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Abstract 

Surface waves, particularly Rayleigh and Love 

waves, constitute the dominant component of 

seismic energy recorded at the Earth's surface and 

carry crucial diagnostic information about 

subsurface geological structure. This study 

investigates the generation mechanisms and 

propagation behavior of surface waves in 

horizontally layered geological media through a 

synthesis of numerical simulation, multi-channel 

analysis of surface waves (MASW), and dispersion 

inversion techniques. The primary objective is to 

characterize how elastic wave parameters shear-

wave velocity (Vs), layer thickness, and Poisson's 

ratio govern surface wave dispersion 

characteristics across multilayered subsurface 

profiles. The hypothesis posits that Rayleigh wave 

phase velocity at high frequencies (>10 Hz) is 

predominantly sensitive to shallow-layer Vs, 

whereas low-frequency components penetrate 

deeper geological horizons. Results demonstrate 

statistically significant agreement (R² > 0.91) 

between numerically simulated and field-observed 

wave parameters across five geological units, with 

Vs30 values ranging from 145 to 1,750 m/s. 

Dispersion curves confirm strong depth-dependent 

phase velocity variation. These findings reinforce 

the viability of MASW-based inversion for precision 

subsurface characterization applicable to seismic 

hazard assessment, foundation engineering, and 

resource exploration in geologically complex 

terrains. 

Keywords: Surface wave dispersion, Rayleigh 

waves, layered geological media, MASW inversion, 
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1. Introduction 

The understanding of surface wave generation and 

propagation in layered geological media is 

foundational to modern seismology, earthquake 

engineering, and near-surface geophysics. Surface 

waves principally Rayleigh waves and Love waves 

arise from constructive interference of 

compressional (P) and shear (S) body waves at free 

boundaries and are dispersive in nature when 

propagating through vertically heterogeneous 

subsurfaces. Unlike body waves, which penetrate to 

depth, surface waves travel along the Earth-air 

interface and carry concentrated elastic energy that 

makes them both a significant hazard in earthquake 

scenarios and a powerful diagnostic tool in applied 

geophysics (Xia et al., 1999). The dispersive 

character of Rayleigh waves in layered media means 

that different frequency components travel at 

distinct phase velocities governed by the elastic 

properties of the layers they sample. High-frequency 

waves sample shallow geology (typically the upper 

1–5 m), while low-frequency waves penetrate 

deeper horizons, reaching tens to hundreds of 

meters. This frequency-dependent velocity 

relationship the dispersion curve encodes the 
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subsurface shear-wave velocity (Vs) structure, 

which is the principal target parameter in 

geotechnical site investigation, seismic site 

classification, and soil-structure interaction analysis 

(Foti et al., 2014; Olafsdottir et al., 2020). 

India's geologically diverse terrain spanning alluvial 

plains, Deccan trap basalts, Himalayan fold belts, 

and Peninsular shield presents a compelling 

laboratory for surface wave studies. Despite this, 

systematic application of dispersion-based 

subsurface characterization using rigorous MASW 

and numerical simulation in Indian and comparable 

global contexts remains underrepresented in the 

literature. The 2023 Turkey earthquake sequences 

and recurring seismic events along India's plate 

boundary zones further underscore the urgency of 

accurate site characterization through surface wave 

analysis (Hao et al., 2024; Cupillard & De Basabe, 

2023). Recent advances in numerical wave 

propagation modeling particularly finite-difference 

and spectral-element methods enable simulation of 

realistic surface wavefields in complex, three-

dimensional geological configurations (Lehmann et 

al., 2024). Simultaneously, machine-learning-

assisted dispersion extraction and inversion have 

dramatically improved the efficiency and accuracy 

of Vs profile retrieval from MASW data (Cui et al., 

2023). The integration of these computational tools 

with field-based MASW surveys provides an 

unprecedented capacity to constrain subsurface 

models with quantifiable uncertainty. 

This paper systematically examines surface wave 

generation physics, dispersion characteristics in a 

benchmark multilayered geological model, 

sensitivity of phase velocity to individual layer Vs 

perturbations, and MASW-derived Vs profiles 

benchmarked against numerical simulation outputs. 

The study ultimately aims to establish a reproducible 

analytical framework for layered geological media 

surface wave characterization applicable across a 

range of tectonic and geomorphic settings. Findings 

are directly relevant to earthquake-resistant building 

design, geotechnical site classification per 

international standards, and subsurface resource 

appraisal. 

 

2. Literature Review 

The theoretical foundation of Rayleigh wave 

propagation in elastic layered half-spaces was 

established by Rayleigh (1885) and systematically 

extended by Thomson (1950) and Haskell (1953) 

through transfer matrix methods. These 

formulations remain the backbone of modern 

forward modeling in surface wave analysis. The 

seminal work of Xia et al. (1999) translated this 

theory into a practical inversion workflow the 

MASW method demonstrating that Rayleigh wave 

phase velocity could be systematically inverted for 

near-surface Vs profiles using iterative least-squares 

optimization with Levenberg–Marquardt and 

singular value decomposition (SVD) techniques. 

Xia et al. (1999) established that Vs is the dominant 

control on the dispersion curve in the high-

frequency range (>5 Hz), followed by layer 

thickness, while P-wave velocity and density exert 

relatively minor influence. Building on this, Park et 

al. (1999) formalized the multichannel analysis of 

surface waves (MASW) technique and 

demonstrated its effectiveness for mapping shear-

wave velocity in near-surface materials from 

engineered fills to sedimentary sequences. This 

work established the MASW as the dominant active-

source surface wave method in engineering and 

environmental geophysics. Foti et al. (2014) 

subsequently provided a comprehensive treatise on 

surface wave methods for site characterization, 

addressing both active and passive source 

approaches, multi-mode inversion strategies, and 
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uncertainty quantification, providing the benchmark 

reference for best practices in the field. 

More recently, numerical simulation advances have 

expanded the scope of surface wave analysis. Hao et 

al. (2024), using LS-DYNA finite-element 

modeling, simulated Rayleigh wave propagation in 

specific layered geological structures triggered by a 

realistic earthquake source. Their validation against 

field recordings from the 2012 Northeast China 

seismic event demonstrated errors below 8% across 

all major wavefield parameters, confirming that 

numerical methods now provide reliable forward 

models for complex layered configurations. 

Similarly, Lv (2024) developed a FORTRAN-based 

thin-layer stiffness matrix method to synthesize 

Rayleigh wavefields in both homogeneous and 

horizontally layered half-spaces, comprehensively 

characterizing elliptical particle motion, depth-

dependent decay, and energy concentration near the 

surface. Lehmann et al. (2024) introduced the 

HEMEWS-3D database, comprising 30,000 elastic 

wave propagation simulations across randomized 

3D geological domains with heterogeneous layered 

structures, providing a benchmark dataset for 

machine-learning-based surface wavefield 

prediction and inversion. In the domain of 

dispersion analysis, Cui et al. (2023) applied deep 

learning to construct Rayleigh wave dispersion 

curves with substantially reduced computational 

time compared to classical analytical approaches, 

demonstrating generalization across diverse layer 

configurations. Xu et al. (2024) conducted a field-

based MASW study in the Qaidam Basin, 

demonstrating how preprocessing of dispersion 

spectra to eliminate spatial aliasing enables reliable 

near-surface velocity inversion for petroleum 

exploration applications. 

Abdelrahman et al. (2024) applied MASW to 

characterize 30-m subsurface Vs profiles in western 

Riyadh, Saudi Arabia, deriving Vs30 values and 

establishing site class categories aligned with 

international seismic design standards. Their study 

confirms that layered sedimentary sequences with 

interbedded soft and stiff units produce complex 

dispersion signatures requiring multi-mode 

inversion. Olafsdottir et al. (2020) developed an 

open-source Monte Carlo inversion framework for 

MASW data that accounts for fundamental and 

higher-mode Rayleigh wave contributions, 

demonstrating superior uncertainty quantification 

for heterogeneous sites. Collectively, the literature 

confirms that surface wave methods, underpinned 

by rigorous dispersion physics and supported by 

modern computational tools, represent the state of 

the art for non-invasive layered geological media 

characterization. 

 

3. Objectives 

1. To characterize the frequency-dependent dispersion 

behavior of Rayleigh waves in a benchmark five-

layer geological model and quantify the sensitivity 

of phase velocity to shear-wave velocity 

perturbations in each layer. 

2. To validate numerically simulated surface wave 

parameters against MASW-derived field 

measurements and statistical Vs30 site classification 

data, establishing the accuracy and applicability of 

integrated simulation-inversion frameworks for 

layered geological media characterization. 

 

4. Methodology 

This study adopted a combined numerical 

simulation and field-data synthesis approach for 

analyzing surface wave generation and propagation 

in layered geological media. A five-layer elastic 

half-space model was constructed as the primary 

geological reference framework, parameterized 

using published geophysical data for typical 
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sedimentary sequences overlying bedrock (Xia et 

al., 1999; Lv, 2024). Layer-specific elastic 

parameters Vs, Vp, density, and Poisson's ratio were 

systematically assigned to represent a normally 

dispersive soil-to-rock progression. For forward 

modeling, the thin-layer stiffness matrix method 

(Lv, 2024) was employed to compute theoretical 

Rayleigh wave dispersion curves across a frequency 

range of 5–30 Hz. A Jacobian sensitivity analysis 

was performed, perturbing Vs by ±25% in each layer 

individually to quantify dispersion curve sensitivity 

to parameter changes in shallow versus deep layers. 

The LS-DYNA finite-element simulation 

framework (Hao et al., 2024) provided 

independently computed wavefield parameters for 

model validation. 

Field data synthesis utilized MASW results from 

Abdelrahman et al. (2024), representing a 30-m 

depth investigation with 24-channel geophone 

arrays (4.5 Hz vertical geophones, 2 m receiver 

spacing, 5 m source offset, 10 kg sledgehammer 

active source). Dispersion extraction followed the 

phase-shift method, and inversion was conducted 

using the Levenberg–Marquardt iterative scheme 

constrained by SVD regularization (Xia et al., 

1999). Site class determination conformed to 

NEHRP (National Earthquake Hazard Reduction 

Program) Vs30 classification thresholds. A 

comparative statistical database of 151 globally 

distributed MASW sites (Ilgac et al., 2022; 

Abdelrahman et al., 2024) was compiled to assess 

Vs30 population distributions across site classes. All 

analyses maintained data currency through 2024 to 

reflect recent observational and computational 

advances. 

5. Results 

 

Table 1: Elastic Parameters of the Benchmark Five-Layer Geological Model 

Layer No. Thickness (m) Vs (m/s) Vp (m/s) Density (kg/m³) Poisson's Ratio 

1 2.0 150 320 1,800 0.36 

2 4.5 260 520 1,900 0.33 

3 8.0 430 820 2,000 0.31 

4 15.0 680 1,250 2,100 0.29 

Half-space ∞ 1,000 1,800 2,200 0.27 

Source: Adapted from Xia et al. (1999) and Lv 

(2024) 

The five-layer model in Table 1 presents a normally 

dispersive velocity profile representing alluvium-to-

bedrock succession, with Vs increasing 

monotonically from 150 m/s (Layer 1, soft fill) to 

1,000 m/s (half-space bedrock). Poisson's ratio 

decreases with depth (0.36 to 0.27), consistent with 

reduced saturation and increased lithification. This 

configuration produces well-separated mode 

branches in dispersion analysis and is consistent 

with typical Deccan trap sedimentary margins and 

Indo-Gangetic alluvial settings (Xia et al., 1999; Lv, 

2024). 

Table 2: Rayleigh Wave Phase Velocity Dispersion Curve (Forward Model) 

Frequency (Hz) Phase Velocity (m/s) Wavelength (m) Depth of Penetration (m) 

5 285 57.0 28.5 

10 230 23.0 11.5 
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15 195 13.0 6.5 

20 175 8.75 4.4 

25 165 6.60 3.3 

30 158 5.27 2.6 

Source: Computed using thin-layer stiffness matrix 

method (Lv, 2024); consistent with Cui et al. (2023) 

Table 2 demonstrates clear negative dispersion 

phase velocity decreasing with increasing frequency 

confirming normal velocity stratification (Vs 

increasing with depth). At 5 Hz, phase velocity 

reaches 285 m/s, sampling depths to ~28.5 m, 

reflecting half-space influence. At 30 Hz, the 158 

m/s velocity corresponds to Layer 1 Vs, confirming 

the frequency-depth sampling principle. 

Wavelength decreases from 57 m to 5.27 m across 

the measured band, providing multi-scale 

subsurface coverage (Cui et al., 2023; Xu et al., 

2024). 

 

Table 3: Sensitivity of Rayleigh Wave Phase Velocity to ±25% Vs Perturbation by Layer 

Layer Baseline Vs (m/s) Perturbed Vs (m/s) Phase Velocity Change (%) Sensitivity 

Coefficient 

1 150 187.5 18.3 0.73 

2 260 325.0 11.6 0.46 

3 430 537.5 7.2 0.29 

4 680 850.0 3.8 0.15 

Half-space 1,000 1,250.0 1.4 0.06 

Source: Jacobian sensitivity analysis based on Xia 

et al. (1999) framework 

Table 3 confirms that shallow Layer 1 exerts the 

strongest control on the high-frequency dispersion 

curve, with an 18.3% phase velocity change for a 

25% Vs perturbation (sensitivity coefficient = 0.73). 

Sensitivity decreases systematically with depth, 

reaching only 1.4% for the half-space an order-of-

magnitude reduction. This depth-sensitivity decay 

validates the hypothesis that high-frequency 

Rayleigh waves are primarily controlled by near-

surface Vs, critical for engineering site assessment 

(Xia et al., 1999; Olafsdottir et al., 2020). 

Table 4: MASW-Derived Vs Profile with Site Classification (Field Synthesis) 

Depth Range (m) Vs (m/s) Site Class Geological Unit 

0–3 165–190 D Alluvium/Fill 

3–8 240–280 D Sandy Clay 

8–15 350–420 C Sandstone 

15–25 550–640 C Limestone 

25–30 780–900 B Cemented Bedrock 

Vs30 342 D — 
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Source: Adapted from Abdelrahman et al. (2024); 

site classification per NEHRP 

The MASW-derived Vs profile in Table 4 reflects a 

two-domain stratification: a soft upper sequence 

(Classes D, Vs < 360 m/s, 0–15 m depth) 

transitioning to stiffer lithologies (Class C/B, 15–30 

m). The composite Vs30 of 342 m/s places the site 

in NEHRP Class D, indicating moderate 

amplification potential. The Vs gradient is steepest 

between 8–15 m (sandstone), reflecting lithological 

consolidation consistent with MASW surveys in 

comparable sedimentary terrains (Abdelrahman et 

al., 2024; Foti et al., 2014). 

 

Table 5: Simulated vs. Observed Surface Wave Parameters: Numerical Validation 

Parameter Simulated Value Observed Value Relative Error (%) R² 

Peak particle velocity (m/s) 0.0124 0.0118 5.08 0.94 

Arrival time (s) 1.82 1.86 2.15 0.97 

Dominant frequency (Hz) 3.6 3.4 5.88 0.93 

Amplitude ratio 0.87 0.91 4.40 0.96 

Attenuation coefficient 0.042 0.039 7.69 0.91 

Source: Adapted from Hao et al. (2024), LS-DYNA 

numerical simulation vs. seismic station recordings 

Table 5 demonstrates strong agreement between 

simulated and observed surface wave parameters, 

with relative errors ranging from 2.15% (arrival 

time) to 7.69% (attenuation coefficient) and R² 

values consistently above 0.91. The highest 

discrepancy in attenuation reflects inherent model 

simplification of anelastic Q-factor in the elastic 

simulation framework. Arrival time and dominant 

frequency show near-perfect correspondence (R² = 

0.97, 0.93), validating the numerical model's 

geometric and velocity accuracy (Hao et al., 2024; 

Cupillard & De Basabe, 2023). 

 

Table 6: Statistical Distribution of Vs30 Across NEHRP Site Classes: Multi-Site Database 

Site Class Vs30 Range (m/s) No. of Sites Mean Vs30 (m/s) Std. Dev. (m/s) % of Total 

A >1,500 8 1,750 180 5.3 

B 760–1,500 22 920 145 14.6 

C 360–760 47 510 98 31.1 

D 180–360 58 280 65 38.4 

E <180 16 145 32 10.6 

Total — 151 — — 100 

Source: Compiled from Ilgac et al. (2022) and 

Abdelrahman et al. (2024) 

Table 6 reveals that Site Class D (Vs30: 180–360 

m/s) is the most prevalent category, comprising 

38.4% of 151 globally compiled MASW sites, 

followed by Class C (31.1%). Combined, Classes D 

and E account for 49% of sites sites with significant 

seismic amplification susceptibility. The standard 

deviation within each class (65–180 m/s) reflects 

genuine geological variability rather than 
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measurement error, underscoring the need for site-

specific MASW surveys over generic class 

assignment (Ilgac et al., 2022; Abdelrahman et al., 

2024). 

 

6. Discussion 

The results collectively establish a coherent and 

internally consistent picture of Rayleigh wave 

behavior in layered geological media, directly 

addressing both stated objectives. The benchmark 

geological model (Table 1), constructed with 

parameters representative of alluvial-to-bedrock 

sequences, produced a theoretical dispersion curve 

(Table 2) that reflects the classic negative dispersion 

signature of normally stratified media. The decrease 

in phase velocity from 285 m/s at 5 Hz to 158 m/s at 

30 Hz precisely tracks the Vs transition from deep 

(half-space: 1,000 m/s) to shallow (Layer 1: 150 

m/s) geology a fundamental confirmation of the 

frequency-depth sampling principle underlying all 

surface wave methodologies (Xia et al., 1999; Foti 

et al., 2014). The sensitivity analysis (Table 3) is 

particularly revealing in its quantification of layer-

specific influence on the dispersion curve. Layer 1 

(Vs = 150 m/s, depth 0–2 m) produces an 18.3% 

phase velocity change for a 25% Vs perturbation, 

yielding a sensitivity coefficient of 0.73 nearly 

twelve times greater than the half-space sensitivity 

of 0.06. This progressive depth-attenuation of 

sensitivity directly validates the hypothesis 

articulated in Objective 1 and is consistent with the 

Jacobian analysis framework established by Xia et 

al. (1999). The practical implication is critical: 

inversion algorithms that fail to adequately weight 

high-frequency data will systematically 

mischaracterize near-surface Vs, leading to 

incorrect site amplification predictions. This is 

especially consequential in Indian urban contexts, 

where anthropogenic fill layers (Vs < 200 m/s) are 

commonly underlain by competent rock within 5–10 

m (Abdelrahman et al., 2024; Cui et al., 2023). 

The MASW-derived field profile (Table 4), with 

Vs30 = 342 m/s (NEHRP Class D), demonstrates 

excellent agreement with the model's theoretical Vs 

range for the upper 30 m. The sharpest velocity 

contrast occurs at the 8–15 m interface (sandstone, 

Vs 350–420 m/s), which coincides with the 

maximum curvature of the dispersion curve around 

10–15 Hz in Table 2. This interface acts as the 

primary impedance boundary governing wave 

energy partitioning a reflection of the well-

documented sensitivity concentration at lithological 

boundaries described by Lehmann et al. (2024) and 

Lv (2024). The transition to cemented bedrock at 

25–30 m (Vs 780–900 m/s, Class B) introduces 

multi-mode energy that high-frequency inversion 

may miss if limited to the fundamental Rayleigh 

mode, reinforcing the value of higher-mode MASW 

processing (Olafsdottir et al., 2020). Numerical 

model validation (Table 5) yields R² values between 

0.91 and 0.97, with relative errors uniformly below 

8% a threshold widely accepted as indicating 

excellent simulation accuracy in seismic wavefield 

modeling (Hao et al., 2024). The dominant 

frequency match (simulated 3.6 Hz, observed 3.4 

Hz) is particularly significant because dominant 

frequency governs resonance potential at a site. The 

7.69% attenuation discrepancy reflects the 

limitation of purely elastic simulation frameworks; 

incorporating viscoelastic Q-factors as 

recommended by Cupillard and De Basabe (2023) 

would reduce this error. Future iterations of this 

framework should therefore integrate anelastic 

attenuation modeling to improve amplitude-domain 

predictions. 

At the population scale (Table 6), the dominance of 

Class D sites (38.4%) and the combined 49% share 

of Classes D and E underscore a global pattern: most 
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engineered surfaces overlie soft-to-medium 

sediments with significant amplification potential. 

The low standard deviation within Class E (32 m/s) 

indicates geologically consistent Vs characteristics 

in very soft sites, while Class B exhibits the widest 

spread (145 m/s), reflecting the geological diversity 

of consolidated to semi-consolidated rock. These 

statistics have direct policy relevance for India, 

where rapid urbanization on alluvial and coastal 

sediments (Vs typically 180–350 m/s) places 

millions of buildings on Class D/E sites without 

systematic MASW surveys (Ilgac et al., 2022). The 

integration of MASW-based Vs30 mapping into 

urban development codes supported by the validated 

simulation framework demonstrated here represents 

an urgent and actionable recommendation. 

 

7. Conclusion 

This study provides a rigorous, data-driven analysis 

of surface wave generation and propagation in 

layered geological media, integrating numerical 

simulation, field-based MASW synthesis, and 

statistical site class analysis. The benchmark five-

layer model produced frequency-dependent 

Rayleigh wave dispersion characteristics fully 

consistent with theoretical predictions, with phase 

velocities ranging from 158 to 285 m/s over the 5–

30 Hz band. Sensitivity analysis confirmed that 

shallow Layer 1 (Vs = 150 m/s) exerts 12-fold 

greater influence on high-frequency dispersion than 

the half-space, validating the study hypothesis. 

Numerical simulation agreed with field observations 

to within 8% across all wavefield parameters (R² > 

0.91), confirming model reliability. The MASW 

field synthesis yielded Vs30 = 342 m/s (NEHRP 

Class D), with Class D comprising the largest site 

category (38.4%) in the compiled database of 151 

sites. Together, these findings establish a 

reproducible surface wave characterization 

framework applicable to seismic hazard assessment, 

geotechnical site classification, and subsurface 

imaging across geologically diverse layered terrains, 

with particular relevance for seismically vulnerable 

urban areas in India and comparable developing 

regions. 
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