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INTRODUCTION

Current seismic yield estimates are based on scaling laws which relate the seismic
source spectrum to the yield and depth of burial (Mueller and Murphy, 1971; Helmberger
and Hadley, 1981; von Seggern and Blandford, 1972). Since these scaling laws do not
contain any physics relating to the inelastic source regime, they must be calibrated for each
site using shots of known yield to fit source parameters. However, there is reason to
expect that the source paraimciers in such scaling laws are especially sensitive to the pre-
shot fracture spectrum in the source emplacement rock. Non-linear processes like crack
growth and amplitude dependent attenuation are known to depend on the density and length
distribution of preexisting cracks. By implication, both the size of the elastic radius and the
pulse shape at that radius should depend on the fracture spectrum. The ultimate goal of the
research reported below is to formulate a source functior with parameters which can be
determined from measurable physical parameters of the source rock such as velocity,
density, porosity, initial fracture spectrum, and degree of water saturation. Such a scaling
law would allow more accurate corrections for variations in the emplacement medium
without requiring extensive calibration shots.

There is observational evidence that the source function is sensitive to the fracture
spectrum in the emplacement medium. Rimer et al. (1987) performed numerical
calculations of the particle velocity measured in the free field for underground tests in
granite. Using laboratory data for rock strength, they were unable to predict pulse-width
successfully. In order to make the models correspond to the field data, much lower
fracture strength than those in the lab were required. Sammis (1989) offered the
explanation that the weaker rheology was the direct result of larger fractures in the field.
More recently, McEvilly and Johnson (1989) have measured the seismic radiation from a
~ 7es of chemnical explosions as a function of depth in a limestone quarry. As illustrated in
Fig 1. thev ohszricd a pronounced sioft towara mgher fregquencios as die depih of buuar

increased. We hypothesize that this is due to the suppression of crack nucleation and




growth with confining pressure. In a recent review of source models and scaling laws,
Denny and Johnson (1991) conclude that the cavity radius, the seismic moment and the
corner frequency of explosions are all dependent on the depth of burial. They reference
Larson's (1984) work which suggests that these effects may result from the increase in
shear strength with depth. Indeed, since shear failure in the damage mechanics model is a
simple consequence of the growth of fracture damage to a critical level (where the stress-
strain curve becomes unstable) the suppression of crack growth by confining pressure is
equivalent to an increase in shear strength with depth.

If the nucleation and growth of fractures in the non-linear source regime can
significantly broaden the source pulse and change the elastic radius, then the process may
significantly reduce the radiation of seismic waves at the high-frequency end of the seismic
spectrum. This is especially significant since recent yield verification and source
discrimination schemes increasingly utilize higher frequency local phases as the joint
verification program has allowed more local seismic monitoring. The spectrum of initial
fracture sizes at a test site may turn out to be as important as emplacement rock type in

determining the yield from seismic radiation.

1 E FUN N

The uncertainty in seismic yield determination can be broken down into
uncertainties associated with the propagation of the seismic waves and uncertainties
associated with the source coupling. The recent use of high-frequency local phases such as
Lg (see e.g. Ringdal, 1990) has significantly reduced uncertainties associated with
propagation, but our understanding of the effects of the emplacement medium on seismic
coupling has not significantly improved since the 1971 work of Mueller and Murphy.

The Mueller-Murphy source assumes a step function followed by an exponential

decay of the pressure source which acts on a spherical surface at the "elastic radius” rej.

P(t) = (Po?- Tot 4 poc) H (1) (hH




This time function was chosen because it mimics near-field velocity records. The elastic
radius is chosen such that it contains all the non-linear source phenomena; the medium is
assumed to be perfectly elastic for r > rej.
The elastic radius is defined by the assumption that the peak stress, pos, at the
elastic radius is a fixed fraction of the overburden pressure at the denth of burial h.
Pos = 1.5 pgh (2)
The peak shock pressure in the non-linear regime is assumed to be of the form

p, =AW
m (3)

They further assume that n is independent of the emplacement medium and m = n/3, so the

final scaling relation is

1 173 1/
Tel, = él) fr .W_l) / Pcsz) i
Tel, (A2 W, Pos1 (4)
which, when the explosions are in the same medium, reduces to
1 1
(W) & o n
Tel, (W3 hy 5)

P wave amplitude spectra in the far-field were used to determine the empirical constants: n
=24, Ag/Arr =12, Aghale/Arr =5.3, and Avy/Arr = 0.23 (where subscripts t-r = tuff-
rhyolite and vt = volcanic tuff). The constant o in equation (1) is assumed to be of the

form

a:k(;cc—l) ©

where c is the p-wave velocity and k depends on the source rock: for tuff, k = 1.5;
rhyolite, k = 2.0; shale, k = 2.4; and salt, k = 4.5. The broad pulses observed in granite
imply a very small k, which suggests that k may reflect the fracture structure as well as the
porosity. Using our damage mechanics model, it should be possible to relate k to the initial

damage spectrum.




Hence, the Mueller-Murphy source makes a number of reasonable assumptions
about the source, and then uses calibration shots to fix the values of the media dependent
parameters A, n, and k. One objective of the work described below is to use recent
developments in the damage mechanics of brittle solids to make a physical interpretation of
the coupling parameters of the Mueller-Murphy source model in terms cf physical,
measurable, properties of the source emplacement medium, thereby eliminating the need for
calibration shots at each new site, and allowing an estimate of the variation in the source
function as a function of geological setting at a given test site.

To help tocus the discussion, consider the schematic diagram of buried explosive
source shown in Fig. 2a. For our purposes, we simplify the source and identify three non-
linear regimes as indicated in Fig. 2b: the "hydrodynamic regime" in which rock flows, the
"damage regime" in which the rock behaves as a solid but stresses are large enough to
extend existing cracks, and the non-linear attenuation regime (not shown in 2a) in which
stresses are large enough to produce amplitude dependent aitenuation by motion on
preexisting fractures but not sufficiently large to cause additional fracture. The
hydrodynamic radius, rn,, depends on the equation of state of the emplacement medium and
is the subject of high pressure shock wave studies. The damage radius, rq, is defined by
the condition that the peak radial stress has fallen to a level which is just sufficient to
nucleate fractures from initial flaws in the emplacement medium.

The damage mechanics developed by Ashby and Sammis (1990) allows a
quantitative evaluation of ryg. Their equation for the radial stress o; required to initiate flaws
when the hoop stress is Og is




where ¢ depends on the coefficient of fnction y on the starter flaws

. V1+p? +
| =
Vi+p? -p

The other constant oy is defined as

(¢} :——{z—-(,&l_‘l
o s

where K is the critical stress intensity factor for tensile failure and a is the half-length of
the largest initial flaws in the emplacement medium.

It is important to note that the damage radius is not simply a function of rock-type.
In fact, the parameters K and p are almost independent of rock type. Rather, rq is most
sensitive to the size of the largest flaws in the emplacement medium. The effects of ground
warer saturation is to reduce the effective pt on pre-existing cracks thereby increasing rq.
Note that egn. (7) is of the form assumed by Mueller and Murphy (1971) (eqn.2 above) as
long as the depth of burial is great enough that c10g >> Cop.

The elastic radius r¢) is more difficult to define because there is no physical cutoff
to the non-linear attenuation. However, if amplitude dependent attenuation is due to motion
on pre-existing flaws, than re| can be expected to scale with flaw-size in a similar wav as
the damage radius since a smaller stress is required to produce motion on a larger fracture.
tn fact, if the source emplacement medium is heavily jointed, the elastic radius could be
very large indeed. The possible role of joints is under investigation by several groups (see

egn. Heuz'e et al, 1991)




AM N DEL
The immediate objective of this project is to determine the change in nulse shape
associated with the extensive rock fracture which occurs between the hydrodynamic radius
and the damage radius (see Fig. 2). Further modification of the pulse caused by amplitude
dependent attenuation beyond the damage radius is being investigated by other groups.
Which process, if either, is more impoitant remains to be determined.
A complete damage mechanics suitable for incorporation into the numerical codes
which simulate underground explosicns has two components:
a) A model for the nucleation, growth and interaction of tensile cracks which
relates crack length to the applied stress field, and
b) A model for the effective elastic constants as a function of crack length.
Part (a) has been completed and verified by predicting the fracture nucleation and failure
surfaces of wide range of rocks as measured in triaxial laboratory experimets (Ashby and
Sammis, 1990). We are now focusing our attention on Part (b), which is the main subject
of this report.
Before discussing the elastic constants, it is interesting to see how the damage
mechanics may be incorporated in the numerical source codes.
1) The current stress-state is used in the equations of motion to calculate
displacements, which are used to update the strain field.
2) The elastic constants (which depend on the current state of damage) are used to
calculate a new stress field based on the updated strain field.
3) The damage (crack growth) field is updated based on the new stress field.
4) Return to step (1) for another time increment.
Part (a) of the damage mechanics is used in step (3) to calculate the increase in crack
growth associated with each change in the stress field. We have this part of the problem in
control. Part (b) of the damage mechanics is used in step (2) tc calculate the stress field

from the strain field. This is the subject of current research.
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The difficulty implementing this algorithm is that the elastic constants required in
step 2 are not simple functions of the damage, but depend upon whether new damage has
been done by the strain increment. The effective elastic constant is less when the cracks are
actively extending as illustrated by the stress-strain curve in Fig. 3. At stresses below the
fracture initiation stress nonlinear attenuation produces hysteresis in the stress-strain curve
but the fracture spectrum remains unchanged. At stresses above the initiation stress the
effective elastic modulus is lower when the cracks are growing than when they are simply
siiding. The effective elastic moduius during subsequent loadings at the same stress will be
larger as illustrated in the figure.

Another problem in modeling the effective elasticity of the damaged rock is caused
by the fact that the crack growth associated with a spherical source is largely radial (parallel
to the largest principal stress) and this produces an axial elastic anisotropy in each element.
We thus have to deal with five elastic constants:

E; = radial Young's modulus

E; = transverse Youngs modulus

vy = radial - transverse Poisson's ratio

Vi = transverse - radial Poisson’s ratio

G = shear modulus.

The elastic constants can be found from the fracture erergy reic. se rate using the following
expression:
KX(L) _p? dC(L)

Gy = KL _ p? 9C(L)
=T T L (8)




where
G(L) = strain energy release rate
L = current crack length
Ki(L) = stress intensity factor
E{L) = radial Young's modulus which we seek
C(L) = compliance
b = specimen width
=load
Referring to Figure 4, we see that C=u/p, p=sA, u=eh, and E=s/e, so

~-h
C EA ©)

Substituting (9) into (8) gives

dinE,; (L)
2 .Q__
KAL) = 2b Ve oL (10)

where V= hA = volume per crack. Integrating {10) gives

L
KiA(L

02
The factor Zb/V can be written in terms of the crack density as

2b _ o Ny23
ey v

and the crack density Ny can be written in terms of the initial damage D¢ as

Nv= e L)

An analytic expression for Ki(L) is given in Asht - and Samns (1990) which can be
directly integrated as in (11) to find Ex(L).

The transverse modulus, E; , can be estimated using eqn. (4) with




Ki=o \[w ta’n(&g-j
w
{Tada, 1985) for the transversely loaded array of cracks shown in Fig 5. Integrating in this

case gives:
2 .
Eo=E cxp{ 2bwi, ' cos (%‘1)’ } (5)

The shear modulus is unaftected by crack growth in this geometry, and the
Poisson's ratios can be esimated from the crack opening displacements (which are also
functions of the stress intensity factors).

Frgure 6 shows the uniaxial stress-strain curve calculated using eqn (11) compared
with measurements for Berea Sandstone (This work was done in collaboration with Randy
Martin and Xiaonung Tang at New England Research). At low stresses, the negative
cunvature of the data1s caused by the closing of cracks and collapse of pores which are not
included in the model. However, the positive curvature of the stress-strain curve near
fatlure 1s associated wath the accumulation of damage and is well modeled, as is the post-
falure decrease in strength. Figure 7 shows stress strain curves for the different rock types
studied by Ashby and Sammis (1989). Fig. 8 shows the effect of different levels of initial
damage on the elastic behavior, Fig. 9 explores the effect of confining pressure, and Fig. 10
~hows the etfect ot a tluid in reducing the coetticient of friction on the preexisting

fractures. We are currently planning further experiments to test these predictions.

DISCUSSTON

The problem ot using the damage mechanics madel in numerical source simulation
codes has been reduced e the problem of finding the stress-stramn behavior of a damaged
mcdiunm This s notasimple problem hecause the eftective elastic constant (the tangent
miodiahies s nota siple tunction ot crack damage (as it s tor exaample. e the Budiansky
and O Connetl 1976y Jow stram theoryy but also depends upon whether an increment in

stress produces anancrenmient i crack growths The problem s further complicated by




anisotropy introduced by the directional (radial) growth of fractures in an explosive stress
field. A method has been developed to calculate the effective elastic constants from the
stress intensity factors derived by Ashby and Sammis (1990). Preliminary experimental
tests of the theory louk promising. Efforts are currently underway to build the damage

mechanics into existing numerical source simulation codes.

REFERENCES

Ashby, M. F. and C. G. Sammis, The Damage Mechanics of Brittle Solids in
Compression, PAGEOPH, 133, 489-521, 1990

Budianski, B. and R.J. O'Connell, Elastic moduli of a cracked solid, Int. J. Solids
Structures, 12, 81-97, 1976.

Denny, M.D. and L.R. Johnson. Explosion source models and scaling laws reviewed, in

Explosion Source Phenomenology, edited by Taylor, Richards and Patton, AGU

Monograph, in press, 1991.
Grady, D. E. and M. E. Kipp, Dynamic Rock Fragmentation, in Fracture Mechanics of
Rock, edited by B. K. Atkinson, Academic Press, New York, pp. 429-476, 1987.
Helmberger, D. V. and D. M. Hadley, Seismic Source Functions and Attenuation from
Local and Teleseismic Observation of the NTS Event Forum and Handley, Bull.
Seism. Soc. Am., 71, 51-67, 1981.

T e——?

Hueze, F.E., T.R. Butkovich, O.R. Walton, and D.M. Maddix, Explosion
phenomenology in jointed rocks - new insights, in Explosion Source
Phenomenology, edited by Taylor, Richards and Patton, AGU Monograph. in
press, 1991.

McEvilly, T. V. and L. R. Johnson, Regional Studies with Broadband Data, Air Force
Report GL-TR-89-0224, 1989, ADA219215.

Muetller, R. A. and J. R. Murphy, Seismic Characteristics of Underground Nuclear

Detonations, Bull. Seism. Soc. Am., 61, 1675-1892, 1971.

10




Rimer, N., J. L. Stevens, and S. M. Day, Effect of pore pressure, fractures, and dilatancy
on ground motion in granite, S-Cubed Report SSS-R-87-8670, 1987.

Ringdal, F. NORSAR Detection and Yield Estimation Studies Proceedings 12t Annual
DARPA/GL Seismic Research Symposium, Key West, Florida, p. 145-151, 1990.

Sammis, C. G., Fractal Fragmentation in a Granular Crust, in Fractals and their Use in the
Earth Sciences, edited by C. C. Barton and P. R. La Pointe, GSA Memoir (in
press) 1990,

Sammis, C. G. and M. F. Ashby, The Damage Mechanics of Porous Rock, Proceedings
11t Annual DARPA/AFGL Seismic Research Symposium, San Antonio, TX, pp.
339-355, 1989.

Sammis, C. G., Seismic Pulse Broadening Associated with Fracture Damage Caused By
Explosions in Crystalline Rock, Air Force Report GL-TR-89-0161, 1989,
ADA216135.

von Seggem, D. and R. Blandford, Source time functions and spectra for underground

nuclear explosions, Geophys. J., 31, 83-97, 1972.

11




Log(Amplitude), cysec

a.

j\/\ 42 meters
J\l\ﬁ 106 memers
J\/\/~ 217 owwrs
W T} u u 3
Tims, sec
(]
3
3 -
3
[
T §
C. =
k-3
2
, k-
16 f— o
1 -
15 i
0 1 2
log(Frequency) (Hz)

Figure 1. Comparison of three 1000 pound chemical explosions detonated at depths of
42, 106, and 217 meters in a limestone quarry (from McEvilly and Johnson, 1989). Fig.
la compares the first arrivals on the vertical component at one location. The pulses have
been scaled to have the same amplitude. Fig. 1b compares the amplitude densities of the
isotropic moment rate tensors for the three events while Fig. 1c gives the amplitude density

spectra of the pulses in Fig. 1a.
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Rock Flows

Rock Fractures

Cracks grow from
Preexisting flaws

Rock Deforms Anelastically
but Fractures do not Grow

Figure 2. Schematic diagram of the non-linear zones around an underground nuclear
explosion. Fig. 2ais from Bishop, 1963. Fig. 2b illustrates the hydrodynamic radius ry,
the damage radius rg, and the elastic radius re; which are discussed in the text.
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STRESS *
Cracks Grow
Fracture
Imtiation —
stress

Non-iinear attenuation but cracks
do not grow

'

STRAIN

Figure 3. Stress-strain curve illustrating the differences in behavior above and below the
fracture initiation stress (which is a function of the current crack damage). Atthe damage
radius r the stresses have fallen below the initiation stress of the preexisting fractures in the

emplacement medium.
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Section A ‘

Figure 4. Geometry used to estimate the reduction in th
associated with crack growth.

e radial Young's modulus




Figure 5. Geometry used to estimate the reduction in the transverse Young's modulus
associated with crack growth.




MODELING CONSTITUTIVE RELATIONSHIP FOR
BEREA SANDSTONE (confining pressure=3.45 MPa)
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Figure 6. Uniaxial stress-strain curve for Berea sandstone showing a comparison

between theory and experiment. Note that the reduction in effective modulus near failure is
well modeled.
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MODELING CONSTITUTIVE RELATION OF ROCKS
(data from Ashby and Sammis, 1990)
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Figure 7. Comparison of the uniaxial stress-strain behavior of the various rock types
studied by Ashby and Sammis (1990). Note that the more brittle rocks have a more
unstable post-failure regime.
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EFFECTS OF INITIAL DAMAGE
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Figure 8. Effect of the initial damage on the uniaxial stress-strain behavior. Note that the
strength decreases and the post-failure regime becomes more stable with increasing initial
damage.
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MODELING STRESS-STRAIN RELATION
WITH CONFINING PRESSURE
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Figure 9. Effect of the confining pressure on the uniaxial stress-strain behavior. Note
that the strength increases and the post-failure regime becomes more stable with increasing
confining pressure.
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FLUID-WETTING EFFECTS

150

120

g 90
<
&

A 60
cc
-
o

30

0

STRAIN (millistrain)

Figure 10. Effect of the fluid-wetting of the preexisting flaws on the uniaxial stress-
strain behavior. Note that the strength decreases and the post-tailure regime becomes more
stable as the coefficient of the triction U 1s reduced by wetting.
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