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ABSTRACT

Lei, Y.H., Shen, H.Y., Xie, S.J. and Li, Y.D., 2018. Rayleigh wave dispersion curve
inversion combining with GA and DSL. Journal of Seismic Exploration, 27: 151-165.

Rayleigh wave dispersion curve inversion is a multi-parameter highly non-linear
iterative optimization process. The conventional single linear or non-linear inversion
method has some limitations for the complex seismic geologic conditions, which can lead
to more prominent multi-solution problem. But the defects both of the methods can be
supplemented by the advantages of each other. In order to further improve the inversion
accuracy, we proposed a joint inversion method via complementing and nesting the linear
(damping least squares) and non-linear (genetic algorithm) methods. Firstly, the genetic
algorithm (GA) is utilized based on the loose constraints of prior geological information
to lock in the target near the global optimal solution. Then, use the damping least squares
(DLS) method to achieve higher precision of Rayleigh wave dispersion curve inversion.
The effectiveness of the method has been verified by a typical layered model. And we use
the method to further process actual seismic data. Results show that the method not only
absorbs the advantages of GA with global optimization and strong adaptability, but also
inherits the advantages of DLS with fast convergence and stable inversion. And better
results are achieved in suppressing multi-solution, getting rid of the initial model highly
dependent, and improving inversion accuracy.

KEY WORDS: Rayleigh wave, dispersion curves, genetic algorithm (GA),
damping least squares (DLS), joint inversion.

INTRODUCTION

Shear wave velocity is an essential parameter to characterize
geotechnical properties in geophysical survey, and also is an important basis
for stratigraphic structure division. Surface wave dispersion curve inversion
is an efficient means to obtain the shear-wave velocity (Malagnini et al.,
1995; Park etal., 1999; Xiaetal.,2015; Moro et al., 2003; Yilmaz et al.,
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2005). It has been widely used in geotechnical investigation (Xia et al., 2004;
Sussmann et al., 2015; Chang et al., 2016), geological disaster investigation
(Caldwell et al., 2009; Junior et al., 2012), coal field and oil-gas field
exploration (Laake et al., 2008: Strobbia et al.. 2010a.b, 2011) and other
fields. All these also contributed to the rapid development of Rayleigh wave
dispersion curve inversion techniques. For the surface wave dispersion curve
inversion, from the beginning to use the inflection point method (Nazarian et
al., 1983). asymptotic line method, approximate calculation method and
simplified stripping method (Cui et al.. 1994) to now have been basically
formed linear and non-linear two inversion theory system. Linear inversion
method is more perfect that has been adopted widely because of the fast
convergence, high precision, good stability and other advantages (Xia et al.,
1999, 2002a.b, 2012: Chen et al.. 2006). However. Rayleigh wave dispersion
curve inversion is a height non-linear iterative optimization process with
multiple parameters. Local optimization makes it depend seriously on the
initial model (Moro et al., 2007a). Some processing means have been
adopted, such as equivalent replacing the weak sensitivity parameters using
others based on the sensitivity analysis (Xia et al., 1999), and divided
stratigraphic into several equal thickness layers (Luo et al., 2008), which
weaken the initial model requirements and have achieved some better effects
on repressive multi-solution of inversion. It is also very effective to improve
the inversion accuracy and enhance the stability of the results when
simultaneously inverting the fundamental and higher mode data (Xia et al.,
2003; Luo et al., 2008). Even so, the linear method above is easily falls into
local extremum during the inversion process due to the superposition of
different components of the seismic wave field, the influence of the external
disturbance factors and improper initial model. It may lead to a greater
difference between the inversion result and the actual geological situation
that will inevitably affect the accuracy of geological interpretation (Luo et
al., 2008; Guo et al., 2015). More seriously, if the prior geological
information is not sufficient, the linear inversion will fail. In contrast,
genetic algorithms (Moro et al., 2007a, b), simulated annealing (Beaty et al.,
2002), artificial neural networks (Meier et al., 1993) and other non-linear
inversion methods are not strict for initial model requirement, which more
suitable for complex geological issues (such as fractured zone, low velocity
interlayer, thin layer, blind layer, etc.). The inversion results based on global
optimization search are more likely to match the actual geophysical model in
theory (Yamanaka et al., 1996; Lu et al., 2014). However, in order to obtain
accurate inversion results, such as for the GA inversion method, we must
rely on a large population selection and higher training times, which will
lead to slower convergence, a huge amount of calculation and other issues
(Moro et al., 2003, 2007a,b). The global optimization direction of the
non-linear inversion is unpredictable because of the more inversion
parameters. The resulting "premature" and effective genes loss are also
greatly increased by randomness and uncertainty (Liu et al., 2017).

For the above problems, we attempt to invert the Rayleigh wave
dispersion curve combining with linear and non-linear inversion (mainly GA



153

and DLS). It is designed to suppress the inversion multi-solution, reduce the
dependence of the initial model, and improve the inversion efficiency and
accuracy.

METHODOLOGY
Model forward

The actual formation generally has the characteristics of stratification
and velocity gradient. So, it can be equivalent to a multi-layer elastic solid
medium model with a horizontal free interface. In the paper, forward
modeling is carried out based on this structure, and a dispersion curve is
obtained by fast Knopoff method (Knopoft, 1964).

Loose constraints for inversion parameters

The non-linear implicit Rayleigh wave dispersion equation about
stratigraphic parameters can be expressed as (Xia et al., 1999),

vR;‘:G(ﬂavSavl’ahsp) (I = 1 '!2’ 2t ,.F??) 3 (l )

where, f;is the i-th frequency, vg;is the phase velocity at frequency f;, Vs =
(Vs1, Vsa, -.., Vsn)| is the shear wave velocity vector, vp= (Vpj, Vpa, ..., Vpn) 1S
the compressional wave velocity vector, & = (h),hy,...,h,,) is the thickness
vector, p = (P1, Pas.e-s ,4s:.~,,)I is the density vector, m is the number of actual
measured phase velocity, and » is the number of layers. Parameter vectors
above can be obtained as follows:

The research shows that the influence of vp and p on the dispersion curve
is relatively small (Xia et al., 1999) Therefore, eq. (1) can be expressed as an
equation which only contains vg and &. They can be calculated by Rayleigh
wave penetration formula eq. (2) (Shen et al., 2016) and the relationship
between Rayleich wave velocity phase vz and shear wave velocity vseq. (3)
(Chen et al., 20006).

H=Pxi (=12,..m) B€(0.550.87) |, 2)

where, H is penetration depth, f is penetrating factor associated with
Poisson's ratio, Ag;is Rayleigh wave wavelength.

B 0.862 +1.140
l+o
where, o is Poisson's ratio.

V vsf (f=l, 21--'1 m) (TE(O,OS) ] (3)

Ri

The feasible solution ranges of the formation parameters determined by
eq. (2) and eq. (3) cannot be used accurately by DLS inversion, but it
provides a global optimal retrieval space for GA inversion.
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GA inversion

GA is an adaptive global optimization random search algorithm which is
formed by simulating the genetic and evolutionary processes of biological
organisms in natural environment. It is achieved through operations,
selection, crossover and mutation (Yamanaka et al., 1996). The processing
flowchart is shown in Fig. 1, and the specific operation is as follows:

(1) Use binary coding to map the stratigraphic parameters into between 0
and 2. The resolution of the inversion parameters is determined by the
coded bits number / (/ € 7).

(2) Use random function to randomly generate individuals P; (vs, vp, A,
p), and then form a initial population. The objective function values of each
individual are calculated by eq. (4) (Moro et al., 2007a).

Model parameter loose
constraint

y

Parameter encoding

¥

Generate initial population

v

Calculate fitness

Y

Selection, Crossover, Mutation

v

Choose best individual New population

A

Convergence

[ Output ]

Fig. 1. Processing flowchart of GA inversion.
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DLS inversion

DLS inversion is a local linear inversion method, which is a combination
of the Newton method and the gradient method. The basic idea is to
interpolate by the fastest descent method between the corrections Ax under
the damping factor control so that the objective function @(x) advances in
the descending direction at a maximum step until convergence (Madsen et
al., 2004; Xia et al., 1999). The method consists of two main processes:

1. To establish the inversion target equation.

Dispersion eq. (1) is developed near the initial model x, by using the
Taylor’s series expansion. Then subtract measured phase velocity and make
it equal to 0, and solve the partial derivation of Ax and rewrite it into a
matrix form. The inversion equation can be obtained as follows,

A" AMx = A v (x) -] (6)
where, A4 is a differential coefficient matrix that calculated by difference
quotient. v’;, v’z represent the measured and calculated phase velocity
respectively. The sliding damping factor 4 is added to the left of the equation

to ensure that the matrix is nonsingular positive definite. And the correction
quantity can be solved by

Ax=(A"A+ul) ATV (x,)-ve] 7)

where, I is the unit matrix.

2. Fastest descent method interpolation.

The iterative interpolation is performed base on the calculated Ax vector
until the objective function satisfies the precision requirement or the
parameter correction amount reaches the lower limit. The optimal step
length 4 is calculated as follows:

N N
A= ngmk /(D(x, +Ax)—¢’(x0)+22 g.Ax,) (8)

where, gﬁ(ATAﬂ:I)Ark (k = 1,2,...,N), N is the amount of inversion
parameters, and Ax; is the correction value for each parameter.

JOINT GA AND DLS INVERSION

The combination of linear and non-linear nested inversion methods not
only absorbs the advantages of GA global optimization and low dependency
to the initial model, but also plays a quick convergence and high precision
advantages of the DSL method in the local linear space. The Inversion
flowchart is shown in Fig. 3. The specific steps are as follows:
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Rayleigh wave data

i

Extract the dispersion curve

(in f~k domain)

v

Model parameter loose constraint

'

GA inversion

Y

DLS inversion

Y

Geological interpretation

Fig. 3. Processing flowchart of combining with GA and DLS inversion.

1. Extract the Rayleigh wave dispersion curve f~vg from the dispersion
energy spectrum f~vg (Shen et al., 2016).

2. Based on the characteristic analysis of the measured dispersion curve,
determine the upper and lower limits of the model parameters according to
the loose constraint described.

3. Use GA inversion to lock the target near the global optimal solution
after several iterations.

4. Use the optimization results of GA inversion as the initial model of
DLS inversion. And efficient linear interpolates in the local range near the
optimal solution until the convergence condition is satisfied and output the
inversion results.
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MODEL DATA TEST

In order to verify the validity and superiority of jointing GA and DLS to
invert the Rayleigh wave dispersion curve, we designed a geological model
with horizontal layered homogeneous media to test. The velocities are
increasing in the model, and the second layer is a low velocity interlayer.
The specific parameters are shown in Table 1.

Table 1. 6-layer geological model parameters.

Layer No. Ah(m) vs(m/s) vp(m/s) p(g/em’)
1 1.0 280 510 1.47
2 2.0 240 437 1.41
3 3.0 290 528 1.49
4 4.0 320 582 1.52
5 5.0 440 801 1.65
6 0 620 1128 1.80

Equal thickness DLS inversion

First, we use the conventional equal thickness thin layer method to invert
the dispersion of the model. The stratum has been divided into 15 thin layers
with thickness of 1 m and a uniform half space layer (16 layers in totalg. The
iterative operation times are 2306, and the final fitting error is 1.30 E. The
results generally reflect the velocity variation characteristics. But there is a
large error in this method compared with the geological model (Fig. 4). In
depth analysis is as follows:

(b)

~|© O O Test

Depth (m)
oo

Phase velocity (m/s)

10 20 30 40 50 60 70 80
Frequency (Hz)

16 :
200 300 400 500 600 700
S-wave velocity (m/s)

Fig. 4. Equal thickness thin-layer inversion model by DLS. (a) Stratigraphic structure
(H-vs), (b) Dispersion curve (vpr—f)
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1. The first three layers of the inversion results are in good agreement
with the geological model. Starting from the low-velocity interlayer, there
are some errors and obvious fluctuations in the parameters of each layer. It
indicates that the method is not applicable for low-velocity interlayer. There
are also few differences of the fitting about both dispersion curves. It shows
that the equivalence between the two dispersion curves is the reflection of
the inversion multi-solution. In addition, there are four low-velocity layers in
the inversion results, but only the first low-velocity layer (from 2 to 3 m,
error 4.8%) is the true reflection of the geological model. Other false
judgments attributed to the local optimal solution in the local linear
optimization process.

2. In principle, the thinner the thickness of each layer in model is divided,
the more accurate the inversion results will be. However, the prerequisite
should be based on an initial model with a higher precision. Especially in the
anomalous stratigraphic model, the determined shear wave velocity by the
method (Xia et al., 1999, 2002a,b, 2012; Chen et al., 2006) is too far from
the real model, and the inversion result is easily caught in the local optimal
solution and even fails.

In conclusion, there are great differences between the DLS inversion
results and the test model in the formation structure, the depth of abnormal,
and shear wave velocity that reflect the limitations of the linear inversion
method.

Combining with GA and DLS inversion

Next, we use the flowchart in Fig. 4 to invert the dispersion curve of the
model in Table 1. GA inversion is performed based on the parameter space
of initial model determined by the loose constraint (Population number 100,
genetic iteration 20 times). Terminate iteration optimization after 127.45 s,
and the optimal individual fit residual obj is 0.21. The average and best
individual fitting residuals of each generation population in the inversion
process are shown in Fig. 5 (taking the first 30 individuals of each
generation).

__________ -Average value

\ — Best individual

Fit residuals
£ o]

Generations

Fig. 5. Fitting residual curve of GA inversion.
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In the initial stage of the iteration, all individuals in the population
affected by the selective operation are rapidly moving closer to the global
optimal, and the fitting residual of the optimal individual is rapidly reduced.
After the first step (from the 2nd to the 6th generation), the obj again
decreased significantly. It suggests that optimize randomly under crossover
operation near the global optimal solution. Then, the improvement of the
inversion precision is mainly dependent on the mutation operation. The low
probability and direction cannot certain of the mutation results in small
fluctuations (the 9th generation) in the population fit, but benign mutation
(the 11th generation) also promote the optimal individual close to the overall
optimal solution. In conclusion, the inversion efficiency of GA becomes
very low after 15 times iterative operation. But the target has been locked to
near the global solution, which is sufficient to meet the requirements of the
initial model of the DLS inversion.

The final inversion results (Fig. 6 and Table 2) are obtained by the DLS
based on the model by GA inversion, and the target residual S is only
2.07E"". The inversion results show that the joint inversion results with the
model are almost completely coincident, and the biggest layer parameter
error is only 0.93%.

(a) 0 (b)

Test model

GA inversion

(=]

© © © Test model

£

loint

Depth
) =

Phase velocity (m/s)

14 : 0 10 2.0 Jh 4h Sb ﬁb Ti) St)
4 Frequency (Hz)
! 30[} 300 400 500 600 700

S-wave velocity (m/s)

Fig. 6. 6-layer model inversion results combining with GA and DLS inversion. (a)
Stratigraphic structure (H-vs), (b) Dispersion curve (vpy-/).

Table 2. Joint inversion parameters.

Test Model Joint Inversion
Layer No.

Ah(m) v{m/s) Ah(m) v{m/s)
1 1.0 280 0.998 280.03
2 2.0 240 2,016 240.10
3 3.0 290 3,128 290.62
4 4.0 320 3.976 321.81
5 5.0 440 4.957 444.09
6 o 620 @ 620.04
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APPLICATION TO ACTUAL DATA

Our proposed method is further used to process a set of real surface wave
data. The survey area is located in a mountain valley. In order to
demonstrate the stratigraphic property, we laid out two crossed lines for
survey. Data was recorded by using a 7 kg sledgehammer as impact source,
and twelve 4.5 Hz geophones were lined up at the surface of the test sites
(Fig. 9a). Offset is 2 m, receiver spacing is 2 m, shot spacing is 2 m,
sampling is 0.2 ms, and sampling length is 2 K. Fig. 7 shows a shot original
seismic record (the 10th shot) and its dispersion curve extraction.

Stations (m)
(®) 6 12 18 24 )

100

4=
h
=

200

Times (ms)

Phase velocity (m/s)
(o= ted

h th

[ =] (=1

300

10 15 20 25 30 35 40 45 50
Frequency (Hz)

400

Fig. 7. Rayleigh wave dispersion curve extraction of the 10th shot data. (a) Original
seismic data, (b) vpy-f'spectrum and dispersion curve extraction.

Fig. 8a shows the inversion results by GA inversion and joint inversion.
The GA is optimized by 20 iterations under the loose constraint of
stratigraphic parameters, and the target is locked near the global optimal
solution. Then the objective function residuals are rapidly converged from
1.86 by GA to 4.75E-4 by DLS after 84 iterations. The inversion results are
almost completely coincident with the measured dispersion curves over the
entire frequency distribution (Fig. 8b).

The 2D shear wave velocity profiles are obtained after inversion for each
shot. The data interpretation is as follows:

1. The stratigraphy structure of the field can be divided into three layers.
The first layer thickness is about 8 m, shear wave velocity vs distribution
between 150 and 450 m/s. It is attributed as artificial backfill. The second
layer assumed as the weathering layer, the thickness is about 10 m, and the
vs is between 450 and 900 m/s. Stratigraphic ups and downs is more obvious,
which mainly reflects the structural characteristics of the original strata. We
presume the interface with 900 m/s as the bedrock interface because the vg
change gradient is larger at 16 m.
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Fig. 8. Joint inversion results of the 10th shot data. (a) Stratigraphic structure (H-vs), (b)
Dispersion curve (vpp-f).

2. The intersection points A of both lines shows a good consistency of
stratigraphic structure in the two vg profiles. There is a depression between B
(the 10th shot) and A is shown in Fig. 9b, which corresponds to the
low-velocity abnormality tends to decrease from east to west between 15 and
40 m in Fig. 9c. Its formation is probably due to the long-term erosion by
rain of east slope. A depression in the north of the field corresponds to the
depression between 50 and 70 m in Fig. 9c.

0 10 20 30 40 50
Stations

0 10 20 30 40 50 60 70 80
Stations (m)

Fig. 9. S-wave velocity profiles. (a) Line layout; (b) S-wave velocity profile of Line 1;
(c) S-wave velocity profile of Line 2.
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CONCLUSIONS

Aiming at the Rayleigh wave dispersion curve inversion under complex
geological conditions, we proposed a method of joint GA and DLS to
inverse Rayleigh wave dispersion curve that combined with the advantages
of linear inversion and non-linear inversion. We have made the following
conclusions:

1. The conventional thin-layer DLS method reduces the initial model
requirement to a certain extent. However, the multi-solution of the inversion
results is exacerbate under complex seismic and geologic conditions
attribution to the increase of the amount of inversion parameters. The
applicability of GA inversion is stronger, but the extremely low efficiency
cannot be ignored after dozens genetic optimizations. The drawbacks of the
both methods can be complemented by each other, which produce the
necessity to combine the GA and DLS inversion.

2. Under the constraints of the loose priori geological conditions, GA
inversion can play the advantage based on global optimization retrieval.
After dozens iterative operations, the target can be locked near the global
optimal solution. Then a more accurate stratigraphic model can be got by
DLS inversion to efficient local linear iterative optimization based on the
rough model above. This is conducive to suppress the inversion
multi-solution, reduce the dependence degree on the initial model, and
improve the inversion quality.
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