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Understanding the dynamic behavior of soil layers under seismic loading is pivotal for 

accurate seismic design and risk assessment. This study conducts a two-dimensional 

equivalent linear site response analysis using the Scaled Boundary Finite Element Method 

with Rayleigh damping to enhanced modeling accuracy. SBFEM combines the advantages 

of finite and boundary element methods, offering high efficiency in simulating wave 

propagation and stress concentrations in semi-infinite domains. A MATLAB 

implementation of the method was validated against previous studies, confirming consistent 

accuracy across various soil profiles and seismic scenarios. The method demonstrates 

convergence, accuracy, and stability, requiring fewer elements due to boundary-only 

discretization. This reduces both computational cost and time while accurately modeling the 

infinite domain condition. The findings highlight the method’s effectiveness for site 

response analysis under diverse seismic inputs and layered soil configurations, combining 

the equivalent linear method with SBFEM as a robust and practical tool for dynamic 

geotechnical applications. 

Keywords: 

Seismic Site Response Analysis 

Equivalent Linear 

Layered Semi-Infinite Soil 

Scaled Boundary Finite Element 

Method (SBFEM) 

Two-dimensional 

 
 
 

 

DOI: 10.61186/JCER.7.3.52 
 

This is an open access article under the CC BY licenses. 

© 2025   Journal   of   Civil   Engineering   Researchers.  DOR: 20.1001.1.2538516.2025.7.3.5.5 

 

1. Introduction 

1.1. Site Response Analysis 

Site response analysis is an essential part of 

geotechnical and earthquake engineering because it 

evaluates the changes in seismic waves as they propagate 

through soil and rock layers; therefore, influencing the 

intensity and traits of ground shaking during earthquakes.  

It uses linear, equivalent linear, and non-linear methods 

for different seismic intensities and soil conditions [1]. 

Boore [2] discusses the challenges and prospects in 
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predicting site responses, highlighting the complexities and 

uncertainties in modeling seismic behaviors accurately. 

Linear methods are used for low-intensity earthquakes and 

assume elastic soil behavior [3]. In contrast, the equivalent 

linear method approximates soil's non-linear response for 

various scenarios [4]. Non-linear methods update soil 

dynamics at each time step, accurately depicting soil actual 

stress-strain behavior during high-intensity events [5,6]. 

For these problems, analytical, semi-analytical, and 

numerical methods are used in time and frequency domains 

[7,8]. 
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The seismic source, soil complexity, and analysis goals 

determine the model's dimensionality from 1D to 3D, 

which affects soil behavior under seismic loads [8-12]. 

Damping is crucial in site response analysis for 

capturing energy dissipation mechanisms within soil layers 

under seismic loads. It significantly reduces seismic 

energy, affecting both the amplitude and duration of 

surface ground motion. By incorporating damping into 

models, predictions of soil behavior during seismic events 

become more accurate, reflecting the natural energy loss 

from hysteresis and viscous behavior in soil materials 

[7,12]. Properly calibrated damping parameters yield more 

realistic ground motion estimates, particularly vital for 

high-intensity seismic events [13]. Park and Hashash [14] 

highlight the importance of precise damping modeling in 

the context of non-linear time domain site response 

analysis. 

1.2. Overview of the Scaled Boundary Finite Element 

Method for Site Response Analysis 

Introduced by Wolf and Song in 1996 [15], the Scaled 

Boundary Finite Element Method (SBFEM) evolved from 

the Consistent Infinitesimal Finite Element Cell Method. 

SBFEM adeptly handles site response analysis challenges, 

effectively modeling complex soil profiles and seismic 

interactions. It adjusts for varying soil properties, 

dimensions, and boundaries, ensuring precise analysis [16, 

17]. SBFEM combines the advantages of Finite Element 

Method (FEM) and Boundary Element Method (BEM), 

reducing computational effort by discretizing only domain 

boundaries, unlike traditional finite element methods [18]. 

This semi-analytical method accurately captures stress 

concentrations and wave propagation, ideal for dynamic 

geotechnical earthquake analysis [16, 17]. 

Zhang, Wegner, and Haddow [19] utilized SBFEM in a 

comprehensive three-dimensional dynamic soil-structure 

interaction analysis in the time domain, providing insights 

into interactions between soil layers and structures during 

seismic events. Birk, Prempramote, and Song [20] 

enhanced SBFEM’s utility in time-domain analyses of 

unbounded domains by introducing an improved high-

order transmitting boundary that substantially reduces 

computational errors from wave reflections at artificial 

boundaries. Further advancements by Birk, Chen, Song, 

and Du [21] demonstrated the method's efficacy in 

transient wave propagation, which broadened its 

applications in industrial settings. Bazyar and Song [10] 

developed its applications to transient wave scattering, 

improving predictions of seismic wave behavior across 

various soils. Their earlier work, Bazyar and Song [22], 

expanded its use to non-homogeneous domains, thus 

enhancing the accuracy of seismic analyses. Additionally, 

Chen, Birk, and Song [23] extended SBFEM's capabilities 

to anisotropic soils using a displacement unit-impulse-

response-based formulation, pivotal for accurately 

modeling how anisotropic soil properties affect wave 

propagation. Yaseri, Bazyar, and Hataf [24] further 

showcased SBFEM's versatility by applying a 3D coupled 

scaled boundary finite element/finite element analysis to 

study ground vibrations induced by underground train 

movements, demonstrating the method’s applicability 

beyond traditional earthquake engineering contexts. 

1.3. Equivalent Linear Analysis 

Idriss and Seed [25] first proposed the equivalent linear 

method for analyzing site response, approximating a non-

linear response through a linear analysis of soil layer 

characteristics during earthquake motions. Subsequently, 

Schnabel [26], Idriss and Sun [27], and Ordonez [28] 

implemented the method, adapting it to approximate the 

nonlinear soil behaviors commonly encountered in 

earthquake engineering. Various relationships for modulus 

reduction and damping suitable for equivalent-linear 

analyses are available, including those by Seed [12], 

Vucetic and Dobry [29], EPRI [30], Ishibashi and Zhang 

[31], Darendeli [32], and Zhang, Andrus, and Juang [33].  

 

Figure 1. SBFEM applied to semi-infinite layer 

In this research, we address the critical challenge of 

predicting the surface response to earthquake-induced 

ground motions, which is pivotal for designing resilient 

structures in seismically active regions. Our approach 

employs the SBFEM for equivalent linear site response 

analysis, a sophisticated computational method that models 

seismic wave propagation in two-dimensional, layered, 

unbounded domains. This method improves accuracy by 

incorporating Rayleigh damping and discretizing vertical 

boundaries with line elements (Fig. 1), effectively 

simulating real-world seismic conditions. Our research 

methodology includes a comprehensive comparison of 

simulated responses—such as acceleration time histories, 

spectra, and sublayer shear strain and modulus—with 

actual earthquake data from events like Parkfield and 

Nahanni. The expected results will underscore the model's 

precision in capturing complex seismic behaviors and its 

effectiveness compared to traditional methods, providing 
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insights into both the strengths and potential limitations of 

SBFEM in earthquake engineering applications. 

2. Theoretical Foundations 

2.1. Formulation of Elastodynamic Equations for Soil 

Media 

The equation of motion is derived by considering an 

infinitesimal element of the solid medium: 
𝜕𝜎𝑥
𝜕𝑥

+
𝜕𝜏𝑥𝑦

𝜕𝑦
+
𝜕𝜏𝑧𝑥
𝜕𝑧

+ 𝑝𝑥 = 𝜌𝑢̈𝑥 

𝜕𝜏𝑥𝑦

𝜕𝑥
+
𝜕𝜎𝑦

𝜕𝑦
+
𝜕𝜏𝑦𝑧

𝜕𝑧
+ 𝑝𝑦 = 𝜌𝑢̈𝑦 

𝜕𝜏𝑧𝑥
𝜕𝑥

+
𝜕𝜏𝑦𝑧

𝜕𝑦
+
𝜕𝜎𝑧
𝜕𝑧

+ 𝑝𝑧 = 𝜌𝑢̈𝑧 

(1) 

where𝜎𝑥,𝜎𝑦 , and𝜎𝑧 are normal stresses in the 𝑥,𝑦, and 

𝑧 directions; 𝜏𝑥𝑦,𝜏𝑧𝑥, 𝜏𝑦𝑧, and 𝜏𝑧𝑥 are shear stresses 𝑝𝑥,𝑝𝑦, 

and 𝑝𝑧 are the body forces; 𝜌 is the mass density. For 𝑢̈𝑥, 

𝑢̈𝑦, and 𝑢̈𝑧, the double dots (  ̈) indicate the accelerations, 

i.e. the second time derivatives of displacements. The 

governing equations for elastodynamics in frequency 

domain are expressed in Soliman [34]. 

 

Figure 2. Curvilinear and Cartesian coordinates with surface 

elements 

2.2. Coordinate Transformation from Cartesian to Local 

Systems 

To simplify the governing equations of a medium, the 

interface is discretized using surface elements, where the 

points of the elements are related to each other with 

assumed shape functions. The local coordinates are more 

suitable, and Cartesian coordinates can translate into these 

coordinates. Therefore, Curvilinear coordinates are 

introduced: 𝜉 (radial direction) extends from the origin 

outward, 𝜂 and 𝜁(circumferential directions) run parallel to 

the interface (see Fig. 2 for 2D layered medium). The 

discretization on the interface, resulting in exact solutions 

in the radial direction and approximate solutions in the 

circumferential directions [23, 34]. 

2.3. Discretization Techniques for Motion Equations 

After getting the equation in local coordinate, the 

governing equation should be solved numerically. To 

derive a finite-element approximation, the weighted-

residual technique is applied to the equilibrium equation 

[17]. Finally, the SBFEM equation in displacement can be 

obtained [34]. 

2.4. Derivation of Scaled Boundary Finite Element 

Equation in time-domain 

After getting the SBFEM equation in displacement, the 

values of dynamic stiffness need to be obtained too. First 

of all, internal nodal forces {𝑄(𝜉)} should be defined, and 

for unbounded domain, external nodal force {𝑅(𝜉)} applied, 

which is equal to {𝑄(𝜉)} with opposite direction. So, the 

relation between these two forces with respect to the 

dynamic stiffness 𝑆∞(∞ stands for infinity) as follows: 

{𝑅(𝜉)} = −{𝑄(𝜉)} = [𝑆∞(𝜔, 𝜉)]{𝑢(𝜉)} − {𝑅𝐹(𝜉)} (2) 

where {𝑅𝐹(𝜉)} is the vector of external body forces and 

boundary traction. 

By establishing the relationship between the nodal 

internal forces and the boundary traction, and employing a 

weighting function to address approximation errors, the 

formulation of the dynamic stiffness matrix is derived. 

Consequently, the SBFEM equation for dynamic stiffness 

is constructed based on this formulation. 

The next step is to express this formulation in the time 

domain; That process begins by establishing a relationship 

between two forms of dynamic stiffness: one associated 

with acceleration response, and the other associated with 

displacement. After simplification, to transition from the 

frequency to the time domain, inverse Fourier 

transformation is applied. Finally, the SBFEM equation in 

time domain for 𝜉 = 1 looks like:  

 

∫ [𝑚∞(𝑡 − 𝜏)][𝑚∞(𝜏)]𝑑𝜏
𝑡

0

+∫ ∫ [𝑚∞(𝜏 ′)]𝑑𝜏 ′𝑑𝜏
𝜏

0

𝑡

0

([𝑒1]
𝑇

− (
𝑠 + 1

2
) [𝐼]) 

+([𝑒1] − (
𝑠 + 1

2
) [𝐼])∫ ∫ [𝑚∞(𝜏 ′)]𝑑𝜏 ′𝑑𝜏

𝜏

0

𝑡

0

+
𝑡3

6
([𝑒1][𝑒1]

𝑇 − [𝑒2])

+ 𝑡∫ [𝑚∞(𝜏)]𝑑𝜏
𝑡

0

− 𝑡[𝑚0] = [0] 

(3) 

where 
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([𝑈]𝑇)−1[𝑀0][𝑈]
−1 = [𝑚0] 

([𝑈]𝑇)−1[𝐸1][𝑈]
−1 = [𝑒1] 

([𝑈]𝑇)−1[𝐸2][𝑈]
−1 = [𝑒2] 

([𝑈]𝑇)−1[𝑀∞(𝑡, 𝜉)][𝑈]−1 = [𝑚∞(𝑡, 𝜉)] 

(4) 

matrices [𝐸0(𝜂, 𝜁)],  [𝐸1(𝜂, 𝜁)] and  [𝐸2(𝜂, 𝜁)] are the 

stiffness matrices in a finite element model, and the matrix 

term [𝑀0(𝜂, 𝜁)] is the mass matrix. Decomposing of [𝐸0] (by 

using Cholesky decomposition) is: 

[𝐸0] = [𝑈]𝑇[𝑈] (5) 

where, [𝑈]is an upper triangular matrix. Then, inverse 

matrix of [𝐸0] is shown below: 

[𝐸0]
−1 = [𝑈]−1[𝑈]−𝑇 (6) 

Also, [𝑀∞(𝜏, 𝜉)] is the unit impulse response function for 

acceleration and [𝐼] is the identity matrix. Where the values 

of [𝑚0], [𝑒1] and [𝑒2] have been given, the only unknown in 

this equation is the term [𝑚∞(𝑡)] [22,34 and 35]. 

 

Figure 3. Decomposition of 𝑀𝑏
∞(𝑡) 

 

2.5. Linear Scheme of Obtaining Acceleration Unit-

Impulse Response Matrix 

The integration of Eq. (10) lacks an analytical solution, 

and thus discretization in time is required for its numerical 

evaluation. In the original discretization scheme [15, 22], 

the acceleration unit-impulse response matrix [𝑀∞(𝑡)]is 

assumed to remain constant within the time step. This 

method is only conditionally stable and necessitates the use 

of small-time steps. Furthermore, the computation of 

integrals involving [𝑀∞(𝑡)] requires solving a Lyapunov 

matrix equation at every time step, resulting in a substantial 

computational burden for large-scale systems. 

In the new scheme introduced by Radmanović and Katz 

[36], a different discretization strategy is adopted wherein 

the time variation of [𝑀∞(𝑡)] is modeled as piecewise linear 

within each time interval. Additionally, the use of an 

extrapolation parameter 𝜃  enhances the numerical stability 

of the method, allowing for the use of larger time steps. To 

further improve computational efficiency, a truncation 

time is introduced beyond which the [𝑀∞(𝑡)]is assumed to 

evolve linearly (Fig. 3). This approach leads to a significant 

reduction in computational cost. 

2.6.  Dynamic Response Calculation of Soil Systems 

The equation of motion of the soil in the time domain 

can be written as:  

[𝑀]{𝑢̈(𝑡)} + [𝐶]{𝑢̇(𝑡)} + [𝐾]{𝑢(𝑡)}

= {𝑃(𝑡)} − {𝑅(𝑡)} 

(7) 

where [𝑀], [𝐶] and [𝐾] represent the mass, damping and 

stiffness matrices of the soil, {𝑢̈(𝑡)}, {𝑢̇(𝑡)} and {𝑢(𝑡)}for 

acceleration, velocity and displacement respectively, while 

{𝑃(𝑡)} and {𝑅(𝑡)} are the applied force and the reaction of 

the unbounded domain, respectively.  

In the SBFEM, the mass matrix is derived from the 

physical properties of the system’s elements, including 

density and geometric configuration. The stiffness matrix 

characterizes the system's resistance to deformation and is 

computed based on material properties such as Young's 

modulus and Poisson's ratio, along with the geometric 

arrangement of the elements [16]. 

The calculation of the Rayleigh damping matrix 

involves a systematic approach, starting from the 

computation of eigenvalues and natural frequencies to the 

final construction of the damping matrix. This method 

ensures that the dynamic behavior of the system is 

accurately characterized. The first step is to determine the 

eigenvalues of the system, which are essential in 

understanding the dynamic characteristics. Eigenvalues are 

computed through an eigenvalue analysis of the system 

matrices, specifically the mass and stiffness matrices. This 

problem is expressed as: 

[𝐾]𝑣 = 𝜆[𝑀]𝑣 (8) 

where  𝜆 represents the eigenvalues, and  𝑣 are the 

corresponding eigenvectors. The eigenvalues are then used 

to calculate the natural frequencies 𝜔 by taking the square 

root: 

𝜔 = √𝜆 (9) 

Natural frequencies are crucial as they represent the 

inherent vibrational properties of the system. Once the 

natural frequencies are obtained, the next step is to 

determine the Rayleigh damping coefficients, 𝛼  and 𝛽 . 

Rayleigh damping is a proportional damping model where 

the damping matrix [𝐶] is a linear combination of the mass 

and stiffness matrices. The coefficients are derived to 

achieve a specified damping ratio  𝜉𝐷 at two selected 

frequencies. The system of equations for 𝛼 and 𝛽 is 

formulated as: 

[
1 𝜔1

2

1 𝜔2
2] [

𝛼
𝛽] = [

2𝜉𝐷
2𝜉𝐷

] 
(10) 

Here, 𝜔1 and 𝜔2 are the chosen natural frequencies. 

Solving this system yields the values for 𝛼 and 𝛽, and with 

these determined coefficients, the damping matrix [𝐶] can 

be constructed. The damping matrix is expressed as: 

[𝐶] = 𝛼[𝑀] + 𝛽[𝐾] (11) 
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This linear combination ensures that the damping 

characteristics are appropriately distributed within the 

system, corresponding to the specified damping ratio at the 

selected frequencies [15, 37]. 

The interacting force-acceleration relationship for the 

soil in the time domain can be represented by the 

convolution integral as [36]: 

{𝑅(𝑡)} = ∫ [𝑀∞(𝜏)]{𝑢̈(𝑡 − 𝜏)}𝑑𝜏
𝑡

0

 (12) 

In the detailed analysis of seismic response within soil 

layers, accurately computing the shear strain is crucial for 

assessing the structural integrity and dynamic behavior of 

the soil under seismic forces. This process begins with the 

acquisition of nodal displacements, which are essentially 

the movement of predefined points within the soil matrix 

during seismic activity. Each node's displacement is 

recorded in a two-dimensional space, allowing for the 

subsequent computation of displacement gradients. 

The displacement gradient is a fundamental concept in 

continuum mechanics, representing the rate of change of 

displacement across a finite distance within the material. In 

this analysis, the displacement gradient is mathematically 

defined by the difference in displacements between 

adjacent nodes, normalized by the spatial distance between 

these nodes. This calculation provides a local view of 

deformation specific to the area around each node. 

Following the determination of displacement gradients, 

the deformation gradient tensor, 𝐻, is calculated. This 

tensor is pivotal in transitioning from the undeformed state 

to the deformed state of the soil element, encapsulating 

both rotational and translational deformation components. 

The tensor is computed as: 

𝐻 = 𝐼 + 𝛻𝑢 (13) 

where 𝐼 represents the identity matrix and 𝛻𝑢 is the 

displacement gradient tensor [38]. Subsequently, the 

Green-Lagrange strain tensor,𝐸, is derived to measure the 

strain experienced by the soil element relative to its 

original configuration. The tensor is calculated using as: 

𝐸 =
1

2
(𝐻𝑇𝐻 − 𝐼) 

(14) 

where 𝐻𝑇 is the transpose of the deformation gradient 

tensor. This expression captures the quadratic 

contributions of the deformation, essential for describing 

strains in scenarios involving displacements and rotations 

typical in seismic activities. The final step involves 

extracting the engineering shear strain,𝛾, from the Green-

Lagrange strain tensor. The shear strain, specifically, is 

calculated as twice the value of the off-diagonal component 

of the tensor 𝑆, that is (assuming symmetry 𝐸12 = 𝐸21): 

𝛾 = 2𝐸12 (15) 

This value, engineering shear strain, is crucial because 

it quantifies the material’s deformation under shear 

loading, thereby reflecting its capacity to withstand 

seismic-induced stresses. 

2.7. Equivalent Linear Approach 

 The linear model is the foundational constitutive model 

for site response, treating soil behavior as viscoelastic. It 

assumes a constant equivalent viscous damping ratio, 

unaffected by strain level or frequency. Using the small-

strain shear modulus 𝐺𝑠
2
𝑚𝑎𝑥, derived from the soil’s shear-

wave velocity (𝑉𝑠) and density (𝜌), this model enables 

linear site-response analysis with inputs like shear-wave 

velocity, density, damping ratio, and base motion. 

Unlike linear models with fixed soil properties, the 

equivalent linear method approximates nonlinear soil 

behavior by adjusting properties based on strain levels 

from cyclic loading. It divides the soil into sub-layers, 

improving seismic response predictions and enabling 

detailed analysis of interlayer interactions. This method 

offers a practical balance between computational 

efficiency and accuracy, especially when full nonlinear 

analysis is impractical. 

In addition to the parameters used in linear models, the 

equivalent-linear approach requires strain-dependent 

modulus-reduction and damping curves. Shear modulus 

and damping are iteratively adjusted to match the effective 

shear strain and then held constant during each loading 

cycle. This tuning, based on peak strain, improves 

predictions of peak strains and displacements. In this study, 

 e used Seed’s [12] relationships for modulus-reduction 

and damping, modeling stress-strain behavior in layers 

above the bedrock. Calculations used a strain ratio of 0.65, 

with up to 20 iterations, and sublayers no thicker than 1 

meter. After each iteration, shear modulus and damping 

were evaluated and compared with previous values for all 

sublayers to ensure convergence. 

Fig. 4 presents a flowchart outlining the equivalent 

linear site response analysis using the SBFEM. It 

summarizes key steps from problem setup, material 

property input, and element selection to dynamic response 

calculation. This structured approach emphasizes accurate 

soil behavior modeling under seismic loading. The 

algorithm accommodates 2D, 3D, or axisymmetric 

problems, with inputs as force, displacement, or 

acceleration (this study considers a 2D in-plane 

acceleration case under sinusoidal and earthquake 

loading). Essential soil properties—Poisson’s ratio, 

density, and shear wave velocity—are used to assign 

materials. Depending on the problem, elements such as L2 

and L3 (2D) or Q4, Q8, Q9 (3D) are selected [39]. This 

analysis uses two-node elements with two degrees of 

freedom each. Once materials and elements are defined, 

soil layering is performed. Node coordinates are assigned 

counterclockwise around the scaling center, and boundary 

restraints and matrix dimensions are set. The total analysis 

time is defined by excitation duration and the time step, 

including that for unit impulse response. Subdividing soil
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Figure 4. Flowchart of Equivalent Linear approach for layered soil 

Table 1.  

Characteristics of Earthquakes 

Earthquake Date Location 
Peak Ground 

Acceleration (PGA) 

Peak Ground 

Velocity (PGV) 
Vmax/Amax 

Parkfield 
September 
28, 2004 

Near Parkfield, California 0.35736 g 21.48479 cm/s 0.06129 sec 

Nahanni 
December 

23, 1985 

Nahanni Region, Northwest 

Territories, Canada 
0.14275 g 6.06058 cm/s 0.04328 sec 

 

Table 2.  

Soil layers properties 

Shear Wave 

Velocity m/s 

Density 

kg/m³ 

Unit Weight 

kN/m³ 

Poisson's 

ratio 

200 1836 18 0.4 

300 1938 19 0.35 

500 2040 20 0.3 

700 (Bedrock) - 22 - 
 

layers into thinner sublayers enhances accuracy. The 

analysis begins with initial shear modulus and damping 

values at low strain. These are updated iteratively based on 

effective strain using empirical relationships. If differences 

between iterations fall within an acceptable range, the 

results are finalized; otherwise, the process continues until 

convergence or the iteration limit is reached. 

This methodology is particularly effective in 

stratigraphically complex conditions, where varying 

mechanical properties across layers significantly affect 

seismic response. Iterative updates to modulus and 

damping are essential for accurately predicting ground 

motion. By analyzing each layer in relation to adjacent 

ones, the method offers a clear understanding of seismic 

wave amplification and energy dissipation throughout the 

soil profile. 

3. Verification  

3.1. Selection of Input Motions and Description of Soil 

Profiles  

3.1.1. Overview of Seismic Input and Soil Configurations  

To rigorously compare the outputs from the proposed 

approach with those from DEEPSOIL and QUAKE/W, a 

variety of input motions were used. These included 

sinusoidal excitations and actual earthquake such as the 

Parkfield and Nahanni earthquakes, categorized as in-plane 

motions. 

Table 1 provides detailed specifications of the seismic 

events used in the verification studies, namely the Parkfield 

 o
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and Nahanni earthquakes. Additionally, the properties of 

the soil layers in the analyzed profiles are summarized in 

the Table 2. 

3.1.2. Sinusoidal Excitations and Soil Profiles  

This section details the setup for simulations using 

sinusoidal excitations on various soil profiles. Each profile 

is designed to understand the response of different soil 

types under controlled vibratory conditions. 

• Soil Profiles: Three single-layer soil profiles 

are considered, see Table 3 and Fig. 5. 

• Excitation Characteristics: The excitations are 

applied for a duration of 10 seconds and 

feature a periodicity of 0.4 seconds. The 

amplitude of the sinusoidal waves varies, with 

tests conducted at 0.375g, 0.75g, 1.5g, and 3g 

 respectively e citations SⅠ, SⅡ, SⅢ and SⅣ , 

see Fig. 6. 
Table 3. 

 Soil profiles for sinusoidal excitations 

Profile 
No. of 

Layers 

Layer 

Thickness (m) 

Shear Wave 

Velocity (m/s) 

S500 1 30 500 
S300 1 30 300 

S200 1 30 200 
 

 
Figure 5. Soil profile with single layer 

 

Figure 6. Input motion with amplitude of 0.375g 

3.1.3. Parkfield Earthquakes and Soil Profiles  

• Soil Profiles: The details of the six soil profiles 

under the Parkfield earthquake are shown in 

Table 4 and Fig. 7. 

• Duration and Intensity: The duration of the 

earthquake simulation is 10 seconds, with 

intensity levels adjusted to half, original, and 

double the original recorded scales 

 respectively e citations EⅠ, EⅡ, EⅢ , see Fig. 

8. 

 

a) P532 

 

b) P523 

 

c) P352 

Figure 7. Three-layer soil profiles 

 

Figure 8. Original Parkfield earthquake 
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3.1.4. Nahanni Earthquakes and Soil Profiles  

• Soil Profiles: Further validation is performed 

using data from the Nahanni earthquake, applying 

similar profiles as those in the Parkfield scenarios 

but adjusting for the unique characteristics of the 

Nahanni event and the prefix N instead of P is 

used in naming the profiles (such as N500, N300, 

etc.). 

• Duration and Intensity: The duration for these 

tests extends to 19 seconds to accommodate the 

longer-lasting Nahanni earthquake dynamics, 

with intensity variations also set at half, original, 

and double the original scale (respectively 

e citations QⅠ, QⅡ, QⅢ , see Fig. 9. 

 

Figure 9. Original Nahanni earthquake 

This section aims to not only verify the accuracy of the 

proposed approach but also to highlight the 

comparative efficiency and applicability of the 

proposed approach, DEEPSOIL, and QUAKE/W in 

handling diverse seismic scenarios. 

 

 

 

(a) 

 

(b) 

Figure 10. Response acceleration time history of profile S300 for sinusoidal excitations of a) A=0.75g and b) A=1.5g 

4. Comparative Analysis of Site Response Under 

Various Seismic Conditions  

4.1. Analysis Results from Sinusoidal Excitations  

The results from the sinusoidal excitation tests offer a 

comprehensive analysis of how single-layer soil profiles 

respond to varying seismic load amplitudes, utilizing the 

SBFEM as implemented in MATLAB. The acceleration 

time histories recorded at the surface are juxtaposed with 

results from established geotechnical analysis software, 

namely DEEPSOIL and QUAKE/W, to validate the 

proposed approach's efficacy. 

Fig. 10, as the sample, illustrates the surface 

acceleration time history for a single-layer soil profile with 

a shear  ave velocity of     m s⁻¹  S     under e citations 
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Figure 11. Acceleration response spectrum of sinusoidal excitations of single layer soils 

SII and SIII. The response acceleration time histories for 

single-layer soil profiles (S200, S300, S500) under 

sinusoidal excitation show that the SBFEM closely 

matches QUAKE/W results, particularly at higher shear 

wave velocities. For instance, in the S200 profile under 

excitation SI, peak accelerations from SBFEM and 

QUAKE/W differed by only 8%, while DEEPSOIL 

deviated by 25% with a 0.1-second phase shift. In stiffer 

soils like S500, DEEPSOIL discrepancies increased to 

33% in peak acceleration and 0.15 seconds in timing. 

Under excitation SIII, SBFEM demonstrated reliable 

performance in the S500 profile, with peak acceleration 

differences of respectively 12% and 4% compared to 

DEEPSOIL and QUAKE/W. 

Fig. 11 presents the surface acceleration response 

spectrum under sinusoidal  excitations.  For  example,  Fig. 
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Table 5.  

The peak percentage difference in the acceleration response spectrum of SBFEM compared to DEEPSOIL and QUAKE/W for sinusoidal excitation 
  Profile 

  S200  S300  S500 

  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W 

Excitation 

SⅠ -35.1 -6.1  -22.7 -2.5  34.6 0.0 

SⅡ -145.3 -7.2  -31.5 -3.7  27.1 -3.0 

SⅢ -396.9 -9.1  -94.5 -5.2  -13.6 -4.5 

SⅣ -595.8 -2.3  -195.3 -7.2  -56.1 -6.3 
 

 
Figure 12. Shear strain and shear modulus of sublayers of profile 

S300 for sinusoidal excitation amplitudes A=0.75g 

 
Figure 13. Shear strain and shear modulus of sublayers of profile 

S300 for sinusoidal excitation amplitudes A=1.5g 

11a shows a peak at the soil's natural frequency, indicating 

resonance, with SBFEM and QUAKE/W closely matching, 

while DEEPSOIL shows slight deviations. Table 5 shows 

the percentage differences in peak spectral values between 

SBFEM and both DEEPSOIL and QUAKE/W, with signs 

indicating whether the reference method over- or 

underestimates the SBFEM result. The response spectra 

from Fig. 11a to Fig. 11l show consistent agreement 

between SBFEM and QUAKE/W, especially at primary 

resonance frequencies and peak accelerations, confirming 

both methods' ability to capture key dynamic behavior. At 

higher frequencies, DEEPSOIL aligns more closely with 

QUAKE/W than with SBFEM. 

Fig. 12 and Fig. 13, serving as examples, illustrate the 

mechanical behavior of the S300 soil profile under 

A=0.75g and A=1.5g sinusoidal excitations, showing shear 

strain and shear modulus variations across the vertical 

profile. These figures provide key insights into 

deformation mechanisms and soil stiffness changes during 

seismic loading. All soil profiles show that shear strain is 

highest in the deepest layers near the excitation source and 

decreases toward the surface as wave energy dissipates. 

The S500 profile under excitation SI exhibits lower shear 

strains at all depths than S200 and S300, due to its higher 

stiffness affecting strain distribution. Across all soil 

profiles, shear modulus increases from the deepest layers 

to the surface, reflecting typical seismic soil behavior 

where higher strains cause soil softening. This trend 

highlights how seismic energy absorption reduces stiffness 

in deeper layers under higher strain conditions. 

 

 
Figure 14. Response acceleration time history of profile P200 for 

excitation EII of Parkfield earthquake 

4.2. Response Analysis of Parkfield Earthquake 

Simulations  

The Parkfield earthquake analysis on single-layer soil 

profiles (P200, P300, P500) offers insights into dynamic 

responses under different seismic intensities. Three 

intensity levels (EI, EII, EIII) were used to assess soil 

behavior under varying stress conditions. 

Fig. 14, as the sample, shows the surface acceleration 

time history for the P200 profile under excitation EII using 

SBFEM, compared against DEEPSOIL and QUAKE/W 

results. Under excitation EI, SBFEM slightly overestimates 

P200 by 6%, consistent with QUAKE/W and DEEPSOIL. 

For P300 and P500 under the same excitation, DEEPSOIL 

records peak accelerations 26% and 31% higher than 

SBFEM. In excitation EII, SBFEM yields higher 

accelerations   for   P200,    exceeding    DEEPSOIL    and 
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Figure 15. Acceleration response spectrum of Parkfield earthquakes for single layer soils 

Table 6. 

 The peak percentage difference in the acceleration response spectrum of SBFEM compared to DEEPSOIL and QUAKE/W for Parkfield 

excitations of single layer profile 

  Profile 

  P200  P300  P500 

  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W 

Excitation 

EⅠ -13.2 -14.4  0.6 -39.8  0.6 -30.1 

EⅡ -5.3 3.6  -5.8 -16.9  6.5 -34.0 

EⅢ -15.7 21.3  -9.8 3.3  9.2 -36.8 
 

QUAKE/W by 4% and 42%, respectively, with smaller 

differences in stiffer profiles (P300 and P500). Under 

excitation EIII, larger discrepancies occur for P200, where 

QUAKE/W exceeds SBFEM by over 48%, while 

differences in P300 and P500 are less pronounced. 

Fig. 15 presents the surface acceleration response 

spectra for each soil profile and earthquake intensity, 

illustrating the soil layers' frequency response. Table 6 lists 

the percentage differences in peak spectral values 

compared to DEEPSOIL and QUAKE/W. In Fig. 15a, 

SBFEM predicts higher spectral accelerations at the 

predominant period, while QUAKE/W and DEEPSOIL 

align closely. In Fig. 15b and Fig. 15c, SBFEM matches 

DEEPSOIL at low periods, and DEEPSOIL matches 

QUAKE/W at mid to high periods. All methods show 

consistent phase responses, but amplitude differences 

reflect variations in energy distribution modeling. Fig. 15g, 

Fig. 15h, and Fig. 15i extend these spectral trends. 

Fig. 16, a representative case, illustrates the final shear 

strain and shear modulus distribution for the P200 profile 

under excitation EII, highlighting variations in strain 

magnitude and soil stiffness across the sublayers. All 

profiles show lower shear strain at depth, reflecting the 

intrinsic characteristics of soil layers. Shear modulus 

consistently increases toward the surface, independent of 

seismic   scaling,   indicating   mechanical   stiffening   with 
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Figure 16. Shear strain and shear modulus of sublayers of profile P200 for 

excitation EII of Parkfield earthquake 

Figure 17. Response acceleration time history of profile P532 for 

excitation EII of Parkfield earthquake 
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Figure 18. Acceleration response spectrum of Parkfield earthquakes for three layers soils 

Table 7.  

The peak percentage difference in the acceleration response spectrum of SBFEM compared to DEEPSOIL and QUAKE/W for Parkfield 

excitations of three-layer profiles 
  Profile 
  P532  P523  P352 
  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W 

Excitation 

EⅠ 53.0 -0.5  33.9 2.1  41.6 31.1 

EⅡ 53.6 -2.5  4.5 0.6  14.4 27.5 

EⅢ 39.8 -3.9  -39.4 -0.7  -28.3 23.8 
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decreased depth. However, subtle deviations in deeper 

sublayers, particularly in P200 under excitations EI, EII, 

and EIII, suggest localized variations in soil behavior. 

Similar to the single-layer cases, Fig. 19, as a sample, 

illustrates the final shear strain and shear modulus for the 

P532 profile under excitation EII. Across the three-layer 

profiles and intensity levels, shear strain consistently 

decreases with depth. In the P523 profile, a sharp strain 

drop occurs at the interface bet een     m s⁻¹ and     m 

s⁻¹ layers at    m depth, highlighting the strong influence 

of stiffness contrasts on strain distribution under dynamic 

loading. 

4.3. Response Analysis of Nahanni Earthquake 

Simulations  

Using the same approach as for the Parkfield 

earthquake, the Nahanni earthquake was analyzed for 

single-layer profiles N200, N300, and N500 across three 

intensity levels.  

Fig. 20, as the sample, shows the surface acceleration 

time history for N300 under excitation QII using SBFEM, 

compared with DEEPSOIL and QUAKE/W. DEEPSOIL 

consistently predicts higher accelerations for N200 and 

N300, particularly under excitations QI and QII. The peak 

acceleration response for the N200 profile under excitation 

Q1 are 39% and 55% lower for SBFEM and QUAKE/W 

respectively compared to DEEPSOIL, and for excitation 

Q2, these values are 25% and 38% lower, respectively. 

Fig. 21 shows the acceleration response spectra for the 

Nahanni earthquake, highlighting the soil's frequency 

response. At lower periods, SBFEM and QUAKE/W 

results align closely, indicating similar accuracy. At longer 

periods, DEEPSOIL and QUAKE/W converge, suggesting 

shared modeling behavior. Table 8 lists the percentage 

differences in peak spectral values compared to 

DEEPSOIL and QUAKE/W for single-layer profiles. 

 
Figure 20. Response acceleration time history of profile N300 for 

excitation QII of Nahanni earthquake 
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Figure 21. Acceleration response spectrum of Nahanni earthquakes for single layer soils 
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Table 8. 

 The peak percentage difference in the acceleration response spectrum of SBFEM compared to DEEPSOIL and QUAKE/W for Nahanni 

excitations of single layer profile 

  Profile 

  N200  N300  N500 

  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W 

Excitation 

QⅠ 47.5 -12.0  42.7 -0.9  6.7 -4.7 

QⅡ 35.2 2.2  34.5 -2.0  3.2 -6.1 

QⅢ 12.4 4.7  28.2 -1.4  6.5 0.9 
 

 

Fig. 22, an illustrative example, shows the final shear 

strain and shear modulus for N300 under excitation QII, 

highlighting earthquake-induced changes in mechanical 

properties. Shear strain increases with depth, while shear 

modulus generally rises toward the surface. 

 
Figure 22. Shear strain and shear modulus of sublayers of profile 

N300 for excitation QII of Nahanni earthquake 

The three-layer profiles N532, N523, and N352 were 

also analyzed under the same Nahanni earthquake intensity 

levels.  

Fig. 23, as an example, shows the acceleration time 

history for N523 under excitation QII, and Fig. 24 presents 

surface response spectra for all three profiles. In the 

response acceleration time history for N532 and N352, 

DEEPSOIL and SBFEM results align closely, while 

QUAKE/W amplitudes are about 50% lower, suggesting 

similar sensitivity between DEEPSOIL and SBFEM. In 

contrast, for N523, SBFEM and QUAKE/W exhibit 

stronger agreement, with differences in response remaining 

below 10% for most of the analysis time steps, indicating 

their compatibility in modeling the unique characteristics 

of this profile. 

In Fig. 24, DEEPSOIL consistently shows the highest 

spectral values—especially at natural periods—while 

SBFEM records the lowest, except in Fig. 24d. At higher 

periods, DEEPSOIL and QUAKE/W results overlap 

significantly, indicating similar performance in capturing 

long-period responses. Fig. 24d shows notable divergence, 

suggesting variability under certain seismic or soil 

conditions. Table 9 summarizes the percentage differences 

in peak spectral values between SBFEM, DEEPSOIL, and 

QUAKE/W for the three-layer profiles under the Nahanni 

earthquake. 

 
Figure 23. Response acceleration time history of profile N523 for 

excitation QII of Nahanni earthquake 

As a sample, Fig. 25 presents the final shear strain and 

shear modulus for profile N523 under excitation QII. The 

results, which depict shear strain and shear modulus from 

the Nahanni earthquake show trends consistent with those 

observed in the Parkfield analyses. 

5. Conclusions 

This study has made a remarkably strong impact on the 

understanding of site response analysis in the geotechnical 

earthquake engineering discipline, combining versatile 

theoretical and computational techniques. Employing the 

SBFEM, we conducted a two-dimensional equivalent 

linear site response analysis that incorporated Rayleigh 

damping. Our results confirm that SBFEM provides a 

robust framework for accurately modeling the dynamic 

responses of soil layers to seismic activities. The method's 

ability to handle complex boundary conditions and its 

computational efficiency make it particularly suitable for 

analyzing earthquake-induced site responses. 

We have successfully compared the SBFEM with 

traditional numerical methods, with the outcomes being 

similar and highly reliable, thus, clearly testifying to its 

precise performance in seismic analysis. The Rayleigh 

damping that is added to the SBFEM gives it an additional 

ability to simulate the real-world dissipation of energy by 

soils and thus, gives more information about the 

dampening characteristics during seismic events.
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Figure 24. Acceleration response spectrum of Nahanni earthquakes for three layers soils 

Table 9. 

 The peak percentage difference in the acceleration response spectrum of SBFEM compared to DEEPSOIL and QUAKE/W for Nahanni 

excitations of three-layer profiles 

  Profile 

  N532  N523  N352 

  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W  DEEPSOIL QUAKE/W 

Excitation 

QⅠ 71.7 33.6  66.0 52.5  72.1 33.1 

QⅡ 70.9 70.3  64.0 57.2  70.9 40.2 

QⅢ 69.8 40.6  79.1 59.6  66.1 44.5 
 

 

Figure 25. Shear strain and shear modulus of sublayers of profile N523 for excitation QII of Nahanni earthquake 
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Moreover, our research emphasizes the crucial 

influence of soil layer properties on seismic wave 

amplification and attenuation. Accurate characterization of 

these properties is essential for enhancing earthquake-

resistant design and improving seismic risk assessments. 

The adaptation of SBFEM for various intensity excitations 

and for unbounded domains represents a significant 

methodological advancement, providing a powerful tool 

for more effectively predicting seismic responses. Besides, 

results highlight the importance of method choice in 

seismic analysis across varying soil types. 

The implications of this research are significant for the 

field of geotechnical earthquake engineering, especially in 

regions susceptible to earthquakes. By delivering a more 

precise assessment of soil behavior under seismic loads, 

our approach can significantly contribute to the 

development of safer and more effective earthquake-

resistant designs.  

Future efforts will focus on the extension of SBFEM to 

non-linear site response analyses and the exploration of 

three-dimensional modeling capabilities. These 

advancements are expected to deepen our understanding of 

the complex interactions between soil layers and seismic 

waves, leading to enhanced predictive models and 

engineering solutions. 
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