model incorporating the tunnel structure

Fig. 11 shows the comparative analysis of the stress response time histories at Point B obtained
using the vibration input method and the wave input method. As shown in Fig. 5: 1) In the
scattered-field model that includes the tunnel lining structure, the shear stress amplitude is more
than twice to that of the free-field model. Although the results of the vibration input method
slightly increase in amplitude after 1 s, the vibration input method and the wave input method
maintain high consistency in the effective analysis time window; 2) The Pearson correlation
coefficients are 0.96305 for the free-field model and 0.94361 for the lined tunnel model. These
findings confirm that this methodology for defining and extending the applicability of the
vibration input method demonstrates satisfactory generalizability and robustness, even for
complex models involving a scattered field.

5. Discussion
A comparative analysis was conducted on the vibration input method and wave input method

in the tunnel seismic response analysis. Two main mechanisms of errors in the vibration input
method were determined: the coupling effect between the lateral boundary of the model and the
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natural vibration characteristics of the structure, as well as the standing wave effect caused by the
fully fixed basal boundary conditions. Combined the optimization of model size with the
identification of effective analysis time windows, a strategy for extending the applicability of the
vibration input method was proposed. Although the results provide a quantitative basis for the
rational application of the vibration input method in tunnel seismic analysis, there are several key
aspects worth further discussion.

To isolate the main error mechanisms, a linear elastic constitutive model is adopted to
eliminate the interference of material damping on wave-field attenuation and accurately identified
boundary reflections and standing wave effects. Although this assumption is reasonable for
mechanism-oriented investigations, caution must be exercised when extrapolating quantitative
conclusions (such as the recommended optimal height-to-width ratio) to practical engineering
contexts. In this regard, it is fully acknowledged that the nonlinear behavior of actual surrounding
rock introduces damping effects that attenuate reflected wave amplitudes. It may objectively
extend the applicable analysis time of the vibration input method, although the mitigation of the
lateral boundary coupling effect is limited. Based on the mechanical framework, systematic
sensitivity analysis on various constitutive models will be conducted to quantify the correction
coefficients of applicability standard formulas.

It should also be noted that this study used single frequency pulse excitation to elucidate the
potential mechanism. This simplification has been proven effective in deriving the conceptual
standard formulas (Eqs. (10-12)). However, for real ground motions such as the El Centro record,
their broad spectral composition may excite multi-modal resonance with the model, thereby
changing the timing of peak responses and affecting the selection of optimal time windows.
Therefore, future parameter sensitivity analysis based on standard seismic records will be
conducted to improve the engineering applicability of this method.

For deep buried long tunnels or prolonged strong earthquake events, the model size calculated
by this formula may become too large, resulting in high calculation. To solve this, a hybrid strategy
combining vibration input method with viscous spring base boundary and coordinate
transformation can be explored. This strategy is expected to completely eliminate standing wave
pollution. However, this requires are-establishment of the theoretical framework for the
application of equivalent nodal forces, which is a key direction of our future research.

6. Conclusions

This study systematically evaluated the accuracy of the vibration input method and its
influencing factors in seismic response analysis of tunnels to assess its applicability and the
development of model optimization strategies. The main conclusions are as follows:

1) The simulation accuracy of the vibration input method in tunnel seismic analysis is generally
lower than that of the wave input method. This difference is mainly due to two sources of error:
the coupling effect between the model side boundary and the inherent vibration characteristics of
the structure, and the standing wave effect caused by the reflection of the bottom boundary.

2) Based on the results of the wave input method, the correlation between the two methods
shows a clear trend as the geometric shape of the model changes. When the height of the model is
fixed, as the width of the model increases, the correlation coefficient shows three stages of change:
“rapid increase-deceleration growth-asymptotic convergence to 1”. When the width of the model
is fixed, the correlation coefficient shows a trend of “approximately stable slightly decreasing”
with increasing height. Based on parameter sensitivity analysis, the reasonable aspect ratio for the
vibration input method model is determined to be 1:2. In addition, the distance W-b from the
model boundary to the tunnel sidewall should not be less than six times the tunnel span.

3) Assuming that the influence of bedrock surface on the accuracy of vibration input method
calculation mainly comes from the superposition of reflected bedrock waves and incident waves.
The superposition interval begins when the reflected wave arrives at the observation point and
ends when the incident wave passes it. These critical times can be approximated using one-
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dimensional wave theory. The superposition interval starts from the arrival of the reflected wave
at the observation point and ends when the incident wave passes through the observation point.
These critical times can be approximated using one-dimensional wave theory. To obtain a
complete response segment unaffected by this superposition, the application of the vibration input
method can be extended by increasing the model height, which delays the arrival time of the
reflected wave. To obtain a complete response segment that is not affected by this superposition,
the applicability of the vibration input method can be expanded by increasing the model height,
which will delay the arrival time of the reflected wave.

4) A methodology for defining and extending the scope of the vibration input method is
proposed. It includes a three-step process: first, establish sufficient model height to ensure that the
complete response segment is not affected by reflected waves; second, determine the appropriate
model width based on a recommended aspect ratio of 1:2; and third, identify a complete and
effective response analysis section that is not affected by reflected wave interference.
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