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Abstract
The potential risk of subsurface anomalies such as sinkhole and cavity has always been an important
issue in geotechnical and geophysical engineering. Subsurface cavities have dissimilar effects on
different components of Rayleigh wave in each direction. This paper intends to detect cavity and
intrusion in the half-space and layered soil media. Rayleigh (R) wave propagation is analyzed according
to the classical Multi-channel Analysis of Surface Waves (MASW) method. 2D and 3D simulations of
Surface wave testing were conducted using Finite Element Modeling (FEM) in Abaqus 6.14. The results
show the significant effect of the subsurface cavity on the particle motion and radial component of the
Rayleigh wave. Cavity location is determined based on the variation of the maximum normalized
amplitude for each trace. Furthermore, the perturbation of the elliptic shape above the cavity can help in
cavity detection compared with the recorded data before and after the cavity.

1 Introduction
Subsurface anomalies such as cavities, sinkholes, weak subsurface layers, faults, tunnels, etc. may
cause threats to humans [1–4]. The sinkhole phenomenon has particular importance, which is generally
caused by factors such as groundwater level dropping and karst. Damages were appeared by sinkholes
in various parts of the world, especially in the plains of Iran, e.g. in Surmagh plain (50 m in diameter and
16 m in depth), in Safashahr plain (50 m in width and 20 m in depth), in Kaboudarahang plain, Hamedan
and the recently in Fassa plain (20 m in width and 100 m in depth) [5–8]. These subsurface cavities have
caused serious damage to crop lands, residential buildings, roads and other structures as well as
environmental, economic and social losses [5–8]. So, detection of sinkhole and cavity are really
important for many engineering projects.

A multitude of studies have been dedicated to cavity detection by using seismic surface waves [9–13].
Shao et al. [14] studied near-surface cavity detection by generalized S-transform of Rayleigh (R) wave
based on the small modification to the travel time equation for R-wave diffraction of the study of Xia et
al. [10]. Chai et al. [3, 15] studied the influence of the source and void depth on the wave-field in half
space and layered media by numerical simulation. For instance, Mi et al. [16] presented the horizontal
resolution of the MASW method to recognize anomalies on a pseudo-2D shear wave velocity section.
Attenuation analyses of R-wave have demonstrated satisfactory results in identifying shallow subsurface
voids [9]. In addition, numerical studies [17–20] have verified the feasibility of detecting near-surface
voids using seismic waves. Borisov et al. [21] also successfully applied 3D elastic full waveform
inversion to detect voids in the near surface. Their results showed the ability of high-resolution 3D
velocity models to detect the tunnel.

The main contribution of this paper is to apply the FEM method to identify cavities in soil media by
analyzing the particles motions and different components of R-wave. The circular cavities are modeled in
different materials of the empty cavity (cavity) and filled cavity (intrusion) in the half-space and layered
soil media. The comparison of radial and vertical components of R-wave is conducted based on the
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maximum normalized amplitude of each trace which is recorded by receivers. Furthermore, the particles
motions of R-wave are evaluated in different location of receivers which are located before, above and
after the buried cavity.

1.1 Methodology and Verification
In the finite element simulations, the reflection of waves into the medium is always observed due to the
effect of seismic loading. Hereof, infinite elements were employed at the model boundaries. The infinite
element method is not suitable for complex 2D and 3D modeling of surface wave propagations. In return,
the Absorbing Layers using Increasing Damping (ALID) and Perfectly Matched Layer (PML) significantly
reduce the geometrical and computational size of numerical models [22, 23]. Hence, simpler application
of ALID in modeling as an absorbing boundary makes this method to be preferred [24, 25]. The thickness
of ALID layers and the difference between adjacent layers damping affect the level of absorption and
reflection of waves into the medium. As a result, high impedance differences between adjacent layers
result in more reflection of waves into the medium. Therefore, in order to damp the waves at the
boundaries of the model, an increasing-damping layout for the layers is used denoted by ALID. According
to the analyses, a number of 20 ALID layers with thickness of 1 m are selected for more absorption of the
reflected waves [26]. All models are simulated using FEM. For all models, the size of the model is 100 m ×
50 m with considering the thickness of 20 m for absorbing boundary, at the bottom and both sides of the
model. The sampling rate of 0.1 ms and acquisition time of 0.4 s are selected.

The synthetic shot was located of 1 m far from array. The generated waves were recorded with 48 m
geophones array with a space of 1 m that were excited by a vertical source (50 Hz Ricker wavelet) as
shown in the time and frequency domain in Fig. 1a. The source load function is given by Ricker wavelet
[27, 28], which is expressed in the time domain as:

R(t) = 1 − 2π2f2t2 e−π2f2t2

1
where t, f, and R are time (s), frequency (Hz) and Ricker wavelet, respectively.

The results of recorded data of the geophones which are located on the surface are shown in Fig. 1b.
This data are transferred from the time-offset domain to the frequency-wave number (f-k) domain. The
results show that the maximum amplitude and energy obtained are related to the frequency of 10 Hz and
the dominant frequency of the applied source load.

One layer model with shear wave velocity of 500 m/s is considered for verification of modeling results. As
shown in Fig. 2, a homogeneous half-space soil model is employed to validate the software output and
MATLAB analyses.

Based on the fact that VR ≈ 0.928×VS which is 462 m/s in the validation model, the Rayleigh wave
dispersion curve of the homogeneous half-space model must also be obtained with the same velocity.

( )
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Figure 3(a) illustrates the wave-field recorded by the geophones in the time-offset domain (wave-field). R-
waves with greater amplitudes and lower velocities can be identified clearly. The P-waves travel path also
appears above the R-waves path with greater velocity or slighter slope. The phase velocity spectrum of
the R-waves is illustrated in Fig. 3(b) representing an energy accumulation about the velocity of 462 m/s.
By this, the reliability of FEM modeling and MATLAB analyses is validated.

2 Results And Discussion
In this paper, 2D and 3D simulations of single-layer (half-space) and layered soil media without cavity,
with cavity and intrusion are considered. In this regard, particles motions (elliptic shape) of Rayleigh
wave, the ratio and maximum normalized amplitude of the vertical and radial components of Rayleigh
waves are investigated.

2.1 Rayleigh wave components in Half-space soil media
(2D models)
The effect of a circular cavity and intrusion with a radius of 2.5 m in the homogeneous half-space model
are investigated in this part. The general sketches of numerical models which are used for the simulation
are illustrated in Fig. 4. In addition, the effect of this cavity (Fig. 4b) is compared with the results of half-
space models without cavity (Fig. 4a) and with intrusion (Fig. 4c). The source load is located on the left
side of the geophones array (forward). The circular cavity is located at the middle of 48 m geophone
array at a distance of 24 m from the first geophone and also at the center of the first layer thickness [29].
The material properties of soil layers, cavity and intrusion for simulations are presented in Table 1. It
must be underlined that the Basalt volcanic rock considered as a filled cavity (intrusion) and also for
avoiding numerical difficulties the cavity with low elastic properties are used instead of the empty cavity
[10].

 
Table 1

Material properties of soil media, cavity and intrusion
Martial Shear wave

velocity(m/s)
P-wave
velocity(m/s)

Elastic
modulus
(MPa)

Mass
density
(kg/m3)

Poisson’s
ratio

Rayleigh
Damping
(α&β)

half-space 500 866 1375 2200 0.25 0.83,
0.000085

Cavity 17 340 0.0086 10 0.498 3.2,
0.0009

Intrusion
(Volcanic
rock)

3000 5080 1.45E + 7 2400 0.338 0.23,
0.000031
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As shown in Fig. 4, the cavity and intrusion are located below the center of the receiver array. It is
expected to appear some changes in the amplitude of the horizontal and vertical components of the R-
wave (elliptical shape of R-wave) due to the presence of subsurface cavities. The recorded data by 49
receivers for a half-space model without and with cavity are illustrated in Fig. 5a and 5b, respectively. By
comparing the obtained results, the effects of cavity on the particles motions of R-wave can be identified
in the central receivers (around the 24th receiver) as shown in Fig. 5b. Hence, the deformed shapes of
particles motions in some receivers indicate the influence of the cavity on different components of R-
wave.

The comparative results of half-space soil model without cavity and with cavity and intrusion are
represented in Fig. 6, Fig. 7 and Fig. 8, respectively. The elliptical shape of R-wave for all three locations of
recorded data by the receiver are the same in soil media without cavity. On the other hand, for the soil
media with cavity and intrusion, the effect of cavity and intrusion can be identified based on the
deformation of the elliptical shape of R-wave which is recorded by geophones above the cavity and
intrusion (Fig. 7b and 8b). It should be mentioned that, there are not any significant changes in the
elliptical shape of R-wave which is recorded before and after the location of the cavity and intrusion as
shown in Fig. 7a, 7c, 8a and 8c.

The aforementioned results demonstrate that the radial and vertical components of R-wave can represent
the effect of subsurface cavity. In this regard, the comparison of radial and vertical components of R-
wave are conducted based on the maximum normalized amplitude of each trace. It means, the maximum
normalized amplitude of each trace is determined and then all these values for each receiver are shown in
Fig. 9a and 10a. The significant sharp changes of different components of R-wave represent the location
of cavity around the 24th receiver. Furthermore, the radial to vertical and vertical to radial ratio are shown
in Fig. 9b and 10b which the location and effect of cavity are detectable. The effects of intrusion on the
maximum normalized amplitude and different component ratio are more clear due to the great
differences between the elastic modulus of intrusion and soil media. So, according to the obtained
results, the cavity and intrusion could be detected by using maximum normalized amplitude and ratio of
different components.

2.2 Rayleigh wave components in layered soil media (2D
models)
In this section, the two-layer soil models are evaluated with the first layer 40 m thick and the second layer
(half-space) 60 m thick. As illustrated in Fig. 11, the circular cavity and intrusion with a radius of 2.5 m
are located at the center of receiver array and the Ricker source load with central frequency of 50 Hz is
applied on the left side of receivers. Similar to the previous part process, the obtained results of soil
model with cavity are compared with the models without cavity and with intrusion (Fig. 11). The material
properties of two-layer soil models and simulations are presented in Table 1.
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Table 2
Material properties of soil media, cavity and intrusion

Martial Shear wave
velocity(m/s)

P-wave
velocity(m/s)

Elastic
modulus
(MPa)

Mass
density
(kg/m3)

Poisson’s
ratio

Rayleigh
Damping
(α&β)

First layer 200 400 192 1800 0.33 1.67,
0.00017

half-space 500 866 1375 2200 0.25 0.83,
0.000085

Cavity 17 340 0.0086 10 0.498 3.2,
0.0009

Intrusion
(Volcanic
rock)

3000 5080 1.45E + 7 2400 0.338 0.23,
0.000031

The results of two-layer soil models without cavity and with cavity and intrusion are illustrated in Fig. 12.
The comparative curves of the maximum normalized amplitude of vertical and radial components are
presented in the first column of Fig. 12. By comparing the results of soil models with cavity and intrusion
with soil model without cavity, it could be identified the location of cavity and intrusion based on the
significant sharp changes which are appeared around the 24th receiver (Fig. 12c and 12e). Furthermore,
the ratio of different components of R-wave for soil models with cavity and intrusion could be helpful to
find the effect of subsurface cavity (Fig. 12d and 12f). It should be noted that the vertical to radial ratio
represents more significant changes compared to radial to vertical ratio. So, it could be inferred that some
local changes in the amplitude of different components of R-wave and their ratio are related to the
presence of cavity and intrusion.

2.3 Rayleigh wave components in layered soil media (3D
models)
The circular cavity with a radius of 2.5 m and a central depth of 3.5 meters from the ground surface is
considered in 3D model as shown in Fig. 13. Similar to the previous section, Ricker source load with a
central frequency of 50 Hz is applied on the left side of the receivers. The vertical and horizontal
components of R-wave are recorded to identify the subsurface cavity by using 3D modeling in Abaqus
software.

The obtained results from 3D simulations are shown in Fig. 14. The local changes in the maximum
normalized amplitude curves of R-wave components are presented in Fig. 14-a, which clearly show the
effect of the subsurface cavity on the vertical component and especially on the radial component of R-
waves. In addition, the location of cavities can be clearly seen in Fig. 14-b according to the ratio of the
radial to the vertical component of R-waves (R/V). It can be stated that the location of subsurface cavity
can be determined with higher accuracy by using the ratio of the Rayleigh wave components (Fig. 17- b).
It should be noted that the amplitude changes of the radial component have a greater intensity than the
vertical amplitude of R-wave
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3 Conclusion
This paper represents the results of numerical studies to identify subsurface cavity and intrusion in half-
space and layered soil media. The maximum normalized amplitude and different components ratio of
Rayleigh waves were evaluated to detect cavity and intrusion. Also, the elliptical shape of R-wave for all
three locations (before, above and after the cavity) of data recorded by the receivers were compared. By
comparing the results obtained for without and with cavity and intrusion conditions, it was observed that
some local changes in the maximum normalized amplitude and the ratio of different components of R-
wave were related to the presence of cavity and intrusion. Also, the deformation of the elliptical shape of
R-wave represented the location of the cavity and intrusion. In general, elliptical shape of particle motions,
the maximum normalized amplitude of each trace, and the ratio of different components of Rayleigh
wave were found to be helpful in detecting of cavities by using synthetic data.
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Figure 1

Ricker source load with 50 Hz central frequency: a) Frequency-wavenumber spectrum of recorded data
from the FEM model; b) shape of the source in time and frequency domain

Figure 2

2D plain strain of one-layer (half-space) soil model for verification
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Figure 3

Synthetic results of one layer model: (a) Normalized seismic traces in the time-offset domain; (b) velocity
spectrum and dispersion curve

Figure 4

Half-space soil models: a) without cavity; b) with cavity; c) with intrusion.
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Figure 5

Recorded Particles motions (elliptic shape) of Rayleigh wave at each geophone (49 geophones) for half-
space soil media with and without a cavity

Figure 6

Particles motions of Rayleigh wave at different locations in the half-space soil media without cavity
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Figure 7

Particles motions of Rayleigh wave at different locations: before, above and after the cavity in the half-
space soil media with cavity

Figure 8

Particles motions of Rayleigh wave at different locations: before, above and after the intrusion in the half-
space soil media with intrusion
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Figure 9

results of half-space modeling with cavity: a) maximum normalized amplitude of radial and vertical
components of R-wave; b) radial to vertical and vertical to radial ratio

Figure 10

results of half-space modeling with intrusion: a) maximum normalized amplitude of radial and vertical
components of R-wave; b) radial to vertical and vertical to radial ratio



Page 15/18

Figure 11

Two-layer soil models: a) without cavity; b) with cavity; c) with intrusion
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Figure 12

comparing the maximum normalized amplitude and different component ration of R-wave in the first and
second column,

respectively for two-layer modeling: a, b) without cavity; c, d) with cavity; e, f) with intrusion
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Figure 13

View of the 3D model with seismic source load

Figure 14
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The results of the normalized maximum amplitude of the vertical and radial components of R-waves: a)
Comparison of maximum normalized amplitude; b) The ratio of vertical and radial components of R-
waves


