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A B S TRACT

A model is proposed to more p h y s i c a l l y  describe the 

primary seismic pulse from an explosive source than those 

acc o u n t e d  for in the literature. The existing m o d e l s , 

g e n e r a l l y  known as "Sharpe's t h e o r y " , describe wave 

p r o p a g a t i o n  from a spherical cavity in an infinitely 

extended elastic m e d i u m , but n o n e , with the exception of 

Peet ( 1960) , includes an account of the rock f r a c turing that 

occurs around the explosive s o u r c e . Here in this study, we 

have assumed the deformed or "shattered" region to behave as 

a viscous liquid of v i s c o - e l a s t i c  rheology. The method of 

Fourier synthesis is used in solving the problem in the 

fr e q uency domain. The theoretical results were then compared 

to field data in three s e d i m e n t a r y  e n v i r onments of shale, 

sandstone and a marl formation to test for effec t i v e n e s s  of 

the model.

Various rock m e c h anics a p p l i c a t i o n s  including 

expr e s s i o n s  for normal c o m p onents of radial and tangential 

stress are e v a luated at the d e f ormed boundary. A value for 

the theoretical tensile stress as well as a presumed 

d ynamical failure c r i t erion is also discussed. R e s u l t s , as 

recent l a b o ratory findings, indicate that the theoretical 

dynamical tensile stress of rocks is not c o n s t a n t , contrary

i i i
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to that required by the laws of s imilitude or scaling 

theory. Some seismic scaling re l a t i o n s h i p s  are derived, 

including charge size as a function of observed "amplitude".
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INTR O D U C T I O N

I . 1 H i s t orical B a c k g r o u n d

Seismic e x p l o r a t i o n  has its origins in o b t a ining 

r e f l ection or r efraction records res u l t i n g  from the 

de t o n a t i o n  of buried charges as the source of energy. Since 

the empl o y m e n t  of dynamite as the primary source of 

t r a n s m i s s i o n  of m e c h anical energy into ground, numerous 

theoretical in v e s t i g a t i o n s  have been unde r t a k e n  in the 

g eop h y s i c a l  literature in search of suitable m a t h e m a t i c a l -  

physical models which can p r o perly describe the initiation 

process of the seismic pulse. As yet, however, no model has 

been proposed that can be regarded as s a t i s f a c t o r y  in fully 

p r e d i c t i n g  all aspects of the r e s u l t i n g  ground motion. This 

is despite of the great theoretical advances that have 

oc c urred in u n d e r s t a n d i n g  all other aspects of wave motion, 

n a m e l y  propagation, dispersion, ref r a c t i o n  and ref l e c t i o n  of 

the initial pulse from the geo l o g i c a l  boundaries.

Parallel to the e x p l o r a t i o n  g e o p h y s i c i s t ' s  interest 

in dyn a m i t e  as an e x p l o r a t i o n  tool, many other a p p l i c a t i o n s
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of e xplosives have been found in the mining and the military 

a c t i v i t i e s , though the a t t e n t i o n  here is more confined to 

the e x p l o s i v e ' s  a b i l i t y  in bl a s t i n g  type operations. In the 

mini n g  field in particular, a knowledge of the degree and 

extent of f r a g m e n t a t i o n  of a given explosive det o n a t e d  at a 

known depth and geol o g i c a l  envi r o n m e n t  can enhance the 

p r a c t i c i n g  engi n e e r ' s  a b i l i t y  in des i g n i n g  effective  

p r o d u c t i o n  p r o c edures in the practice of blasting. Interest 

in the m i l i t a r y  fields, on the other h a n d , is more limited 

to the degree of m i c r o - s t r u c t u r e  damage that can occur by 

ge n e r a l l y  much stronger types of explosives such as TNT.

In seismic p r o s p e c t i n g  t h o u g h , the g r e atest utility 

of dynamite comes about in its ability in c o n v e r t i n g  

ava i l a b l e  chemical energy to useful d o w n g o i n g  energy of 

motion. In a study c o n d u c t e d  on eight c o m monly used land 

seismic sources in Eastern Colorado, Janak (1982) concluded  

that in Pierre shale at least, a 5 lb d y n amite charge was 

the most efficient source at c o n v e r t i n g  ava i l a b l e  energy 

into d o w n g o i n g  c o m p r e s s i o n a l  wave radiation. This same 

charge, m o r e o v e r , produced the largest amount of 

co m p r e s s i o n a l  e n e r g y , p r o b a b l y  due to the great c o u pling 

that is o b t ained between borehole e x p l osives and the earth.

While perhaps the first "explosive" used by mankind 

was black powder, it was not until 1881 that the d e t o nation
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process was d e s c o v e r e d  by A l f r e d  B . Nobel when he 

a c c i d e n t a l l y  spilled a shipment of his "Blasting oil" into 

its packed Kieselguhr. This, in e f f e c t , marked the begining 

of high or d e t o n a t i n g  explosives. T o d a y , most dynamites 

consist of a mixture of an energy and gas p r o d u c i n g  product 

such as a m m o n i u m  nitrate with a sens i t i z i n g  compound such as 

n i t r o g l y c e r i n  in proper proportions.

A l t h o u g h  "straight" dynamite can be obtained with 

n i t r o g l y c e r i n  as its sole i n g r e d i e n t , due to its s e n s i t i v i t y  

to shock and high costs it is rarely being used . O f t e ntimes 

n i tro c o t t o n  is dis s o l v e d  in n i t r o g l y c e r i n  in forming a thick 

viscous jelly used as the base for gelatin dynamites. If a 

portion of n i t r o g l y c e r i n  is replaced by the am m o n i u m  nitrate 

the r e s u l t i n g  mix is termed a m m onium gelatin dynamite.

Based on composition, an explosive energy s o u r c e , as 

d e s c r i b e d  by Clark (1968), can roughly be c l a s sified as 

"black p o w d e r , dynamite, a m m o n i u m  nitrate bl a s t i n g  agents, 

slurries, me ta 1 i zed explosives, m i l itary e xplosives (TNT, 

etc.), and nuclear explosives". The total reaction time for 

the chemical reactions in d e t o n a t i o n  ranges from a m i c r o ­

second, for most fine gr a i n e d  and pure liquid high 

explosive, to nearly 100 m i c r o s e c o n d s  for coarse u n c r ushed 

ANFO. For a d e f l a g r a t i n g  e x p l osive such as black p o w d e r , 

h o w e v e r , chemical reaction times are gen e r a l l y  longer than a
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milli s e c o n d .

Even though the chemical reactions in d e t o n a t i o n  are 

thus some 100 to 10,000 times faster than d e f l a g r a t i n g  

explosives, exact t h e r m o d y n a m i c s  and h y d r o d y n a m i c  analysis 

can only be used in p r e d i c t i n g  explosive performance 

p a r a meters for the former case. This includes c a l c u lations 

of d e t o n a t i o n  p r e s s u r e s , vel o c i t i e s  and other physical 

chemical p r o p erties of detonation.
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1.2 Important Factors in Rock Fragmentation.

The u s e f u l n e s s  of dynamite comes about in the almost 

i n s t a ntaneous transfer of e n ergy that occurs after 

d e t o n a t i o n  to a portion of the rock b o d y . The mec h a n i c s  of 

this energy transfer is c o m p l i c a t e d  and the res u l t i n g  rock 

breakage and seismic wave moti o n  is likewise dep e n d a n t  on 

many factors. Before making many s i m p l i f y i n g  a s s u mptions 

with regard to suitable m a t h e m a t i c a l  models that can 

descr i b e  the d e t o n a t i o n  process , it is de s i r a b l e  to take a 

closer look at all the physical parameters which can 

d i r e c t l y  influence the p r o p a g a t i o n  of the d o w n g o i n g  seismic 

w a v e l e t . A t c h i s o n  (1968) identified three factors of 

explosive, charge loading and rock parameters as being 

important in the r e s u l t i n g  f r a g m e n t a t i o n  and wave 

p r o p a g a t i o n  process which we here proceed to briefly outline 

below

I. 2.A Exp l o s i v e  p a r a m e t e r s . As was me n t i o n e d  

p r e v i o u s l y , the e x p l osive p arameters differ c o n s i d e r a b l y  

d e p e n d i n g  on the chemical content and portion mix of the 

e xplosives being used. It is, for e x a m p l e , obser v e d  that 

larger a m p l i t u d e s  are obtai n e d  in exp l o d i n g  a hig h - s p e e d  

explosive, such as dynamite, rather than a low speed one
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like black powder even though the d e t o n a t i o n  pressure are 

made to be equ a l ( N a s h  and Martin, 1936). A p a r t icular type 

of high speed dynamite can m o r eover yield different 

a m p l i t u d e s  of motion d e p e n d i n g  on its chemical mix. Three 

e x p losive prop e r t i e s  of d e t o n a t i o n  p r e s s u r e , rate of energy 

release and p r e s s u r e - t i m e  h i s t o r y  are p a r t i c u l a r l y  relevant 

to our analysis. The dyn a m i t e ' s  d e t o n a t i o n  pressure P Q in 

Kilobars (Kbar) is defined as

po=Kdv2 (1-1)
where

-  6K = p r o p o r t i o n a l i t y  c o n s t a n t = 2 .5x10
3d = d e n s i t y  in gr/cm

V = d e t o n a t i o n  ve l o c i t y  in m/sec

As an e x a m p l e , for a typical Tovex S charge as was
3used by Janak (1982), a d e n s i t y  of 1.25 gr/cm and 

d e t o n a t i o n  velocity of 4630 m/sec is realized giving rise to 

a d e t o n a t i o n  presure of about 67 kbar or 10 6 pounds per 

square inch (psi). A l t h o u g h  this value is for the ideal 

confinement, under borehole envi r o n m e n t  it can be expected 

to be c o n s i d e r a b l y  reduced in magnitude. Another very 

important explosive p r o p e r t y  needed for the theoretical 

m o d e l i n g  of the problem is the pr e s s u r e - t i m e  hi s t o r y  of the 

gases p r o d u c e d . This is very difficult to measure
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e x p e r i m e n t a l l y  and will be d i s c ussed in more detail in a 

later part of this c h a p t e r .

I.2.B Charge loading para m e t e r s  are factors that 

relate to both e x p l osive and the rock. They include charge 

geometry, d i a m e t e r , type and point of initiation and degree 

of c o n f i n e m e n t  of the charge. Often times they play a more 

important role than the explosive parameters in the 

r e s u l t i n g  a m p l i t u d e s  of ground motion. Gaskell (1956), for 

e x a m p l e , found ex p l o s i o n  of charges in larger w a t e r - f i l l e d  

holes results in three or four times greater seismic 

amp l i t u d e s  than n a r r o w  o n e s . This was the case for holes 

larger than the cavity that the charge makes for itself in 

the process of detonation. Where the hole size was less than 

the cavity size, no v a r i a t i o n  in seismic amp l i t u d e  was 

o b s e r v e d . So the practice of "springing" of a hole with an 

initial smaller charge was concluded to result in no 

a p p r e c i a b l e  increase in seismic a m p l itude from a later 

larger c h a r g e . The size of the hole along with the degree of 

c o n f i n e m e n t  of the charge are also expected to control the 

d e t o n a t i o n  press u r e  of the same type of explosive.

Finally, charge geometry, d e f ined as the ratio of 

length to the di a m e t e r  of the c h a r g e , as well as point of 

i nitiation of the charge are important factors p a r t i c u l a r l y
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for c y l i ndrical c h a r g e s . V a r i a t i o n s  in the above parameters  

have been shown by Duvall et al. (1965) to produce larger 

d i f f e r e n c e s  in peak strains in the rock than using a 

d i f f e r e n t  type of explosive.

I.2.C Rock p a r a m e t e r s  are important chemical and 

physical p r o p erties of the rocks that are needed to be 

c o n s i d e r e d . They include the bulk and rigidity moduli, 

energy absorption, elastic strain limit to deformation, 

threshold pressures for plastic and shock wave propagation, 

p o r o s i t y  and rock structures including bedding, joints e t c . 

In ad d i t i o n  to rock s t r u ctures , rocks g e n e r a l l y  exhibit 

gross v a r i a b i l i t i e s  and are neither h o m o g e n e o u s  nor 

isotropic. This o b v i o u s l y  influences the wave motion in 

t h e m . The c o m p r e s s i v e  and tensile strength of the rocks 

govern the extent of rock breakage and will be more fully 

a n a lyzed in chapter 4. Of interest is a very large ratio of 

c o m p r e s s i v e  to tensile strength, or b i a s t a b i 1 i ty 

coefficient, ind i c a t i n g  that rocks are far less r e s istant to 

tension than to c o m p r e s s i o n  in f a i l u r e .
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1.3 Processes In Rock F r a g m e n t a t i o n

In this section we proceed to describe the physical 

p rocesses that are g e n e r a l l y  observed in the rocks 

s u r r o u n d i n g  the shothole after the d e t o n a t i o n  of an 

e xp l o s i v e  source. The charge is c o n s idered to be buried in 

an i n f i n i t e l y  extended solid medium so that the effects of 

free b o u n daries are not examined. Figure 1.1 illustrates the 

dif f e r e n t  regions being pr o d u c e d  as a results of the 

detonation. Ro u g h l y  s p e a k i n g , three zones of interest have 

been identified. These include the source zone where the 

p r o cesses are e s s e n t i a l l y  h y d r o d y n a m i c , followed by a 

tran s i t i o n a l  or "shattered" zone which includes c r u shing and 

radial c r a c k i n g  of the s u r r o u n d i n g  rocks and a seismic zone 

where the pulse travels e s s e n t i a l l y  as an elastic wave, 

n e g l e c t i n g  the a t t e n u a t i o n  l o s s e s .

The source zone is c o n cerned with the origin of the 

energy loading which may include v a r iety of sources such as 

high explosives, nuclear explosives, high velocity- 

mech a n i c a l  impacts and so forth. For a high explosive, 

f o l l o w i n g  the d e t o n a t i o n  the explosive cavity is initially 

thought to be filled with gaseous d e t o n a t i o n  products at 

high pre s s u r e s  and t e m p e r a t u r e s  in orders of 1000
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m e g a p a s c a l s  (MPa) (or about 1.4 5 x l 0 5 psi) and 3 0 0 0 ° K 

r e s p e c t i v e l y . This high pressure pulse g e n e r a l l y  requires 

times of the order of few m i l l i s e c o n d s  in order to fall 

a p p r e c i a b l y  as compared to tens of m i c r o - s e c o n d s  in reaction 

time required for the chemical reactions in d e t o n a t i o n  to 

take place. In a chemical explosives, very high kinetic 

energy is p r o duced in the r e s u l t i n g  gaseous m o l e c u l e s , atoms 

and ions, which if the exp l o s i v e  c o m p l e t e l y  fills the hole, 

is i m m e d i a l t e l y  applied to the s u r r o u n d i n g  u n d i s t u r b e d  

rocks .

Important to any t heoretical inves t i g a t i o n  is a good 

kno w l e d g e  of the p r e s s u r e - t i m e  history of the gases produced  

as a result of detonation. A l t h o u g h  e x p e r i m e n t a l l y  this is a 

for m i d a b l e  t a s k , many strain m e a s u r e m e n t s  have been made by 

the U.S. Bureau of mines in the seismic zone near the 

exp l o s i o n  (see for example Duvall and Atchison, 1957, and 

their extensive bibliography). G e n e rally speaking, their 

m e a s u r e m e n t s  involved radial strain measu r e m e n t s  from gages 

that were placed in drill holes at various distances along a 

linear array from the shotholes. M e a s u r e m e n t s  were g e n e r a l l y  

taken in a wide v a r i e t y  of rock e n v i r onments using both 

c o n c e n t r a t e d  and long c y l i n drical charges and dif f e r e n t  

loading m e t h o d s . A typical record is shown in Figure 1.2.

For most charges in the s e d i m e n t a r y  e n v i ronments of interest
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Distance = 2 .5  ft. Peak strain = 2^500 fi irVia
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8  lb. ammonia dynamite Time scale -  H— 4 = I millisecond

Figure 1-2 Strain measurements in a sandstone formation. (after 

Duvall, and Atchison, 1957)
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to e x p l o r a t i o n  ge op h y s i c s  and at close d i s t an ces from the 

s o u r c e , the strain pulse co n s i s t e d  of a strong c o m p r e s s i v e  

phase which  fell to zero in 1-3 m i l l i s e c o n d s . At larger 

distances, however, the strai n becomes more o s c i l l a t o r y  with 

a te ns ile phase also b e c o m i n g  more evident r e s e m b l i n g  a 

damped sinusoid.

A l t h o u g h  one can e x t r a p o l a t e  this type of strain 

m e a s u r e m e t s  from c l o se -in gages for ob t a i n i n g  the p-t 

hi s t o r y  of the gases p r o d u c e d  at the cavity, this met hod is 

not fully s a t i s f a c t o r y  due to the many c o m p l i c a t e d  process es  

that occur in the t r a n s i t i o n a l  b o u n d a r y . An i m p l icatio n of 

the m e t h o d , n o n e - t h e - l e s s , is that the pressure wave can be 

m o d e l l e d  as an e x p o n e n t i a l l y  d e c a y i n g  step f u n ct ion in time.

Recently, however, pressure m e a s u r e m e n t s  have been 

made for vari ous size ch ar ges  at the source cavity (O t u o n y e , 

et al.). These m e a s u r e m e n t s  are shown in Figure 1.3.

A l t h o u g h  some q u e stions  have been raised with regard  to the 

de gr ee  of the reliance  of the exp erim ental  t e c h nique being 

used, the results indicate the decay rate and the peak 

o b s erved pressure to increase with incr easing  charge sizes. 

For a 20 -gram size charge, for e x a m p l e , the pre ss u r e  has 

de c a y e d  a p p r e c i a b l y  after 2 m i l l i s e c o n d s  time duration.

In our phy sical m o d e l l i n g  of the p r o blem we have 

a s s umed the p-t curve to drop a p p r e c i a b l y  in one model in
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about 0.83 m i l l i s e c o n d s  and 0.2 seconds in the other so that 

the 1/e points in the e xpone nt ial decay of the theoretical  

pr es su re fun ct ions c o r r e s p o n d e d  to 1.66 msec and 0.1 seconds 

re spe ctively . In effect t h e n , the latter case can be 

c o n s i d e r e d  like a step r e s po ns e as co mpar ed  to the f o r m e r .

Due to the very high pressures  exer ted by the 

d e t o n a t i o n  w a v e , the rock i m m e dia te ly s u r r o u n d i n g  the source 

zone is con s i d e r e d  to fail in a comp l i c a t e d  m a n n e r . This 

zone where n o n - e l a s t i c  and p o s si bl y n o n - l i n e a r  perm an ent 

d e f o r m a t i o n s  are known to occur is g e n e r a l l y  reg ar ded as the 

tr a n s it ional (after A t c h i s o n  and Duvall) or the " s h a t t e r e d " 

zone by some authors . For a chemical exp lo sive this region 

g e n e r a l l y  con sists of a small crushed zone fol lo wed by a 

larger crac ked  zone due the radial c r a cking of the rocks 

from the exp a n d i n g  gases in detonation. A l t h o u g h  no 

a p p r e c i a b l e  v a p o r i z a t i o n  or m e l ti ng which is c h a r a c t e r i s t i c  

of a nu cl ear  type source is o b s e r v e d , rocks in the shattered 

b o u n d a r y  are se ve rely c r u sh ed and caused to flow p l a s t i c a l l y  

as the result of the explosion. To date no s a t i s f a c t o r y 

theory is propo sed to s u c c e s s f u l l y  descr ib e the var ious 

p h e n o m e n a  at hand nor the size of the t ransi ti onal zone from 

the source and rock pro perties. Due to the many e xperim en tal 

co mplic at io ns, very few data are a v a i lable  in the rock 

m e c h a n i c s  lite ra ture on this r e g i o n .
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H i s t o r i c a l l y , this zone was thought to have been 

formed as a result of shock waves ge n e r a t e d  at the cavity 

b o u n d a r y . A shock wave is known  to be dev e l o p e d  by 

su c c e s s i v e  pr essure  pulses of e v e r - i n c r e a s i n g  v e l o ci ti es  

which by o v e r r u n n i n g  those in f r o n t , are d e v e lo pe d to a 

sharp d i s c o n t i n u o u s  step wave front. A l t hough the behav ior 

of shock waves in fluids are r e l a t i v e l y  well known (for 

ex ample Cole, 1948) little i nf ormatio n is av ailabl e in the 

li te ra ture c o n c e r n i n g  the me c h a n i c s  of for ma tion and 

p r o p a g a t i o n  of shock waves in solids. The basic criter io n 

for the ex i s t a n c e  of the shock waves requres da /de>K for 

stress a and strain c and K bulk m o d u l u s , in ad di ti on to the 

Von Ne um ann cr i t e r i o n  that the shock ve l o c i t y  V to be 

gr e ate r than sonic ve lo city for the deve l o p m e n t  of stable 

shock waves. Based on the Von N e u m an n' s second c r i t e r i o n , a 

thr es hold  pressur e for shock wave prop a g a t i o n  in various 

m a t e r i a l s  can be calculated. Cook (1974) sur vey ed the 

literatur e for thr es hold pressu re s for var ious rock types 

and metals and found the value to range from 30 kb for lead 

to 210 kb for S o l e n h o f e n  limestone, 310 kb for a marbl e and 

to 315 kb for W e s t e r l y  granite. C o n s i d e r i n g  the very high 

t h r e shold  pressur es  involved, shock pr op a g a t i o n  is not 

c o n s i d e r e d  to take place in normal bl a s t i n g  unless very high 

por o s i t i e s  are involved. This was co n f i r m e d  by Duvall and
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A t c h i s o n  (1962) where they stu died the p h e n o m e n o n  in many
3rock types inc lu ding chalk, san dstone (density 2.2 gr/cm

3and po ros i t y  20%), mar 1stone (density 2.1 gr/ cm ) and a
3gr an it e (density of 2.63 gr/ cm ). From the ob served  data, 

the shock wave p h e n o m e n o n  was only hinted at in the porous 

sands to ne fo r m a t i o n  with only one of the basic criteria for 

the exi st ance of shock waves being o b s e r v e d . Further 

e x a m i n a t i o n  of the data alo ng  with the c o n s i d e r a t i o n  of the 

high thr es hold pre ss ur es needed for the exi s t a n c e  of shock 

waves led the au thors to con clude that plasti c waves were 

e s s e n t i a l l y  involved in all four rock types. In the crushed 

zone, h o w e v e r , both cr u s h i n g  and plastic e x p ansi on  is known 

to be taking place.

De spite  the general lack of an a c c e p t a b l e  theory 

d e s c r i b i n g  the t ra nsition al  zone, a number of mea su r e m e n t s 

have been taken by vari ous authors in the literature. 

A t c h i s o n  et al (1964) m e a su re d the radius of crus hed zone to 

be twice and the trans i t i o n a l  zone some 12 times the charge 

radius. Short (1961) e x a mined the same p h e n o m e n o n  for a 

1000-lb charg e of TNT in W i n n f i e l d  salt and o b s erved plastic 

d e f o r m a t i o n  with no ev idence for crushing. Radial c r a c k s , 

however, ex te nd ed up to 12 times the charge r a d i u s . Duvall 

and A t c h i s o n  (1957) also m e a su red the extent of the 

t r a n si ti onal zone and c o n c lu de d that for charge s less than
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100 lb, this bo un d a r y  is not likely to be larger than 10 ft 

for the four rock types of granite, mar 1s t o n e , sa nd stone and 

c h a l k . M e a s u r e m e n t s  near a 1.5 kil oton nuclear e x p lo sive in 

Ne vada likewise in dicated the shatt ere d zone to be 

r e l a t i v e l y  small, t e r m i n a t i n g  at only 275 ft from the source 

(Latter et al., 1959). The extent of the tra ns it ional zone 

is thus very small, of the order of 7-12 times the charge 

radii for the charges and the s e d i me nt ary e n v i r o n m e n t s  of 

inter est  to e x p l o r a t i o n  geoph ysics.

Ou tside the t ra nsitio na l b o u n d a r y , no r m a l l y  a strong 

co mpr es s ive stress pulse is t r a n sm itted with its shape 

g o v e r n e d  more by the rock than source properties. The 

sei smic zone has, of c o u r s e , been subject to exte ns ive 

res ea rch in the g e o p hys ic al  literature.
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I .4 Su rv e y  of Some Pr o p o s e d  Physical Models

Most of the l it er ature c o n c e r n i n g  the pr obl em  of

dy n ami te  b e h avior  in a rock body des cr ibes the a p p l i c a t i o n  

of an a p p r o p i a t e  source f u n ction to a sph erical or 

c yl in drical  bo und a r y  in an i n f i ni tely ext en ded medium. Some 

of the m a t h e m a t i c a l - p h y s i c a l  models wh ic h have been 

c o n s i d e r e d  d e s cr ibe wave beh avior in rock masses of ideally 

elastic , elastic s o l i d - f r i c t i o n  and several a t t e n u a t i n g  

models in cl uding v i s c o - e l a s t i c  Voigt and Maxwell Theologies.

in v e s ti gated the a p p l i c a t i o n  of a press ur e pulse to an empty 

spherical bo u n d a r y  in an elas tic s u r r o u n d i n g  m e d i u m . Sharpe 

(1942) and Blake (1952) solved this bound ar y problem for 

several source func ti ons in cl uding an e x p o n e n t i a l l y  de c a y i n g  

one by means of a Fourier i n t e g r a l . Clark (1952) used the 

me th od  of Lapl ace tr a n s f o r m  to solve the pro ble m for a unit 

step functio n while Duvall (1953) used a double exp one nt ial  

decay source of the form

For the sph erical wave e q u a t i o n , several authors

(1-2)
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to acco unt for some of the w a v e f o r m  v a r i a t i o n s  of the input 

source function.

Typical so lutions  for a unit step source as obtain ed 

from Sh arpe's c a l c u l a t i o n s  indicate the radial d i s p l a c e m e n t  

to start at zero and exe cut e a dampe d sinu so idal behavior. 

The wa v e f o r m  shape rou ghly resembl ed  the ob se rved field data 

for the d y n amite pulses. For a typical cav ity size of 10 cm, 

however, the pulse du r a t i o n  is reduced by a factor of 10 or 

so from what is n o r m a l l y  observed. Only if the size of the 

c a vity  is in creased to a few meters in radius can the pulse 

duratio n be e x t ended to the right order of magnitude. Some 

authors (Sharpe, 1942; Gaskell, 1956) have, therefore, 

propo s e d  an "equ ivalen t radiator" hyp o t h e s i s  which requires 

large empty spherical sources with their outer bo undary  

defin i n g  the lim iting  elastic behaviour of the s u r r o u n d i n g  

rocks. As di s c u s s e d  earlier, most of the rock f r a c turing  

around the source occurs at a much smaller radius than that 

su g ges te d by this hypothesis,  so one can con cl ude that the 

"e qu iv ale nt cavity" h y p o t h e s i s  does not c o r r e s p o n d  to any 

physical surface and is only a means of i n c r eas in g the time 

d u r ation of the signal.

Fo l l o w i n g  Sharpe's  model for a spherical cavity in 

an elasti c medium, He elan (1953) obtai ne d far- fi eld  

solutions  due to a tra n s i e n t  pressur e pulse ap pl ied to a
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short length of an i n f i ni te ly ex te nd ed c yli nd rical hole in 

terms of two d i s p l a c e m e n t  potentials. He i n v e s ti ga ted the 

stress acti n g  ra dial ly  as well as c i r c u m f e r e n t i a 1 ly and 

a x i a l l y  on the cyl in der wall. For the latter two c a s e s , he 

found the radiat ed  d i s p l a c e m e n t s  to be p ro po rtional  to 

d i s p l a c e m e n t s  due to a simple source c o n s i s t i n g  of two 

co uples with moment and a point f o r c e , respectively.

R e c o g n i z i n g  the n o n - e l a s t i c  a t t e n u a t i o n  pro per ti es 

of the e a r t h , some au th ors a n a lyze d the same pr oblem in a 

lossy earth material. For a linear vi s c o - e l a s t i c  Voigt 

solid, Collins (1960) solved  the plane wave eq ua tion with a 

unit imp ulsive type source by means of Laplace transf or m and 

R i cker  (1951) by Fo urier t r a n s f o r m . Ricker (1951) de ri ve d 

e x p r e s s i o n s  for plane wave par ti cl e vel oc i t y  and com pa red 

them with a series of VSP type field data obt ai ned from 

vari ous  size charges. He con c l u d e d  the earth ma terial to 

behave  e s s e n t i a l l y  as a v i s c o - e l a s t i c  solid. This implies 

the a t t e n u a t i o n  c o e f f i c i e n t  to vary as the square of the 

frequency. Later work by Mcdona l et al. (1958), h o w e v e r , 

ob t a i n e d  a more linear a t t e n u a t i o n  fr equenc y r e l a t i o n s h i p  

for most s e d i m e n t a r y  earth mat erials.

Some authors c o n s i d e r e d  the solution for the 

spherical wave e q u at ion for the Voigt solid. Lee (1964) 

o b t a i n e d  the steady state so lution for both sinusoidal  and
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e x p o n e n t i a l l y  d e c a y i n g  pr essur e fun ct ions ap plied to a 

mo dif i e d  Voigt solid. In his Four ier  integral e x p r e s s i o n s , 

however, he i n t r oduced a "co nstant Q " a s s u m p t i o n  which 

implied a t t e n u a t i o n  c o e f f i c i e n t  to vary linearly with 

frequency. This a s s u m p t i o n  intro du ced some m a t h emati ca l 

d i f f i c u l t i e s  and his expr e s s i o n s  were inverted into the real 

time plane by the residue m e t h o d .

A n o ther model which assu mes a t t e n u a t i o n  to vary as 

fr e q u e n c y  to the first power is the solid friction model as 

d i s c u s s e d  by Knopoff (1956). Clark (1966) i n ve stigat ed  the 

sol ut ion in the solid fr ict io n model due to an e x p o n e n t i a l l y  

d e c a y i n g  source and con c l u d e d  the dig i t a l l y  compute d 

part ic le  d i s p l a c e m e n t  values to be similar to the constant 

loss factor results obt ai ned by Lee (1964). Both of these 

models indicate a n o n -z er o value for d i s p l a c e m e n t  at the 

d e l ay ed time value equal to zero and are thus non- ca usal .

A l t h o u g h  most of these models treat wave motion  

r es u l t i n g  from the a p p l i c a t i o n  of various forms of forc ing  

fun ct ions  to the surface b ou nd aries of sph erical or 

cy li n d r i c a l  cavities in a va ri ety of earth models, none has 

taken the t r a n s i t i o n a l  s h a t tered zone into cons ideration . 

This can perhaps explain some of d i s c r e p a n c i e s  that exist 

be tween  obs e r v e d  field data and the theore tical 

ca lcu la ti ons. Only Peet (1960) included some acco unt of the
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d e f o r m a t i o n  zone that occurs around the e x p losive  z o n e . 

Fo l l o w i n g  the analysi s of Cole for underw at er explosives,

Peet (1960) as su me d shock waves to be pro p a g a t e d  in the 

sh a tte re d z o n e . A s s u m i n g  that most dynami te shots were 

d e t o n a t e d  in porous w a t e r - s a t u r a t e d  r o c k s , he r e a soned  water 

to gov er n the t r a n s m i s s i o n  of the hi gh-str es s waves. He thus 

c o n c l u d e d  an e x p o n e n t i a l l y  d e c ay ing source to retain its 

form with only its a m p l i t u d e  being reduced to a value 

c h a r a c t e r i s t i c s  of a li miting yield stress value of the 

s u r r o u n d i n g  r o c k s . The model t h e r e f o r e , implies a p p l i c a t i o n  

of the as su med pr ess u r e  fu nc tion to a large f ictit io us 

e q u i v a l e n t  cavity.

A l t h o u g h  as d i s c u s s e d  earlier, shock waves are not 

g e n e r a l l y  observed in the shatter ed  zone, Feet's 

ca l c u l a t i o n s  c o n s t i t u t e d  an atte mpt to include the rock 

d e f o r m a t i o n a l  ph en o m e n o n  in the model in g of the problem. By 

m a k i n g  use of Cole's s i m i l a r i t y  conditions, Peet also found 

the radius of the s h a t te red zone to vary as a third power of 

the charge size. He did n o t , however, attempt to ca lculate  a 

typical size of the shatter ed  zone due to un kno wn values of 

p r o p o r t i o n a l i t y  co ns tants in his re lationships .

The nature and size of the sha tt ered zone has been 

of some im po rtance  p a r t i c u l a r l y  for the m i ni ng in du strie s in 

p r e d i c t i n g  the extent of the "craters" (see for exam ple
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Atchison, 1968) that are fo rmed as a result of r e l a t i v e l y  

sh a l l o w  shots. Since the theories are of little use to the 

p r a c t i c i n g  eng in eer in the field, most of the crater sc al ing 

in f o rmatio n has been o b t aine d from the data col le ct ed in the 

field, most no t a b l y  by the U.S. Bu reau of Mines. Only Cherry 

(1967) des c r i b e d  a comput er  scheme which could predict some 

of the crater dim e n s i o n s  being formed from mo stly high 

e xp l o s i v e s  and nu cle ar sources.

Work done by the U.S. Bureau  of Mines has att e m p t e d 

to find the c o r r e l a t i o n  between crater  size and the measur ed  

peak compress ive strains in rocks. These m e a su re d strain 

waves in various rock form at ions have been useful in 

co m p a r i n g  d i f f e r i n g  explosives, but again not yet emplo ye d 

in p r o d u c t i o n  purpos es d e s pi te of the vast number of 

m e a s u r e m e n t s  bein g m a d e .

In the trans i t i o n a l  zone aroun d the cavity, it is 

well known that a great amo un t of energy  is abs or bed by the 

c o m p l i c a t e d  process es  of c r u sh in g and c r a cking that occur as 

a result of explosion. Also due to intense micro- and macro- 

fra cturing, the rocks ar ound the shothole can not be 

e x p ec te d to retain the in t e g r i t y  of their bulk structu re  and 

can be a s s um ed  to behave as a plastic fluid of a very high 

viscosity. A l t h o u g h  the region of shattered  zone can be 

forme d by more than one p r o c e s s , in our model we have



T-2892 25

as sumed  it to solely behave as a hi ghly viscous  liquid of 

linear Voigt type v i s c o - e l a s t i c  rheology. Other m at he matica l  

models can eq uall y be ap plied to describ e this zone like the 

low loss or n e a r - e l a s t i c  model (White, 1983) where here the 

loss of energ y can be in troduce d by a small fre q u e n c y  

i nd ep endant  phase angle term that strain lags behind stress. 

In this w o r k , h o w e v e r , only a v i s c o - e l a s t i c  type of liquid 

is considered. A sharp tr ansiti on  is further assumed between 

the sha tter ed  visco us b o u n d a r y  and the s u r r o u n d i n g  elastic 

zone. So here we pro cee d with a formal sta teme nt  of the 

problem:

Given a sphe rical cavity  of radius A first 
within a v i s c o - e l a s t i c  liquid of radius B and 
then s u r r ou nd ed by an ideally h o m o g e n e o u s , 
isotropic and i n f i nitely  extended elastic 
m e d i u m , to find the sol ut ion to the wave 
equatio n by Fou rier tra ns form as a result of 
a p p l i c a t i o n  of a pr es s u r e  pulse to the 
interior of the cavity.

In our phy si cal m o d e l i n g  of the p r o blem as well as 

most of the pub l i s h e d  papers in the literature, we have 

assumed a sph erical type charge with a known and co nstan t p- 

t hi s t o r y  for all size charges to c o m p l e t e l y  fill a shothole 

cavity. A graph ic al r e p r e s e n t a t i o n  of the model along with 

no t a t i o n s  used for elastic rock proper ti es are shown in 

Figure 1.4.
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Viscous Liquid

Figure 1-4 The assumed model.
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II. M A T H E M A T I C A L  F O R M U L A T I O N  AND THE 

D E V E L O P M E N T  OF THE THEOR Y

1 1 .1 Meth o d  of Ap p r o a c h

The pu rp ose  of this chapter is to trace the 

t he or eti cal d e v e l o p m e n t  requi re d in so lvi ng our problem 

usi ng a dig ital c o m p u t e r . Solu tions  to the wave equatio n are 

to be co ns i d e r e d  in both v i s c o - e l a s t i c  and elastic regions 

subject to the a p p r o p i a t e  boun da ry conditions. These include 

the c o n t i n u i t y  of radial stress at the two b ou nd aries r=a 

and r=b and c o n t i n u i t y  of radial d i s p l a c e m e n t  at r=b as 

d ef ined in our model (Figure 1.4). The com pu ted e xpres si ons 

for partic le  v e l o c i t y  V ( r , go ) are then to be inverse Fourier 

t r a n sf or med to obtai n the time e x p r ession s v (r ,t ) as the 

final output to be displayed. This chapter also devel op s the 

theoreti cal c o n s i d e r a t i o n s  in the an al ysis and Fourier 

t r a n s f o r m a t i o n  of o n e - d i m e n s i o n a l  d i g i t i z e d  data.

Th r o u g h o u t  this d i s c u s s i o n  a subs cr ipt "1" speci fies 

the v i s c o - e l a s t i c  liquid and sub sc ript "2" ind icates our 

refe rence  to the s u r r o u n d i n g  infi ni tely ex tended elastic 

medium. The upper case functions  , in addition, are used to 

denote c o mplex fre q u e n c y  amp litudes.
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I I . 2 D e v e l o p m e n t  of Sol ut ion in terms of

D i s p l a c e m e n t  Po tential in the

Elastic Medium.

Let us first co n s i d e r  wave prop a g a t i o n  in the 

s u r r o u n d i n g  elastic medium. For the wave eq ua ti on given by

Due to the g e o m e t r y  involved, we re cog nize the sph erical 

c o o r d i n a t e  system  as natural in solving the bo undar y 

problem. Since we assume a uniform pressu re to be applie d to 

the interior of cavity, all the parti cle motion s are 

c o n s i d e r e d  to be radial and irrotat ional and therefore 

i n d e p en dent of the an gular var ia bles so that

(2-1)

we seek a so lutio n in terms of d i s p l a c e m e n t  po te ntials 0

where the radial c o m po ne nt of d i s p l a c e m e n t  is given by u r 3r *

(2-2)

The solution in 2-1 can now be sep ar at ed out into a
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time and space d e p e ndent  f a c t o r s , as

(p2 (r,t) = R(r) T(t) (2-3)

The time dep e n d e n c e  in 2-3 is assu med to be 

ex po n e n t i a l  and we set it equal to e ia)t. A po ssible sol ution  

to the wave Equ at ion 2-1 r e p r e s e n t i n g  a wave goi ng in an 

ou tw ar d di r e c t i o n  in the elastic me diu m assumes the form

1
2tt

2tt

,00

C(co)_ e-ia.r/c2 eia)t dh)

CÇçol e-k2r iut

(2-4)

(2-5)

where c 2 is the c o m p r e s s i o n a l  wave v e l ocity and kg is the 

wave number which we define as i w/c 2 . D i s p l a c e m e n t  is then 

given by

u2 = 97 (2-6)

and C ( go ) is an a r b it ar y co mplex c oe fficien t to be dete r m i n e d  

from the bo u n d a r y  conditions.
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I I. 3 D i s p l a c e m e n t  Potential Solutio n 

in the V i s c o - E l a s t i c  Liquid

As m e n t i o n e d  p r e v i o u s l y  the "shattered" zone around

the sph erical hole is mo d e l l e d  as a v i s c o - e l a s t i c  liquid.

Most of the m a t h e m a t i c a l  re l a t i o n s h i p s  d e s c r i b i n g  a v i s c o ­

elastic or Voigt solid are de s c r i b e d  in A p p e n d i x  A.

It is shown that the classica l scalar wave equati on  

for d i s p l a c e m e n t  po te ntials is mo di fied to

2 i i
v a r 1 - A  - r  (z-7)u ^ dt

for a Voigt solid, where

A + 2u M
“0 = A- + 2y- = M[ (2-8)

= !2 -

and is the plane wave modulus. For a liquid with no 

rigidity, we have li = 0 and f u r t hermore  we take the fol lo wi ng 

s i m p l i f y i n g  a s s u m p t i o n  as X' =0 (see A p p e n d i x  A), so the wave 

eq uatio n 2-7 for v i s c o - e l a s t i c  liquid becomes

3 2 (̂V[A1 +  2n -^] V ^ )  = p ---- ±- (2-10)
dt
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where n is the v i s c o s i t y  of the liquid.

A possible  sol ut ion to the mo di fi ed wave equati on  2- 

10 re presen ts  a p r o p a g a t i n g  o u t go ing spherical wave from the 

surface of the sphe rical  ca vity (r=a) and a ref le cted wave 

from the e l a s t i c / i n e l a s t i c  b o u ndar y (r = b ) as

A(w) exp [-a r + iw(t - — )] + 
1 C1r

(2-11)
+ B(w) exp [a r + ioo (t + — ) ] } da) 

1 C1r

Wr i t i n g

<P1 (r,t) = >̂1 (r,w) eiaJt dw (2-12)

we obtain from equation  2-11

(2-13)

where i$ the a t t e n u a t e d  wave number de fined as

1
(2-14)

and a ̂  i s the a t t e n u a t i o n  coe fficient, ( W h i t e , 1983)
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ü) (u)2/œ 2)
a1 :-------------- ------ ---------- =----- —  (2-15)

[2(M/p) (1+w2/ ^ 2) (/1-HjV W q + D ] ^

2(M/p)(l + Gü2/ ^ 2) ,
c1 = [ ■■■■... ■'     5-] 2 (2-16)

/Ï+üT T gû̂ 7 + 1

Note that E q s . 2-15 and 2-16 whi ch are de ri ved for

the case of plane waves are valid, in our problem, for 

spherical waves as well . A ( w) and B(oo) are again comp lex 

values to be de te r m i n e d  from the boundar y con di tions in the 

p r o b l e m . Since the c o n d itio n o f w 2> > ^ Q 2 is satisfied, in our 

c o m p u t a t i o n s  we can use the low f r e q uency a p p r o x i m a t i o n  

forms to the equation s above

a1 = [a)0/2(M/p)^] ((j02/ü0q 2)

(2-17)

c, = (M/p)^
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1 1 .4 B o u n d a r y  Con di ti ons

For the three c o m plex con st ants A ( go ) , B (oj ) and C(w) 

we have 3 b o u ndar y con d i t i o n s  which are as follows :

1- The c o n t i n u i t y  of the radial stress in the

v i s c o - e l a s t i c  liquid with the pressure applied  to the 

inter ior  surface of the ca vity p(t) at r=a or

P(w) = - P rrl (a ,0) )

2- The c o n t i n u i t y  of radial stress across the r = b

bo undar y

P r r l (b,K))=Pr r 2 (b,U))
3- The c o n t i n u i t y  of the radial c o m p on ent of 

di s p l a c e m e n t s  at r=b or

ur r l ( b , u ) = u r r 2 ( b , u )

Bo u nda ry  c o n di ti on #1 requires the c o n t i n u i t y  of the 

pressur e applied to the spherical cavit y p(t) with the 

radial stress in the v i s c o - e l a s t i c  medium. If we take p(t) 

to be Four ier t r a n s f o r m a b l e , we may write

P(t) - YF V loot P(w) e da)
(2-18)

or p(t) ̂ ----> P(w)

Observe that upon c a n c e l l a t i o n  of the time
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d e p e n d e n c e  from the b o u nd ary c o n d it io ns one can solve the 

pr ob le m in the f r e qu ency doma i n  and tr an sform into time 

domain usi ng  a Fourier synt hesis  approach.

The mod if i e d  e x p r e s s i o n  for radial stress in a 

v i s c o - e l a s t i c  liquid (H=o, ^ ' = 0 ) is taken from Lee (1964)

as

a ^ui u iPrrl= - m  + 2ji' - ^ 1 -3̂ +  2(A) (2-19)

R e c o g n i z i n g

3<(>
u1 (r) = ^  (2-20)

and

3
3t ui^r  ̂ -̂---* ia) (2-21)

We su b s t i t u d e  2-13 in 2-19 so that

X kn ̂  4]i ' ioo 4y ’ i03k 2y,"iG0k1 ̂
P(oj) - (A(w) e klr [ ^ —  + — 3  + • ■ 2 +    ] +

r r
(2-22)

V r  XTk i2 4u 'iw 4y ' itok
+  B(to) e lr + ---- 5--------- 2— 1

r r

2y' itok ^
+

In order to simplif y the eq u a t i o n  2-22 a b o v e , we use the
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f o l l o w i n g  d e f i n i t i o n s

+ io)/c^

y = y 1 iw (2-23)

3 = + 2y^f iùü

M u l t i p y i n g  both sides of 2-22 by a 3 we obtain our 

first e x p r e s s i o n  of the bo u n d a r y  problem

2 2 -^iaA(w) [4y + 4ayk^ + 3a k^ ] e +

(2-24)
2 2 ^ia 3B(o)) [4y - 4ayk^ + 3a k^ ] e = - P (w) a

Bo u n d a r y  c o n di tion #2 ex presses the con t i n u i t y  of 

the radial stress at r=b, the i n e l a s t i c / e l a s t i c  b o u n d a r y .

The ex pr e s s i o n  for radial stress in an elastic medium is 

given by

32<t> 2A 3<f>
-Pr r 2 ( r > t) = (X2 + 2y2) —  + —  ^  (2-25)

dr

S u b s t i t u t i n g  the e x p r e s s i o n  for <f> ( eq uation 2-5) into 2-25,

P rr 2 ( r » G°) becomes

-Prr2 = [ ^ f ~  X2 k22 e 2 + 2yC(uj)[^3 + - ^  + e (2-26)
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Eq u a t i o n  2-26 and 2-22 are equal at r=b and using 

d e f i n i t i o n s  in 2-23 and below for the plane wave m o d u l u s ,

M2= A2 + 2iJ2 (2-27)

we obtain at the e x p r e s s i o n  for the second b o u nda ry  

co n d i t i o n

2 2 ^1^A(go) [4y + 4yk^b + b 3] e +

2 2 k-jk
+ B(w) [4y -  4yk b + k b  3] e ^ + (2-28)

2 2- C(ca) [4y2 + 4y2bk2 + b k2 M] e ^ = 0

B o u n d a r y  co n d i t i o n  #3 requir es the c o n t i n u i t y  of 

radial d i s p l a c e m e n t  at r=b. We note that for r=b

9̂ 2. ^ 2
3 F “ = 97™

(2-29)

Se tt in g the eq u a l i t y  a b o v e , we write

- k b  k b
-A(ûü) [ 1 + k^b] e + B((i))[-1 — k^b] e +

- k b
C(w)[1 + k2b] e = 0

(2-30)



I I. 5 Solvi ng  the Pr oble m with the Aid 

of a Dig ita l Computer

Our goal is to solve for the radial com ponen t of

v e l o c i t y  ( r , üj ) for each value of f r e qu ency in the compu te r 
and then tr ansfor m into the time domain using a suitable 

Fast Fourier T r a n s f o r m  sub r o u t i n e  (FFT). Exp r e s s i o n  for 

radial d i s p l a c e m e n t  is given by

The com ple x c o e f f i c i e n t  C (w ) in 2-31 is found by 

solving the b o u ndary problem.

Compute r prog ram C O N ST AN T in Ap p e n d i x  (B) was 

wr i t t e n  to d i g i t a l l y  c a l c ula te  C ( oa) and pe rform the Fourier 

transform at ion. This pr ogram uses the fo ll owing simpl if ied 

definitions:

U2 (r,o)) = - C(o)) [4^ + -jr] e (2-31)

We reco gn ize that V 2 (r>a))= iGoU2 (r ,co)

v2 (r,t) = FFT [V2 (r ,0)) ] (2-32)

2 2
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2 2 “k b
F = [4y + 4yk^b + b 3] e

2 2T* = [4y - 4yk^b + k^ b @] e

/ / “k„b. , _ "MK 1 c
2 2 2 2

-kjb

r ”  = [4y0 + 4y0k0b + k 2Mb2] e 2 (2-34)

\p = - [1 + k^b] e ^

~k,b
ip* = [-1 + k b] e ^

- k b
ip’ T = [1 + k b] e

The e x p r e s s i o n  for b o u ndary c o n d it io ns sim pl if y to 

Afi + BQ' = - P(w) a3

AF + sr' - r "  C = 0 (2-35)

Alp + Bip1' + Cip' ’ = 0

where the co mplex  constant  C( oj) is then found by solving the 

simu l t a n e o u s  eq uations  above :

c m  = ---------f m  — :—  (2_36)
(- ^ " T '  + ' + W r "  - r ” ^ ’)

The va ria bl e names in the co mp ut er program C O N STA NT  are 

de fi ne d on the same basis as the text to avoid confusion. 

The value of C ( w ) is thus c a l c u l a t e d  for each value of
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f r e q u e n c y  in this p r o g r a m . In the final pro cess of 

c a l c u l a t i n g  the co mplex cons ta nt C (w ) values for a source 

fu nc ti on P(o)) and a suitable p r e - c o n d i t i o n i n g  w i n d o w  have to 

be c a l c u l a t e d .

1 1 .6 Dig ital D e v e l o p m e n t s  Le ading to FFT

As m e n t i o n e d  before, a Fourier Sy nt hesis ap pro ac h is 

a d o pt ed  to solve our pr oblem in the f r e qu en cy domain. Our 

sampled fre q u e n c y  w a v e f o r m  has to be inverse Fo urier 

tr an s f o r m e d  into the time do main for analysis. In order to 

use the c o m p u t e r - e f f i c i e n t  pr oc edure of a Fast Four ier 

T r a n s f o r m  (FFT) algorithm, it is required to adopt a 

d u a l is ti c app ro ach (e.g., Hadsell, 1980, p. 3-90 ) in that 

ne ither  time nor fre q u e n c y  domains are taken to be basic for 

di gital analysis. An i m p l icati on  of this ap p r o a c h  is that 

both time and the tr an s f o r m e d  freq uency  functions are 

r e p r e s e n t e d  by a periodic d i s t r i b u t i o n  of e q u a l l y - s p a c e d  

spikes with equal nu mber of sam ples in both domains. This 

procedure, h o w e v e r , calls for special care in the choice of 

the par ame te rs being used.

Since the p r oblem is posed in the fr e q u e n c y  domain, 

we take our f r e q ue ncy func ti on G (r ,w) to be Fou rier 

t r a n s f o r m a b l e  in that
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g(r,t) = 27T G(r,w) e1Wt da) (2-37)

Before d i s c u s s i n g  the digital analysis of G ( r ,o) ) let 

us look at its c o m p onents individually, n a m e l y , our source 

function, which gets m u l t i p l i e d  by a " transmission 

c o e f f i c i e n t "  as in E q s . 2-36 and 2-31 and the trun c a t i n g

w i n d o w .

II.6.A Source function

Since the pressure applied to the surface of the 

empty cavity in our model is due to that of a dynamite 

c h a r g e , our source function can be thought to have a rapid 

rise at the origin, followed by an exponential decrease of 

amp l i t u d e  as a function of time. A p a r t i c u l a r l y  con v e n i e n t  

model can thus be written as 

-t/t,
p(t) = Pq e ° U(t)

= Pq e at U(t)

(2-38)

where a(-l/tg) is the d a m p i n g  f a c t o r , U(t) is the unit step 
function and p(t) has a Fourier transform given by

p ( u )  =  p o ^ T I 5 =  l p ( M ) l  e l  < 2 " 3 9 )
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The real and i m a g inary c omponents as well as the amplitude 

and phase are given

2 , 2a + co

2 , 2a + co
p (2-40)

0 (co) = tan 1 (— )a

These relations are plotted in Figure 2.1-A in time 

and in Fig. 2.1-B as a function of linear frequency f. Here 

we choose one of our sampling p a r a m e t e r s , n a m e l y , the time 

period T as 0.2 seconds l o n g . The time constant tQ in 2-38 

is then taken as 0.1 seconds so that the a m p litude of the 

forcing function is reduced s u f f i c i e n t l y  after the 0.2 

second time interval. Note also that after 0.1 s e c o n d s , the 

a m p l itude is reduced to the 1/e v a l u e . A second choice in 

the time rate of decay of our source function was afforded  

by ch o o s i n g  the d a m ping factor a , to equal 600 s e c -1 instead 

of the previous 10. So our new forcing function can be 

c o n s i d e r e d  to decay at a much faster rate than the former 

case. In effect t h e n , the source with a= 10 s e c -1 is like the
— 2̂step response as c o m pared to a more physical case of a=600 sec
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G)

0 . 0 5 0.10 0. 15.00 TIME( SEC)
Figure 2-1.A Time domain forcing function.
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Figure 2-1.B Frequency domain forcing function.
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The source funct i o n  h a s , h o w e v e r , a z e r o - f r e q u e n c y  component  

as is evident in Fig. 2.1-B. Since we are to calculate  

particle velocity, time d i f f e r e n t i a t i o n  of particle 

d i s p l a c e m e n t  results in m u l t i p l i c a t i o n  by an ioo factor in 

the fre q u e n c y  domain (Eq. 2-32). This iui factor results in 

the e l i m i n a t i o n  of the z e r o - f r e q u e n c y  component in the 

c a l c u l a t i o n s  as m u l t i p l i c a t i o n  of 2-39 with an iu) gives

P ' ( M )  =  p o ^ I ^ =  l p , ( t 0 ) l e i 9 '  ( 2 " 4 1 )

with

p u
|P'(w)| f  2-p (2-42)

(a +  to ) 2

and

9 ’ = tan (^) (2-43)

So that now we observe that f o r t u n a t e l y  this "DC" term gets 

zeroed out from our calculations.

Our f o r cing function 2-41 is then subs t i t u t e d  in the

e x p r e s s i o n  for C ( w ) in 2-36 for each value of f r e q u e n c y . But

before the FFT p r o c e d u r e , our d i g itized d i s t r i b u t i o n  has to 

be m u l t i p l i e d  by a suitable p r e - c o n d i t i o n i n g  w i ndow which is 

d es c r i b e d  below.
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H - 6 . B W i n d o w i n g

A simple p r e - c o n d i t i o n i n g  filter for the purpose of 

band limiting of our data is the "Box-car" w i n d o w  bx(f/2f^) 

de f i n e d  as

bx(f/2f ) = 0 if |f/2f | > ^ c c

= 1 if |f/2f | < h

(2-44)

with

bx(f/2fc) <----> 2 f sine (2f^t) (2-45)

where f is the cut-off f r e q u e n c y  of the w i n d o w  and the sine 

function, is defined as

sin (2ttf t)
sine (2fct) = 27T f t ^—  (2-46)

c

Band limiting of our spectrum thus corr e s p o n d s  to 

the temporal conv o l u t i o n  of the original periodic function 

g(r,t) with a sine function. If any d i s c o n t i n u i t i e s  exist in 

g(r,t), a w e l l - k n o w n  ove r s h o o t  (about 9 percent value of the 

original discon t i n u i t y )  results on both sides of the 

d i s c o n t i n u i t y  (Oppenheim and Schafer, 1975; P a p o u l i s , 1962).

In c r easing the width of w i n d o w  in the f r e q uency only results
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in faster o s c i l l a t i o n s  on the o v e r shoot but all at the same 

amplitude. This is known as the Gibbs' phenomenon and can be 

reduced somehow through c o n s i d e r a t i o n  of a less abrupt 

t r u n c a t i n g  window.

Many windows have found great u t ility through 

smoother descent to zero at both ends. These include 

B a r t l e t t , H a n n i n g  and H a m m i n g  windows and so f o r t h , but for 

the purpose of this thesis we use a h a l f - c y c l e  sine function 

as our f r e q uency tru n c a t i o n  w i n d o w  W (f ) given by

sin(TTf/f )
for If I < fc

(2-47)
w(f) = ™ S 7 f — -  for l£ l < fcC

= 0 for f > f 1 1 c

Since we have d i g i t i z e d  r e p r e s e n t a t i o n  F = 2 M A f , where 

2M is the number of points in f r e q u e n c y , f c was chosen to be 

1400 Hz so that it can be r e p r e s e n t a t i v e  of a good w i d e -band 

window. Figure 2.2 shows the f r e quency domain r e p r e s e n t a t i o n  

of W(f) and Fig. 2.3 c o r r e s p o n d s  to its Fourier t r a n s f o r m .

A much more narro w e r  band DFS-V type w i n d o w i n g  was 

also used on the data which will be d e s c ribed in more detail 

in the next c h a p t e r .
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o.0 . 00 200.00 400.00 600.00 900.00 1400.001000.00 1200.00
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Figure 2-2 Frequency domain window.
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Figure
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’-3 Time domain window.
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II.6.C Computer analysis

In order for a c o n t inuous function G (f ) to be 

suitable for machine c o m p u t a t i o n  we first have to digitize 

it in our calculations. This sampling of G(f) is realized by 

m u l t i p l y i n g  it by the "sampling comb" c ( f )

C . (f) = Af £ <5(f - nAf) (2-48)
n = -œ

so the d i s crete r e p r e s e n t a t i o n  of G (f ) is given by the 

singular d i s t r i b u t i o n

Gj(f) = Af £ G (nAf) 6(f - nAf) (2-49)
n = -00

where 6(f) is the Dirac's Delta. Since an infinite comb 

f u n c t i o n , or "Dirac's fence" , Fourier transforms into 

another infinite c o m b , given by

2it £ 6(w - nw ) <----*■ At £ 6(t - nAt) (2-50)
n = -00 n = -00

for fre q u e n c y  period cog t we have temporal c o n v o l u t i o n  of

2j(t) with the rig h t - h a n d  member of 2-50. Because our 

forcing function is not time-limited, sampling introduces a 

slight time domain aliasing. To reduce this error we can 

only choose a smaller Af, but since the source function's
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amp l i t u d e  is s u f f i c i e n t l y  reduced after 0.2 second time 

i n t e r v a l , it is not deemed to be necessary. Note also that 

gj(t) becomes periodic as a result of fre q u e n c y  sampling.

N e x t , we have to truncate the infinity of points 

r e p r e s e n t e d  by 2-49 by means of our w i n d o w  2-47. Trun c a t i o n  

results in again c o n v o l u t i o n  of the aliased g(t) with the 

Fourier tr a n s f o r m  of the t r u n cation function. This gives 

rise to a w e l l - k n o w n  "rippling" due to the Gibbs' 

p h e n o m e n t o n . As was m e n t i o n e d  p r e v i o u s l y , to reduce this 

r i p pling we have to increase the width of our w i n d o w  as 

fre q u e n c y  scaling of the w i n d o w  results in c o n t r a c t i o n  of 

the w (t ) (Fig. 2.3) in the time domain. So now after 

w i n d o w i n g  we have

M-l
Af Z G (nAf) 6(f - nAf) W(f) (2-51)

n = -M

Finally, we have to d i s c retize the Fourier transform 

of 2-51 since this is still a continuous periodic function.

This time s a m pling is e q u i valent in fre q u e n c y  domain

c o n v o l u t i o n

M-l
G(f) = [Af Z G (nAf) <5(f - nAf) W(f)] * [F Z 6(f - rF) ]

n = -M r = -00
(2-52)

00 M-l
= FAf Z [ Z G(nAf) <5(f - nAf - rF) ]

r = -00 n = -M
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where here F is the fre q u e n c y  period given by F = 2 M A f . The
%n o t a t i o n  G (f ) is to imply that we have an a p p r o x i m a t e  

d i g i t i z e d  and periodic v e r s i o n  of G(f). Now we choose the 

number of points in the f r e q u e n c y  domain 2M (or the time 

domain) to be 1024 (=2*®) large enough for our w i n d o w  as 

will be evident l a t e r . Our f r e quency period F is then 

F = 1 0 2 4 x 5 = 5 1 2 0  Hz

So now with our choice of Af and F we have our

m a t h e m a t i c a l  r e l a t i o n s h i p  in 2-52 complete for 2M = 102 4
%n umber of points. G(f) will then have fo be Fourier 

t r a n s f o r m e d  by the use of c o m p u t a i o n a l l y  efficient FFT 

s u b r o u t i n e .

F u n ction Ĝ ( f ) in 2-5 2 is complex so before FFT is to 

be p e r f o r m e d , we must "fold" the real part of it about the 

N y quist fre q u e n c y  to make it an even function (Brigham,

1974, p . 135). We t h e r e f o r e , sample the real com p o n e n t  up to 

512th p 0 in t and fold it about this point. The imaginary 

c om p o n e n t  of &(f), however, has to be o d d , which means we 

have to fold and "flip" it about the 512th point.

Our complex function with even real part and odd 

i m a ginary c o m p onent is to be Fourier tran s f o r m e d  into a pure 

real time function (our transient) with zero imaginary part. 

Also of interest, observe that a real and even function of
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f r e q u e n c y  with zero imaginary part will Fourier transform to 

a real and even function in time. Note that our truncation 

f r e q u e n c y  is 1400 Hz so 280 points are used and the rest of 

the points are zeroed out up to the 5 1 2 ^  point before being 

folded. It is also evident that since f c (=1400 hz) <

F / 2 (=2560 Hz), we avoid the a l i a s i n g  problem.

The s u b r outine F O U RIER in the main computer program  

C O N STANT is written so as to fill the Fourier c o e f f icients  

a c c o r d i n g  to the p r e v i o u s l y - m e n t i o n e d  rule. This subroutine 

then calls up a m o d ified FFT sub r o u t i n e  adapted from 

Cl a e r b o u t  (1976). The results are then plotted using a 

suitable pl o t t i n g  program.

For the purpose of s u m m a r i z i n g  the steps that have 

been taken in the computer before r e s u l t i n g  in our transient 

waveform, a c o n v e n i e n t  guide to this analysis is c o n s t ructed  

in Fig. 2.5 in both fre q u e n c y  and time domains similar to 

Br i gham (1974, p . 92).
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F RE Q UE NCY T I ME

p(f )

T n

( f )Tr

F/2

SOURCE

TRANS-
FACTOR

t
Tr«t>»

J

— W( f  )
WINDOW

W«t>» Jf-------------------------------------J
F/2 t

Real
OUTPUT 

*  •  •  ♦ * - -

F/2

Figure 2-4 Computer computations leading to FFT.
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111- D I S C U S S I O N  OF THE THEO R E T I C A L  RESULTS

Computer p r o gram CONST A N T  (Appendix D) was written  

on the Control Data C o r p o r a t i o n  (CDC) Cyber Computer model 

7 20 (and later changed to also a c c o modate CSM's Digital 

E q u i pment C o r p o r a t i o n  Dec-10 c o m p u t e r ) to apply the 

t h e o retical scheme des c r i b e d  in chapter II in order to 

d i g i t a l l y  compute various transient outputs of interest. As 

de s c r i b e d  in the user manual for the program CONSTANT 

(Appendix C ), this program makes use of an input data file, 

called Tape 1, for the computer calculations. These are data 

values that must be specified by the u s e r , in order to 

obtain a computer output for a specific charge size and 

medium of interest.

Careful c o n s i d e r a t i o n  must be taken in choosing  

numerical values for each of the parameters in Tape 1 which 

we now proceed to d e s cribe in some detail. V a r i ables in the 

line 4 of Tape 1 ask for number of the sample points up to 

wi n d o w ' s  cut-off fre q u e n c y  (KFREQ in the p r o g r a m ) and 

sam p l i n g  rate (D E L T A F ) in Hertz, and in line 3 damping 

c o e f f i c i e n t  (ALFA) in s e c - 1 , which were all des c r i b e d  in the 

previous chapter. As was s h o w n , we only needed 2 80 sample



T-2892 55

points for a 1400 Hz cut-off f r e quency w i n d o w  with sampling  

interval of 5 Hz and a d a m ping c o e f f i c i e n t  of 10 s e c - 1 .

The physical c h a r a c t e r i s t i c s  of the s u r r ounding 

rocks are specified in line 2 with the choice of 

co m p r e s s i o n a l  and shear v e l o cities in cm/sec and densities 

in gr/cm^. These can ideally be obtained from the borehole 

logs or any other source of information that is available on 

the rock f o r m ation of interest. The CGS system of units are 

adopted in all c a l c u l a t i o n s  and even if mixed units are 

specified, as in line 1 of Tape 1 for e x a m p l e , it would 

a u t o m a t i c a l l y  be c o n v erted into a p p r opiate units in the 

p r o g r a m .

Finally, in line 1 the size of the dynamite charge Q 

in pounds and its d e n sity in gr/cm^ are specified so that 

the physical radius of the assumed spherical charge can be 

c a l c u l a t e d  in centimeters. K e e ping this charge radius as 

c o n s t a n t , we then proceeded to compute various transient 

outputs for dif f e r e n t  radii of rock d e f o r m a t i o n  by changing  

B/A ratio in the p r o g r a m .

The dyn a m i t e ' s  d e t o n a t i o n  pressure P Q is another 

variable that needs to be specified by the user in line 1 of 

Tape 1. For a typical d y n amite charge this pressure is 

ideally of order of 10 6 psi or about T x l O 1^ dyn/cm^ in 

magnitude. This value is, h o w e v e r , c o n s i d e r a b l y  reduced in a
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borehole envi r o n m e n t  to a few percent of that a b o v e . Its 

u t i l i t y  comes about in o b t a i n i n g  peak theoretical v e l ocity 

values mainly for e x p e r i m e n t a l  c omparisons and a handle in 

most of the rock m e c h anical calculations. This will be more 

fully di s c u s s e d  in the s ubsequent chapter. Here a value of 

2 . 1 2 x l 0 9 d y n / c m 2 or about 1/33 of m a x i m u m  assumed dynamite 

d e t o n a t i o n  pressure of 106 psi was selected for p Q .

G e n e r a l l y  s p e aking four elastic constants are needed 

to c o m p l e t e l y  descr i b e  an isotropic, h o m o g e n e o u s  v i s c o ­

elastic medium (White, 1983). Two of these constants are the 

o r d i n a r y  elastic constants, known as Lame's c o e f f i c i e n t s  À 

and y , which are c a l c u l a t e d  from veloc i t y  and de n s i t y  values 

given in line 2. From the two c o r r e s p o n d i n g  loss parameters, X* 

was assumed to be zero (Appendix A) and therefore a 

k n o w l e d g e  of n=U’ (XMU1P), or ordin a r y  v i s c o s i t y  of the 

liquid is required. As d i f f e r e n t  ranges of v i s c o s i t y  can 

give rise to marked v a r i a t i o n s  in the dila t a t i o n a l  viscous 

d a m p i n g  of the o u t g o i n g  co m p r e s s i o n a l  waves (Appendix A), a 

careful choice of v i s c o s i t y  is required as will be outlined 

in more detail in the section below.
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III.l Stress Waves in an Infinitely E x t ended

V i s c o - e l a s t i c  Liquid

In order to obtain physical insight in the choice of 

the viscous constants being u s e d , here we consider the 

p r o b l e m  of radial stress d i s t r i b u t i o n  in an infinitely 

ex t e n d e d  viscous liquid. R e f e r r i n g  back to Equation 2-19 and 

again c o n s i d e r i n g  an expo n e n t i a l  time dependence, we write 

2-19 as

, /9U ^ 2Uv ^ i2wn 9U= A f c  + — ) +

(3-1)

'9r r X 9r

where H denotes v i s c o s i t y  ( y'=ri ) • If we now consider wave 

pr o p a g a t i o n  in an i n f i nitely extended Voigt liquid, a 

solution to the wave Eq u a t i o n  2-10 becomes

#(r,w) = e"kr

k = a + ̂  (3-2)c

90where : U= ^
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and D ( ûü ) is a c o mplex c o n s t a n t .

S u b s t i t u t i n g  Eq. 3-2 above into 3-1 we obtain

Prr (3-3)

The c o e f i c i e n t  2 —  in 3-3 can be thought of as a phase angle 9
X

between stress and strain (Lee 1964, p. 2403) where

C o n s i d e r i n g  the constants involved in real media, 

this phase angle is u s u ally much less than unity, which 

means tan 6~9. Eq u a t i o n  3-3 then becomes

[1 + + 1)1k r
(3-5)

Let us now proceed with a numerical example to 3-5

above. If we consider a medium with co m p r e s s i o n a l  wave 

ve l o c i t y  (in liquid) of about 1 . 5 x l 0 5 cm/sec and for

fr e q u e n c y  of 100 Hz at a d i s tance of 10 cm, we have

K. 2 7T 100 s 4 x 10 cm1' c1 1.5 x 105
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so now

k r

Analogously, for a radius of 100 cm, the term 

m u l t i p l y i n g  6 in 3-5 is about 130. So it is evident that 

this m u l t i p l y i n g  term can get extremely large at short 

distances. This effect, h o w e v e r , diminishes at larger r 

values were we obtain a simple 1/r dép e n d a n c e  for radial 

stress. This behavior of radial stress at smaller distances 

is also, of c o u r s e , e x p ected to be dependant on the value of 

the 9 multiplier. As is evident in 3-4 larger v i s c osities 

give rise to higher 8 values. For the example a b o v e , values 

of v i s c o s i t y  greater than 105 result in 0 > 1 0 ~ 3 (for 100 Hz) 

which again severely damps the observed outgo i n g  wave motion 

at short distances.

This process can p h y s i c a l l y  be thought of as the 

fo r m ation of a small spherical shell of o v e r - p r e s s u r e d  rigid 

liquid around the cavity for larger v i s c o s i t y  values. The 

res u l t i n g  d i l a t a t i o n a l  wave motion out of this zone is 

e s s e n t i a l l y  do m i n a t e d  by the very high f r e q uencies which are 

pro b a b l y  being cut by our window. This is d e m o n s t r a t e d  in 

Figure 3.1 where this effect is pron o u n c e d  for v i s c o s i t y  

values greater than 10^, so that what we observe is
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PEAK AMP

' V V V V V V V V V W V W V X Z *  68.9

'xA A A A A / v v v 'vxz' 67.41e#

61.70m

50.88

23.32a

3.307

0.354

O 20 1 0 0 200

Time (ms)
Figure 3-1 Particle velocity as a function of viscosity for a 5 lb 

charge in Taylor marl. (B/A=7.5, R=50 meters).
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e s s e n t i a l l y  the time domain t r a n s f o r m a t i o n  or "time 

constant" of our w i n d o w  (P e e t , 1960). Lower v i s c osity values

(less than 10^) gives rise to a more "ringy" low frequency- 

o s c i l l a t i o n s  which is expected.

The indicated "Peak" amplitudes on the right hand 

margin also reveal that we obtain more than a 100:1 ratio in 

amp l i t u d e  in going from 10 7 centipoi ses (cP) to 10 4 cP in 

v i s c o s i t y  value. These are maximum peak values reached by a 

w a v e f o r m  in each t r a n sient o s c i llation and are in units of 

cm/sec . It is e v i d e n t , therefore, that c o n s i d e r a b l e  amount 

of d a m ping in amp l i t u d e  results for these higher 

viscosities. For lower viscosities, however, we observe far 

steadier values of a m p litude as most of the energy gets 

through our window. So before any w a v e f o r m  analysis, a

careful "viscosity m e n u " of the form of Fig. 3.1 had to be

c o n s t r u c t e d  in order to select the right order of magnitude  

for v i s c o s i t y  for the medium and windows being used.

It is perhaps justified here to bring a reminder of 

some of the d i s c u s s i o n  r e g arding vis c o s i t y  (Appendix A). In

our model, a change of v i s c o s i t y  H results solely in a

change of d i l a t a t i o n a l  v i s c o s i t y  K'=2/3H (as tangential 

stresses are zero), which alters the shape of the resulting  

co m p r e s s i o n a l  wave motion. This v i s c o s i t y  change, then acts 

as our d a m ping mec h a n i s m  for the a t t e n u a t i o n  of the initial
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very high fre q u e n c y  content of dynamite in the near 

d e f o r m a t i o n  zone around the cavity. The a s s u m p t i o n  of zero 

d i l a tional vi s c o s i t y  of X ’ =-2Tl / 3 , as afforded by some authors 

in the literature like Stokes (1845), should n o t , in this 

c a s e , result in any viscous d a m ping of energy and therefore  

would be analogous to a pure elastic case. The procedure to 

m o d i f y  the computer pr o g r a m  to output a v i s c o s i t y  rather 

than a B/A d i s p l a y  menu is d e s c ribed in the computer 

p r o g r a m .
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I I I . 2 Effects of Ch a n g i n g  the Decay Constant

of the S o u r c e .

A n o ther important v a r iable which can influence the 

r e s ulting wave motion is the time decay constant of the 

source a. As a r e m i n d e r , we saw in chapter 1 that larger 

charges gave rise to a faster rate of decay of the initial 

pressure pulse and thus a larger value of a. H o w e v e r , due to 

the many e x p e r imental complications, no s a t i s f a c t o r y  

kno w l e d g e  of changes in a for d i f f erent types or sizes of 

e x p l osives are known. To d e m o n s t r a t e  the changes in 

w a v e f o r m s  which a c c o m p a n y  d i f f erent values of a, Fig. 3.2 

was c o n s t r u c t e d  for a 5/8 lb charge in Pierre shale with a 

constant B/A ratio and v i s c o s i t y  value but changing a in the 

y -axis from a=5 0 0 s e c -1 (t0 =2 msec) to a = 3000 sec 1 (t 0 =l/3 

msec ) .

As is e v i d e n t , inc r e a s i n g  decay constant a results 

in a faster o s c i l l a t i o n  as expected. The shape of each 

waveform, on the other h a n d , varies c o n s i d e r a b l y  as we 

observe a more dev e l o p e d  second and third peaks in each of 

the t r a nsient o s c i l l a t i o n s  with the second legs b e c oming  

more p r o n o u n c e d  than the first for larger than 1500 s e c -1 

values. This p h e n omenon can also be observed in some of the 

Ricker's (1953) field o b s e r v a t i o n s  for the smaller size
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PEAK ADR
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Figure 3 2 Particle velocity as a function of source's damping 

constant for a 5/8 lb charge in Taylor marl.
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c h a r g e s .

Due to the inherent e x p e r imental u n c e r t a i n t i t y  and 

c o m p u t a t i o n a l  complications, ® , as is the case for almost 

all t h e o r etical developments, is held constant and 

i ndependant of charge size in all our calculations. Two 

values of a were selected with one equal to 600 s e c - 1 

c o r r e s p o n d i n g  to a m o d e r a t e l y  fast decay i n g  source and other 

equal to 10 sec *. A l t h o u g h  the latter is rather small, but 

it can be thought to represent the step response of the more 

p h y s i c a l l y  r e a l izable former case.
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I I I . 3 C o m p a r i s o n s  with the Expe r i m e n t a l  Data

With the s e l e ction of a likely order of magnitude  

for v i s c o s i t y  , the size of the d e f o r m a t i o n  zone (B/A value) 

was changed in order to obtain a wa v e f o r m  with a "Period" 

that would match the field data. For the example cited 

previously, v i s c o s i t y  was in order of 104 cP in value for 

the variable B/A displays. K e eping the size of the 

de f o r m a t i o n  zone as fixed, we then pro c e e d e d  to again change 

vi s c o s i t y  but this time at a much finer scale, in order to 

obtain w a v e f o r m s  with correct " s h a p e s " as judged by the 

degree of damping, or peak to trough ratios, of individual 

t r a c e s .

Three sets of data are drawn from the literature for 

the purpose of comp a r i s o n s  with our theoretical results. 

These include exper i m e n t a l  data obtained on the shape of 

primary seismic w a v elet on Taylor marl (Sengbush ,1978); on 

the Pierre shale (J a n a k , 1982; Sixta, 1982; McDonal et al.,

1958 and Ricker, 1953) ; and on a London clay formation as 

reported by O ' B rien (1969). For the case of the Taylor marl 

and Sixta's data on the Pierre shale, c a l c u l a t i o n s  are 

obtained for both faster and slower d e c a y i n g  s o u r c e s . In
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each s e c t i o n , all the c o m p u taional procedures leading to the 

final wavelet selections are outlined for only the slower 

d e c a y i n g  source. For the faster source function, on the 

other hand, only final results will be shown.

I I I . 3.A Seismic w a v e l e t  in the Taylor marl

Results of pressure m e a s u r e m e n t s  for different 

charge sizes as reported by Sengbush (1978) in the Taylor 

marl in Kaufman County, Texas are shown in Figure 3 . 3 . A and

3.3.B. These represent various waveforms from two in-line 

r e c o r d i n g  holes with 20 ft spacing. One m i l l i s e c o n d  tic 

markings are indicated unde r n e a t h  each chart. As is evident, 

increased values of charge weight gave rise to lower 

f r e q u e n c y  o s c i l l a t i o n s  with the frequency response curves 

sh i f t i n g  towards lower frequencies.

Let us now refer back to Figure 3.1 which represents 

plots for our t heoretical particle velocities. X-axis 

r e p r esents time which is g e n e r a l l y  200 m i l l i s e c o n d s  (MS) 

long with 20 MS intervals. Y-axis plots the w a v e f o r m s  for 

either variable B/A ratio, or v i s cosity values or charge 

sizes as specified on each figure. Each d i s play is corrected 

for geom e t r i c a l  sp r e a d i n g  for a shot- r e c e i v e r  distance of 50 

meters.
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Figure 3-3.B Amplitude spectra of waveforms in Fig. 3-3.A.
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As no dep e n d a b l e  vel o c i t y  logs were available, c o m p r essions! 

wave ve l o c i t y  was c a l c u l a t e d  d i r e c t l y  from the two recording 

hole data for the 5/8 lb charge and found equal to 2.44 

km/sec. A shear-wave ve l o c i t y  of 1.0 km/sec and rock density 

of 2.16 gr/cm^ was further est i m a t e d  as inputs to Tape 1. 

With no data a v a i lable on the type or the commercial make of 

the charges being u s e d , an explosive d e n sity of 1.25 g r / c m 3 

was also assumed which is a typical value for most dynamite  

charges employed in exploration. The field data were 

ob t ained by a w i d e -band a n a l o g  recording system which meant 

that the hal f - c y c l e  sine function, which was d e s c r i b e d  in 

section II . 6 . B, was in this case, an app r o p i a t e  tru n c a t i n g  

w i n d o w  of our dig i t i z e d  data. The cut-off fr e q u e n c y  of this 

w i n d o w  was assumed equal to 1400 Hz.

Figures 3.4 to 3.9 represent variable B/A plots for 

all charge sizes. V i s c o s i t y  was held to be constant and 

equal to about 10^ cP as de m a n d e d  from our v i s c o s i t y  plot of 

Figure 3.1. For each size charge, a value for B/A was 

selected as to best fit the "period" in wa v e f o r m s  of Figure

3 . 3 . A. "Period" for each w a v e f o r m  was defined as the length 

in time from the onset to the second zero cro s s i n g  of each 

w a v e f o r m . Each plot was first d i s played on an expanded scale 

so that an accurate reading for periods can be m a d e . Note 

that values for B/A in Figures 3.4 to 3.9 may start at
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Figure 3-4 Particle velocity as a function of B/A ratio for a 5/8

lb charge in Taylor marl. (Viscosity = 10000 cP).
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Figure 3-5 Particle velocity as a function of B/A ratio for a 1.25

lb charge in Taylor marl. (Viscosity = 10000 cP).



B/
A

T-2892 73

O'T-

9

to

h-

<0

0 200100

Time(ms)
Figure 3-6 Particle velocity as a function of B/A ratio for a 2.5

lb charge in Taylor marl. (Viscosity = 10000 cP).
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Figure 3—7 Particle velocity as a function of B/A ratio for a 5

lb charge in Taylor marl. (Viscosity = 10000 cP).
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Figure 3-8 Particle velocity as a function of B/A ratio for a 10

lb charge in Taylor marl. (Viscosity = 30000 cP).
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Figure 3-9 Particle velocity as a function of B/A ratio for a 20

lb charge in Taylor marl. (Viscosity = 30000 cP).
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d i f ferent initial values on the y-axis.

Peak a m p l i t u d e  values are noted on the right hand 

column only for the 5/8 lb case of Fig. 3.4 in order to 

observe the steady rise in a m p litude with i n c r easing B/A 

ratios. The basis for their calcu l a t i o n s  will be discussed  

in the latter part of section III.3.B.

The B/A ratios were then held const a n t  in order to 

vary vis c o s i t y  as to best select waveforms with sufficient 

amount of damping. An example for a 5 lb charge is exhibited 

in Figures 3.10 and 3.11. Note that as expected, viscosity 

changes do not alter peak fre q u e n c y  values of the amplitude 

spectrum but only result in v e l ocity a m p l itude variations. 

Table 3.1 below indicates values for B/A ratio and viscosity 

that were selected as to best fit the field data:
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Charge sizes (lb) B/A V i s c o s i t y (x l O 3 )

( cp )

5/8 6 . 7 22 . 0

1 . 25 7 . 8 22 . 0

2 . 5 9 . 1 23 . 0

5 . 0 9 . 1 24 . 0

10 . 0 9 . 7 30 . 0

20 . 0 9 . 6 30 . 0

Table 3.1- Values for v i s c o s i t y  and B/A that best fitted 

the field data. (a=10 s e c - 1 )

Constants in Table 3.1 were used to c o n s truct 

selected w a v eforms for all charge weights. These are shown 

on Figure 3.12 and 3.13. As is evident, all waveforms  

indicate a rather e n c o u r a g i n g  simi l a r i t y  in shape and 

a m p l i t u d e  response with the field data of Figure 3 . 3 . A. We 

f u r t h e r m o r e  observe the well known shift in peak a m p l itude 

responses towards lower freq u e n c i e s  with larger charge 

weights. I ncreasing charge weights should therefore give 

rise to a higher a m p l i t u d e  l o w - f r e q u e n c y  ground motion.

We also observe in Figure 3.13 an abrupt cut-off of 

the f r e q u e n c y  response at 1400 Hz which is solely due to the 

windowing. Note that each amp l i t u d e  response is initially
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Figure 3-10 Particle velocity as a function of viscosity for a 5

lb charge in Taylor marl. (B/A - 7.2)
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Figure 3-11 Amplitude spectra of waveforms in Fig. 3-10.
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linear for some time which is e s s e n t i a l l y  what we expect 

from a purely doublet type of w a v e f o r m . It is also evident 

that a dif f e r e n t  functional r e l a t i o n s h i p  exists between 

charge weights and amp l i t u d e  in dif f e r i n g  regions of the 

amp l i t u d e  s p e c t r u m . The a m p l i t u d e  increase is, for e x a m p l e , 

more p r o n o u n c e d  at lower freq u e n c i e s  with an increase in 

charge weight. This p h e n o m e n o n  was also noted by Peet (1960) 

and by O'Brien ( 1960) on his data on marine and land 

d y n amite shots .

Faster de c a y i n g  source (a=600 s e c - *) results in, of 

c o u r s e , faster o s c i l l a t i o n s  which means that larger B/A are 

re q uired for wavelet matchings. Same procedure for c h a nging  

B/A and vis c o s i t y  values gave rise to final w a v e forms in 

Fig. 3.14 and their a s s o c i a t e d  frequency responses in Fig. 

3.15. These selections are shown in Table 3.2 below
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Figure 3-12 Particle velocity as a function of charge size in Taylor

-1
marl. (Slower decaying source, alfa = 10 sec ).
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F R E Q U E N C Y  (HERTZ)
Figure 3-13 Amplitude spectra of waveforms in Fig. 3-12.
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Charge Size (lb) B/A V i s c o s it y (x l 0 3 )

( cp)

5/8 7.18 26.8

1.25 9.2 20.4

2.5 10.9 16.8

5.0 10.5 18.9

10.0 12.6 27.5

20.0 12.5 27.5

Table 3.2- Best choices for B/A and v i s c o s i t y  values for 

the faster d e c a y i n g  source (a=600 s e c - 1 ) in the Taylor marl .

As b e f o r e , a general increase in B/A ratios and 

decrease in v i s c o s i t y  values are observed with increasing 

charge sizes. Time waveforms in Fig. 3.14 also seem to 

c l o sely resemble the field data similar to the previous case 

of Fig 3.12. The f r e quency r e s p o n s e , h o w e v e r , shows a faster 

rise and a much rounder pe a k i n g  of a m p l itudes which more 

c l o s e l y  resemble the field data of F i g . 3.3.B. Note also

that each peak is d i s p l a c e d  by about same relative scale as 

a function of charge size when compared to the field data. 

Again d i f f e r i n g  am p l i t u d e  r e l a t i o n s h i p s  seems to be evident 

in d i f f e r e n t  regions of the f r e q uency spectrum as a function 

of charge size.
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Figure 3-14 Particle velocity as a function of charge size in
-1

Taylor marl. (Faster decaying source, alfa = 600 sec ).
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Figure 3-15 Amplitude spectra of waveforms in Fig. 3-14.
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III.3.B Data obtained on the Pierre s h a l e .

An u n u s u a l l y  thick and h o m o g e n e o u s  section of a 

Ore tec ious shale unit, known as the Pierre shale, has always 

p r o vided an ideal site for the purpose of source studies 

c o n d u c t e d  by various authors in the literarure. Sharpe 

(1942) i n v e s t i g a t e d  wave motion in Pierre shale and found it 

to be of some order of m a g nitude longer in duration than 

pre d i c t e d  by his t h e o r y . Ricker (1953) and later McDonal et 

al. ( 1958) observed both compr e s s i o n a l  and shear pulses in 

this for m a t i o n  which provided some of the early field data 

on the form and shape of the primary seismic p u l s e .

Recently, as a result of series of "source studies" 

e x p e r i m e n t s  conducted by the then Expl o r a t i o n  Research 

L a b o r a t o r y  (ERL) of the Geophysics D e p a r t m e n t  of the 

C o l orado School of Mines, Janak (1982) and Sixta (1982) 

p u b l i s h e d  a c o m p r e h e n s i v e  report on all the recordings 

o b t ained from the dif f e r e n t  seismic sources being tested.

The test was c o n ducted near the town of Brush in the 

N o r t h e a s t e r n  part of Colorado with the Pierre shale being 

r e a s o n a b l y  homo g e n e o u s  in its upper 1000 ft of the section.

Seven t h r e e - c o m p o n e n t  clusters of 8-Hz geophones
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were cemented in place in a borehole from 400 to 1000 ft 

with 100 ft intervals. Seismic sources were located on a 

circle, with the r e c o r d i n g  hole at its c e n t r e . A 50 ft 

radius between each source and the recording hole ensured a 

near vertical t r a v e l l i n g  signal, being tran s m i t t e d  

a p p r o x i m a t e l y  parallel to the borehole axis.

Figure 3.16 which was obtained from Sixta (1982, p. 

16) displays recordings for a 5 lb charge at a depth of 177 

feet. The term "All C orrections" refers to all the 

p r o c e s s i n g  c o r r e c t i o n s  that were done and will be described  

later. The rec o r d i n g  hole was filled by s l o w - s e t t i n g  cement 

which e x h ibited excellent r e p r o d u c i b i l i t y  and good coupling 

for pick up of higher fre q u e n c y  motion. Al t h o u g h  one other 

gravel filled hole as well as a cased hole were also used, 

the cemented hole seemed to c o n s i s t e n t l y  give rise to the 

most d e p e n d a b l e  w a v e f o r m s , which will be used here for the 

purpose of all t h e o r etical comparisons.

Explosive charges ranging from 1 to 50 lb in weight 

were used as part of the sources being examined. These were 

located at depths from 10 to 2 00 ft down the b o r e h o l e . Since 

an a p p r o x i m a t e  40 ft of eolian sand followed by another 40 

ft of clay were present above the Pierre shale in the test 

site, only shots more than 100 ft deep were cons i d e r e d  to be 

truly within the Pierre shale unit. We have a c c o r d i n g l y



T-2892 89

.CEMENT HOLE
DEPTH : [fjl
1000

900

800

700

600

500

0 300T IMS)

Figure 3-16 Field recordings of a 1 lb charge buried at 200 ft. 

(After Sixta, 1982).
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selected shots fired at 200 ft depths and recorded by the 

1000 ft depth g e o p hones for all our comparisons.

Several steps in p r o c e s s i n g  were applied to the raw 

field data. These included horizontal geo phone orie n t a t i o n  

from shots on the 50-ft radius cement ring and c o n s t r u c t i o n  

of both inverse filters for the r e c o rding instruments and 

the g e o phone response. In addition to above c orrections to 

the raw data, another set was d i s p layed c o r r e c t i n g  for such 

factors as spherical s p r e a d i n g , t r a n s m i s s i o n  through the 

bou n d a r i e s  and a t t e n u a t i o n  losses . For our a n a l y s i s , the 

w a v elets that were chosen had been cor r e c t e d  for all the 

amp l i t u d e  losses , so they were as if recorded 1 meter away 

from the s h o t s .

Since the data were recorded using CSM's DFS V 

r e c o rding system, as men t i o n e d  above, an inverse filter to 

remove its effect had to be constructed. This meant that a 

net w i n d o w i n g  similar to that of Figure 3.17 was done on the 

data and our p r e v i o u s l y  t r u n c a t i n g  w i n d o w  of Figure 2.2 was 

no longer suitable. Both am p l i t u d e  and phase responses on 

this figure were hand d i g i t i z e d  and were used as our 

p r e c o n d i t i o n i n g  w i ndow for computer calculations. The data 

file which contains this w i n d o w  s p e c i f i c a t i o n s  is called 

Tape 11. Notice that our d i g i t a l l y  recorded data is severely 

b a n d - l i m i t e d  and its a m p litude is reduced up to 48 db above
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Figure 3-17 Amplitude and phase spectra of the DFS-V window.
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250 Hz. It also contains a not i c a b l e  60 Hz notch filter and 

an a s s o c i a t e d  phase at that f r e quency which was con s i d e r e d  

in Tape 11 so that all t heoretical f r e q uency responses 

should a c c o r d i n g l y  be a f f e c t e d  by this c u t - o f f . F requencies 

g r e ater than 250 Hz were zeroed out com p l e t e l y  which meant 

that KFREQ variable in line 4 of Tape 1 is now equal to 50.

Both the g e o phone and DFS V inverse f i l t e r i n g  had 

the net effect of removing the phase and were thus referred 

to as "D e p h a s i n g " of the data. Note that since both of these 

inverse filters were zero phase and n o n - c a u s a l , a back- 

l oading of the energy results when aplied to causal 

w a v e f o r m s  . This effect is further a c c e n t u a t e d  with 

a p p l i c a t i o n  of the a t t e n u a t i o n  correction, which is also a 

zero phase filter. The net effect on our waveforms is an 

a rt i f i c i a l  do w n w a r p  mo v e m e n t  before the onset of our causal 

w a v e f o r m s .

This a r t i ficial c e n t e r i n g  of energy is evident in 

all our data as in Figure 3.18, for example, which displays 

co m puted wav e f o r m s  for a 10 lb charge using constants  

reported by Janak ( 1982 ) . Also note that we do not observe 

any smooth wav e f o r m s  but traces that are a bit ringy at the

tail end. This is again a t t r i b u t e d  to an a p p l i c a t i o n  of

Gibb's p h e n o m e n o n  which means that for a 60 Hz notch type of

cut-off, our time wav e f o r m s  should oscillate at that
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Figure 3-18 Particle velocity as a function of B/A ratio for a

10 lb charge in Pierre shale. (Viscosity = 90000 cP)
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fr e q u e n c y  (Papou 1 i s , 1962 ). Shown at the bo ttom of this 

Figure are exper i m e n t a l  data from Sixta (1982) for shots at 

200 ft. Note that field data is also c o n t a m i n a t e d  by a 

w a v elet "ghost" which is a ref le ction off the bo ttom of the 

low ve l o c i t y  level. The degree of i n t e r fer en ce of the ghost 

w a v elet with the pr ima ry  seismic pulse gets, obviously, more 

severe at sh al lower shot points.

A mean co m p r e s s i o n a l  ve loc i t y  value of 2.17 km/sec 

and shear ve l o c i t y  of 0.8 km/sec with rock d e n s ities  of 2.11
3gr/cm were input in the co mputer  as our data values. 

Dupont's 5 lb Tovex S char ges with exp lo sive d e n sity of 2.11
3gr/cm were used in c o n s t r u c t i n g  all the 5 to 50 lb charges 

in the field. The shot receiver dist an ces for computer 

outputs were again 50 meters.

Using the fo l l o w i n g  data, wa ve forms for all size 

charg es were constructed. Here, the n a rr ow band cha ra ct er of 

our p r e c o n d i t i o n i n g  w i n d o w  place d severe c on strain ts  

s p e ci al ly  on w a v e f o r m s  ob tai n e d  from smaller charges. Since 

it is known that a m p li tu de respons e peaks at higher 

fr eq u e n c i e s  for smaller charges, our w i n d o w  was therefore, 

only suitable  for large enough  charges that c o n t ained most 

of their energ y in the f r e q u e n c y  band of our window. This is 

i l l u strat ed  in Figure 3.19 for a 1 lb charge where we 

obse rve  r e l a t i v e l y  no change in period with i n c r easing  B/A
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Figure 3-19 Particle velocity as a function of B/A ratio for a 1

lb charge in Pierre shale. (Viscosity = 20000 cP).
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ratio. Disp la ys for a 5 lb charge did also exhibit similar 

c h a r ac te r and only outputs for 10 lb charges or higher were 

judged to be reliabl e for c o m p a ri so ns with the field d a t a .

C o n s i d e r i n g  the a b o v e , a v i s c o s i t y  menu for a 10 lb 

charge was made and is shown on Figure 3.20. Ounce a g a i n , a 

v i s c o s i t y  value of aroun d 104 c e n t ipoi se s seems to be 

a p p r o p i a t e  for our analysis. A ratio of almos t 1:350 in 

a m p l it ud e v a r i a t i o n  is o b s er ved for v i s c o s i t y  ch angi ng  from 

10 7 to 10 4 cP in v a l u e . Higher than 10 4 v i s c o s i t i e s  exhibit 

w a v ef orms that are e s s e n t i a l l y  the time t r a n s f o r m a t i o n  of 

our f r e q uency  w i n d o w  as, similar to the pre vi ous case, most 

of the t r a n sm itted  energy is outsid e the band -pass of our 

w i n d o w .

D is pl ays for 10, 25 and 50 lb cha rges were also

c o n s t r u c t e d  va ry in g both B/A ratio and v i s c o s i t y  and best 

judged matches  are shown in Figures 3.21 to 3.25. As b e f o r e , 

we note a change in period with ch an ging B/A ratio, and a 

change in degre e of peak to trough oscillat ion, or amount of 

damping, with va riatio ns  in viscosity. Closest matches with 

Sixta ' s wav e f o r m s  were o b j e c t i v e l y  j u d g ed -and perhaps not 

the "best" choices due to the inherent noisine ss  as a result 

of our n a r r o w  band n o t ched f i l t eri ng  of the da ta -and are 

ta bulat ed  below for the re liable charge weights:
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Figure 3-20 Particle velocity as a function of viscosity for a 10 

lb charge in Pierre shale. (B/A = 7.5).
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lb charge in Pierre shale. (B/A = 8.25).
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Charge size(lb) B/A V i s c o s i t y ( x l O 3 )

(cP)

10 7.5 40.0

25 7.75 35.0

50 8.25 40.0

Table 3.3- Choices of B/A and vis c o s i t y  for best match 

with field data in Pierre shale.

Here it should perhaps be noted that a l t houg h the 

a v a i l a b l e  i nf or matio n on the field para meter s were far 

su per io r to the pre vi ous c a s e , the v a r i a b i l i t y  in the shape 

of the wa veform s put a c o n s t r a i n t  on the accur a c y  of all 

com par isons. Note for example, the rather ragged behavio r of 

the second peak or even the first trough of the prim ary 

seismic wavele ts  for va rious charge weights.

Using const an ts stated in Table 3.3 and similar to 

the Taylor  marl c a s e , Figure 3.26 was made to di splay 

w a v e f o r m s  for the larger size charges. We again observe the 

same general trend of lower f r e q uency motion for larger 

ch arg es that are shot, of c o u r s e , at the same depth. 

Il l u s tr ated in Figure 3.27 are the c o r r e s p o n d i n g  a m p l itu de  

spectra. Notice the rather visible 60 Hz notch a n d , as
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b e f o r e , larger a m p l it u d e / c h a r g e - w e i g h t s  dépen da nce for lower 

parts of the f r e quency  s p e c t r u m .

Larger B/A ratios and smaller v i s c ositie s were again 

o b s er ved for best fitted w a v e fo rm s using faster de c a y i n g  

source (a=600 s e c - 1 ) as shown in Table 3.4 below

Charge size (lb) B/A Vi scos . ( x 1 O'* )

(cP)

10 9.3 38

25 9.2 28

50 10.4 25

Table 3.4- S e l ection of B/A and v i s c o s i t y  values for the 

faster d e c a y i n g  source (ot = 600 s e c - 1 ) in the Pierre shale.

Values shown in Table 3.4 were used in ma king Figs. 

3.28 and 3.29. Since no k n o w l e d g e  of d yna mi te's de to n a t i o n  

pr ess ur e under bor eh ol e co nd i t i o n s  were k n o w n , the a m p li tude 

c o r r e c t e d  field data in the Pierre shale were used as a

means of obt a i n i n g  p^ for the more rel iab le a =600 sec * 

source. This yiel ded  to a value of 2 . 1 2 xl 09 d y n / c m 2 . This 

s c h e m e , there fore served as a means of c a l i b r a t i o n  of our 

source for all the v e l o c i t y  w a v ef or ms in Pierre shale and 

other form ations  as well as the rock mech anics co mp u t a t i o n s  

in Chapter IV.
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Figure 3-28 Particle velocity as a function of charge size in Pierre

shale. (Faster decaying source, alfa = 600 xec "*")
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Figure 3-29 Amplitude spectra of waveforms in Fig. 3-28.
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III.3.C Comp a r i s o n s  with Other Data in the 

L i t e r a t u r e .

P e r h a p s , to reduce the proble ms  ass o c i a t e d  with 

n a r r o w - b a n d  filtering, we can consi de r other authors who 

also pr ov id ed data on the same f o r ma tion but using a more 

w i d e - b a n d  type of a filtering. Both McDonal et al. ( 1958) 

and Ri cke r (1953) o b t ain ed  data on Pierre shale at locations 

near Limon in East ern  part of C o l o r a d o . Since the authors 

used rather flat response wide band rec o r d i n g  systems, our 

previous 1/2 cycle sine with 1400 Hz cut-off frequ en cy was 

used for c o m p a r i s o n s  with this set of data for the slower 

de c a y i n g  source only. An initial v i s c o s i t y  menu of Figure 

3.30 ex h i b i t e d  the same a c c e p t a b l e  10^ cP v i s c o s i t y  value, 

only now we note far less nois in ess a s s o c i a t e d  with zero 

phase back lo ading of energy and a much smooth er behavior. A 

close look at expan de d w a v e fo rms for a 10 lb charge using 

wide band f i l t e r i n g  of Figure 3.31 does, h o w e v e r , show the 

slight a rtifi ci al pre-o ns et no n- ze ro lead.

Data for 1 lb charge can now be c o n s t r u c t e d  rather 

re l iab ly  and is shown in Figure 3.32. This can in turn be 

used for co mp a r i s o n s  with Mc Don al et al (Figure 3.33) for 

v e r t i c a l l y  tr av e l l i n g  c o m p r e s s i o n a l  wave and Ricker 's
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Figure 3-30 Particle velocity as a function of viscosity for a 10

lb charge in Pierre shale. (B/A = 7.5).
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Figure 3-33 Compressional wave field recordings from a 1 lb charge 

at 260 ft. depth. (After McDonal et al., 1958).
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(Fi gure 3.34) for shots at di f f e r e n t  d e p t h s . Slightl y 

d i f ferent ve l o c i t y  and d e n s i t y  values were chosen in 

a c c o r d a n c e  to the logs repor te d in this p a p e r . Compr e s s i o n a l 

wave ve l o c i t y  are, in this case, around 2 km/sec for depths 

less than 400 ft and 2.134 km/sec for depths larger than 7 00 

f t .

Mc Donal et al.'s data (1958, p. 427) were obt ai ned 

by a Verti ca l Seismic Profile (VSP) type of survey for a 1 

lb charge at a depth of 260 ft and recorded by 5 geo ph ones 

place d at depths from 3 50 ft to 7 50 ft with 100 ft 

intervals. A l t h o u g h  some degre e of wave b r o a d e n i n g  as a 

f unc tion of tr ave lled d i s tance  is ap parent on the data, this 

a t t e n u a t i o n  effect is e s s e n t i a l l y  n e g l i g i b l e  as far as our 

an alysi s is c o n c e r n e d . We thus took the same a s s u m p t i o n  for 

wa v e f o r m s  in the Taylor Marl where no att e n u a t i o n  

c o r r e c t i o n s  were performe d on the data. A trans ient period 

of 4.5 ms ro ug hly  c o r r e s p o n d i n g  to a B/A of 10.5 in our 

t he or etical  data was found for this case. C o m p ar isons with 

Ri ck er 's d a t a , on the other h a n d , gave rise to a B/A ratio 

of about 9.5

A glimps e at Table 3.3 we observ e that c o m p ar is ons 

with Sixt a's  data resulted in B/A values of around 8 which 

is s l i ghtl y smaller than that of Ricker or McDo nal et al.'s. 

This was ex p l a i n e d  by White (1962) where geo ph one c l a mp ing
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Figure 3-34 Compressional wave recordings as a function of geophone 

depth from a 1 lb charge. (After Ricker, 1951).
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was e x p l a i n e d  not to follow the earth's mo tion as re liabl y 

as a h y d r o p h o n e . Sixta (1982) and Janak (1982) made some 

im pr o v e m e n t  on this p r o ble m by filling the boreho le  with 

ceme nt and thus c r e ating a more hom o g e n e o u s  medium for wave- 

detecti on.  This is also o b s er ved in Figure 3.32 where 

w a v e f o r m s  from a hy dr o p h o n e  pick up at 345 ft had a lower 

d u r a t i o n  than a c o r r e s p o n d i n g  g e o ph one at the same depth.

The field data by Sixta ( 1982) and Sen gb ush ( 1978) are thus 

more sui ta ble for t h e o r etical  comparisons. E x t r a p o l a t i o n  of 

per iod s to a lower v a l u e , brings the B/A obtain ed  in Pierre 

shale in the same r a n g e . This v i s c o s i t y  value is, h o w e v e r , 

quite low and around  5000 c P .

Finally, outputs were obt ai ned for c o m p ar is ons with 

O ' B r i e n ' s  ( 1969) wav e f o r m s  in a London clay formation. This 

fo r m a t i o n  had a net c o m p r e s s i o n a l  vel o c i t y  of 1.7 km/sec and
3a shear v e l oc ity of 0.6 km/sec and de nsi ty  of 2 gr/cm . A 

B/A ratio of about 10 was se le ct ed for both 0.31 kg and 1.55 

kg charges as shown in Figs. 3.35 and 3.36 res pectively.

Each figure also di splays  a typical field wavelet as 

o b t ai ned by O' Brien for the charges being considered.

Our ana ly sis th erefore  indicates that for the 

fo r m a t i o n s  being con sidered, B/A ratios ranged from 6-12 in 

value for charge we ig hts  less than 50 lb. This sug ges ts the 

size of the d e f o r m a t i o n  bo u n d a r y  around a typical chemical
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Figure 3-35 Compressional wave recordings from a 0.31 Kg charge at 

23 m. depth in London clay. (After O ’Brien, 1969).
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Figure 3-36 Compressional wave recordings from a 1.55 Kg charge at 

24 m. depth in London clay. (After O ’Brien, 1969).



T-2892 119

ex p l o s i v e  to be of rel at iv e small size, similar to many 

field observati ons.
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C H APTE R IV.ROCK M E C H A N I C S  A P P L I C A T I O N S

I V . 1 C a l c u l a t i o n  of dynamic stresses at 

the fr acture bo u n d a r y ^

Besides the ab ility of the model to predict the far- 

field dyn am ical  prop er ties of the seismic wavelet, num ero us  

other rock m e c h a n i c s  a p p l i c a t i o n s  for the beh av ior of rocks 

at the limit of f r a c t u r i n g  can be found as well. In 

particular, it is of intere st to ca lculate  the limi ting 

stress value of rocks at the shat tered  b o u n d a r y , B, where 

rock f r a c t u r i n g  has ceased. Other inter ests include the size 

and extent of the d e f o r m a t i o n  zone as well as the shape and 

p ro p e r t i e s  of the tra ns ient stress wave that has been 

t r a n s m i t t e d  to the elastic region.

Results of c a l c u l a t i o n  p r e s ent ed  in chapter 3 in 

m a t c h i n g  wa v e f o r m s  with the field data indicated that 

re as o n a b l e  B/A ratios were obt ained from the m o d e l , where A 

de fi ne d the physical radius of the c h a r g e . As me ntione d 

pr e v i o u s l y  in ch apter 1, m e a s u r e m e n t  of the shatt er ed zone 

in granite, salt, lim estone and marble by i n v e s tigator s from 

U.S Bureau of Mines in di cated the extent of rock d e f o r m a t i o n  

around a c ommer ci al e x p lo si on to be of re l a t i v e l y  small
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size. B was g e n e r a l l y  found only about 5-12 times the charge 

radius , quite similar to the results obtai ned from the 

m o d e l . So the model can be held as a p p r o x i m a t e l y  corr ect in 

p r e d i c t i n g  the extent of n o n - e l a s t i c  d e f o r m a t i o n .

Before o b t a i n i n g  some numerica l lim it ing stress 

values in r o c k s , h o w e v e r , two general par amet er s must be 

known in our model before theo re tical c a l c u l a t i o n s  can be 

made. These are the time rate of decay of our source and its

ma x i m u m  a m p litud e P ^ w a s  selecte d in chapter 3 by 

m a t c h i n g  c a l c ula te d peak v e l o c i t y  a m p l it udes to that of the

a m p l i t u d e - c o r r e c t e d  field data as a means of c a l i b r a t i o n  of
9 ?our source . A value of 2x10 dy n/cm was chosen that

r e p r e s e n t e d  a c o n s i d e r a b l e  reduct io n in d e t o n a t i o n  pressure

of dy nam i t e  in bo rehole e n v i r o n m e n t  as compare d to ideal

condi tio ns. The source time con st ant a was chosen equal to 
—1

600 sec c o r r e s p o n d i n g  to a m o d e r a t e l y  fast de c a y i n g  
source .

Since the wave moti on  in the elastic zone was 

a s s umed to be ind ep endant  of all angular c omp on ents , the 

only n o n - v a n i s h i n g  comp o n e n t s  of s t r e s s - p o s s e s s s i n g  a polar 

s y m m e t r y - a r e  the radial normal stress

p = (À + 2]j) + 2 A—  (4-1)*rr dr r
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and p e r p e n d i c u l a r  to r at any direction, the angu lar normal 

stress

pee = x "57 + 2 <x + 7 ( 4 - 2 )

wh ere  u denotes the radial dis pl acement . Equa ti ons 4-1 and 

4-2 can thus d e s cr ib e the set of stresses that are radia ted 

outside the shatt er ed bo u n d a r y  in to the elastic medium. The 

radial stress is found to be c o m p r e s s i v e  and an gu lar  stress 

tensile.

Ca l c u l a t i o n s  were made to d i g i t a l l y  obtain solut ions  

to both stress equ ati on s 4-1 and 4-2 at the d e f o r m a t i o n  

bo u n d a r y  (R = B) using the same Fourier synthes i s\ te chnique 

e m p l o y e d  earl ier  in Chapter 2. The tr ansient outputs then 

d e s cr ib e the stress w a v e f o r m s  that are emit ted to the 

ela sti c zone as as sume d by our model.

Fi gure 4.1 shows a typical d i a gram for both radial 

and a n g ular stress s u p e r i m p o s e d  on each other for a 5 lb 

charge and at the d e f o r m a t i o n  bo un da ry B. These wa ve forms  

r e p r e s e n t e d  tr ansient re sponse s due to our fast de ca y i n g  

source in Taylo r marl and u s in g best B/A ratio, vi s c o s i t y

a n d P q values obtai ne d as a result of v e l o c i t y  m a t c h i n g  in 

ch apter 3 .

A d o p t i n g  a no t a t i o n  similar to ma terial sciences
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TIME( SEC)
Figure 4-1 Radial and angular normal stress at R=B for a 5 1b charge

in Taylor marl.
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with ne g a t i v e  d e n ot ing te ns io n and pos itive  as c o m p r e s s i o n , 

we ob se rve the radial stress to com plete  a posit ive 

co m p r e s s i v e  cycle with a small tensile und e r s h o o t  before 

d e c a y i n g  to z e r o . The an gular s t r e s s , on the other h a n d , 

und e r g o e s  a negativ e tens ile cycle with a c o m p re ssive  

u n d e r s h o o t . Both tran sient s have a time duratio n of few 

m i l l i s e c o n d s  and when s u p e r i m p o s e d  on each o t h e r , as in Fig. 

4.1, they exhibit a s i m i l a r i t y  in shape with same zero 

cr o s s i n g  for both wavefor ms. This is rea dily evid ent from 

Eqs.4-1 and 4-2 where we ob serve that both stress relatio ns  

show a similar fun cti onal d é p e n d a n c e  with d i s p l a c e m e n t  u but 

are only m u l t i p l i e d  by di f f e r e n t  c om binatio ns  of the elastic 

c on st ants .

In c a l c u l a t i o n  of the stress outputs we ob ser ve a 

slight f r e quenc y static co m p o n e n t  due to our s o u r c e . As a 

r e m i n d e r , this pr obl em  was ac c o u n t e d  for in our c a l c u latio ns  

of pa rticle  v e l ocity  since the time d i f f e r e n t i a t i o n  of 

pa rti c l e  d i s p l a c e m e n t  r e s ul te d in a m u l t i p l i c a t i o n  of an iw 

factor in the fr e q u e n c y  d o ma in  which zeroed out the static. 

In the case of stress calcul ation, h o w e v e r , we have to 

re cogni ze  this problem. Note also that F i g . 4.1 does not 

plot the full 0.2 second wavefor ms, so that each o s c i l l a t i o n  

is not yet reduced to its full static value.

Usi ng co nstants  ob t a i n e d  in chapter 3, full radial
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and an gu lar wa v e f o r m s  for all size charge s in Taylor marl 

are c a l c u l a t e d  and shown in Figs. 4.2 and 4.3 respectively. 

The time d u r ation  is 0.05 seconds so that each tic mark on 

the x-axi s c o r r e s p o n d s  to 5 millise co nds. The peak values 

in dic ated on the right hand marg ins  are in psi. Each 

trans ien t behaves e s s e n t i a l l y  as a half sinusoid with its 

time d u r ation  i n c r ea si ng and w a v e f o r m  shape be coming  more 

o s c i l l a t o r y  with larger size c h a r g e s . The peak stress values 

show a d e c r e a s i n g  trend with larger c h a r g e s .
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Figure 4-2 Radial normal stress as a function of charge size

at R=B in Taylor marl.



CH
AR
GE
 

SI
ZE
 

(L
B)

T-2892 127

PEAK AMP

4100. 0020. 000

4190.00
10.000

7420.00
S. 000

7480.00
2.500

8640.00

9960.00
0 . 6 2 5

0. 00 0. 025 0.05
TIME ( SEC)

Figure 4-3 Angular normal stress as a function of charge size at R-B

in Taylor marl.
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IV . 2 Failure Criteria.

Fa ilure of rocks is g e n e r a l l y  exp l a i n e d  as a 

f un cti ona l r e l a t i o n s h i p  bet wee n "strength" of the rocks and 

the imposed s t r e s s e s . The pr oce ss of f a i l u r e , h o w e v e r , is 

ex pe ct ed to differ  c o n s i d e r a b l y  under dyna mic loading rates 

of only a few m i l l i s e c o n d s  in d u r a t i o n , as c o m pared  with 

static loading of cy li n d r i c a l  samples of r o c k s . M o r e o v e r , 

the ratio be tw een  c o m p r e s s i v e  and tensile stre ngths  in 

rocks , known as the B i a s t a b i 1 ity Coefficient, is gen e r a l l y 

very high s u g g e s t i n g  that rocks fail much more ea sily under 

tens ion  than compression.

If we co ns ider the rock mass to co ntain a large 

numbe r of flaws or p r e - e x i s t i n g  e l l i p t i c a l l y  shaped c r a c k s , 

G ri f f i t h ' s  c r i te ria can be ad apt ed to explain crack 

p r o p a g a t i o n  c a using  fail ure due to the rad ia ted radial and 

a ng ula r stresses. Since in bl ast in g o p e r ations  the rate of 

the loading of the source is very fast, these Gr iffit h 

cracks do not ac qu ire s u f f f i c i e n t  time for closure. Orginal 

Gr i f f i t h  theory did not also acco unt  for crack clo sure 

a s s o c i a t e d  with c o m p r e s s i v e  ap pl ied forces and only effects 

of tensile forces at f r a ct ure were calculated. This can also 

imply that under dynami ca l situations, shear fri cti onal 

stres ses  are p r o ba bly not the c o n t r i b u t i n g  factors in
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fa ilu re and only the normal st resses are i n v o l v e d .

The original  G r i ff it h t h e o r y , which was propo se d to 

ex pl ain the low m e a s u r e d  te ns ile str en gths in g l a s s , 

su g ges te d that in two d i m e n s i o n s  failure occurs when the 

tensile stress in a flat e l l i pt ic al crack reaches a value 

c h a r a c t e r i c t i c  of the material. Da Gama and Nelson  (1970) 

ex te nd ed the G r i ffith th eory to dynam ic al sit uatio ns  in 

bla s t i n g  to explain the hoop tensile stress to be the main 

cause of radial c r a cking in the cracked zone under the 

p r o p a g a t i o n  of radia ted waves over p r e - e x i s t i n g  " f l a w s " . So 

the m a x i m u m  tensile values of F i g . 4.3 can then be 

co n s i d e r e d  to co r r e s p o n d  to the limiting dynamic tensile 

strengths  that the hoop stress has att ai ned at the limit of 

radial cracking. Due to the p r e sum ed  g e o m e t r y , m o r e o v e r , the 

pr in ci pal axis coi nc ides wit h the polar system which means 

the the radial stress i s the ma ximun normal stress

and the angular stress P qq is the mi ni mum normal stress _ 

In the Mohr space these define  a circle which interse cts  the 

failure env el ope at as shown in Fig. 4.4. A c c o r d i n g  to 

G r i f f i t h ' s  h y p o t h e s i s , cr̂  d e fi nes the limiting  tensile 

strength  of rocks in the fo rmatio n of radiall y ext e n d i n g  

cracks at f a i l u r e .

Da Gama and Ne lson (1970) ad apted fract ur e mech anics  

from G r i f f i t h ' s  crack co ncept to expl ain  the for ma tion of
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Figure 4-4 State of stress at failure according to Griffith criteria.
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these radial cracks outs ide the crushed zone. I mplica ti on of 

this theory sug ges te d that radial cracks occur even though 

the radial c o m p r e s s i v e  stress has an amp li tude less than the 

c o m p r e s s i v e  strength of the rock. The net effect of the 

c o m p r e s s i v e  stress P rr> they c o n c l u d e d , was not in rock 

fai lur e but only a l l i g n m e n t  of flaws and their small 

ex t e n s i o n  in a radial d i r e c t i o n  which co incides  with the 

di r e c t i o n  of the m a x im um  principal stress.

The ta ngential  tensile wave would then rei nitia te  

these radial cracks ca us ing them to propa gate until the 

tens ile  wave "outruns" the slower moving crack tips. The 

radial di r e c t i o n  of failure, t h e r e f o r e , may not coincide 

with the original di r e c t i o n  of the crack. The extent of 

radial cracks is, of c o u r s e , de pendant  on many factors 

in c l u d i n g  explo si ve p a r a m e t e r s , charge p a r a meter s and rock 

p a r a meter s as was di s c u s s e d  in chapter 1.

A s s u m i n g  that the peak values in F i g . (4.3)

re prese nt  the c h a r a c t e r i s t i c  dynamic tensile stren gth in 

Tayl or marl we here procee d to tabulate them along  with the 

radial stress values as a function of charge size. The 

values  pres en te d in the table are c o r r ec te d for the source 

static which was found equal to +128 for the an gu lar  and - 

256 for the radial s t r e s s e s . These, therefore, repres en t the 

values by which both st resses need to be a d j us te d by in
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order to shift the stress curves cor r e c t l y  to the zero line.

rge size(lb) f r r i E â l l
5/8 18756 9832 1 .91

1 . 25 16056 8512 1 . 89

2 . 5 13756 7352 1 . 87

5 . 0 13356 7292 1 . 83

10 . 0 7676 4062 1 . 89

20 . 0 7386 3972 1 . 86 

A v e .=1.87

Table 4-1. Dynami c peak tens ile and radial values at the 

d e f o r m a t i o n  bo u n d a r y  after static cor r e c t i o n  have been m a d e .

Curves for radial and angu lar normal stress for B/A 

and v i s c o s i t y  values obtai ne d in Pierre shale also show the 

same trend of an increase in o s c i l l a t o r y  beh av iour with 

charge size as shown in Figs. 4.5 and 4.6. H o w e v e r , no 

ex p ect ed  d e c reas e of peak am p l i t u d e  between 10 to 25 lb 

charges has o c c u r r e d , but n o n e - t h e - l e s s  a general d e c r e a s i n g  

trend is evident. This is p r o bably due to the di st o r t i o n s  

i n t r od uc ed by the na rr o w  band w i n d o w i n g  of the data which 

has made the correct wa vel et select io n not as reliable as 

the Ta ylor marl case. These are shown in the Table 4-2 

below:
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PEAK AMP

7 1 7 0 . 0 0
5 0 .0 0 0

2 5 .0 0 0

8 4 5 0 .0 0
10.000

0 . 050. 00 0 . 025TIME (SEC)

Figure 4-5 Radial normal stress as a function of charge size at R-B

in Pierre shale.
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4370.00
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0.00 0.025 0.05
TIME ( SEC)

Figure 4-6 Angular normal stress as a function of charge size at

R=B in Pierre shale.
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Charge s i z e (l b ) Erriesil EtolBâil
10 . 0 8706 4855 1 . 80

25 . 0 9666 5592 1 .73

50 . 0 7462 4242 1 .75

A v e .=1.76

Table 4-2. Co r r e c t e d  radial and angular normal stress in 

Pierre s h a l e .

d y n a m i c a l l y  cal c u l a t e d  tensile str engths that range from 

4000 to 10000 psi in v a l u e . These might at first appear as 

rather large when com pa red to l a b o ra to ry obt ai ne d "static" 

tensile s t r e n g t h s . Many ex per i m e n t a l  tech niques de si gn ed to 

ca l c u l a t e  dyna mic tensile stress es do, h o w e v e r , indicate 

that these large dif f e r e n c e s  in fact e x i s t . In c a l c u la ti on  

of Yo ung's m o d u l u s , for example, a ratio rangin g from 0.85 

to 2.9 be tween  d y n a m i c a l l y  and s t a t icall y ca l c u l a t e d  values 

were me a s u r e d  by the U.S. Bureau of R e c l a m a t i o n  (1953) on 20 

di f f e r e n t  rock samples. This was also ob se rved for Poiss on 's 

ratio which likewise varied with rate of appl ied  stress.

With resp ect to "strength" of rock in failure, Hawkes (1959) 

has me a s u r e d  tensile waves due to e x p l os io n in a rock core 

with peak ampl i t u d e s  three times the static tensile strength 

wi th ou t fracturing.

From the data in tables 4-1 and 4-2 above we observe
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A va r i e t y  of e x p e r i m e n t a l  tec hn iq ues has been 

emplo y e d  to calc ul ate tensil e strength of rocks under 

dy na mi cal stresses. Bi r k i m e r  (1970) used an "air fired 

pr o j e c t i l e  impact loader" to induce high c o m p r e s s i v e  pulses 

in the specimen and a surf ace strain gage type system to 

de te ct  the strain pulse near fracture locations. For 

cyli n d r i c a l  bars bein g struck at one end, he pr e s e n t e d  a 

"critical normal fra cture  strain energy" theory which 

exp l a i n e d  the fra ct ure s t r eng th  of brit tle rocks to increase 

with strain rate of lo ading to the one third. His 

exper i m e n t a l  data also ag reed with this power law relation, 

as rocks are then ex p e c t e d  to be stronger in tension under 

faster loadings of rock bodies.

In a separate experiment, Clark and Candle (1961) 

in v e s t i g a t e d  br ittle f r a ct ure of small beams of rocks under 

the acti on of central tra ns verse impact loads. The sources 

were int rod uc ed by either dr o p p i n g  steel balls or firin g a 

n o . 6 b l a sting  cap on a 1 inch and 2 inch thick supported  

beams. In order to recor d the correct times of fracture, 

strain m e a s u r e m e n t s  were taken at the midspan, where strain 

was at a theo re tical  maximum. His results indic at ed a t e n ­

fold increase in dynami c fracture  strain for the bl asting  

cap type loadings in hy drosto ne. This experiment, as was the 

case previously, t h e r efore  suggest ed  that the d y n a m i c a l l y
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o b t ained tens ile br e a k i n g  strains to increa se with 

i n c r ea si ng st r a i n i n g  rates.

G e n e r a l l y  s p e aking t h o u g h , c a l c u l a t i o n s  for dynamic 

com pr ess ive and tensile stre ng ths are very hard to make in 

the l a b o r a t o r y . Birkim er  ( 1970) , n o n e - t h e - l e s s , sur veyed  the 

li te ratu re  on comp a r a t i v e  static and dyn amic stren gths of 

the rocks and his data are shown below:

Static

Eli

600

Dynamic

Eli

3900

Rock

Be dford limes ton e 

Yule Ma rb le (parallel

to the bedding) 300 2700

Yule M a r b l e (p e r p e n d i c u l a r

to the bedding) 9 00 7000

Gr anite 1000 57 00

T a c on ite 70 0- 1000 13200

Table 4-3 C o m p a r a t i v e  tensile str ength of rocks (after 

B i r k i m e r , 1970)

Ratio

6 . 5

9 . 0

7 . 8 

5 . 7

13.0

C o n s i d e r i n g  the data pr e s e n t e d  in table 4-3 a ratio 

of 6-10 a p p r o x i m a t e l y  can be as su med for the dynamic to 

static st re ngths  in s e d i m e n t a r y  r o c k s . In a d d i t i o n , these 

high values of dyna mic tensile strength were not found to be 

c on st ant and they n o t i c e a b l y  de p e n d e d  on the strain r a t e . So
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our c a l c u l a t e d  value s for tensile streng ths in Table 4-1 can 

be as su med to be of re as o n a b l e  magnitude.

It must be noted that under the ob tained  high 

dynamic tensile stresses  , earth's vertical lithostati c 

press u r e  can be expe c t e d  to exert minimal effects in rock 

failure under d y n am it e loading. The lithostati c or 

h y d r o s t a t i c  pr es su re is the pressure exerted  at a depth from 

the weight of over b u r d e n  of the co nf ining rocks and is 

simply equal to pgh whe re g is the a c c e l e r a t i o n  due to 

g r a v i t y , p  density, and h the height to the s u r f a c e . This 

means that for sh al low shots of equal weight, there should 

not be a great d i f f e r e n c e  in f r a g m e n t a t i o n  and wave 

p r o p a g a t i o n  for small va r i a t i o n s  in shot depths.
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IV . 3 Sei smic S c a l i n g  Laws

O f t e nt im es it has been of interest to the 

g e o p h y s i c i s t  to obtain va rious power law relat i o n s h i p s  

be tween two or more va r i a b l e s  as a result of an explosion. 

Many  have i nv es tigated  the scali ng  laws bet ween elastic wave 

pa r a m e t e r s  such as stress vs. time or di st ance in both 

theory  and e x p e r i m e n t . Here, however, our interest is more 

co nf in ed in the p e r f o r m a n c e  para m e t e r s  of e x p l osiv es  such as 

scaling  between a charge p a r am eter and a wave p a r a meter  such 

as "Amplitude". Three types of scal ing  re l a t i o n s h i p s  have 

been recognized: 1)energy sc al ing 2)weight scaling and

3 ) vo lum e scaling. Each finds its proper ap pl i c a t i o n  

d e p e n d i n g  on how e x p l osive s are used. Volume scaling is, for 

e x a m p l e , used when one wants to compare the e f f e c t i v e n e s s  of 

two di f f e r e n t  ex plosiv e types of the same size in a given 

borehole. En er gy  scali ng is m o stly  used for large borehol es  

for lower d e n s i t y  explosives.

In our analysis, h o w e v e r , we make the assu m p t i o n  

that all rock and exp lo sive pa ramete rs  are c o n s t a n t . This 

means that for an energy d e n s i t y  of an explosive, en er gy  is 

pr o p o r t i o n a l  to its weight which  is d i r ec tl y pro p o r t i o n a l  to 

its v o l u m e . So, as is often the case in seismology, we
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choose to i n v e stiga te  various scaling r e l a t i o n s h i p s  as a 

function of charge weight.

In most such inv es t i g a t i o n s  laws of s i m i 1t u d e , or 

sc aling  theory, is n o r m a l l y  employed to exam ine  the effect 

of charge we ig h t  Q on vari ous  pa ra meters  of interest. A 

simple such sc al ing r e l a t i o n s h i p  as was de v e l o p e d  by Lampson 

(1946) for se le cted q u a n t i t i e s  of interest is shown in Table 

4-4 below. Note that each scaled qu a n t i t y  shown will remain 

co nst ant at the same scaled time and distance.

Q u a n t i t y  Symbol Scaled Q u a n t i t y

Length L L/Q /

Time T T / q ! / 3

Mass M M/Q

Volume V V/Q

Energy E E/Q

Stress o 0

Strain £ £

D i s p l a c e m e n t u U / Q 1/3

V e l o c i t y V V

Table 4-4 S c a lin g r e l a t i o n s h i p s  betw een charg e weigh t and 

other q u a n t i t i e s  of interest.

In the scal in g r e l a t i o n s h i p s  a b o v e , the effect of
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gr a v i t y  which is only n o t i c e a b l e  for "ap parent cratering " 

type of p h e n om enon is c o n s i d e r e d  to be negl i g i b l e  so that 

the cube root r e l a t i o n s h i p  holds.

As an example of the scaling theory above ; in the 

same rock with co nsta nt  p r o p e r t i e s , a 1000 lb charge would 

give same peak stress at 10 ft from the source as a 1 lb 

charge at 1 ft. Since lin e a r i t y  is not r e q u i r e d , the volume 

of d e f o r m a t i o n  zone can then be assume d to be p ro po rtional  

to the charge we ight Q so that the shat te red radius B , 

should scale as the cube root of charge size. As radius of 

charge A also varies as the cube root of charge weight, 

a p p l i c a t i o n  of the laws of simil tu de would require that B/A 

ratio obt ai ned in both theory and e x p e riment to be constant.

Co n s t a n c y  of the B/A ratios under the a p p l i c a t i o n  of 

the sc aling theory can only be true if the limiti ng  stress 

at the bo und ar y of rock d e f o r m a t i o n  would be e x p ected  to 

retain a consta nt  value i nd ependa nt  of all charges being 

used. As m e n t io ned b e f o r e , e x p e r imen ts  on rock fail ure under 

dy na mi cal cond ition s indica te d that the dyn am ical tensile 

b r e a k i n g  strength of rocks shows a n o t i ce ab le var i a t i o n  with 

charge size or str a i n i n g  rate of the ex plosive  s o u r c e . This 

was well d e m o n s t r a t e d  in Ta bles 4-1 and 4-2 and are plotted  

as a fun ct ion of charge  size in F i g . 4.7 for the former 

case. As evident from this Figure, the tensile values vary
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Figure 4-7 Tensile strength as a function of charge size Q in lb.

in Taylor marl.
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s l i gh tly with in cr e a s i n g  ch arge size.

As tensile st rength s de cr eases sl ightly with larger 

c h a r g e s , the d e f o r m a t i o n  radius B is then expec te d to vary 

at a larger ratio than a third with charge weight. This was 

d e m o n s t r a t e d  in Fig 4.8 where a log-log plot of B vs. Q
1 / pind icates B to change nea r l y  as Q so that the B/A ratios 

are exp ec te d not to reach a con stant value and increase with 

charge size. We can ther efore conclude that a cube root 

n o r m a l i z a t i o n  of linear d i m e n s i o n s - a s  often held ne c e s s a r y  

due to the laws of s i m i 1tude-i s stric tl y sp eaki ng  not 

c o r r e c t .

Ap p a r e n t  d e v i a t i o n s  from the cube root scaling 

re l a t i o n s h i p s  have been o b s er ve d for gram size charges by 

D 'An dr e a  et al (1968) and at kiloton  ranges by Vo rt man 

(1963). It must be noted that de fin i n g  the limits of the 

d e f o r m a t i o n  bo u n d a r y  after an expl osion  is a d i f f icult task 

since the tr an sition  from inelastic to elastic behavior  is 

p r o b a b l y  not s h a r p . But n o n e - t h e - l e s s  the cube root law has 

been as sum ed by vari ous  au th or s in the literature.

A n o th er  sc aling r e l at ion of interest has been 

b et wee n peak ve l o c i t y  "amplitude " and charge weight, or 

f i ndin g the exp on ent n in the rel at ion A = c Q n . Here we define 

am p l i t u d e  as the m a x i m u m  value reached in the v e l oc it y 

w av e f o r m s  above the zero onset line.
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Q
Figure 4-8 Radius of deformation vs. charge size Q (lb) in Taylor 

marl.



T-2892. 145

The value for the exponent n has been known to vary 

c o n s i d e r a b l y  from one e x p e r i m e n t  to a n o t h e r . Where di stance s  

of m e a s u r e m e n t  from the source have been rel a t i v e l y  large, n 

g e n e r a l l y  equals or is s l i gh tly larger than 1. This is 

d e m o n s t r a t e d  by Gaskell (1956) where he found n in Bunter 

sandsto ne  to equal 1.18 for refracted v e l oc it y wavef orms 

some 20,000 ft from the shots of up to 200 lbs in weight. 

Latter et al (1959) also ob se rved an almos t linear 

r e l a t i o n s h i p  for nucle ur  charges in k i l ot on range over a 

di s t a n c e  of about 180 Km.

O b s e r v a t i o n s  closer to the source have yi elded 

di f f e r e n t  results d e p e n d i n g  on the size of the charges being 

used. For shots of up to 100 lbs at 20 ft depth, Blair and 

Duvall (1954) found n to equal 0.73 0+0.07  for dis ta nc es 

between 25 to 1000 ft. O' Brien (1960) ob ta ined a value 

closer to 1 or s l i ght ly  larger for d y n amite s rang ing between 

2.5 to 300 lb in weight. Ha b b e r j a m  and Whetto n (1952) also 

found n equal to 0.88 for 4-198 lb charges. Only Peet (1960) 

re aso ne d the ex po ne nt n to change d e p e n d i n g  on charge weight 

which, in his data, was reduced from 4/ 3-f or larger charges- 

to about 1/3 in the sma ller charge end.

D es pit e of the wide range in the value of n, energy 

c o n s i d e r a t i o n s  would at first suggest a simple square root 

r e l a t i o n s h i p  be tween am pl itude and Q. If one equ ates the
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square of amplitu de  of gr ou nd v e l oc it y with intensity, laws 

of sim il tude of Table 4-4 would then require energy to be 

p r o p o r t i o n a l  to charge we ig ht  or ampl it ude to vary as a 

square root of Q. But this can only be p e r m issib le  for a 

pure sinus oidal type wave and not a pulse type w a v ele t where 

a fr e q u e n c y  spe ct rum is o b s e r v e d .

A closer look at the theor etical curves for ve l o c i t y  

in Taylo r marl st rongly  s u g g est ed  a larger change in 

amp l i t u d e  respons e at lower portions of the fre q u e n c y  

sp e ctr um  with peak a m p l i t u d e s  shif ting to lower f r e q uenc ie s  

for larger charges. Since the a t t e n u a t i o n  c h a r a c t e r i s t i c s  of 

earth and our r e c or di ng system  can be con si dered as a low 

pass filter, most of the high fre quencie s emitted by smaller 

charges are expected to be cut by the action of earth 

filtering. The lower portions of the spectr um of these small 

charges can there fore show a c o m p a r a t i v e l y  larger relation 

with charge we ight with n hi ghe r than 1. Larger c h a r g e s , on 

the other h a n d , produce a s p e ctrum which more fully falls 

with i n  the band pass of our e q u i val en t "earth filter" (P e e t , 

1960) and the exp on ent n is the refore exp ected  to g e n e r a l l y  

be redu ced to a value less than 1. This hypo t h e s i s  is well 

o b s erved for the theoreteal peak amplitu de s in F i g . 4-9, 

where the initial n of 1.5 is reduced to about 0.5 for 

larger c h a r g e s .
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9 Amplitude vs. charge size Q (lb) in the Taylor marl for
the faster decaying source.
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In the time d o m a i n , the measured field wav e f o r m s  can 

be c o n s i d e r e d  as a c o n v o l u t i o n  of the initial seismic 

w a v e l e t  with the time domain equivalent w i n d o w  of the 

co m bined earth and re c o r d i n g  instrument filter r e s p o n s e s .

For smaller c h a r g e s , with the time duration of the pulse 

being less than or about the same as the window, the pulse 

is us u a l l y  c o n t a m i n a t e d  by the earth fil t e r i n g  and total 

period of the pulse is sligh t l y  increased from its real 

value. If we define "Period" as the length in time between 

the initial onset and the second zero cross i n g  from it, we 

expect a power r e l a t i o n s h i p  between period and Q with the 

exponent n being reduced to a limiting 1/3 value for the 

ideal case in the scaling theory. F i g . 4-9 shows this 

r e l a t i o n s h i p  between period P in MS and Q as a change in 

slope from 0.6 to 0.4 is ob s e r v e d  with i n c r easing charge 

sizes .

As a r e m i n d e r , the p r e s ented scaling r e l a t i o n s h i p  

were obtained from a p p l i c a t i o n  of the faster d e c a y i n g  source 

in Taylor Marl. A m p l i t u d e  scaling r e l a t i o n s h i p s  for the slow 

d e c a y i n g  source shown in Fig. 4-10, however, indicates a 

more linear r e l a t i o n s h i p  between a m p litude and charge size 

with again the exponent n d e c r e a s i n g  with larger charges.

Finally, it must perhaps be noted that the scaling 

r e l a t i o n s h i p s  (if they exist) in themselves can not be used
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Figure 4-10 Amplitude vs. charge size Q (lb) in the Taylor marl for

the slow decaying source.
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to predict functional r e l a t i o n s h i p  between the v a r i a b l e s , 

such as var i a t i o n s  of stress with time or d i s t a n c e , and only 

can be used to predict the value of a scaled qu a n t i t y  at a 

scaled distance or time, independant of the charge size.
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Based on the analysis thus p r e s e n t e d , a few 

c o n c l u s i o n s  r e g arding the model and its a p p l i c a t i o n s  can be 

d r a w n , which are as follows:

1-A better model is presented in p r e d i c t i n g  the 

shape and form of the p r i mary seismic wavelet from a 

dyn a m i t e  charge than that p r e v i o u s l y  proposed in the 

literature. T heoretical d i f f e r e n c e s  in shape and p r o p erties 

of the seismic pulse in c h a n g i n g  geological envir o n m e n t s  

con f i r m e d  field observations.

2 -The model i n c o r porates a v i s c o - e l a s t i c  liquid in 

the p r o blem as the d a m ping m e c h a n i s m  for the loss of energy 

that occurs as a result of rock f racturing around an 

e x p l o s i v e  s o u r c e . The physical size of this b o u n d a r y , as 

pre d i c t e d  from the theory and obtained from wavelet 

matching, is found to be r e a s o n a b l e .

3-The shape of the f r e q uency response more closely 

follow the field data than a Sharpe (1942) type of model, 

with a shift of m a x imum peak amplitude to lower f requencies  

as a result of incr e a s i n g  charge size. A more pron o u n c e d  

functional r e l a t i o n s h i p  between amplitude and charge size is 

evident in the lower part of the f r e q uency spectrum than
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high .

4 -The model can find various a p p l i c a t i o n s  in rock 

mechanics, including a pre d i c t i o n  of shape and properties of 

the emitted stress wave at the boundary of rock deformation. 

The limiting tensile b r e aking strength values thus obtained 

r e a s o n a b l y  agreed with the expe r i m e n t a l  data.

5 - In agr e e m e n t  with recent e x p e r imental findings, 

the model predicts the dynamic tensile strength of rocks to 

vary with size of the charge or the duration of the tensile 

stress. This is contr a r y  to the a s s u m p t i o n  made in o b t a ining  

various scaling laws in the literature in which a simple 

cube root r e l a t i o n s h i p  between the radius of the "shattered" 

zone B and charge size is implied. T h e o r e t i c a l l y  obtained 

scaling r e l a t i o n s h i p s  are in a g r e ement with the hypothesis  

forwarded a b o v e , and in the case of "amplitude" scaling to 

that of the latter part of con c l u s i o n  3.
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APPENDIX A 

INTRODUCTION TO VISCO-ELASTICITY

Since the zone of deformation around the spherical cavity is 

hypothesized as a visco-elastic liquid, here we proceed with a brief 

introduction to visco-elastic behavior.

A visco-elastic or Voigt solid is a medium where stress is both 

proportional to strain (as a linear Hookean solid) and strain rate

Tij Ci j U  0k£ + Ci j U  £kil (A 1)

where is the stress tensor, C ’s represent proportionality-constants

and e ^ and are strain and strain rate tensors respectively.

Since not all the 81 components of the C matrices are independent here 

we adopt the compacted version of (A-l) (Sokolnikoff, 1983), as

Ta Ca|3£|3 + Ca8 £g (A 2)

where C^g contains 36 independent components. In writing (A-2) we 

make use of the following notation below

T = T T = T T = T T = T ■ - T = T T = T
11 1 22 2 3 3 3 2 3 4 31 5 12 6

£ = E £ = £ £ = £ 2e = £ 26 = 6 26 = 6
11 1 22 2 33 3 23 4 ' 3 1  5 12 6

(A-3)
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For a homogeneous isotropic medium, we only have two independent 

constants commonly known as Lame's coefficients X and ]i. Matrix 

then takes the form

'ag

X+2y X X 0 0 0

X X+2y X 0 0 0

X X X+2y 0 0 0

0 0 0 y 0 0

0 0 0 0 y 0

0 0 0 0 0 y

(A-4)

Sinilarly in (A-2) is the primed matrix version of (A-4). 

Hooke's law for a homogeneous isotropic visco-elastic medium thus 

becomes

t.. = (X6ô.. + 2ye..) + (X' 0 6.. + 2y' e. .)3-J 1J 1J 1J 1J (A-5)

where 0 is dilatation given by

= E + e + e
11 22 3 3

(A-6 )

With the assumption of radial symmetry, we write (A-5) as

t — 0(X + —y) +0 (X' + -r-y*) 11 O j (A-7)

Due to the assumed radial symmetry, tangential strains become 

zero so that

t , = 2ye + 2y' £ = 0
12 12 12

(A-8)
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In general, four constant X, X T, y and y ' are required to completely 

specify a Voigt solid, but many authors take some simplifying assump­

tions. Recognizing bulk modulus k in (A-7) as

X +  -|y = k

X' +  |u' = k'

(A-9)

we can associate the compressibility k with k* in (A-7) and y with y 1 

in (A-8 ). For a liquid with no rigidity (y=0) (A-8 ) becomes

t  = 2y' e = 0 (A-10)12 12

It is known from fluid mechanics that for a moving fluid, the 

general equation involving shear stress can be written as

S.. = 0(v . + v ) (A-ll)1J 1 » J J » -*-

where v is the velocity of flow, q is viscosity and comma implies 

covarient differentiation. Comparing (A-10) and (A-ll) and recognizing 

definition of strain in terms of displacements u^

Eij = 2 (ui,j +  Uj,i) (A'12)

We see that y T represents nothing but ordinary viscosity in shear 

for a viscous liquid. In our case, however, we have assumed no shear 

strains so that value of viscosity in shear does not contribute to any 

losses.
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It has been recognized for some time that in addition to the viscous 

flow in shear, another type of flow also occurs when the volume changes 

upon compression or decompression. This is deformation involving 

dilatation as opposed to shear and is known as dilatational viscosity 

k ’ (=X’ -h — p'^ (Kolsky, 1963). This dilatation or bulk viscosity is a 

measure of the time lag, associated with fitting the constituent 

atoms of a compressible liquid structure closer together and thus 

filling the free column under compression. Occasionally, it is referred 

to as the second coefficient of viscosity.

Some workers took this dilatational viscosity to be zero (Skokes, 

1845; Ewing, Jardetsky and Press, 1957) and thus

leaving only the single constant y* to account for shear viscosity. 

The assumption that dilatational viscosity is negligible compared to 

shear viscosity is only justifiable for rubber-like materials, as 

argued by Kolsky (1963) and not true in general.

In this thesis, we took a different simplifying assumption, 

that À î = 0 ;  so here the dilatational viscosity becomes 2/3 of the 

shear viscosity and it solely accounts for the loss of energy in our 

model.

The Stokes Wave Equation (Ricker, 1977)

In deriving the wave equation for a Voigt medium, we start with 

the classical wave equation
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(k + |u) V2» = p -1 -| 
3t

(A-13)

and, for dilatational waves, perform the following replacements in 

(A-13)

k by k+k' -— ■ , p by T-i + (A-14)

we then have

2
(k + -|y) V 2<f> + (k' + |n) v2* = p -̂ -É. (A-15)

9t

or

v2(<f) + — ± ^ -/-3-t1 i ^ )  = 4 r  ̂ -4 (A-16)
pc C z 9t

where c is the compressional wave velocity given by

c2 = k ±  4/3u  ̂ (A-17)

If we now define go aso

(A-18)J _  = k T + 4/3n = A 1 + 2n
go 2 A + 2 \io pc

The wave equation (A-16) becomes

v 2 < » + i i ï > <a - i 9)o c dt

where for spherical waves we have:
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dr o c dt
(r4>) (A-20)

as is used in the text.
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A p p e n d i x  B . User's Manual for the computer 

p r o g r a m s .

The computer program CONSTANT as used in this thesis 

is listed in A p p e n d i x  C. The program is written in the 

F O R TRAN code to initially run on the CDC Cyber computer 

model 7 2 0 of the G e o p hysics dep a r t m e n t  of the Colorado 

School of Mines. It was later m o d ified to also accomodate 

CSM'S Digital Equipment C o r p o r a t i o n  DEC-10 computer. The 

p r o gram listing in A p p e n d i x  C runs on the DEC-10.

To execute the main p r o g r a m , the user needs to

create an input file called F0R 0 1 . D A T  on the DEC-10 (or

TAPE 1 on Cyber) . The data on the F0R01.DAT is in free format 

and in the fol l o w i n g  order:

Line 1: DENSE

Line 2: X C 2 , X C 2 S , RHO

Line 3 : ALFA

Line 4: D E L T A F , KFREQ

Line 5: W G H T , FACTOR, XMU1P

where all these data are real except KFREQ which is an

integer as d e s c ribed below:
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DENSE

XC2

XC2S

RHO

ALFA

DELTAF

KFREQ

WGHT

FACTOR

XMU1P

The dynamite charge density in grm/cm 

The c o m p r essional wave v e l ocity of the 

outside medium in c m / s e c .

The shear wave velocity of the outside 

medium in c m / s e c .

The d e n sity of the outside medium in 

g r / c m 3 .
- 1The source'a time constant in sec 

S a m pling interval in the F r e q uency domain 

Number of points in the frequency domain 

up to window's cut-off frequency.

The weight of the charge in lb.

The B/A factor being u s e d .

The v i s c o - e l a s t i c  fluid vi s c o s i t y  in cP.

The program is designed to calculate particle

velocity (in cm/sec) at a specified distance from the source

as used in the program. The plots in this thesis were

obtained from a distance of 50 meters (R = 5000 ) . The program

can also compute the radial and angular normal components of
pstress (in dyn/cm ) at the defo r m a t i o n  b o u ndary B . In this 

case, therefore, R must be put equal to B. The computed 

transient wa v e f o r m s  will be written on F0R 0 2 . D A T  and the 

am p litude spectra will be on files FOR 16.DAT up to F0R21.DAT
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if 6 transient w a v e f o r m  are, for e x a m p l e , desired. The 

transient waveforms were ploted by the program D P L O T .EXT 

m o d i f i e d  from Shiao and the frequency spectra were plotted 

using available software program on DEC-10 called GRAPH. As 

d e s c ribed in this thesis, a half cycle sine function is used 

for the truncation of our dig i t i z e d  data except for the case 

of the Pierre shale where a d i g itized form of the DFS-V type 

of w i n d o w i n g  was entered in the program by a file called 

FORI 1 .D A T .

The computer program consisted of a main program and 

two s ubroutines as follows:

Program

CONST

FOURIER

FORK

D e s c r i p t i o n  

Main program to compute transient waveforms 

(particle vel o c i t y  or two components of 

stress) and a s o o ciated amplitude spectra 

in an h o m o g e n e o u s , infinitely extended 

isotropic elastic medium.

Subroutine to fill a matrix with the 

Fourier c o e f f i c i e n t  and then call 

FORK to do the F F T .

S u b r outine to perform the FFT.
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E X A M P L E  I N P U T  J A l n  
f u r  t h e  c a l c u u A T I un
ü t PAr . T j . CLF  V l L u C I T i  
IU TAïLÜP MARL.
1 .2*j
2.44£c5,l.0E05,x6 
6vO.
5.,2Uu
0 .625/7.18/2680v;.
1 • 2 j / 0 • x / 2 P 4 v v •
2.5,1*.%/1680j. 
5.0/lv.o,l89Cu. 
lv.U/j.2.6/27 5vv »
20 . 0/ 12. 5/ 27500 .



o
o

o
o

o
 

o
o

o
o

 
* 

* 
ku

) 
o

o
o

o
o

o
o

o
o

o
o

n
o

o
n

o
o

o
o

o
n

o
o

o
o

n
o

o
o

n
o

o

T-2892 168

MAI N PROGRAM TO COMPUTE THE COMPLEX C O E F F I C I E N T  
( C )  OF AN O U T G O I NG  S P H E R I C A L  WAVE FROM A R A D I A L L Y  
O S C I L L A T I N G  S P H E R I C A L  C A V I T Y  I N  AN I N F I N I T E L Y  
E X T ENDED S O L I D  M E D I U M .  T H I S  C O E F F I C I E N T  ENABLE  
US TO C A L C U L A T E  P A R T I C L E  V E L O C I T Y  OR R A D I A L  OR 
ANGULAR NORMAL COMPONENTS OF ST RE SS  AT A 
S P E C F I E D  D I S T A N C E  FROM THE- SOURCE FOR EACH  
VALUE. OF F R E Q U E N C Y .  THE F O U R I E R  C O E F F I C I E N T S  
WERE THEN TRANSFORMED I NT O T HE  T I ME.  D OMAI N  I N  
I N  ORDER TO O B T A I N  THE T R A N S I E N T  WAVEFORMS BY 
U S I N G  A M O D I F I E D  F A S T  F O U R I E R  TRANSFORM ( F F T )  
A L GOR I T H M DEVELOPED BY CLAERP-OUT (  1 9 7 6 ) .

PROGRAM I S  W R I T T E N  BY FAPROKR J Â L I N O O S .
J A N U A R Y ,  1 9 8 3 ;  M O D I F I E D  MARCH 1 9 8 4 .

THE MODEL USED I N  THE PROGRAM C O N S I S T S  OF A 
S P H E R I C A L  C A V I T Y  BOUNDED BY A V I S C O U S  L I Q U I D  
OF V I S C O - F L A S T I C  FHEGLO'GY EMBEDDED I N  AN 
I N F I N I T E L Y  EXTENDED E L A S T I C  M E D I U M .

I N P U T  I S  WRTTEN ON T A P E 1  I F  CYBER COMPUTER  
I S  I N  USE OR F O R O l . D A T  I N  CASE OF D E C - 1 0 .

T R A N S I E N T  WAVE OUPUTS W I L L  BE W R I T T E N  ON 
F O R 0 2 . D A T  AND A M P L I T U D E  RESPONSE DATA ON 
F O R 1 6 . D A T  UP TO F O R 2 1  . D A T .

CCS SYSTEM OF U N I T S  I S  USED I N  ALL C A L C U L A T I O N S .

DEAD THE I N P U T  PARAMETERS FROM F I L E  ? A P E 1

READ I N  THE CHARGE M I X T U R E  D - N S I T Y  I N  
G? M/ CM *  *3

R E A D d , * )  DENSE

PE I D  C O M P R E S S I O N A L  WAVE V E L O C I T Y  X C 2 ,  SHEAR  
WAVE V E L O C I T Y  XC2S I N  C M / S F C  AND D E N S I T Y  
PHO I N  G P / C M * * 3

R F A D ( 1 , * )  X C 2 , X C 2 S , R H O

COMPLEX OMF/ O' - ' EP
r n v t D T C Y  f A u n n u o  r i u  d o  r  a  m  o  d  r \ i  D

I M P L I C I T  C O M P L E X ( C )  
COMPLEX X X z Y Y , Z 7 , A A , 3 B , Q Q  
COMPLEX BETA^ Z T F T A / X M , G A M  

2 2  FORMA'1' 
3 FORMA

L U M K L ' - A  A i. /  A 1 y y A I K P
D I M E N S I O N  AC 1 ( 1 0 2 4 )  
D I M E N S I O N  AC2 (  1 C24 )  
D I M E N S I O N  AC3 ( 1  0 2 4$  
D I M E N S I O N  X( 1 02 4 ) ,  A 
C OMMOi N/ CüNST/ P I  , D "  L 

2 E 1 4 . 3 )
( E 1 4 . 3 )
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C f c L C U H T E  L A M E ' S  C O E F F I C I E N T S  LANDA  
( C O E F F I C I E N T  OF D l L l v f  A T I  DM )  AND MU ( S H E A R  
MODUL US)  FOR V A R I O U S  MODELS WHERE. X ( A S  I N  X L A N 1 ,

F O 0 E X A M P L E )  E NS URE S A P ? AL  VALUE.  FOR THE 
C O E F F I C I E N T S .  P REF ERS  TO P R I M E  
AS I S  D E F I N E D  I N  THE M O D E L .

NOTE T H AT  X L A N 1 ?  AND XMU1 ARE Z E R O .

X M U E = ( X C 2 S * " 2 ) * R H 0  
XL AN2  = ( X C 2 « * 2 ) * 9 H 0 - 2  * XMU2  
XC1  = ( X L A N 2 / R H 0 )  * * 0  .5
XLÀ N 1= XLAN2

C A LC U L A TE PLANE MkVZ  M O D U L U S .  SAME 
C O N V E N T I O N  AS ABOVE I S  U S E # .

X M 2 = X L A N 2 > 2  . * X M U 2

READ THE SO UR C I N G F U N C T I O N ' S  DECAY C O N S T A N T ,  
A L F A .

R F A D ( 1 , * )  AL F A

P?AD DELTA F ,  THE S A M P L I N G  I N T E R V A L  I N  F REQUENCY  
DOMAI N AND K F R E Q ,  I  HD CORESPONDI MG NUMBER OF 
P O I N T S  UP TO W I N D O W ' S  C U T - O F F  FREQUENCY .

R F A D (  1 ,  * )  D E L T A F , K F R E Q  
D F L T A T  = 1 . / (  1 0 2  4 . ‘ D E L T A F )
F I  = A T A N ( 1 . )  * 4 .
DF.LW=2 * P I  " D E L T A F

C A L C U L A T E  C O N S T A N T S  USED I N  THE A T T E N U A T I O N  
E Q U A T I O N S  B EL OW.

T F T A P = 0 . 0 3 1  
UMF.0= 1 6 0 0 0 . * P I

START A LOOP FOR C A L C U L A T I O N  OF 
N T R A N S I E N T  WAVEFORMS AS A F U N C T I O N  
OF THE V A R I A B L E  OF I N T E R E S T .

NN =1
DO 7 0 0  N = 1 , 6

READ I N  CHARGE W E I G H T  I N  L B ,  B / A  FACTOR  
AND V I S C O S I T Y  I N  C P .  NOTE THAT  
FLW V A R I A B L E S  ARE TO P R I N T E D  OUT ON 
T UE. T E R M I N A L  TO SE RVE AS A MEANS OF 
C H E C K I NG  THE P R O G R A M .

R E A D d , " )  W G H T , F A C T O R , X M U 1 P

W R I T E  ( 4 , * )  WGHT 
WGHT=WGHT * 4  . 4 4 8 E 0 5



oo
 

o
o

o
o

 
o 

oo
o 

o 
oo

o 
o

o
o

o
o

o
o

o
 

o
o

o
o

 
o

o
o

o
o

 
o

o
o

o
o

T-2892 170

pnwrR-1 /3
A = ( 3 * W G K T / (  4 * ? I  * DSNSZ * 9 * 0 . ) ) * * ( P O W Z P )

WR I T %  ( 4 , * )  A , F A C T O R , X H U 1 P , A L F A  
B = A * F A C T O R

n DENOTES THE R A D I A L  D I S T A N C E  FROM 
THE S O U R C E .  NOTE T HAT  FOR NORMAL STRES S  
C A L C U L A T I O N S  R=B

p.- 5  0 0 0  .
WRITE.  ( 4 ,  * )  FACTOR  

W ZE P0 = XL A N 1 / ( 2 *  XMU IP )

ST A R T  A LOOP FOR C A L C U L A T I N G  F REQUENCY VALUSS  
UP TO KFREQ • D ELW I S  T H E  FREQUENCY I N C R E M E N T  
THi . T  I S  TO BE C A L C U L A T E D .

5 6  DC 5 0 0  1 = 1 ,  KFREQ
W = I  *DELW

CALCULATE THE V I S C O U S  L I Q U I D ' S  A T T E N U A T I O N  
VALUE.  A 1 AS USED I N  THE C A L C U L A T I O N S .

A 1 = W * * 2 / ( W Z E R 0 * 2 * X C 1 )

C A L C U L A T E  THE F O R C I N G  F U N C T I O N  P ( W ) .  NOTE  
THAT I F  R A D I A L  OR ANGULAR ST RES S I S  THE.  
PU™PUT A D I F F E R E N T  F O R C I N G  F U N C T I O N  OF 
THE FORM :

PW=1 . / C M P L X ( A L F A , W )

CPW=CMPL X ( 0 . , W )
C C P W = C M P L X ( A L F A , W )
Pw=CPW/ CCPW

M U L T I P L Y  P ( W )  BY P O ,  THE, D Y N A M I T E ' S  
D E T O N A T I O N  PRESSURE,  ( I N  D Y N E S / C M * * ? )

P W = P W " ( 2 . 1 2 F 0 9 )

C A L C U L A T E  T H E  V A L U E S OF HALF CYCLE S I N C  
F U N C T I O N  USED AS OUR T R U N C A T I N G  WI NDOW.

VM= 2 * P I  * 1 4 0 0 .
F F = ( P I * W ) / W M
W I N D O W = S I N ( F F ) / F F

C A L C U L A T E  THE COMPLEX VALUES K 1 , K 2 , B E T T A  
AND GAMMA WHI CH v c r p  THE D E F I N E D  VALUES  
USED FOR S O L V I N G  THE BOUNDARY C O N ­

D I T I O N  I N  T H E  PROBLEM .

D=W *2 “X M U I P  
S =W * X M U I P  
F = W / X C 2  
G = W / X C 1
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* - ............................. ANGULAR NORMAL ST R E S S
it
3 8  CCU1 = - C 1 * ( - 2  * X M U 2 / R * * 3  - 2  * C K 2 * X M U 2 / R * * 2  

* + X L A N 2 * C K 2 * * 2 / P )  * C&%P (  - CK2  * R )
C C U 1 = C C U 1 * P W

6 9  A M C 1 ( N Z I ) = R E A L ( C C U 1 )
B M C l ( N z I ) = A I M A G ( C C U l )
A M P I C I  )  = ( A M C 1 (  N/ I ) * * 2 > B M C 1 ( N Z I ) * * 2 )  * * 0  . 5  

79  X A X ( I )  = W / ( 2 . * P l 5
C I F  ANY OTHER FORM OF T R U N C A T I O N
C OTHER THAN THE HALF CYCLE S I N C
C F U N C T I O N  I S  D E S I R E D , D O  T H E  F O O L WI N G ;
C 1 -  TURN * H S  W I N D 0 W = 3 1 N ( F F ) / F F  I N T O  A COMMENT  
C S T AT EMENT
C 2 -  TURN THE C 1 = C 1 * W I N D J W  I N T O  A COMMENT S T A T E M E N T  .
C 3 -  REMOVE THE NEXT GO TO 5 29 S T A T E M E N T ,
C
C NOTE THAT DATA I S  EN T E R E D  FROM F O R 3 2  . D A T  •

GO TO 5 2 9
GO TO 3 9  
GO TO 4 5

3 9  RE AD ( 3 2 £ * ) ' X W I N D / Y W I N D
C W I N D = C M P L X ( X W I N D , Y W I N D )
CO TO 5 9

4 9  CWI N. O=CMPLX(  0 . 0 , 0  . 0 )
55* CCU1 = CCU1 " CWI NH

A H C 1 ( N , I ) = R  
BMC 1 ' "  “

C
C T H I S  C A L C U L A T E D  A M P L I T U D E  I N  THE
C D E C I B E L L S  S C A L E .
C

A M P 1 ( I ) = 2 0 .  * A L Q C 1 0 ( ( (  A M C K N / I )  * * 2 > 8 M C 1 ( N / I )  * * 2 )

* * * 0 . 5 ) / A O )
X i X ( I ) = W / ( 2  . * ? I )

5 2 9  I D L E = 1
5 00  C O N T I N U E

CALL F O U R I E  ( A C 1 , A M C 1 , S M C l , N , 0 , K F R E Q )

C ST ART  A LOOP FOR C A L C U L A T I N G  THE V AL UE S
C OF X - A X I S .
C

DO 6 0 0  J =  1 ,  1 0 2 4  
X ( J  ) = D E L T A T  * (  J - 1 )

C
C F O 13 NORMAL S T R E S S  C A L C U L A T I O N S ,
C THE NEXT CARD PERFORMS THE U N I T
C C O N V E R S I O N S  TO P S I
C
C ! C 1 ( J ) = A C 1 ( J ) * 1 4 . 5 / 1 5 0 6

6 0 0  C O N T I N U E
W R I T ;  ( 2 , 3 3 )  ( A C i ( M ) ,  M= 1 , 5 1 2 )

N N = N + 15
WR I T E  ( N N , 2 2 )  ( X A X ( L ) , A M P 1 ( L ) ,  L = 1 , K F R E Q )

700 CONTINUE

GO TO 5 2 9  
I F  ( I . LE . 5 0 )  G' 
I F  ( I . G T . 5 0 )  Gi

. = "VW L;• ' '
1 ( N , I ) = R E A L ( C C U 1 ); i ^ 6 i ) = A i M ^ ( C c u n
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ST OP
END

S U B R O U T I N E  TO P E R F O R M  F FT  
TAKEN FROM TONGTAOW ( 1 9 3 2 )
K I T H  SOME M O D I F I C A T I O N S .

S U B R O U T I N E  F O R K ( L X , C X , S I G N I )
COMPLEX C X ( L X ) , C A R G , C E X P . C W , C T E M P  
C O M M O N / C O N S T / P I , O Z L W f O E L T A T

— M U L T I P L Y  BY THE P H Y S I C A L  U N I T S  OF DEL T A T 
— AND D E L T A  OMEGA TO O B T A I N  REAL U N I T S  .

I F C S I G N I  . E Q . - l  . )  S C = D t L T A T  
I F C S I G N I . E Q .  1 . )  SC = 0 . 5 * D E L w V P I  
DO 3 0  1 = 1 , LX  
I F ( I  . G T . J Î G O  TO 1 0  
C T E M P = C X ( J ) * S C  
C X ( J ) = C X ( l j * S C  
C X C I ) = C T E M P  

1 0  M = L X / 2
2 0  I F ( J . L F . M ) G O  TO 3 0  

J = J - N  
M = M /  2
I F  ( M . G E  . 1  ) GO TO 20  

3 0  J = J + N  
L =  1

4 0  I S T E P = 2 * L  
DO 5 0 M = 1 , L
C A R G = C M r L X < 0  . 0 , 1  . 0  ) * (  P I  * S I  GNI  * ( M - 1 ) ) / L  
C W = C E X ? ( C A P G )
DO 5 0  I = M , L X , I S T E F  
C T E M P = C W " C X ( I + L )
C X ( I + L ) = C X ( I ) - C T E M P  

5 0  C X ( I ) = C X ( I ) + C T E M P  
L = I S T E P
I F  ( L  . L T  . L X ) G O  TO 4U 
RETURN  
&ND

S U B R O U T I N E  TO F I L L  F O U R I E  C O E F F I C I E N T S  I N  
ARRAY OF 1 0 2 4  P O I N T S  AND CALL  ANOTHER.  
S U B R O U T I N E  TO DO THE F F T .

S U B R O U T I N E  F O U R I E ( A C , A M C / B M C , N , K L C W , K F R E Q )  
COMPLEX CAA
D I M E N S I O N  A C ( 1 0 2  4 ) , C A A ( 1 0 2 4 ) / A M C ( 7 / K F R ? Q )  
D I M E N S I O N  B M C ( 7 , K F R E Q )
DO 1 1 =  1 , 1 0 2  4 
A C ( I  )  = 0 . 0
C A A ( I )  = C M P L X ( 0 . 0 , 0 . 0 )

1 CONTI NUE .
C — F I L L I N G  THE F F T  A R R A Y ,  3 T A R T I N F  AT PROPER  
C — F REQUENCY AND U S I N G  BOTH REAL AND I M A G I N A R Y  PARTS  

DO 2 J = 1 , KFREQ
C A A ( J + K L O W + l ) = C M P L X ( A M C ( N , J ) , B M C ( N , J ) )
C A A C 1 0 2 4 - K L O W - J + 1 ) = C M P L X ( + A M C ( N , J ) , - B M C ( N , J ) )

2 C O N T I N U E
C ALL  F Q R K ( 1 0 2 4 z C A A , 1 . 0 )

C — CALL FORK TO PE RFORM F F T  C O M P U T A T I O N S  .
DO 4  L = 1 , 1 0 2 4

172
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À C ( L ) = P E À L ( C A A ( L  ) )
4 C O N T I N U E  

ETURN  
ND


