
Introduction and Summary 
 
It has long been established that the amplitudes of seismic waves radiated from an 
underground explosion can be reduced by detonating the explosive within a fluid-filled 
cavity of adequate size.  Significant amplitude reduction occurs because the reflection 
coefficient at the fluid/rock interface (i.e., the cavity wall) is large.  In fact, the DC 
frequency limit of the reflection coefficient for a spherically-diverging seismic wave 
incident upon a concentric spherical interface is ‒1.0, independent of radius of curvature 
and all material properties! 
 
In order to quantify to the degree of amplitude reduction expected in various realistic 
scenarios, we are conducting mathematical and numerical investigations into the so-
called “cavity decoupling problem” for a buried explosion.  Our working tool is a 
numerical algorithm for simulating fully-coupled seismic and acoustic wave propagation 
in mixed solid/fluid media.  Solution methodology involves explicit, time-domain, finite 
differencing of the elastodynamic velocity-stress partial differential system on a three-
dimensional staggered spatial grid.  Conditional logic is used to avoid shear stress 
updating within fluid zones; this approach leads to computational efficiency gains for 
models containing a significant proportion of ideal fluid.  Numerical stability and accuracy 
are maintained at air/rock interfaces (where the contrast in mass density is on the order 
of 1 to 2000) via an FD operator “order switching” formalism.  The fourth-order spatial FD 
operator used throughout the bulk of the earth model is reduced to second-order in the 
immediate vicinity of a high-contrast interface. 
 
Point explosions detonated at the center of an air-filled or water-filled spherical cavity 
lead to strong resonant oscillations in radiated seismic energy, with period controlled by 
cavity radius and sound speed of the fill fluid.  If the explosion is off-center, or the cavity 
is non-spherical, shear waves are generated in the surrounding elastic wholespace.  
Equilibrating the moment magnitudes of explosions for differing fill materials leads to 
misleading results in the amplitudes of the radiated elastic waves.  The proper procedure 
entails equalizing the intrinsic energies of the explosions.  Numerically-calculated results 
are in reasonable agreement with a theoretical model based on acoustic and elastic 
spherical wave propagation from a point center of symmetry. 

 

                       Acknowledgements 
 

This project would not have been possible without the support of many people from 
several organizations.  The authors would like to express their gratitude to the National 
Nuclear Security Administration (NNSA), Office of Defense Nuclear Nonproliferation 
Research and Development (DNN R&D).  This work was conducted by Sandia National 
Laboratories (SNL) under award number DE-AC52-06NA25946. 
 

Sandia National Laboratories is a multi-program laboratory managed and operated by 
Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the 
U. S. Department of Energy’s National Nuclear Security Administration under Contract 
DE-AC04-94AL85000. 

                                  Numerical Analyses of Underground Explosion Cavity Decoupling 
 Richard P. Jensen, David F. Aldridge, and Eric P. Chael  

Geophysics and Atmospheric Sciences Department, Sandia National Laboratories, Albuquerque, New Mexico 

Numerical Modeling Parameters 
 

1) Seismic Energy Source: 
      Point explosion activated by a Gaussian pulse, centered at t = 0 s, with characteristic  
      frequency 10 Hz.  Moment magnitudes are either equalized to 1 N-m, or variable such  
      that the wavefield energy EW is equalized. 

 
2) Spatial / Temporal Gridding: 
      651 x 501 x 501 spatial grid;  Δx = Δy = Δz = 2 m;   Δt = 0.28 ms;  5895 timesteps 
 

Seismic Wave Propagation Equations and  
3D Finite-Difference Grid 

Effects of Cavity Geometry 
Four Cavity Geometries 

Point explosion in an 
an elastic or acoustic 
wholespace. 

Point explosion at center 
of spherical cavity. 

Point explosion at center of 
vertical prolate ellipsoid cavity. 

Point explosion at center of 
rectangular prism cavity. 

Wavefield nodal 
lines emanating 
from cavity 
corners. 
  
Diagnostic of  
cavity shape? 

Vz (vertical particle velocity) Timeslices 

t = 50 ms 

x1 

x100 x100 

x100 

t = 150 ms 

x100 x1 

x100 x100 

Wy (horizontal rotation rate) Timeslices 

t = 50 ms 

x1 x100 

x100 x100 

t = 150 ms 

x1 x100 

x100 x100 

No S-waves from an explosion 
 in a uniform wholespace. 

Note time delay of wavefields 
sourced in air-filled cavities. 

Spatial gridding  
induces S-waves 
at spherical 
Interface. 

Early-time wavefields 
outline cavities. 

Energy Equalization for Point Explosion 
Seismic Sources 

1) Moment density tensor for a point explosion seismic energy source: 
 

                                                                      with M = moment magnitude scalar (N-m) and 
 
 
    w(t) = moment waveform (dimensionless and unit amplitude).  This is a 2nd-rank      
    isotropic tensor with SI unit (N-m)/m3 = J/m3 = Pa. 
 
2) Usual seismic wave propagation modeling approach is to assign M and w(t). But, moment 

    M depends on medium parameters!  In an isotropic elastic solid (P-speed α, S-speed β): 

 
                                where  EX is an intrinsic energy measure for the explosion source. 
 
    How to assign moment magnitude M is a fluid medium with β = 0? 
 
3) Seismic wavefield energy (kinetic and potential) radiated into a homogeneous whole- 
    space from a point explosion source:  
 

                                                    with ρ = mass density.  

 
 
4) For point explosions in a fluid and in a solid, activated by the same moment waveform 
     w(t), equate the radiated wavefield energies EW to obtain moment magnitude relation: 
 
 
 
 
    Hence, if Msolid is specified (typically equal to 1 N-m), then Mfluid can be calculated. 
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Equalized Source Moments vs. Equalized Wavefield Energies 

Point explosions in three homogeneous wholespaces 
(rock, water, air) 

Point explosions in rock-, water-, and air-filled 
spherical cavities within a rock wholespace 

          Elastic/Acoustic (Solid/Fluid) medium parameters: 
                 Rock:  Vp = 3500 m/s,  Vs = 2021 m/s,  Ro = 2200 kg/m3;      Water:  Vp = 1500 m/s,  Vs = 0 m/s,  Ro = 1000 kg/m3;     Air:  Vp = 350 m/s,  Vs = 0 m/s,  Ro = 1 kg/m3 

Pressure traces recorded at range r = 400 m.  Pressure traces recorded at range r = 400 m; 
Cavity radius = 45 m.  
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Equal moment magnitudes (MROK = MH2O = MAIR = 1 N-m)  Equal moment magnitudes (MROK = MH2O = MAIR = 1 N-m)  

Rock pulse Rock pulse 

Water pulse 
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Equal energies (EROK = EH2O = EAIR implying 
MROK = 1 N-m, MH2O = 0.081067 N-m, MAIR = 0.000067 N-m)  

Equal energies (EROK = EH2O = EAIR implying 
MROK = 1 N-m, MH2O = 0.081067 N-m, MAIR = 0.000067 N-m)  

Air pulse 

Air pulse 
negligible! 

These are the correct amplitudes for cavity de-coupling!   
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