72
o)
=
O
0
7
%,
o
e
o
©
Y|
c
o
e
L
c
o
O
o
-

JAY |

Publishing|

Multifactor estimation of ecological risks
using numerical simulation

Cite as: AIP Conference Proceedings 1895, 120009 (2017); https://doi.org/10.1063/1.5007426
Published Online: 12 October 2017

G. Voskoboynikova, K. Shalamov, M. Khairetdinov, and V. Kovalevsky

£ Y
L 1)
L ]
N\

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Numerical investigation of sixth order Boussinesq equation
AIP Conference Proceedings 1895, 110003 (2017); https://doi.org/10.1063/1.5007409

High-performance computing on GPUs for resistivity logging of oil and gas wells
AIP Conference Proceedings 1895, 120005 (2017); https://doi.org/10.1063/1.5007422

Preface: Application of Mathematics in Technical and Natural Sciences 9th International
Conference - AMiTaNS'17

AIP Conference Proceedings 1895, 010001 (2017); https://doi.org/10.1063/1.5007351

Lock-in Amplifiers S

...and more, from DC to 600 MHz RAEE)

AIP Conference Proceedings 1895, 120009 (2017); https://doi.org/10.1063/1.5007426 1895, 120009

© 2017 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1007002&setID=379066&channelID=0&CID=326227&banID=519800492&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=b42d6b27eabc9a5ab51f86399ebf2e6a0e3c8ca3&location=
https://doi.org/10.1063/1.5007426
https://doi.org/10.1063/1.5007426
https://aip.scitation.org/author/Voskoboynikova%2C+G
https://aip.scitation.org/author/Shalamov%2C+K
https://aip.scitation.org/author/Khairetdinov%2C+M
https://aip.scitation.org/author/Kovalevsky%2C+V
https://doi.org/10.1063/1.5007426
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5007426
https://aip.scitation.org/doi/10.1063/1.5007409
https://doi.org/10.1063/1.5007409
https://aip.scitation.org/doi/10.1063/1.5007422
https://doi.org/10.1063/1.5007422
https://aip.scitation.org/doi/10.1063/1.5007351
https://aip.scitation.org/doi/10.1063/1.5007351
https://doi.org/10.1063/1.5007351

Multifactor Estimation of Ecological Risks Using Numerical
Simulation

G.Voskoboynikova 9 K. Shalamov ”, M. Khairetdinov © and V. Kovalevsky 9

Institute of Computational Mathematics and Mathematical Geophysics, SB of RAS, 630090 6 Lavrentiev Ave.,
Novosibirsk, Russia

% Corresponding author: gulvoskoboynikova@gmail.com
® I.keldor@gmail.com
© marat@opg.sscc.ru
9 kovalevsky@ssce.ru

Abstract. In this paper, the problem of interaction of acoustic waves falling at a given angle on a snow layer on the
ground and seismic waves arising both in this layer and in the ground is considered. A system of differential equations
with boundary conditions describing the propagation of incident and reflected acoustic waves in the air refracted and
reflected from the boundary of seismic waves in elastic media (snow and ground) is constructed and solved for a three-
layer air-snow layer-ground model. The coefficients of reflection and refraction are calculated in the case of an acoustic
wave falling onto both the ground and snow on the ground. The ratio of the energy of the refracted waves to the energy of
the falling acoustic wave is obtained. It is noted that snow has a strong influence on the energy transfer into the ground,
which can decrease by more than an order of magnitude. The numerical results obtained are consistent with the results of
field experiments with a vibrational source performed by the Siberian Branch of the Russian Academy of Sciences.

INTRODUCTION

An important modern geoecological problem is that of predicting the impact of technogenic (quarry, polygon)
and natural (earthquakes, volcanic eruptions) explosions on the environment. It is well-known that the main
geoecological effects of explosions are associated with the formation of shock acoustic and seismic waves. Of
greatest interest is study of seismic and acoustic effects from mass explosions, since they determine the integrity of
industrial and residential objects. Earlier some authors considered the meteofactors increasing the environmental
risks from explosions ([1] and [2]). At the same time, there are factors that lead to weakening of acoustic vibrations
from explosions. These include the presence of a snow cover, forest massifs, and rugged terrain along the
propagation path of acoustic waves.

The problem of acoustic oscillations propagation under such conditions is a multi-factor one, and its solution in
full statement is rather complicated. Particular statements of the problems of acoustic oscillations propagation
associated with the estimation of the influence of individual factors on the characteristics of propagation were
considered earlier [3, 4, 5]. These include the characteristics of attenuation caused by the influence of snow cover on
the surface propagation of acoustic oscillations [6]. The results of experiments on the interaction of acoustic
oscillations with a medium represented by a “snow layer” on the Earth’s surface were presented. The phenomenon
of “screening” of the snow layer by the action of acoustic waves on Earth’s surface was discovered experimentally.

In the present paper, an “air — poroelastic (snow) layer — elastic half-space (ground)” model is considered. The
problem of interaction of acoustic waves falling at a given angle on a snow layer lying on an elastic half-space with
seismic waves arising both in the snow layer and in the elastic half-space modeling the ground is studied. The
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problem of the influence of the snow cover on the amplitude of seismic waves excited in the elastic half-space is
investigated. A system of differential equations with boundary conditions is constructed. It describes the propagation
of incident and reflected acoustic waves in the air, and refracted and reflected seismic waves in elastic media for a
three-layer “air-snow-ground” model. The amplitudes and coefficients of reflection and refraction of acoustic and
seismic waves are calculated and analyzed depending on the snow layer thickness.

PROBLEM STATEMENT

We consider a three-layer model consisting of an acoustic medium (air), a poroelastic layer (snow), and an
elastic half-space (ground). We assume that a harmonic acoustic wave with a given frequency falls from the air onto
the poroelastic layer at angle 6 (0<6<90°) to the vertical. In this model the air occupies the upper half-space with
sound velocity ¢ and density p. The snow medium is the middle layer with given densities of the dry rock and
saturating fluid, the velocities of longitudinal and transverse waves. The ground occupying the lower half-space is
characterized by density and velocities of longitudinal and transverse waves (Figure 1). It is assumed for simplicity
that at large distances from the source the spherical wave field is locally flat and admits twodimensional modeling.

P is longitudinal wave

Acoustic wave S is transverse wave

FIGURE 1. The three-layer model consisting of air, poroelastic layer (snow) and elastic half-space (ground)

The harmonic acoustic wave falling on the boundary with the poroelastic snow layer generates a reflected wave
in the air, which also be harmonically dependent on time. Simultaneously refracted seismic harmonic (both
longitudinal and transverse) waves are excited in the poroelastic layer. Then there emerge two waves reflected from
the boundary with the elastic half-space and two refracted waves within the elastic half-space.

We consider the following wave equations for air:

1 0°p
¢t o
where p, u, and c are the pressure, the displacement vector, and the sound velocity in the air.

For the snow layer we use the Gassman model [7], which allows us to consider the complex porous structure of
snow as an elastic medium. In the Gassmann model the effective elastic moduli of porous material and the velocity
of longitudinal and transverse waves have the form

_ 2
K=K + (1-K,/K,) ,
n/K,+(n-1)/K -K,/K;

2
- fK+4/3y’VS:\/Z: /ys’ )
P p \p

Ap = 0; p%+Vp=o, (1)

u=u, p=p(l-n+pmn,
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where n=V,,;, /V is the porosity equal to the ratio of the volume of voids to the total volume; K, u, p are the effective
elastic moduli of the saturated solid; K, u,, ps, K; and p, are the elastic moduli of the frame and fluid, respectively;
K,, u. are the effective elastic moduli of the unsaturated solid frame.

For the poroelastic snow layer in the Gassman model and the elastic half-space (ground) the dynamic Lame
elasticity equations with elastic characteristics for SNOW Ag,oy, Mnows aNd Py, Obtained from (2) and for the ground

with the coefficients g, 1, and p,, are solved. The equations have the following form
2

snow  __

(ﬂsnow + ILIS‘I'IUM’)grad ) diV”SVlO‘V + M”S"OW’ - pS"OM" ) 2
| 2 ot ' 3

ou

(A, + p,)grad -divu,, + pAu, —p,, - 81‘;’. =0

The boundary conditions for Egs. (1) and (3) at the “air-snow layer” boundary are the equality of the normal
components of the stress tensors and the snow medium velocities and atmospheric pressure. The condition at the
“snow layer-ground” boundary is the equality of the stress tensor components and the velocities of the both media at
the interface. As a result, taking into account (1), (3) and the boundary conditions, we obtain a system of differential
equations for the “air-snow-ground” model

1o Oii
=L _ap=0; pZsvp=0
c” ot ot
2
: snow  __
(lSHOW + ﬂSnOW )grad . dlvuSHOW + /tlAuSHOW - pS]'lOW ' atz -
_ _ i(wt—hx) _
O rzsnow =0 O’ O zsnow =0 pe > Usair 2=0 U snow =0
(oo + . )egrad -divu, + A, — Dty _ (4)
SNHOW lusnow gra Vusnow :u Z’tsnow psnow 6t2 -
. 62ugr
(A + p, )grad -divuy, + p,Au, —p,, - PR 0
XZSNOW | 7=} = O-ngr 2=n’ O-zzsnow z=h = o-zzgr Z=h
uxsm)w z=h = uxgr 2=h uz.vnow z=h = uzgr Z=h
where 0005 Orgpows  Orgs Ouye  are the stress tensor components for the snow layer and ground;
Ugrons Ungr s Usgip > Ungyonys U ar€ displacement components for the air, snow layer, and ground, and h is the snow
thickness.

Let Ap=1 be the falling wave amplitude. Ay, is the coefficient of the wave reflected from the snow; 4,0, By, are
the refraction coefficients of the longitudinal and transverse waves in the snow; A, B3 are the reflection
coefficients of the longitudinal and transverse waves in the snow; and 4,,, B,; are the refraction coefficients of the
longitudinal and transverse waves in the ground. It is necessary: to calculate the reflection and refraction coefficients
for waves in snow and ground, to estimate the influence of snow cover on the energy of waves passing into the
ground.

ALGORITHM OF FINDING REFRACTION AND REFLECTION COEFFICIENTS

The solution of Eq. (1) can be represented in the form of harmonic waves. The resulting air pressure will be
written as the sum of the pressures of the falling and reflected waves:

i(ot—k, x—k. z) i(wt—k, x+k. 2)

+pe )
where py, p; are the amplitudes of the falling and reflected waves, w=2zfis the angle frequency, and k=w/c is the
wave vector directed toward the wave propagation.

In an elastic medium, the solution to the system of Egs.(4) for velocities and stresses can be represented in the
form of potentials [8, 9]:

P=pe

@ =Aexpi(wt—kx—k;.z), y=Bexpi(wt—kx—k,.z). 5)
The potentials ¢(x,z,7) and w(x,z,t) are associated with the displacement field
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u =20 v o, % v ©6)
ox Oz 0z Ox
The “air-snow” boundary conditions include the equality of the normal stress components and vertical displacement

components in the two media, as well as the zero tangential stresses at the snow—air boundary
i(wt—kx)

o ,=pe Y,

xzsnow zzsnow

=0,0
0

z= z=l

(7

u,, =u .
zair | z=() ZSNOW | z=()
Substituting the potentials ¢ and y from (5) and (6) into the boundary conditions (7), we write the stress tensor

components for snow

Py O W OV
G e 2 Snow + Snow _ Snow R
msnow = Flnow [ Ox0z ox? oz*

o’ o’ o’y

— Snow Snow Snow

Gzzsnow - ﬂ’snow axz + (ﬂ’snow + 2:usnow) 622 + 2 snow 6x62 .

The boundary conditions at the “snow-ground” boundary have the form
XZSNOW | _p = O-ngr =h s Uzzsnow =h = Uzzgr z=h
; ®)
uxsnow Z=h = uxgr a=h > uzsnow =h = uzgr =h
where 005 oo s Ogrs Oy ar€ the components of the stress tensors for snow and ground. Then we equate the

displacement components for snow and ground from the boundary conditions (8)
0Pors OV o _ agogr al/lgr
x oz o oz ]
Equating the components of displacement z and stress tensors in (8), we obtain
Poon , W _ P W
%z i V;x - 6zg i axg
O conon = Oy + )

Substituting the potentials ¢ and y from (5) and (6) into the boundary conditions (8), we can write the stress
tensor components for snow and ground (9)

lLl 2 62gosnow + 82l//snow _ azl/jsnow — ,U 2 82¢gr + azl/jgr _ azl/lgr (10)
VLT axdz o’ oz* “| Toxoz axt ot |

Similarly, we equate the normal stress components in (8)
o

zzsnow 7 zzgr ®

>

- Do W o >, o9, v,
Snow axz + (ﬂ’snow + 2/usnow) azz + 2:usnow aXéZ = A’gr ang + (ﬂ’gr + 2lugr) azzg + 2/ugr aXagZ . (1 1)

As a result of all transformations into (10) and (11), we obtain seven expressions for the seven unknown
coefficients of reflection and refraction. Combining all seven expressions, we obtain a system of linear algebraic
equations (SLAE) of the form Fx=C, where x is the column vector of the solution to the SLAE

X = (Am,Aoz,Am,A”,AIZ,AN,AZI)T to be found, F is a 7x7 matrix consisting of values for the unknown

reflection and refraction coefficients, and C is the column vector in the right-hand side
C = (4, cosd/ pc,0, 4,,0,0,0,0)". (12)
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080y ik, 0 0 0 0
pc
0 I I 0 0 0 0
- 1 f Zlu.vnowkxk z O 0 0 0

F= 3—2ikmzh —ik,lzlhl ik h —ikyy.h —ikyyh —ikyh |2 (13)

0 —k.e ke ke ke ke —k, e
0 _klozefikmzh _kxefik”zh klzzeiklz:h _kxeiszh k2ozefik202h kxefikﬂ:h
0 Je Jes S s S Ja

L 0 Joa I Jrs Js Je fno

Where f‘23 = Iu.vnow (k)zc - k121:) f22 = zlu.vnow kx kl()z ﬂZ = (j’.wmw ki + (j‘xrmw + 2lu.vm)w)klZOz) > f‘62 = 2lusnowkxkl()ze_ikm:h H
f‘63 = lusnow (ki_klzlz )ef"kll:h ’ f%4 = _2/usnawkxk1226iklzzh ’ f;vS = /usnow (k)zc_k123z)eikl32h ’ f;)() = _2'ugrkxk20:eﬂvk20:h ’
f;ﬁ = /ugr (k2 - ki )e’ikﬂzh b f72 = (/1 k%+ (ﬂ'snow + 2/usnow)klz()z )eiikm:h > f‘73 = Zlusnowkxk eiik”:h

21z snow 11z ’

f74 = (ﬂ’ ki + (/’l + zlusnow )k]222 )eikIZZh H -f75 = _2lusnawkxk13:e[kl31h H

snow snow

f76 = _(lgr k)2c+ (lgr + 2Iugr )k220z )eiikah 4 f77 = _2ﬂgrkxk2]zeiikzuh .

RESULTS OF THE NUMERICAL SIMULATION

In the numerical simulation, a harmonic wave with the constant frequency f'= 15Hz is considered as an acoustic
wave falling at an angle to the snow layer. The air parameters are density p = 1.32kg/m’ and sound velocity ¢ =
328m/s at a temperature of —5°C. The wave vector of the falling acoustic wave is k=w/c. In the Gassman model for
snow, ice is considered as the skeleton material, and air is taken as the fluid filling the pores. At —=5°C the elastic
parameters and the ice density have the following values: K=8- 10° Pa, u=3- 10° Pa, and p; :918kg/m3 . For the fluid
(air), the compression modulus K=1.4- 10° Pa and the density p~1.32 kg/m’. As porosity and snow density
parameters, the following tabular values for the snow cover are taken: the density p=3200 kg/m’ and the porosity
n=63%. With these values, the compression modulus K and the velocity of longitudinal and transverse waves in the
snow is calculated from the relation (3). The longitudinal and transverse waves in the ground are V, = 2500m/s and
V, = 1800m/s, respectively.

- 1078 . 1076
2
1
1.5
H .
o | ||.|
LY 0 \__
0 . i —

a) b)

FIGURE 2. Graphs of refraction coefficients (a) longitudinal and (b) transverse waves for ground without the snow layer.
Along the horizontal axis the angle of the falling acoustic wave

The numerical simulation was carried out in the MATLAB with the media parameters specified above. The
SLAE was constructed with the right-hand side of (12) and the matrix of the form (13). The reflection and refraction
coefficients were obtained in the form of the SLAE solution vector [9]. For the case of an acoustic wave falling onto
the ground without a snow layer, the curves of the refracted and reflected wave coefficients are shown in Figure 2.
The wave energy was estimated from the formula Ex/E=p,/p |kp/k|2A2, where Ep is the refracted wave energy, E is
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the initial wave energy, p,/p is the ratio of the media densities, and k,/k is the ratio of the wave vectors of the initial
and refracted waves. Figures 3 and 4 show the curves of the refraction and reflection coefficients, respectively, in
the case of acoustic wave propagation through snow. One can see from the numerical results and curves that the
snow layer greatly absorbs the incoming acoustic wave energy from the air.
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a) b)

FIGURE 3. Graphs of refraction coefficients a) for longitudinal wave in the snow; b) for transverse wave in the snow.
Along the horizontal axis the angle of the falling acoustic wave
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FIGURE 4. Graphs of the refraction coefficients:a) for longitudinal wave in the snow; b) for transverse wave in the snow;
¢) for longitudinal wave in the ground; d) for transverse wave in the ground. Along the horizontal axis the angle of the falling
acoustic wave

In this case, high values of the refraction coefficients of acoustic waves in the snow are determining factors

(Figure 4a and 4b) caused by dominant levels of refracted longitudinal and transverse waves in the snow layer. The
levels of refraction waves of this type are several orders of magnitude lower (Figure 4c and 4d).

RESULTS OF FIELD EXPERIMENTS

The results of the numerical simulation were compared with the experimental data obtained for 2013-2014.
Sessions of vibrational sounding of the two-layer “atmosphere-ground” medium using seismoacoustic oscillations
from a CV-40 vibrator were performed. The frequency range of the source is from 6 to 10Hz and the perturbing
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force amplitude is 40tf. This source simultaneously excites seismic oscillations in the Earth and acoustic oscillations
in the atmosphere. In the experiments the both types of oscillations were recorded at a distance of 50 km from the
source by a 3-component SK1-P sensor and an acoustic PDS-7 sensor.

As a method of accumulation of weak vibrational oscillations on the background of external noise we used cross-
correlation convolution of the recorded low-amplitude oscillations with the reference signal. The signal was
synthesized at the recording point and repeated the shape of the radiated sounding oscillation. As a result of the
cross-correlation convolution of acoustic and seismic oscillations, we obtained, respectively, acoustograms and
seismograms (Figure 5). The acoustic wave comes at 142 sec to the seismic sensor SK1-P (Figure 5a). The presence
of acoustic waves can be explained by the effect of acoustoseismic induction. The acoustic wave propagates in the
low atmosphere and induces a surface wave in the ground. The induced wave propagates in the ground at the speed
of infrasound.

selsmograms acoustograms

13708271700.8341:00'-‘% " P PO w.-—-—.———l.msmewm
SK1-P 13_08271700.834k01~q*~m—-.m-‘»n—-——08.356313e+ooo

13_08271700.834k02 (ol stosss — et tetote 5 80885564000

PDS-7  13_08271700.U881{VkQ0w —

1 | 1 1 1 1 1 1

2 o
0 20 40 60 80 100 120 140 160 180

4.634331e+004

-

a)

seismograms acousto grams

li_lzozzsm.ssakm——%r*‘- soae 1.023734¢+000

SK1-P 14_12022300.333k01—mh
14_13022300.3331(02%: o e - 5.837071e-001

PDS-7  14.12022304.830k 2.342532¢+003
1 L 1 1 1 1 1 1 J

60 80 100 120 140 160 18

1.159146e+000

t, ¢
0

o
[
f=
4o
f=}

b)

FIGURE 5. Example of the acoustograms and seismograms. Distance from source of 50 km

If snow cover is present, we have the effect of screening of acoustic waves from penetration into the surface
ground layer. This greatly decreases the acoustic wave levels on the seismic sensor SK1-P (Figure 5b). At the same
time, the acoustic wave levels on the acoustic sensor PDS-7 located in the air remain invariably high (bottom part of
Figure 5b).

Figure 6 shows the ratio of the acoustic wave levels recorded by the SK1-P and PDS-7 at different times of the
year and, correspondingly, the snow cover thickness from 0 to 67 centimetres. A comparative analysis has shown
that if snow is present, the acoustic wave levels recorded by the ground-based seismic sensors can decrease
depending on the snow cover thickness by more than an order of magnitude. Thus, Figure 5 and 6 confirm the
influence of the factors of reflection and absorption of acoustic waves identified using theoretical analysis.
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FIGURE 6. The ratio of the acoustic wave levels recorded by the SK1-P seismic sensor and the acoustic PDS-7
at different months of the year.

The results of experimental studies (Figures 5 and 6) show an important physical phenomenon of screening of
acoustic waves, leading to strong weakening of the acoustoseismic induction effect. This effect is associated with
the formation of a surface seismic wave when the acoustic wave propagation in the lower atmosphere. We
experimentally proved that the presence of a snow layer substantially weakens such effect. Thereby the results of
numerical simulation explain such attenuation. In the snow layer, the incident acoustic wave from the air is
transformed into refracted longitudinal and transverse waves (Figure 4a and 4b). Simultaneously these waves in the
underlying ground have levels lower by several orders of magnitude (Figure 4c and 4d). This is the relation between
Figure 5 and 6 on the one hand, and Figure 4 on the other.

CONCLUSION

The problem of interaction of acoustic waves falling at a given angle on a snow layer on the ground and seismic
waves arising both in the snow layer and in the ground is considered. A system of differential equations with
boundary conditions describing the propagation of falling and reflected acoustic waves in the air refracted and
reflected from the boundary of seismic waves in elastic media (snow and ground) for a three-layer “air-snow-
ground” model has been constructed and solved. The coefficients of reflection and refraction have been calculated
for the case of an acoustic wave falling onto the ground and snow on the ground. The ratio of the energy of the
refracted waves to the energy of the incident acoustic wave has been obtained.

It has been shown that the snow cover thickness has a strong influence on the transfer of acoustic wave energy
into the ground, which can decrease by more than an order of magnitude. This is a manifestation of the effect of
screening of acoustic waves. The numerical results obtained are in agreement with the results of field experiments at
a distance of 50km and demonstrate the screening effect based on comparison of the levels of acoustic and surface
seismic waves.

The results of the theoretical and experimental investigations are of practical importance in the problem of
detection of acoustic waves by seismic methods.
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