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MEDIUM PROPERTIES AND TOTAL ENERGY 
COUPLING IN UNDERGROUND EXPLOSIONS 

Abstract 

A phonomenologtc.il model Is pre
sented that allows the direct calcu
lation of the effects of variations 
in medium properties on the total 
energy coupling between the medium 
and an underground explosion. The 
model presented is based upon the 
assumption that the shock wave gener
ated in the medium can be described 
as a spherical blast wave at early 
times. The total energy coupled to 

Knowledge of how much energy is 
coupled into the surrounding medium 
by an underground explosion can be of 
importance in such areas as the con
tainment of underground nuclear explo
sions, seismic evasion analysis, pre
diction of chemical processes in the 
rock surrounding the explosion, seismic 
surveys, and various energy programs 
such as in situ coal gasification. 
This makes it important to determine 
how medium properties such as porosity 
and water content influence this energy 
coupling. 

Energy coupling between a tamped 

She medium is then simply the sum of 
the kinetic and internal energies of 
this blast wave. Results obtained 
by use of this mode! indicate that 
the energy coupling Is more- strongly 
affected by the medium's porosity 
than by its water content. These 
results agree well with those obtained 
by summing the energy deposited by 
the blast wave as a function of 
range. 

explosion and the surrounding medium 
can be separated into two phases. 
First, there is the prompt coupling 
of energy associated with the forma
tion of a shock wave in the medium. 
The second phase is associated with 
the coupling of energy from the shock 
wave to the medium as the wave travels 
outward depositing energy into the 
medium by doing PdV work on the rock, 
successively vaporizing, melting, and 
displacing the medium. 

The first phase of energy coupling 
ti:kes place in a very short time 
interval (a few tens to hundreds of 
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microseconds) with the second Tihase 
lasting about a thousand times as long. 
The high temperatures and pressures 
resulting from the sudden energy 
release of an underground explosion 
initiate a shock wave in the medium 
surrounding the explosion chamber. 
One-dimensional source calculations 
indicate that this shock wave 
approaches a spherical blast wave 
type configuration when the radius of 
the shock front is approximately twice 
the initial radius of the explosion 
chamber. 

We will consider the first phase 
of energy coupling to be complete when 
a spherical blast wave can be used to 
describe the ground shock. It is the 
energy associated with this blast wave 
that Is available for deposition in 
the medium during the second phase of 
energy coupling. This energy is not, 
of course, 100X of the explosion's 
total energy. Much energy was expended 
simply in the blast wave's formation. 
Also, a large fraction of the explo
sion's energy is contained in the low 
density, high temperature cavity 
behind the blast wave. 

Previous work has focussed primar
ily on the second phase of energy 
coupling. In particular, this prior 
work has iddressed the effects of 
medium p-operti^s on the propagation 
and attenuation of a given initial 

1 2 shock wave. ' Some attention has 
also been paid to the influence of 
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medium properties on the energy depo
sition to the medium by the shock wave 
as a function of range. * However, 
none of this previous work directly 
addresses the question of how much of 
the explosive energy was coupled to 
the shock wave (blast wave) initially 
and what effects the medium properties 
have upon this coupling. Some experi
mental work * is presently being 
carried out in this area, but as yet 
no definitive results have been 
reported. Although the energy deposi
tion to the medium during phase two 
of coupling is of the ultimate impor
tance after all is said and done, it 
remains true that only the energy that 
is available ir> the blast wave ini
tially can be deposited. It therefore 
seems fitting to pay some attention 
to the influence of medium properties 
on the energy available in the ground 
shock (blast wave) at the end of the 
first phase of energy coupling. 

In this paper we present a model 
that allows us to calculate directly 
the effects upon the prompt coupling 
of energy to the ground shock of vari
ations in medium properties. This 
model is phenomenological in nature 
and is based upon the assumption that 
the explosion-induced shock wave can 
be described as a blast wave at early 
times. The energy coupled is then 
simply the sum of the kinetic and 
internal energies of this bias!, wave. 
Results obtained by use of this model 



indicate that the energy coupled into 
the blast wave is affected more 

strongly by porosity than by water 
content. 

Model Definition 

In a simple blast: wave model, we 
assume that essentially all of the 
mass of the surrounding medium that 
has been s--apt out by the bl.->st wave 
is contained in a thin layer of thick
ness Ar immediately behind the leading 
surface of Che shock front. Yhat is, 
the outgoing shock wave can be char
acterized as a thin shell of highly 
compressed material piopagating out 
from the explosion point with shock 
velocity V (see Fig. 1). The total 
energy associated with the blast wave 
is then simply the sum of the kinetic 

and internal energies of the material 
making up the blast wave shell. That 
is: 

j MU 2 + MI (1) 

where M is Che mass swept out by the 
diverging shock wave, U is the peak 
particle velocity of the material 
immediately behind the shock front, 
and I is the specific internal energy 
of the material behind the shock front. 

Because of the very high pressures 
being considered, the equation of 

(a) 

Undisturbed medium, 
density = p„ 

Initial explosion 
chamber 

t = 0 
Blast wave 
init iat ion 
t = 10 fit 

Fig. 1 Schematic representat ion of b l a s t wave function. 
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state of the surrounding medium can E = - ^ nR, J Q)(-TT V ) 
be expressed in the following form 7,8. 

(Y-l)p I (2) 

where P a is pressure, p is density, I 
is again the specific internal energy, 
and Y is a dimensionless parameter. 
(Equation (2) is similar to the Mle-
Grunelsen equation of state for solids 
if the Gruneisen coefficient V is set 
equal to (Y-l).) Strong shock rela
tionships Chen allow us to express U 
and I in terms of the shock velocity 
V and shock pressure P as follows: 

Y+l S (3) 

(l"^o)(^k)) 

-! -«.3 °4&) < 

+ \ n R s (vir) ! ' s • ( 6 ) 

9 10 Previous work • on the development 
of the BOTE ground motion model pre
sents the following expressions for 
the position R , velocity V , and 
pressure P of a spherical blast wave 
as functions of both range and time: 

I - (Y-D P 
P 

< Y" 1 , Do (I±i) 

P0(Y+1) * (4) 

where p Q is the initial in situ den
sity of the surrounding medium. 

If we now express M by: 

M " \ ™ 3 Pn (5) 

where R i s the range of the shock 

front from the explosion point, then 

substituting Eqs. (3 ) , (4 ) , and (S) 

into Eq. (1) results in: 

«s ' «s0 (pj) 

s i ^ P 0 ; s 

.2/5 

\ l / 5 

3/2 

3/5 

| P s l < Y ) R s 

s2 V V 
,3/5 . , , , 2 / 5 - 6 / 5 

(7) 

(8) 

(9) 

where Y i s the explosive yield and 

«s 0 * ( i f 5 *2/5 

V . E f s i (11) 
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(!) 
3/5 /s 

P s l " ( Y + U 

>.* ( ^ ) ( ! ) " 6 / 5 

with r being defined by 

,4/5 

1/2 

(12) 

(13) 

(14) 

Ti- (Y-D(Y-H)2 i : [ii (3Y-1) J 
Noting that V (t) can be also 

expressed as 

(15) 

2 K s M 

V.(t) = 4- " -5 t (16) 

and then substituting R (t"i and P (t) s s 
from Eqs. (7) and (9) back into 
Eq. (6), we find after simplification 

that the total energy E in the blast 
wave can be expressed as 

m) (17) 

Dividing both sides of Eq. (17) by Y 
gives the following expression for 
the fraction of explosive yield coupled 
to the ground shock 

m] (18) 

Equation (18) relates the explosive 
yield Y to the energy coupled to the 
blast wave ir. terms of the dimenslon-

11.12 less parameter y. Previous work 
has shown that Y can be expressed in 
terms of the total porosity $ 
(expressed as a volume fraction) of 
the medium and the weight fraction of 
water W present in the medium by: 

Table 1 The substitutions necessary to obtain expressions y in terms of 
various pairs of variables describing the medium. In all cases, begin 
with the expression for Y(W,I)>) shown in Eq. (19). 

To ge t Replace $ by Rep lace W by 

Y(W,$) 

Y ( W . * ) 

Y(K,$) 

Y(K,* ) 

- W$ + p W"l* s Is Ia_ 
1 - Wp - W 

\x*A 

\ M "1* 
K<|> + p g ( 1 -* ) 

r ?, r 
K + p

e

 ( i - K -yJ 
p = g r a i n d e n s i t y of t h e m a t e r i a l . 



Y = (0.4) w + (i-K) C^l -ll [i-:] 5 + i 
(19> 

where S is the slope of a linear fit 
to the shock velocity, particle veloc
ity Hugoniot for the dry, nonporous 
matrix material in the medium (i.e., 
V = SU + C). The combination of 
Eq. (18) and (19i now allow.- us to 
determine the influence of variations 
in total porosity and water content 
on the amount of energy initially 

In this section we wish to demon
strate how the model just described 
can be used to determine the influence 
of variations in medium properties on 
the initial energy coupled to the 
ground shock (and so available for 
ultimate deposition in the medium). 
As input we will use the data shown 
in Table 2 which represents average 
explosion point medium properties for 
underground nuclear tests executed in 

13 Yucca Flat at the Nevada Test Site. 
Figures 2-9 show how the energy in 
the ground shock, expressed as a frac
tion of the explosive yield (i.e., 
E/Y), varies as the medium properties 
are varied. Figures 2 and 3 show the 
influence of the variations in water 
content and tota' porosity. Figures 6 
and 7 show the effects of variations 
in water content and gas fill porosity. 
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roupled to the ground sliock by an 
underground explosion. In order to 
determine the effects of variations 
in other medium properties such as 
saturation K ( = . „W$) or r.̂ s fill 
porosity ;,( = ;-. QW), we need only 
to rewrite y in terms of whichever 
pair of variables we ar-; lntort:;i.ed 
in. Table 1 indicates the subsc tu-
tions re Mired to do this. 

A 
The expression ; R = $-OQK assumes 

that the density of water = 1. 

Figures 8 and 9 show the effect of 
variations in saturation and gas fill 
porosit;,. 

From Figs. 2-9, we see that the 
fraction of explosive energy coupled 
into the ground shock varies becween 
0.35 and 0.55 (35-55%) depending upon 
the set of medium properties assumed. 
This result is in good agreement with 
that obtained by simply adding together 
the energies required to vaporize, 
melt, and displace the medium. (See 
Appendix A fo- details.) More impor
tantly, Figs. 2-9 demonstrate the 
effect of holding one medium property 
(e.g. total porosity) constant while 
varying another property (e.g. satura
tion) . 

In particular, Figs. 2-5 show thas 
increasing total porosity while holding 
waler content or saturation fixed 

Results 



result.* in les . enervty be i n;- coupled. 
Converselv, increasing u-ater content 
or saturation v.*hil«- Holding total 
porosif. fixed results in ..-.creased 

FIR. 2 Variation of the coupling 
coefficient, E/V (the ratio 
of the energy coupled into 
the lihock wave to the total 
explosive vield) piottnd for 
fixed v.ilues of water content, 
V, and vary in*; porosity, J. 
Each of the parameters has a 
ran^e nf * one slindurd devi
ation, ", from its Tnean value 
listed in Table 2. 

I 
% 55 

^ 50 

I 45-

8 40 

35 

-

1 i 1 ' I 

-

vi r w 

1 il 1 N 1 
32 136 40 1 44 

o e? -
Porosity — vol% 

Table 2 AveraRC- explosion point medium properties for underground nuclear tests 
executed in Yucca Flat at the Nevada Test Site.^-^ Note that the values 
of ;, j , W, and K are listed below as percentages. These values must 
be converted to decimal fractions (i.e., divide by 100) when they are 
used in Eq. (19) or any of the expressions listed in Table 1, 

Prope rty Mean value Standard deviation 

Total porosity ($.) 
(vol X) 

Water content (W) 
(wt X) 

35.9 

12.3 

±6.2 

±4.0 

Saturation (K) 
(vol X) 64.5 S18.1 

Gas-fill porosity (<J> ) 
(vol 7.) B 12.75° 

In situ density ( P 0 ) 
(Mg/m^T 1.79 ±0.19 

Grain density (p ) 
(Mg/m3) 8 2.45 J 

"Calculated using $ - $ ' l - Tnjr) 4 - d>/l 

Calculated using p = p( 
- /! - W/IOON 
0 ll - 0/100/ 
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Fig, 3 Variation of the coupling 
coefficient, E/Y, for fixed 
values of porosity and varying 
water content. Each parameter 
ranges one standard deviation, 
to, from its mean value listed 
in Table 2. 

Fig. 4 Variation of the coupling 
coefficient, E/Y, for fixed 
values of saturation, K, and 
varying porosity. Each param
eter ranges one standard devi
ation from its mean value 
listed in Table 2. 

coupling. That is what would intui
tively be expected. Figs. 6-9 show' 
that increasing gas fill porosity 

Saturation — % 

while holding saturation or v-ter 
content fixed also results in decreased 
coupling. Again this is as expected. 
More interesting is the result that 
increasing saturation or water content 
while holding gas fill porosity fixed 
also results in decreased coupling. 
This seems to be just the opposite of 
what one would expect. However, this 
effect is easily explained by noting 
that in order to increase the water 

Fig. 5 Variation of the coupling 
coefficient, E/Y, for fixed 
values of porosity and varying 
saturation. Each parameter 
ranges one standard deviation 
from its value listed in . 
Table 2. 



Fig. 6 

0.85<t> 

Gas-fill porosity — vol% 
Variation of the coupling 
coefficient, E/Y, for varying 
gas-fill porosity, <|>g, and 
constant water content. The 
gas-fill porosity varies ±15% 
from its mean value listed in 
Table 2. 

content or saturation of the medium 
while holding the gas filled porosity 
fixed, one must increase the total 
porosity of the medium also. And, as 

121 14 lol U 
W W + tr 

Water content — % 

Variation of the coupling 
coefficient, E/Y, for fixed 
gas-filled porosity and vari
able water content. The range 
of variation is one standard 
deviation from the mean value 
listed in Table 2. 

seen in Figs. 2-5, increasing total 
porosity decreases the coupling much 
faster than increasing the water con
tent or saturation increases it. 

Further examples of the influence 
of variations in medium properties on 
the energy coupled to the ground shock 
are shown in Appendix B. 
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o 
U 40 

3 g 
Gas-f i l l porosity 

1.15<i> 
3I% 

Fig. 8 Variation of the coupling 
coefficient, E/Y, for fixed 
saturation and varying gas-
filled porosity. The varia
tion in (jig is ±15% from the 
mean value listed in Table 2. 

Saturation — wt% 
Fig. 9 Variation of the coupling 

coefficient, E/Y, for fixed 
gas-filled porosity and vary
ing saturation. The range of 
variation is one standard 
deviation from the mean value 
listed in Table 2. 

Discussion 

Energy coupled to the medium is of 
importance in a number of different 
areas: containment of underground 
nuclear explosions; seismic evasion 

analysis; prediction of chemical proc
esses in the rock surrounding the 
explosion; seismic surveys; and various 
energy programs such as ta situ coal 
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3 

gasification. The shock wave that 
emanates from the explosion point 
represents the primary means by which 
an underground explosion couples energy 
to the surrounding medium as it depos
its energy by doing PdV work on the 

1-4 rock. Previous work has addressed 
the question of how medium properties 
such as porosity and water content 
influence the coupling between the 
shock wave and the medium. In this 
paper, we have addressed a question 
that we feel to be of equal inportance, 
i.e. what influence do these medium 
properties have upon the energy coupled 
from the explosion to the shock wave 
initially. 

This paper presents a phenomenolog-
ical model, rather than one based on 
any first-principles arguments. How
ever, this rather simple model provides 
good agreement with those results that 
can be extracted from previous work. 

Our model has the advantage of requir
ing neither extensive knowledge of 
the medium's equation of state nor 
large amounts of computer time in order 
to evaluate the effects of variations 
in medium properties or to look at 
the effects of explosions in different 
media. 

It should be emphasized, however, 
that this model ignores the questions 
of how medium properties affect the 
coupling between the medium and the 
shock wave, or how the energy ulti
mately coupled to the medium is split 
between kinetic and internal energies. 
Therefore it cannot replace computer 
studies for a detailed analysis of the 
coupling between an explosion and 
the surrounding medium. It can, 
however, provide a quick and easy 
means of evaluating the gross effects 
of medium properties on initial 
energy coupling. 
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APPENDIX A: AN ALTERNATE APPROACH TO DETERMINING TOTAL ENERGY COUPLING 

The shock wai/e that emanates from the explosion point deposits its energy 
into the medium by successively vaporizing, melting, and displacing the rock. 
This implies that the total energy E initially contained in the shock wave can 
be expressed as: 

(Al) 

where t is the energy deposited due to vaporization of the medium, £,, is the 
energy deposited due to melting, L„ Is the energy deposited while the stress 
wave is crushing and cracking the medium, and E_ is the energy deposited during 
the elastic phase of the stress wave's lifetime. 

3 
The vaporization energy, E„, can be determined from the work of Butkovich 

on the influence of medium properties on the amount of material vaporized. 
Butkovich found that the radius R^ of the sphere of material that would be 
dynamically shock vaporized by an underground explosion could be expressed as: 

R v - 1.524 e ; 0 - 2 5 6 ( Y ) 1 / 3 (A2) 

where R^ is expressed in meters, Y is the explosive yield in kilotons, and e,r 

12 3 is the energy of vaporization in units of 10 erg/cm . Solving Eq, (A2) for 
e„ and multiplying by the volume of the vaporized sphere results in: 

r,v.l/3 , „.ll/0.256 . , 

where V„ must be expressed in terms of cubic centimeters in order to balance 
the equation. Noting that R„ may also be expressed as: 

i^ > R^ k t ( Y ) 1 / 3 , (A4) 

lkt where R^ is the radius of vaporization due to an explosive yield of one 
lkt kiloton of energy (see Table Al for values for R v ) , we find upon substituting 

Eq. <AA) into Eq. (A3) that 

-13-



Hence the energy deposited in Che medium while the shock wave is vaporizing 
the rock varies linearly with the explosive yield. Table A2 lists e v, e„, and 
E../Y for various explosion point media. 

The amount of explosive yield deposited in the rock melted by an under-
4 

ground explosion has been studied by Butkovich for explosion point media of 
different assumed ^n situ densities and melt temperature. Butkovich's results 
are shown in Fig. Al and Table A3. It should be noted that Butkovich was 
interested in determining the total amount of rock melted by an underground 
explosion, not just that which is dynamically shock melted. So, in addition 
to shock melting, Butkovich attempted to include the effects of other heat 
transfer mechanisms that could melt more rock: e.g., blow-off of the cavity wall 
during the later part of cavity expansion and mixing with the high temperature 
cavity contents; the heat transfer to the already warm wall by means of radia
tion and convection, raising the temperature to the melting point, with the 

lkt 3 
Table Al Values R„ for various explosion point media. 

Media 
In situ density 

(Mg/m3) 

„lkt "v 
(m) 

Granite 
Saturated tuff 
Dry tuff 
Alluvium 

2.66 
1.97 
1.76 
1.60 

1.83 
2.06 
2.15 
2.20 

Table A2 Values of e , e„, and e„/Y for various explosion point media. An 
explosive yield of lkt (4.186 x 10 erg) was assumed in all cases. 

Media (10 1 2 erg/cm3) 
e v 

(10 1 9 erg) ev/Y 

Granite 
Saturated tuff 
Dry tuff 
Alluvium 

0.489 
0.308 
0.261 
0.238 

1.256 0 .30 

1.128 0.269 

1.085 0 .259 

1 .063 0.254 
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100 

^ 80 

| ' ' ' ' ! ' ' ' ! 

Rock melt temperature 

2.5 3.0 
3 

1.5 2.0 
Shot-poi.it density, p- — M g / m 

Fig. Al Total fraction of explosive 
yield taken up in rock melt 
vs shot-point density, assum
ing diffe-2nt melting temper
atures. (Taken from Ref. 4.) 

Table A3 Total percentage of explosive energy in rock melt for rocks of 
different explosion-point densities and assuming different melt 
temperat res. 

p Q(Mg/m 3) 1400°C 1200°C 1000°C 800°C 600°C 

1.4 73.03 74.45 76.03 77.84 79.97 
1.6 66.85 68.39 70.13 72.13 74.57 
1.8 60.31 61.94 63.79 65.94 68.52 
2.0 53.74 55.41 57.37 59.54 62.25 
2.2 45.86 47.57 49.53 51.83 54.65 
2.4 37.71 39.43 41.39 43.71 46.59 
2.6 28.75 30.44 32.39 34.71 37.6C 
2.8 18.79 20.44 22.35 24.64 27.52 

-15-
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Table A4 Total mass of rock melted for rocks of different densities (pg) and 
different assumed melt temperatures and enthalpies (AH . „ ) . Taken c D c i melt 
from Ref. 4. 

Mass (metric 
and 

tons/kt) at temperature 
enthalpy (cal/g) 

P 0(Mg/m 3) 
1400°C 
449 

1200°C 
393 

1000°C 
336 

800°C 
280 

600"C 
224 

1.4 1656 1894 2263 2780 3570 
1.6 1489 1770 2087 2576 3327 
1.8 1343 1576 1899 2355 3058 
2.0 1197 1410 1706 2126 2779 
2.2 1021 .1210 1474 1851 2440 
2.4 840 1003 1282 1561 2080 
2.6 640 775 964 1280 1679 
2.8 418 520 665 880 1229 

melt running or raining down under the influence of gravity, exposing more 
material to the hot cavity environment. These other mechanisms result in 
significantly more rock being melted than that due solely to shock melting. 
In particular, Butkovich states that while the rock dynamically shock melted 
per kiloton of explosive yield is approximately 350 metric tons, the total melt 
appears to range from about 1300 metric ton/kt to two to three times this 
amount. Table A4 lists Butkovich's results for total mass melted. 

The amount of energy £,. associated with the dynamic shock melting of medium 
can be determined by finding what fraction of the total melt 350 metric tons/kt 
represents and then multiplying the total energy in the melt (see Table A3"i by 
this fraction. The results of this operation are shown in Table A5 and indicate 
that Ej. -"~ independent of initial material density and is only affected by the 
assumed material melt temperature. 

Table A5 Percentage of explosive energy associated with the dynamic shock 
melting of rocks of different explosion point densities and assuming 
different melt temperatures. 

P 0(Mg/B 3) 1400*C 1200'C 1000"C 800°C 600"C 

1.4-2.8 15.72 13.76 11.76 9.80 7.84 
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After the stress wave has decayed to a point where It can no longer deposit 
enough energy to the medium to melt the rock, it continues to lote energy to 
the medium by crushing and cracking the rock. This energy E- is rather diffi
cult to quantify, but i rivate communication with J. M. Thomsen indicates that 
£ is on the order of 5-102 of the explosive yield for tuff and alluvium. 

The energy £., remaining in the stress wave after it has gone elastic has 
Al-3 been determined to be on the order of IX of the explosive yield. In 

particular, Perrett has shown that for explosions in alluvium only about 
0.042 of the explosive yield is contained in the elastic phase of the stress 
wave. Equivalent values for other media are 0.06% for explosions in dry tuff, 
2% for explosions in dolomite and alternating shale/sandstone layer, and about 
3% for explosions in salt. 

As an indication of how much energy is represented by the sum of £„, Ew, 
e c, and e„ we will assume a tuff or alluvium-type mediuu and that e„/Y ranges 
from 0.254 to 0.269 (see Table A2), t-/l ranges from 0.078 to 0,157 (see 
Table A5), e_/Y ranges from 0.05 to 0.10, and £_/Y ranges from 0.0004 to 0.0006. 
The result of using the above values in Eq. Al is that E/Y is seen to range 
between 0.38 to 0.53. This range of values for E/Y is in good agreement with 
that displayed in Figs. 2-9. 
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APPENDIX B ENERGY COUPLED TO THE GROUND SHOCK 
BY AN EXPLOSION IN SILICATE ROCK 

In this section, we will look in particular at the energy coupled into 
the ground shock by an underground explosion taking place in a medium composed 
of silicate type rock. Expressing the coupled energy as a fraction of the 
explosive yield, i.e., E/Y, we present a series of plots (Figs. B1-B24) showing 
how E/Y changes as the medium'9 water content or saturation is varied while 
the total porosity or gas fill porosity is held fixed and vice versa. We 
assume in all instances that the medium properties are restricted to the ranges 
shown in Table Bl. 

In addition to the plots of E/Y (x,y) vs x at fixed y (where x and y are 
chosen from <t>, (fig, W, and K), we also present plots of 

-I I ( x V ) = L . I (V) 8l ( x, y ) 8 31 ( X y ) 

dx Y K x > y } - Sy Y K y ) 3X v x , y' 1 (3 Y_n 2 3 x 

In particular, we plot -r- E/Y (x,y) vs x at fixed y and vs y at fixsd x in 
order to more clearly show how E/Y is affected by variations in medium proper
ties. 

Inspection of the plots presented in this appendix shows some unexpected 
results. In particular, it is seen that the effect of increasing the water 
content or saturation while holding porosity fixed changes depending on the 
value of porosity being considered. For the silicate type rock being consid
ered, increasing water content or saturation while porosity is held fixed at a 
value less tha.i 0.32S (32.5%) actually results in a slight decrease in energy 
coupling. For porosities greater than 0.325, increasing water content or 
saturation results in increased coupling efficiency, and at porosity exactly 
equal to 0.325 it seems that water content and porosity have no effect on the 
energy coupled from the explosion to the shock wave. 

This somewhat surprising dependence of the influence of water content rod 
saturation on the value of porosity being considered follows from the use of 
Eq. (19) to define Y. This same effect was noted in a previous study of the 

11 12 Gruneisen coefficient for wet, porous materials. * The effect is evidence 
of a tradeoff between the lubricating effect of the water upon the grains or' 
matrix material and the incompressibility of the water itself. 
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Table Bl Range of medium properties assumed. 

Property Range of values Units 

S 1.3 
3 

Grain density (p ) 2.65 Mg/m 
S 

Total porosity ($) 0-50 vol % 
Gas-fill porosity ($ ) 0-50 vol % 
Water content (W) 0-27 wt % 
Saturation (K) 0 - 100 vol % 

NOTICE 
"This report was prepared as an account nf work 
sponsored by the United States Government. 
Neil her the United States nor the United States 
Energy Research & Development Administration, 
nor any of their employees, nor any -if their 
contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or 
assume;, any legal liability or responsibility for the 
accuracy, completeneiis or usefulness nf any 
information, apparatus, product or process 
disclosed, or represents that its use would nor 
infringe privately-owned rights." 
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