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The effect of damping on a simulation for the dispersion curve of the surface wave
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ABSTRACT: Over the past two decades, noninvasive tests have attained a lot of attention to infer soil properties, especially, the surface wave
method. However, whether some soil properties, such as the damping ratio of the soil, affect significantly the propagation of surface wave has
not been answered. In this study, a series of numerical tests are carried out using the finite element method to investigate the effect of damping
on the displacement on the ground surface and the dispersion curve of surface waves. The analytical results show that by considering the
damping ratio of soil, the reflection from the boundary of the finite element model can be decreased effectively. With increasing damping, the
reflection gradually decreases and eventually disappears. When the reflection disappears, the resolution of the extracted dispersion curve can
be improved correspondingly. The resolution of the dispersion curve can influence the inversion results, so improving the resolution is

meaningful.
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1. INTRODUCTION

Over the past two decades, noninvasive tests have attained a lot of
attention to infer soil properties. Compared with invasive tests,
noninvasive tests are environmentally friendly. Especially, the
surface wave methods which can be used to determine the shear wave
velocity profile of the subsurface, compared to other feasible
methods, are much cheaper (Olafsdottir et al. 2018).

Currently, the surface wave methods can be divided into two kinds,
one is the spectral analysis of surface waves (SASW) (Heisey et al.
1982, Gucunski and Woods 1992), and the other is the multichannel
analysis of surface waves (MASW) (Park et al. 1999, Xia et al. 1999).
The MASW is a newer and more robust technique, which overcomes
some weaknesses of SASW (Park et al. 1999, Olafsdottir et al. 2018).
The surface wave methods are divided into three steps: Field
measurements, dispersion analysis, and inversion analysis
(0 lafsdottir 2019). In the past, most researchers paid attention to the
third step, and a lot of inversion methods were proposed. Xia et al.
(1999) wused the Levenberg—Marquardt and singular-value
decomposition techniques to infer the shear wave velocity profile.
Wathelet et al. (2004) adopted a direct search algorithm to carry out
the inversion analysis. Ryden and Park (2006) utilized the fast
simulated annealing algorithm to conduct the inversion analysis.
Song et al. (2015) applied an artificial bee colony algorithm on
surface wave inversion. However, there is still a lack of sufficient
understanding of the relationship between soil properties and surface
wave dispersion curves. Because the subsurface condition is like a
black box, it is hard to study the relationship directly by the surface
wave methods. If the subsurface condition can be known exactly, itis
meaningful to perform a surface wave test and investigate the
relationship between soil properties and surface wave dispersion
curves. Gucunski and Woods (1992) used a numerical method to
simulate the SASW test. Roy and Jakka (2017) simulated the MASW
test by FEM and study the near-field effects of the surface wave. In
the application of the surface wave method, the quality of the
dispersion curve affects the final inversion results. In the entire
inversion analysis process, by continuously adjusting the shear wave
velocity profile, the error between the calculated dispersion curve and
the observed dispersion curve is as small as possible. A lot of methods
can be used to calculate the theoretical dispersion curve, such as the
transfer matrix method (Thomson 1950, Haskell 1953, Nazarian
1984), global matrix method (Nazarian 1984, Lowe 1995), stiffness
matrix method (Kausel and Roésset 1981, Gucunski and Woods
1992, Ganji et al. 1998), and so on. However, in the above calculation
process, the soil damping is ignored. In the real case, damping is a
basic property of soil. Therefore, studying the effect of the damping
ratio on the dispersion curve is necessary.

In this study, a numerical model with two different soil layers is built
and a MASW test is simulated, from which the vertical displacement
on the ground surface can be recorded. The different dispersion
curves can be obtained by the phase shift method (Park et al. 1998).
The following study will investigate the effects of the material
damping of soil on the resolution of the extracted dispersion curve.

2. METHODOLOGY
2.1 MASW test simulation

A typical MASW test, as shown in Figure 1, usually includes 24
receivers. The test procedure:
e Using a hammer to hit the ground to produce seismic
waves.
e When the seismic waves arrive at the different receivers,
the signal will be recorded by these receivers.
e The signal will be output to a PC and stored for further

analysis.
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Figure 1 Typical MASW measurement profiles with 24
receivers

These seismic waves are produced by a hammer, so the seismic
source can be assumed as a vertical point source, and wave
propagation follows a cylindrical spread centered on the seismic
source, as shown in Figure 2. However, the current analytical
methods adopt the plain strain assumption. In addition, Roy and Jakka
(2017) performed some numerical tests to study the near-field effect.
Current research results show that as long as the source offset is large
enough, the near-field effect can be ignored. Therefore, this study
used an axisymmetrical model to simplify the numerical analysis.
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Figure 2 2D radiation pattern of Rayleigh surface waves
generated by a vertical point source

When the hammer hits the ground surface, seismic waves will be
produced. The governing equation for a system subjected to a
dynamic loading F(t) can be described as follows:

ML(t) + Cu(t) + Ku(t) = F () @

Where M, C, and K are the N x N mass, damping, and stiffness
matrix. i(t), u(t) andu(t) are acceleration, velocity, and

displacement vectors.

Due to the nature of the dynamic loading, solving Eq. (1) becomes
quite complex. Therefore, numerical methods are fairly efficient ways
to find approximate solutions to this equation, especially the finite
element method (FEM). In this study, PLAXIS (PLAXIS (2023) was
used to model the MASW test.

Eq. (1) can be solved by implicit time integration schemes such as the
Newmark method. The C in Eq. (1) accounts for the material
damping in materials. Material damping occurs due to friction or
irreversible deformations such as plasticity or viscosity. The more
viscous or plastic the material, the more energy can be dissipated.
Even when elasticity is assumed, damping can be considered using
the C. However, determining the damping matrix requires additional
parameters that are difficult to obtain from tests. In finite element
formulations, C is often expressed as a function of the mass and
stiffness matrices, known as Rayleigh damping.

C=a;M+ K ©)

Where the & and ,BR represent the Rayleigh coefficients.

In addition, in order to suppress the reflections of waves in the model
boundary, special absorbent boundaries are imposed at the boundary.

The viscous boundaries implemented in the PLAXIS are introduced.
These boundaries are based on the Lysmer-Kohlmeyer model
(Lysmer and Kuhlemeyer 1969). According to this model, a damper
absorbs the components of normal and shear stress, as described by
the equations below.

&, =—-C,oV, U, ©)

r=-C,pV,u, @)

Where p is the density, Vs is the shear wave velocity, and Vj is the
compressive wave velocity. The velocity of particle motion in the x
direction is represented by L]X, while l,'ly represents the velocity in

the y direction. Ci1 and C: are relaxation coefficients that are used to

improve boundary absorption. In this study, these two values adopt
the default values of 1.0.

2.2 FEM Model Verification

When the hammer hits the ground surface, an impulse loading will be
produced, and this loading is simulated using a half-sine pulse over a
short duration. The load peaks at 12 kN and lasts for 0.012 seconds.
The simulation runs for a total of 1 second with a time step of 0.001
seconds, as shown in the following figure.
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Figure 3 Simulated impulse loading

The entire FEM model is shown in Figure 4. This axisymmetric
model with a 200m in radius and 300m in height. The impulse loading
is applied at the center of the model. In addition, the 24 receivers are
distributed evenly over the ground with a distance of one meter, and
the first receiver is 10m away from the impulse loading. The left, right,
and bottom of the model are modeled by the viscous boundaries, and
the top is a free boundary. There are 1458 elements in total, and all
elements are triangle elements with 15 nodes. Furthermore, the mesh
density in the area of receivers and impulse loading are refined to
produce enough points to record the vertical displacement.

In this FEM model, there are two different kinds of soils, and the
thickness of the top layer of soil is 10m. For these two kinds of soils,
the corresponding material parameters are shown in Table 1.
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Figure 4 FEM model of MASW test
Table 1 The material parameters of the verification case
Parameters Upper soil Lower soil
Density (p) 1.8kg/m?3 1.8kg/m?3
Poisson’s Ratio (1) 0.3 0.3
Shear wave velocity (V) 180m/s 300m/s
Compressive wave velocity 336.7m/s 561.2m/s
(Vp)
(06° 0 0
Br 0 0

The detailed verification results are provided in Figure 5. Based on
Figure 5 (c), the error between theoretical and experimental results is
relatively small and about 1.8346%, which means this verification is
accurate enough. However, there are still some problems, for
example, in Figure 5(a), there are still large reflected waves, even
though the viscous boundary conditions are used. This phenomenon
is also evident in Figure 5(b), which will affect the extraction of the
dispersion curve from this figure. In addition, in Figure 5(c), the
theoretical dispersion curve is a little off from the experimental one
when the wavelength is larger than 25 m. The reason is that, in these
areas, the frequency is low, and the corresponding variance of the
normalized amplitude along the phase velocity is larger, which can be
seen in Figure 5(b), so the deviation between the theoretical
dispersion curve and the experimental one becomes larger when the
wavelength is larger than 25 m.

Note: explain the meanings of legend in Fig. 5(c)
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Figure 5 Results of FEM analysis (a) Vertical displacement for
different 24 receivers (b) Transformation from the distance-time
domain to the frequency-velocity domain (c) Comparison
between theoretical and experimental results

3. RESULTS OF FEM ANALYSIS

According to the previous results, the viscous boundaries are not
enough to avoid the reflections of waves. However, damping is a non-
negligible parameter of soil. In past studies, researchers usually
ignore this parameter.

In this study, the effect of damping on the dispersion curve is studied.
The previous FEM model is used with material damping shown in
Table 2, and these values are trade-offs between the reflection of
waves and resolution in the frequency-phase velocity domain, while
other material parameters remain at the same values,

Table 2 Updated material parameters

Parameters Upper soil Lower soil
aR le-4 le-4
Br le-3 le-3

With these updated parameters in the FEM model, the final results are
shown in Figure 6. From Figure 6(a), the reflection of waves is almost
invisible. In addition, in Figure 6(b), the area with high amplitude is
gathered, which means that the extraction of the dispersion curve
becomes relatively easier. Finally, by picking the peak values from
Figure 6(b), the corresponding dispersion curve is obtained, as shown
in Figure 6(c). The error between the theoretical and experimental
dispersion curves is smaller and about 1.5603%, which means the
extracted dispersion with damping can provide a more accurate
dispersion curve.
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Figure 6 Results of FEM analysis with damping of soil
(a) Vertical displacement for different 24 receivers
(b) Transformation from the distance-time domain to the

frequency-velocity domain (c) Comparison between theoretical
and experimental results

4. CONCLUSIONS

In this study, a FEM model was used to simulate the MASW test.
Without material damping, the FEM can model the MASW test
successfully. However, according to the verification, although the
viscous boundaries are adopted, the reflection of waves is obvious in
the model without material damping. To reduce the reflection of
waves, but also to more reasonably simulate the real experimental
environment, a FEM model considering the material damping of soils
was adopted. With the material damping of soils, the reflection of
waves decreases obviously. At the same time, the resolution of
frequency and velocity contour is also improved, which makes the
dispersion curve more accurate.
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