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ABSTRACT: Blast induced soil vibrations can cause strugtdamage even at large distances from the source, causimgtd
for accurate prediction methods. The occurrence of shoalesvand the high strain rates and deformations call for tleeofis
hydrocodes in the proximity of an explosion. At larger digte, the use of a more cost effective linear elastic calicuid@bol is
preferred. A coupled numerical model is proposed, whichltioss a 2D axisymmetric Finite Difference Time Domain mddel
Autodyn with a frequency domain linear elastic method. Tlwotlyn model uses a coupled Eulerian-ALE-Lagrangian salad is
truncated in the linear elastic hydrocode domain. Spurieflisctions are avoided by adding an unsplit field Perfectidfled Layer
to the truncated hydrocode domain. The results at an igeifathe linear elastic hydrocode domain are used to conmpsatats in
the far field, based on the dynamic reciprocity theorem aadateen’s functions of a layered elastic halfspace. The odetogy
is validated against a linear elastic reference solutiahapplied to a small subsurface explosion in a non elastic 3tie blast
induced vibrations are determined at distances up to 20@m flhe source and are compared to empirical referencesesult

KEY WORDS: Soil wave propagation; underground blast; FDMdrocode; Perfectly Matched Layer; Dynamic reciprocity.

1 INTRODUCTION shortcomings of the hydrocode, by limiting the extent of the

Subsurf losi ibrati that h . modeled domain. Spurious reflections caused by this triorcat
ubsurtace explosions cause vibrations that can hav 1 4o not affect the solution, since only short term and shorgea

tal effects on structures, even at large distances. A(Euragﬁects are investigated
prediction of the soil vibrations is needed to control these o .
effects. Hydrocode modeling of far field effects of underground

Empirical models [1, 2] are frequently used for this purposePlast mainly focuses on rocks, in the context of mining or
but only give rough approximations based on a limited numbeyndérground ammunition storage. ~Oversized models with

of input parameters. Their accuracy depends on the stafisti VISCOUS absorbing boundary conditions (ABC) are used to
analysis of large experimental data sets. reduce the effects of spurious reflections. Wu and Hao [8]

study the ground motion characteristics due to a large rock
chamber blast and the effects on surface structures with 2D
nd 3D coupled Eulerian-Lagrangian models in Autodyn. The
ydrocode models extend to over 100 m from the source.

Analytical models deliver closed form solutions to the dif-
ferential equations of wave propagation, applying cormsidle
simplifications to the geometry of the problem, the materiaE
model and the blast loading [3].

In view of these limitations, numerical modeling can pravid ~ Coupled methodologies are usually limited to an Eulerian-
results with more detail for realistic configurations. A Lagrangian coupling, where the explosive source is Euleria
hydrocode enables the simulation of highly non-linear &ven and the soil is Lagrangian. Large deformations near thet blas
in the immediate surroundings of an explosion. Hydrocode§ource lead to heavily distorted meshes and early terroimafi
were originally developed for fluid dynamics applications,computations. Lu et al. [9] use a three-phase soil model [10]
but have Since been adapted to hand'e material Streng{ﬁ determine blast induced far field effects on buried Stﬂlﬂﬂ,
and solid material models, enabling elasto-plastic andatin USing a coupled Eulerian-Smoothed Particle Hydrodynamic-
analysis. Adapted computational methodologies, comgininLagrangian model. The Smoothed Particle Hydrodynamids par
different solver types, are used to calculate the shock wav@ccounts for the largest deformations surrounding thertamle
propagation and extremely high material deformations [4]Plast source, ensuring the continued integrity of the Liagian
These methods are computationally expensive and materigfrt. Similarly, Jayasinghe et al. [11] use a coupled EAlef
models that cover the entire deformation range - from lineafodel to determine the response of a foundation pile to blast
elastic to hydrodynamic - can be very complicated. induced vibration. The ALE remapping compensates for the

Hydrocodes have been used extensively for determining ne3"9€ mesh deformations.
field effects of soil blast loading. Fiserova [5] determines In this paper, a coupled numerical methodology is proposed
the effects of buried mines on protective plating with Eigler to obtain a prediction of far field blast induced vibrations i
Autodyn models, using a compaction model. Luccioni et gl. [6a halfspace. Results in a bounded subdomain, surrounding
use a similar approach to investigate cratering by buriedgds. the explosive source, are obtained with the Autodyn 2D
Gu et al. [7] investigate crater formation in a layered sesihg  axisymmetric hydrocode, using a coupled Eulerian-ALE-
an elasto-plastic soil model in a coupled Eulerian-Aleator Lagrangian model. This subdomain is obtained by truncating
Lagrangian Eulerian (ALE) setup. These models avoid théhe halfspace at sufficient distance from the blast sourberev
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the response is linear elastic. To avoid truncation erams2D
axisymmetric unsplit field PML for elastic media, as propbse Q

by Kucukcoban and Kallivokas [12], is integrated in Autoyn

Lagrangian FDTD code. The tractions and displacements on an

interface near the truncated edge are used to compute gieela 7=
far field response based on the dynamic reciprocity theorem a

the Green'’s functions of an elastic halfspace [13]. The talip

methodology is validated considering the case of a surfaaet | Figure 1. The problem doma® = QU Q2 U Q3, bounded

on a linear elastic halfspace in section 5 and is applied on an  py the free surfacd;, containing the source S and the

Q3

underground explosion in a homogeneous non-linear soihgJs interfaces12 ands23.
this methodology, blast induced vibrations in the far fietth c
be calculated in a cost efficient manner, taking into accthmt B

non-linear behavior of the soil near the explosive source.

2 COUPLED METHODOLOGY

In the surroundings of an underground explosion, the behavi

of the soil changes with growing distance from the explosive
source. The 3D semi-infinite problem domdhis bounded

by a free surfacd; and is divided into three subdomains
Q1, Q2 and Q2 (figure 1). In the hydrodynamic subdomain
Q1!, immediately surrounding the explosive source S, extreme
soil deformations occur at high speeds and the soil strength
is exceeded: the soil behaves hydrodynamically. At a larger
distance from the source, pressure waves are attenuated, bu

are still in the non-linear range: in the subdom&? the ~Figure 2. The truncated ~ computational - domain
soil behavior is elasto-plastic. With further attenuatioh Q=0'UQ?uUQ", bounded by the truncated free
the pressure waves, the elastic limit of the soil is no longer  surfacer?, containing the source S and the interfacg
exceeded: in the semi-infinite subdoma3, the soil has a coupled toQPML jn ZPML,

linear elastic behavior. Subdomaif® and Q? are separated

by the interfacez!?, while interface>?? separates subdomains X r

Q2 andQ3. —

The size and shape of subdomaid$ and Q? depends on i
the soil properties and the amplitude and depth of the blast §
source. For an underground explosion, the released engrgy i /
generally high enough to cause elasto-plastic soil deftoms /
in the vicinity of the source. The stress levels are not rendyg % Qe
high enough to cause hydrodynamic soil behavior. If the@ratti L
the depth to the amplitude of the source is sufficiently small e
the subdomain interfaces!? and 322 can intersect the free
surfacd ;. The soil at the free surface is significantly deformed,
resulting in visible surface effects such as dome formasoii
ejection or cratering. ) ] . )

The high deformations and strain rates of the soil in théigure 3. The linear elastic computational dom@f bounded
hydrodynamic domairQ! require the use of computational by the free surfac;, containing the interfack'.
methods and material models that can handle this non-linear

behavior. The wave propagation in dom&A can be studied  (figure 3). The tractions and displacementss#h obtained

using non-linear, elasto-plastic methods, whiled, a linear  from the calculation irQ, are used to compute the response in

elastic solver is used. Q¢, based on the dynamic reciprocity theorem and the Green'’s
The complex constitutive behavior @ requires a computa- functions of an elastic halfspace [13].@) £ is situated within

tionally expensive hydrocode, applied to a bounded sub@omag? (i re 2). The linear elastic material model@$ matches
Q. To avoid spurious reflections, an ABC is applied o the hydrocode material behavior .

in the linear elastic domai®3. Q is then bounded by the

— —3 3
truncated free surfack and equal!UQ?UQ", whereQ 3

) . T INTERIOR SUBDOMAIN SIMULATION
is the truncated part dd>. In this work, a PML is usedQ”M-

is coupled tdQ at the interfac&PM- and is bounded by the free The explosion source and the wave propagationQinare
surface PM- and the fixed boundary; Mt (figure 2). simulated with ANSYS Autodyn, which offers a set of solvers,

Results in the far field, for which a hydrocode computationmaterial models and functionalities that enable non-linea
is not possible or cost-efficient, are obtained using a tineadynamic calculations [14]. The structure of the hydrocode
elastic method. The halfspa&e¥ is a linear elastic copy of model and the associated PML are explained.
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3.1 The hydrocode model

Q is modeled in Autodyn, using a 2D axisymmetric Eulerian-
ALE-Lagrangian multi-solver model in the time domain. This

model is subdivided in coupled subgrids, each using onessith

by a stretched coordinasedefined as [15]:

~ S S
s:/o /\s,(s)ds:SoJr/SO As(s)ds 1)

solvers. Autodyn only uses quadrilateral meshing, imppsinwhere As(s) is a frequency dependent, continuous, non-zero

important restrictions on the geometry and the couplirefagy
of the subgrids.

The explosive source S and its gaseous explosion products

are modeled using a multi-material first order Eulerian t€ini

complex valued stretching function [15, 16]:

_ e 10(9)
/\S(S)_1+ fS(S)_I w

)

Volume solver. In this part, a fine mesh is needed to Obtainherew is the circular frequency, and the functiof(s) and

correct generation of the detonation wave. For small crsargefp
this has a big impact on the time step used in the entirg\s,i
model. While the shape of the Euler part normally matches th

explosive’s shape, a spherical approximation can be addpte

(s) cause attenuation of evanescent and propagating waves.
thin Q and on="ML| the attenuation functions are zero. This
ﬁuarantees the continuity of the stretch functions acrbes t
interface and the perfectly matching properties of the PML.

compactly shaped charges. This enables a simplificationeof t 1o 5ain sufficient yet gradual attenuation within the PML,

structure of the model and has little effect on the far fiekies.

Q is modeled using a combination of Finite Difference Time
Domain (FDTD) solvers: the soil near the explosive is modele
using an ALE FDTD solver. The applied motion constraints £P(s) =
depend on the shape of the charge and the post-blast explosio
cavity. The ALE part should be as small as possible, to limit
the computational cost. Other ALE subgrids can be included

wherever large deformations are expected.

volume of the model is calculated with a Lagrangian FDTD

model.

The remainin

quadratic formulation is used fd#(s) [12]:

3G 1] [(s—%0)1% .
2 PML log R LPML ifso<s<s

0 if0<s<g

3)

S

WhereC, is the dilatational wave propagation velocity &b a
flection coefficient, indicating the needed attenuattdrf L.
A similar formulation is used fof$(s), whereC, is replaced by
a characteristic length of the domairQ”M (e.g. the cell size

The hydrocode methodology is illustrated in detail using th . LPMLY,

application in section 6.

3.2 The Perfectly Matched Layer

In the 2D axisymmetric geometry proposed in section 3.1,
the stretch is applied to the and z coordinate. The stretch
functions are introduced in the governing wave equatiortisén
frequency domain of an axisymmetric linear elastic medias,

Autodyn uses a 1D viscous ABC, which is supposed to absorbhown in [12]. The constitutive equation of the linear atast

linear elastic waves propagating perpendicularly towahds

medium is unaffected by the coordinate stretch. The steetch

boundary. Due to a bug in the software, only positive pressur \yaye equations are then transformed to the time domain by an

are absorbed. To meet the truncation requirements expresse nyerse Fourier transform and solved using a Lagrangian@-DT
section 2, the unsplit field 2D axisymmetric PML methodologyscheme, based on the Autodyn code.

developed by Kucukcoban and Kallivokas [12] is integrated A known instability issue with this type of PML is expected
in the Lagrangian computational cycle of Autodyn, usingi cause some spurious reflections [17]. This instability ca

customizable user-subroutines.

LPML S
A

| —

PML
rU

Figure 4. QPML coupled taQ in ZPM-. A wave passes through
sPML " decays with distance and reflectsIgfi-.

Consider the PML domai®”M-, coupled toQ at zPML,
as shown in figure 2. 16 is the coordinate in the direction
normal toXPML QPML extends froms = s, to s = & (figure 4).
An outgoing wave passes througRM- without reflections and
decays with distance withi@”M-. The coordinats is replaced

be delayed by applying a gradual, real stretchQBM- in
the direction of the stretched coordinates, without adddl
computational cost and with equally perfectly matching
behavior of the PML. It can also be reduced by lowering
the reflection coefficienR. To compensate for the reduced
attenuation[ M- can be replaced by a viscous ABC [18], which
absorbs a large part of the remaining outgoing waves.

4 EXTERIOR SUBDOMAIN SIMULATION

The tractiong" and displacements at X' that result from the
calculation inQ are imposed of2. The displacements iQ°

can then be related to the imposed tractions and displademen
by applying the dynamic reciprocity theorem [19, 20]. If pod
forces are neglected afif is initially at rest, the introduction of
the Green'’s functions of an elastic halfspace [13] in theatiyic
reciprocity equation yields the following integral repzagation:

ui(x',t) =

Lo [0 08060 =50 x Dy (x.0)] IS (4)
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whereu; (X', t) is thei-th displacement componentin any poift L4x10° | x10°
in Q°, U2 (X', x,t) andt?" (X', x,t) are the Green's displacements ~ _ T
. . € <
and tractions ofQ° and uj(x,t) and tj'(x,t) are the j-th £ o7 £
component of the displacements and tractions in any point g o §os
on X', with outward normal vecton. A Boundary Element g2 g
(BE) discretization of the integral equation®$, followed by 8 a
a forward Fourier transformation, allows the calculatidritee 4 004 008 0.12 % 200 400 600 800 1000
wave propagation iQ°: (@) Time [5 Frequency [H7]
R R n x10~° x10°
0(w) = U(w)i(w) — T(w)l(w) (5) o o
where an underlined variable collects vectors at multiple g z = ,
receivers or nodesi(w) contains the displacement components ~ § :
at the receiver locations i2€, 0 andt contain the components z B gi 1
of the displacement and traction vectors applied on the - 0
interpolation nodes af®. U(w) andT (w) are the displacement b) e i
and traction BE system matrices. . .
x 10 x 10
6 4
5 VALIDATION 4 \
The coupled methodology is validated using the case of a z

concentrated surface load on a homogeneous linear elastic
halfspace. In that casg, = Q3. L
The material has a densify = 1800 kg/ni, a dilatational - o
. . 0.11 0.15 0.19 0.23 0 200 400 600 800 1000
wave velocity C; = 300 m/s and a shear wave velocity © Time [l Frequency 2]
Cs =150 m/s. The linear elastic material model in the FDTD

computation inQ UQPM- has no hysteretic material damping. ure 5. Time history (left) and frequency content (ri
In order to validate the functioning of the coupled methodyi g the ;/ertical displac):/e(mer)n at (&) 2;1: (2 )6) m Onzi(e g(]g)t)
the material behavior i@ be Q® should correspond as much as (r,2) = (10,0) m and (c)(r,2) — (20,0) m. The reference

possible. Therefore, the hysteretic material dampingsaiti
Q°f, necessary for the computation of the Green’s functiores, ar
set to a very small valuddp = Ds = 104,

Displacement [mm]
Displacement [mm/Hz]
N

solution (black) is compared to the coupled solution (gray)

A vertical transient point load~(t) is applied onT; at Figure 5(a) compares the vertical displacementh at
r =0, corresponding to a second order Ricker wavelet, with ,2)=(2,0) m of the FDTD simulation to the reference
characteristic frequencl = 300 Hz and an offsét = 0.01s:  gojution. The small amplitude difference is the result af th
5 i absence of hysteretic material damping in the FDTD material
F(t) = [Z[H(t —t5)f]* — 1| e M) (6)  model. Small spurious vibrations due to the onset of the PML

instability appear between 0.04 and 0.05 s. They appear more
The geometry of the model corresponds to figures 2 and Zlearly in the frequency domain, where the low frequencgean
wherez'®, sPML andrML have a square shape, with sides of 2of the FDTD solution deviates from the reference solution.

m,Tzh.czasdins1 ?gge?ﬁir?ssgdnzlfr;?:tt?osﬁsZiﬁ are determined usin Figures 5(b) and 5(c) compare the results of the coupled
b 9 calculation to the reference solution @f at (r,z) = (10,0) m

the methodology presented in section 3. A Lagrangian solver

is used throughout the FDTD domaify is discretized by 270 ﬁgfh(ré?ljﬂéﬁg’ OismastvaZ??r'f :muﬁ'e'}t%oé:)d'gg;‘i”ﬁgtbfﬁ‘;"seg N
x 270 equal elementsQPML is discretized with 30 elements ’ 9 ’ 9

in the direction normal t&"ML, This corresponds to a real !argeer distances from the source, since the material dagnpin
: p in Q° of the coupled solution and in the reference solution
stretch of 500%. The PML stretch functiofi(r) and f(z) . . . . .
. p ) . . is identical. Apart from this amplitude offset, the resudi®
are quadratic andr (2) = f;(2) =720 Hz, which results in - e or 2nd prove the validity of the coupled methody!
a reflection coefficienR = 102 [12]. f&(r) and f$(z) are y P y P v

equal to 0: no additional real stretch is applied. The time Since the PML induced instability is situated in the low
history at2'® is padded with zeros to a period of 1 s, to obtainfrequency range, it is attenuated less than the high frexyuen
an acceptable frequency resolution. A time domain windovweontent of the outgoing wave; its influence is therefore etgr
based on a sigmoid function is imposed to avoid a discortinui to become more prominent at larger distance frafh In
between the calculated and the padded part of the time Yistor this validation, this is prevented by the very low attenomti

The displacements iQ°¢ are determined using the methodol- coefficient. When considering materials with a higher mater
ogy presented in section £ is discretized with 240 equally damping ratio, the PML induced error can dominate the smiuti
sized, nodally collocated BESs, that coincide with the hpdide  at large distances from the source. A more stable PML
element faces aE'®. The Green's functions of an elastic formulation for Autodyn or the application of an improveché
halfspace are used to obtain reference solutior@8rand on  domain window or high-pass frequency filter on the results at
Y€ using EDT [13]. ¥'® can solve this problem.
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Ry LPML
6 APPLICATION ne
The coupled methodology is applied to the underground : -
explosion of a 1 kg sphere of C4 explosive at a depth of 2 m z IZ“ |
in a homogeneous halfspace. R |
A single soil model is used througha based on the model I
of Luccioni et al. [6]. The bulk compressibility of the soil |
is modeled using a Mie-Griineisen equation of state, based o R, o) | SPML
the shock Hugoniot of the material [14]. The hydrodynamic N L R |
pressureg(t) equals [
[
PH() (L) } D
t) = pu(t) +v {eti (7 B
p( ) pH( ) Po ( ) 2P0(1+Il(t)) 5 e |
where the Hugoniot pressupg (t) is .~~~ ‘I ********* N
=
Po(t) (1+ (1)) /Cp? — 4C2 5 amt
PH(t) = 8 /4

[1— (34— Du(t)?

with y = 0.11 the Grineisen coefficientsy = 1.5 the Figure 6. Hydrocode domai® and Q°M\, indicating the
linear shock Hugoniot slope coefficienpg = 1920 kg/n? Eulerian (dark) and ALE (double hatched) calculation
the soil densityCp, =600 m/s the dilatational wave velocity, domains.

Cs =300 m/s the shear wave velocitg(t) the density,e(t)

the specific internal energy and(t) = [p(t)/po] — 1 the o _ )
compression ratepg, C, andCs are considered gh = 0. A leapfrog second order time integrator. The time step, which
hydrodynamic bulk failure limit pressurgmin is set at -1 MPa. IS identical for all subgrids in the model, is determined at

In terms of Von Mises stress, the yield strenggfis determined ~ €ach time step, based on the Courant-Friedrichs-Lewylitjabi
by a piecewise linear Drucker-Prager criterion: condition. It depends on the cell size and the local dilateti

wave propagation velocity. The very high velocities andsdgen
ap+B[MPd if pmin< p < 6.88MPa mesh needed for the high quality simulation of the initisdch
Y~ Y6.2MPa if p > 6.88MPa ©)  wave generation near the explosive source result in extyeme
small time steps. In the two step methodology, this is lichite
wherea = 0.74 andB = 1.11 MPa depend on the soil's cohesion to the 1D starter model. By the end of the its computation, the
and internal friction angle. At low pressures, this maferiavelocities in the soil have dropped and a dense mesh near the
model approaches a linear elastic model, with wave ve&xtiti source is no longer needed. This allows for larger time steps
C, andCs and densitypg. This model is used iPMLIn  and coarser meshes for the full model computation.
Q°f, this material is used in combination with hysteretic miater In the second step, the results of the starter model are

damping ratiodp = Ds = 0.02. The explosive material model ,nagated in the full model, which contains the hydrocode
is the Jones-Wilkins-Lee equation of state for C4, as used IRalculation domair© and the PML (figure 6). The size &
Autodyn [6, 14]. _ N isR, = 6 m byZ, = 5 m and it is modeled using a combination

_ Inthis case, itis possible to perform the hydrocode sinmiat ot ginjte Difference Time Domain (FDTD) solvers on diffeten

in two steps. The first 2.55 milliseconds after the detomesice coupled subgrids. The preferred size of these subgrids is

modeled with an Eulerian 1D spherical symmetric starterehod yatermined by running preliminary simulations with a cears
It has a length of 2 m from the center of the explosive to the fre ., .op,

surface and is discretized by 2000 equally sized elemerits. T ) ) o )
explosive, which has a radius of 0.055 m, is situated at theece The Eulerian caIchann domain is Ilmlted.to the sphencal
of this model and is surrounded by soil. The wave propagatiot{o!lume of the explosive sourceat 2.55 ms, with a radiu&;
is modeled from the detonation up to the moment the shocfNd is meshed with equally sized, 10 mm by 10mm cells.
wave reaches the free surface. The 1D results are subsBguent The Eulerian domain is surrounded by an ALE domain with
remapped onto the full model, which has been dimensioned t@diusR; = 0.5 m and a radial expansion ALE constraint on a
correspond to the deformed state at the end of the 1D sironlati radial mesh. This configuration is most practical for matghi
The radius of the explosive produd® att = 2.55 ms equals the expanding explosion cavity and preserving the shape of
0.268 m. the outgoing wave near a compact charge [21]. A second,
The starter model contains explosive and soil material in @ectangular ALE domain is situated at the free surface talean
single multi-material Eulerian mesh. The interface betiggth  the large deformations caused by the reflected pressure. wave
materials risks blurring due to diffusion [21]. If soil maitd is  The size of this domain iy =2 m by Z, =06 m. A
remapped into the Euler part of the full model, this lead®tal bilinear ALE constraint is applied, according to the axeshef
errors in the Eulerian part and in the fluid-structure irdeefand nodal coordinate system of the model. Since the time steps
can stop or delay the computation. are small, the cell deformation per time step is limited and
The use of a two step hydrocode methodology has severahtisfactory results can be obtained when performing thE AL
advantages. Autodyn uses explicit time integration with aemapping every 5 to 10 time steps, reducing the cost of the
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ALE remapping. Nodes at subgrid interfaces are not sulijecte 0

to the ALE motion constraints, to ensure correct coupling. 1

The remaining parts o2 use the Lagrangian FDTD solver
and are meshed with equally sized, 10 mm by 10 mm cells. E
At large distances from the blast source, spherical meshing "3
needs to be avoided, since acceptable cell size ratios dgn on 4
be obtained by introducing multiple transition parts, vihic
needlessly complicate the structure of the model. In this
configuration, only one transitional discretization sithgs ~ (a)
needed to couple the rectangular Lagrangian subgrid to the
radial ALE subgrid.

QPML yses the adapted Lagrangian FDTD solver discussed
in section 3.2. The domain has a widthM" = 1 m and
is discretized with 50 rectangular elements in the directio
normal to "ML with a linearly increasing real stretch.
The PML stretch functionsf(r) and ff(z) are quadratic
and fP(7) = fP(6) = 1800 Hz, which results in a reflection
coefficientR = 10~2in accordance with the stretch formulations (¢)
in [12]. ff(r) and f&(z) are constant and equal to 1: no
additional real stretch is applied.

Y€ is parallel to the=PML interface, at a distance of
D =0.15 m. This interface is discretized with 1070 equally
sized and nodally collocated BEs that coincide with the
hydrocode element facesH¢.

The average time step of the hydrocode simulation is
5x10-3 ms, for a duration of 50 ms. Figure 7 shows the norm
of the velocity field inQ at different time steps. At 2.55 ms, () —
immediately after the exportation of the starter model data o 1 2 3
the full model (figure 7(a)), the spherically symmetric ae Norm of the velocity [m/s]
wave approaches the free surface. High velocities suriagnd o o
the explosion cavity indicate its ongoing expansion. Figure 7. Norm of the velocity field if2 at (a) 2.55 ms,

At 4 ms (figure 7(b)), the dilatational blast wave has hitand ~ (°) 4 ms, () 8 ms, (d) 11 ms, (e) 20 ms and (f) 50 ms.
reflected from the free surface surrounding the epicentigh H

E
N

particle velocities occur where the soil has failed: thesilen 0
stresses from the reflected dilatational wave have reapfigd !
In reality, this would result in a projection of soil partsl. 1 !
In this model, this large deformation is handled by the ALE Qlue? !
solver. For extended simulations, it can lead to excesseshm T 2 !
deformation. Extended time histories can be computed by 5 Q !
applying an erosion rule or by the local use of a particle meéth 3 !
At 8 ms (figure 7(c)), this expansion has nearly stopped. The 4 !
dilatational wave is transmitted without reflection i26M-. A sie |
reflected dilatational and shear wave follow the main dilatel ) — '
wave. The noise behind the leading dilatational wave result o 1 2 3 4 5 6

from the slow expansion and pulsation of the explosion gavit
and the interaction of reflected waves with this cavity. . ,
At 11 and 20 ms (figures 7(d) and 7(e)), the explosion cavityFigure 8. The non-elastic domai' U Q? (gray) inQ andz®.
has stabilized completely. The leading dilatational wawe e
reflected waves as well as the trailing vibrations are ctlgrec
transmitted. A distinct surface wave has not developedmih
At 50 ms (figure 7(f)),Q is silent, except for the spalling
action at the free surface near the epicenter. There is someFigure 9 shows the components of the velocities and tragtion
indication of the instability of the PML affectin@ near the right normal and tangential to the interfaE& at the free surface. The
edge of the domain. high frequency content of the waveforms is explained by the
Figure 8 shows the non-elastic domalt U Q? within Q  lack of material damping and the time history of the explesiv
that has undergone plastic deformation and/or tensilerfail source, which approximates an impulse. This justifies the
The extension of this domain along the free surface is causasse of a dense mesh throughdut The outgoing waves are
by the reflection of the dilatational blast wave. This refiect transmitted properly int@"M- but the velocities and tractions
wave induces tensile stress and therefore lower yieldgindn ~ do not attenuate entirely before the onset of the PML inBtpbi

the top layer of the soil. The shape of the plastic defornmatio
domain justifies the use of a rectangularly sha@eshd'e.
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The time histories of the velocities and tractions Bfi 6
are padded with zeros to a period of 2 s. A time domain
window based on a sigmoid equation is applied to smoothen
the transition between the the original time histories amal t
padded extensions. The application of this window enhances _» T
the quality of future frequency domain transformations,and(b) A
in addition, reduces the effect of the instability of the PML
The displacements &' are obtained from the padded time
histories of the velocities. To avoid discontinuities, mighr
time domgin window islappli(_ad tq attenuate the_f.inal 5 ms of the 50 m from the epicenter.
padded displacement time histories. The velocities artitrzs

are then transformed to the frequency domain, using a farwar19" fréquency content of the input, which reduces the igat
Fourier transform. importance of the low frequency instabilities.

The displ s ie The peak particle velocity (PPV) is determined for the radia
e displacements i

_ _ are obtained in the frequency g4 vertical velocity component at a series of points at the
domain according to the procedure presented in section 4 aRhe syrface i and Q€. from 3 to 200 m from the epicenter
are derived to obtain the velocities. These are transfotmte ¢ 1he explosion. This distance is scaled by the cube root

time domain using an inverse fast Fourier transform. Figl® ot the TNT equivalent weight of the C4 explosive, which
and 11 show the velocities at the free surface, at 10 and 50 g 1 32 kg. The computed PPVs are compared to empirical
from the epicenter of the explosion. The leading dilatalon (eterence relationships. The empirical formulation fa BPV
wave dominates the wave form for tens of meters from th‘_’developed by Drake and Little [2] is valid up to a scaled

epicenter. A surface wave has develop_ed, put its amplitside yisiance of 5 mykg. This formulation only depends on the
of the same order of magnitude as the dilatational wave. Bue {g; properties through an attenuation coefficiemt It is used

the high frequency content of the input, the frequency awie 55 5 reference i with attenuation coefficientsn = 2.25
the waves is high, even at large distances from the source. 5,4 m = 1.5. The first value is estimated based @n[2]

The effects of the instability of the PML, as seen in sectipn 5while the second value corresponds to a soil with low madteria
are not observed in this application. This can be attribtdede = damping [22]. Westine's relationships for the radial PPYil

0

Velocity [m/s]

0.5
-6

Velocity [m/s/Hz]
=
\

Figure 11. Time history (left) and frequency content (rjgbft
the radial (a) and vertical component (b) of the velocity at
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stability of the PML implementation or by reducing the impac
of the PML induced instability.

The method is successfully applied to an underground
explosion in a halfspace, using a non-linear soil model in
the hydrocode calculation domain. The application indisat
the possibility to determine blast induced vibrations atéa
distances from the source. A comparison to empirical refsge
methods shows that the velocities obtained by this specific
application of the coupled methodology are consideratgiéi
and that the absence of material damping in the hydrocode
soil model has a large impact on the results of the coupled
methodology.

Figure 12. P_PV in function of scaled distance. Radial (b’a‘_jkACKNOWLEDGEMENTS
and vertical (gray) components are compared to empirical _
reference results with regular (dashed) and with very lowThe second author is a postdoctoral fellow of the Research

material damping (dotted).

valid up to 245 m{kg and is used if2®. This relationship is a

function of the density, and the dilatational wave velociGp
of the soil.
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