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Description 

The  present  invention  relates  generally  to  a  method  and  apparatus  for  detecting  and  measuring  elastic 
anisotropy  in  samples  of  the  earth's  formations. 

5  It  has  generally  been  acknowledged  that  single  crystal  materials  can  exhibit  elastic  anisotropy  which  is 
related  to  their  crystallographic  symmetry.  Since  rocks  are  generally  an  aggregate  assembly  of  minerals,  which 
was  assumed  to  be  random,  such  rocks  have  generally  been  assumed  to  be  isotropic.  If,  however,  the  mineral 
orientation  is  not  random,  one  would  then  expect  crystal-like  anisotropy  to  be  manifested  in  the  rock  properties. 
Rocks  with  pronounced  visual  fabrics  such  as  shale,  schists,  and  other  metamorphic  rocks  as  well  as  igneous 

10  rocks  such  as  dunite  have  been  clearly  documented  as  possessing  elastic  anisotropy  which  is  strongly  related 
to  their  visual  fabric  and  mineral  composition.  There  exist  other  more  subtle  factors  which  can  also  give  rise 
to  anisotropic  behavior  such  as  the  presence  and  orientation  of  cracks  in  the  rock. 

Generally,  anisotropy  has  been  a  complication  to  be  ignored  by  exploration  ists  except  in  dealing  with  ig- 
neous  and  metamorphic  rocks  with  a  pronounced  mineral  alignment.  However,  it  has  become  evident  that  sed- 

15  imentary  rocks  as  well  as  rocks  containing  fractures  can  have  pronounced  and  measurable  elastic  anisotropy. 
In  fact,  recent  seismic  investigations  have  indicated  that  the  greater  portion  of  the  earth's  crustal  surface  may 
be  more  anisotropic  than  originally  believed.  Consequently,  previous  laboratory  measurements  of  acoustic  ve- 
locities  of  samples  from  sedimentary  basins,  which  can  depend  upon  the  presence  or  absence  of  anisotropy, 
are  generally  believed  to  have  been  in  error  since  anisotropy,  as  a  matter  of  principle,  has  not  been  taken  into 

20  account.  Laboratory  studies  concerning  formation  anisotropy  have  generally  focused  upon  velocity  analysis 
and  have  paid  little  attention  to  the  amplitude  dependence  of  anisotropy.  More  recently  Sprunt,  etal.,  in  United 
States  Patent  Nos.  4,631,963  and  4,631,964,  both  issued  December  30,  1986,  described  a  method  and  appa- 
ratus  for  measuring  shear  wave  velocity  anisotropy  in  formation  samples. 

The  present  invention  seeks  to  provide  a  novel  method  for  accurately  determining  elastic  anisotropy  both 
25  in  terms  of  magnitude  and  symmetry  in  formation  samples  which  greatly  simplifies  and  expedites  the  detection 

and  measurement  of  such  elastic  anisotropy. 
According  to  the  present  invention,  there  is  provided  a  method  for  detecting  and  measuring  elastic  aniso- 

tropy  in  samples  of  the  earth's  formations,  comprising  the  steps  of: 
(a)  imparting  a  first  shear  wave  into  a  sample  using  a  transducer  having  a  first  polarization; 

30  (b)  recording  first  and  second  time  series  signals  c^,  <|>21  representative  of  the  sample's  response  to  said 
imparted  first  shear  wave  by  using  a  set  of  receivers  having  first  and  second  polarizations; 
(c)  imparting  a  second  shear  wave  into  said  sample  using  a  transducer  having  a  second  polarization; 
(d)  recording  first  and  second  time  series  signals  <j>12,  §22  representative  of  the  sample's  response  to  said 
imparted  second  shear  wave  using  said  set  of  receivers  having  first  and  second  polarizations,  said  time 

35  series  signals  fa2,  <I>21  and  §22  comprising  a  dyad  of  time  series  signals;  and 
(e)  diagonalizing  said  dyad  of  time  series  signals  so  as  to  minimize  the  amplitude  of  selected  events  in 
said  signals  ^2  and  <j>2i  and  to  maximize  the  amplitude  of  selected  events  in  said  signals  §u  and  <j>22-  there- 
by  obtaining  a  measure  of  the  orientation  of  the  principal  elastic  axis  of  said  sample  with  respect  to  said 
polarizations  of  said  transducers  and  said  receivers. 

40  According  to  a  related  aspect,  the  present  invention  provides  an  apparatus  for  detecting  and  measuring 
elastic  anisotropy  in  samples  of  the  earth's  formations,  comprising: 

shear  wave  transmitting  transducer  means  for  imparting  shear  waves  into  a  sample;  and 
shear  wave  receiving  transducer  means  for  recording  time  series  signals  representative  of  the  sample's 

response  to  the  imparted  shear  waves; 
45  characterised  in  that: 

the  shear  wave  transmitting  transducer  means  is  arranged  to  impart  first  and  second  distinctly  polarized 
shear  waves  into  the  sample; 

the  shear  wave  receiving  transducer  means  is  arranged  to  record,  for  first  and  second  polarizations  of 
said  receiving  transducer  means,  first  and  second  time  series  signals  <|>21  representative  of  the  sample's 

so  response  to  said  imparted  first  shear  wave,  and  to  record,  for  said  first  and  second  polarizations,  first  and  sec- 
ond  time  series  signals  <j>12,  §22  representative  of  the  sample's  response  to  said  imparted  second  shear  wave, 
said  time  series  signals  t^,  §12,  <I>21  and  §22  comprising  a  dyad  of  time  series  signals;  and 

processing  means  is  provided  arranged  to  diagonal  ize  said  dyad  of  time  series  signals  so  as  to  minimize 
the  amplitude  of  selected  events  in  said  signals  fa2  and  <|>21  and  to  maximize  the  amplitude  of  selected  events 

55  in  said  signals  §u  and  <|>22,  thereby  obtaining  a  measure  of  the  orientation  of  the  principal  elastic  axis  of  said 
sample  with  respect  to  the  polarizations  of  said  transmitting  transducer  means  and  said  receiving  transducer 
means. 

Apparatus  in  accordance  with  the  classifying  portion  of  the  preceding  paragraph  is  known  from  US-A- 
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4,631,964  discussed  previously. 
By  recording  a  dyad  of  time  series  signals,  the  detection  and  measurement  of  elastic  anisotropy  in  samples 

of  the  earth's  formation  can  be  greatly  simplified  and  expedited. 
In  one  preferred  embodiment  of  the  apparatus,  first  and  second  shear  wave  transmitting  transducers  hav- 

5  ing  orthogonal  polarizations  impart  shear  waves  along  a  longitudinal  axis  of  the  sample.  First  and  second  shear 
wave  receiving  transducers  having  orthogonal  polarizations  record  time  series  signals  representative  of  the 
sample's  response  to  each  of  the  imparted  shear  waves  at  the  opposite  end  of  the  sample. 

In  another  preferred  embodiment  of  the  apparatus,  a  shear  wave  transducer  rotatable  between  a  first  po- 
larization  and  second  polarization  imparts  shear  waves  along  a  longitudinal  axis  of  the  sample  and  a  shear 

10  wave  receiving  transducer  rotatable  between  a  first  polarization  and  a  second  polarization  records  the  sam- 
ple's  response  to  shear  waves  imparted  along  the  first  and  second  polarizations. 

Preferred  features  of  the  present  invention  will  now  be  described,  by  way  of  example  only,  with  reference 
to  the  accompanying  drawings,  in  which: 

Figure  1a  is  a  cross-sectional  representation  of  an  apparatus  for  detecting  and  measuring  elastic  aniso- 
15  tropy  in  formation  samples; 

Figure  1b  is  a  perspective  view  of  the  apparatus  of  Figure  lafordetectingand  measuring  elastic  anisotropy 
in  samples  of  the  earth's  formations; 
Figure  2  is  a  representation  of  a  plurality  of  time  series  signals  collected  for  an  isotropic  material  (fused 
quartz)  with  a  polarized  transmitting  transducer  having  a  fixed  orientation  \|/t  and  a  polarized  receiving 

20  transducer  having  a  plurality  of  orientations  \|/r; 
Figure  3  is  a  representation  of  theoretical  and  observed  arrival  amplitudes  as  a  function  of  receiving  trans- 
ducer  orientations  \|/r; 
Figure  4  is  a  representation  of  a  plurality  of  time  series  signals  collected  for  an  anisotropic  material 
(McNabb  shale)  with  a  polarized  transmitting  transducer  having  a  fixed  orientation  \|/t  and  a  polarized  re- 

25  ceiving  transducer  having  a  plurality  of  orientations  \|/r; 
Figure  5  is  a  representation  of  a  plurality  of  time  series  signals  collected  for  the  anisotropic  material  of 
Figure  4;  however,  the  sample  has  been  rotated  45°; 
Figure  6  is  a  representation  of  observed  amplitudes  for  both  the  fast  (event  1)  and  slow  (event  2)  events 
of  Figure  5  as  a  function  of  the  receiver  angle  \|/r; 

30  Figure  7  is  a  representation  of  a  plurality  of  time  series  signals  collected  for  an  anisotropic  material 
(McNabb  shale)  with  a  polarized  transmitting  transducer  imparting  shear  waves  and  a  polarized  receiving 
transducer  recording  time  series  signals  wherein  the  transmitting  and  receiving  transducer  polarizations 
are  rotated  simultaneously  and  synchronously  through  azimuthal  angles  of  0-180°; 
Figure  8  is  a  representation  of  a  plurality  of  time  series  signals  collected  for  an  anisotropic  material  (Berea 

35  sandstone)  with  a  polarized  transducer  having  a  fixed  orientation  \|/t  parallel  to  the  visual  bedding  planes 
of  the  anisotropic  material  and  a  polarized  receiving  transmitting  transducer  having  a  plurality  of  orienta- 
tions  \|/r; 
Figure  9  is  a  representation  of  a  plurality  of  time  series  signals  collected  for  the  anisotropic  material  of 
Figure  8  wherein  the  sample  was  rotated  azimuthally  20°  from  the  position  it  was  in  for  collecting  the  time 

40  series  signals  of  Figure  8; 
Figure  10a  is  a  dyad  of  time  series  signals  ^  recorded  for  an  anisotropic  material  (McNabb  shale); 
Figure  10b  is  a  representation  of  a  plurality  of  cross-component  time  series  signals  fa2  generated  for  a 
plurality  of  rotation  angles  for  the  McNabb  shale  of  Figure  10a;  and 
Figure  10c  is  a  representation  of  a  plurality  of  cross-component  time  series  signals  <|)21  generated  for  a 

45  plurality  of  rotation  angles  for  the  McNabb  shale  of  Figure  10a. 
The  present  invention  provides  an  apparatus  and  method  for  detecting  and  measuring  elastic  anisotropy 

in  samples  of  the  earth's  formations. 
With  reference  to  Figures  1a  and  1b,  a  test  apparatus  for  detecting  and  measuring  elastic  anisotropy  in 

formation  samples  has  been  developed.  Figure  1a  provides  a  cross-sectional  view  of  the  test  apparatus  of  the 
so  present  invention  and  Figure  1  b  provides  a  perspective  view  of  the  test  apparatus  of  the  present  invention. 

The  test  apparatus  is  adapted  to  detect  and  measure  the  magnitude  and  symmetry  effects  of  elastic  anisotropy 
on  both  the  velocity  and  amplitude  of  propagating  shear  waves  in  a  sample  S.  The  test  apparatus  includes  a 
sample  holder  A  comprising  a  pair  of  annuli  12,  14,  each  sized  to  receive  the  sample  S.  Each  annulus  12,  14 
further  includes  a  buffer  rod  16,  18  securely  mounted  thereto.  Preferably,  the  buffer  rods  16,  18  are  made  from 

55  isotropic  materials  (such  as  plexiglas)  which  have  an  impedance  closely  matching  that  of  the  sample  to  be  eval- 
uated.  The  annuli  12,  14  each  include  angular  reference  marks  R.  In  a  first  embodiment  of  the  test  apparatus, 
each  buffer  rod  16,  18  has  one  shear  wave  transducer  having  a  single  polarization  20,  22  epoxied  thereto.  In 
a  second  embodiment  of  the  test  apparatus,  the  shear  wave  transducers  20,  22  each  include  two  orthogonally 

3 
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polarized  shear  wave  transducers.  Hereafter,  transducer  20  will  be  referred  to  as  the  transmitting  transducer 
20  and  transducer  22  will  be  referred  to  as  the  receiving  transducer  22.  This  distinction  is  made  to  simplify 
the  following  discussions  since  those  skilled  in  the  art  will  appreciate  that  either  transducer  20  or  22  can  be 
effectively  employed  as  either  a  transmitting  or  receiving  transducer. 

5  The  angular  reference  marks  R  associated  with  the  annulus  12  can  be  used  to  orient  the  polarization  of 
the  transmitting  transducer  20  with  respect  to  a  fixed  reference  (e.g.,  a  fixed  mark  on  the  sample  S)  or  with 
respect  to  the  polarization  of  the  receiving  transducer  22.  Similarly,  the  angular  reference  marks  R  associated 
with  annulus  14  can  be  used  to  orient  the  polarization  of  the  receiving  transducer  22  with  respect  to  a  fixed 
reference  mark  (e.g.,  a  fixed  mark  on  the  sample  S)  or  with  respect  to  the  polarization  of  the  transmitting  trans- 

10  ducer  20.  Both  annuli  12,  14  include  a  plurality  of  threaded  fasteners  24  for  fixing  the  azimuthal  orientation  of 
each  plexiglas  annuli  12,  14  (and  hence  the  polarizations  of  the  transmitting  transducer  20  and  the  receiving 
transducer  22)  with  the  longitudinal  axis  L  of  the  sample  S.  The  fasteners  24  also  provide  for  rotary  positioning 
of  the  polarized  shear  wave  transducers  20,  22  at  a  plurality  of  azimuthal  orientations  with  respect  to  the  long- 
itudinal  axis  L  of  the  sample  S.  To  ensure  sufficient  acoustic  coupling  of  the  shear  wave  transducers  20,  22 

15  to  the  sample  S,  a  viscous  polymer  (such  as  polystyrene)  can  be  used  to  couple  acoustic  energy  into  and  out 
of  the  sample  S. 

When  a  time-varying  voltage  of  the  test  apparatus  is  applied  to  the  transmitting  transducer  20  (in  the  form 
of  a  single  sine  wave  pulse  of  fixed  amplitude  and  frequency)  with  input  means  26,  a  shear  wave  can  be  im- 
parted  into  the  sample  S  and  recorded  by  the  receiving  transducer  22  as  a  time  series  signal.  The  time  series 

20  signal  can  be  transmitted  by  output  means  28  and  subsequently  amplified  and  digitized  forfurther  processing 
by  a  processing  unit  (not  shown)  to  detect  and  measure  elastic  anisotropy  in  sample  S  as  shall  be  discussed 
below. 

Two  separate  angular  indexing  schemes  can  be  employed  in  conjunction  with  the  detection  and  measure- 
ment  of  elastic  anisotropy.  The  first  comprises  the  azimuthal  angles  \|/t  and  \|/r  which  can  be  measured  in  a 

25  relative  sense  either  clockwise  or  counterclockwise  from  a  fixed  mark  on  sample  S.  The  azimuthal  angles  \|/t 
and  \|/r  can  be  measured  employing  the  angular  reference  marks  R  on  the  annuli  18,  20.  Hence,  the  azimuthal 
angles  \|/t  and  \|/r  orient  respectively  the  polarizations  of  both  the  transmitting  transducer  20  and  the  receiving 
transducer  22  to  a  fixed  direction  on  the  sample  S  or  to  each  other.  Similarly,  a  second  angle  9  can  be  measured 
in  a  relative  sense  either  clockwise  or  counterclockwise  from  a  fixed  mark  on  a  sample  S.  The  second  angle 

30  9  is  the  angle  measured  between  a  principal  elastic  axis  9P  or  the  visual  rock  fabric  9f  of  the  sample  S  measured 
from  a  fixed  reference  mark  on  the  sample  S.  Hence,  the  angle  9  orients  both  the  principal  elastic  axis  and 
visual  rock  fabric  of  the  sample  S  to  a  fixed  azimuthal  orientation  on  the  sample  S.  Further  advantages  will 
demonstrate  the  benefits  of  having  the  angles  9  and  y  both  referenced  to  a  common  direction.  It  should  be 
noted  that  there  can  be  azimuthal  orientations  of  the  sample  S  (e.g.,  9P)  and  the  transmitting  and  receiving 

35  transducers  (e.g.,  \|/r,  \|/t)  which  are  identical,  but  in  general  these  angles  are  distinct. 
To  aid  in  understanding  the  present  invention,  the  following  discussions  and  examples  are  provided.  Ani- 

sotropic  materials  can  be  characterized  by  the  velocity  of  propagation  of  orthogonal  modes  (polarizations)  of 
shear  waves  in  the  anisotropic  material.  In  general,  given  a  direction  of  propagation,  there  exist  two  orthogonal 
modes  (polarizations)  of  shear  wave  propagation  through  an  anisotropic  material.  The  velocity  of  propagation 

40  of  each  shear  wave  mode  in  such  anisotropic  materials  is  different.  If  the  source  excitation  does  not  conform 
to  one  of  the  allowed  modes,  splitting  of  a  shear  wave  into  the  two  allowed  characteristic  modes  of  propagation 
occurs,  and  the  phenomenon  is  generally  referred  to  as  shear  wave  birefringence.  Fora  given  direction  of  prop- 
agation,  there  exist  two  orthogonal  shear  wave  polarizations  for  the  anisotropic  materials  for  which  shear  wave 
splitting  does  not  occur  and  only  one  of  the  two  allowed  shear  wave  modes  (or  polarization)  propagate.  Here- 

45  after,  the  direction  of  polarization  in  anisotropic  materials  for  which  a  shear  wave  mode  propagates  at  a  velocity 
greater  than  the  velocity  of  the  other  shear  wave  mode  is  referred  to  as  the  principal  elastic  axis  of  the  aniso- 
tropic  material. 

Wave  propagation  through  an  isotropic  material  is  simple  in  the  sense  that  only  one  compressional  and 
one  shear  wave  are  expected  to  propagate  along  any  propagation  path.  For  example,  a  polarized  shear  wave 

so  propagating  from  one  end  of  an  isotropic  sample  to  the  other  can  be  detected  by  a  similarly  polarized  shear 
wave  transducer  and  a  time  series  can  be  recorded  using  the  first  embodiment  of  the  test  apparatus  previously 
discussed.  By  keeping  the  angular  orientation  \|/t  of  the  transmitting  transducer  20  polarization  fixed  with  re- 
spect  to  the  longitudinal  axis  of  the  sample  S,  a  plurality  of  different  time  series  signals  can  be  recorded  by 
imparting  shear  waves  with  the  transmitting  transducer  20  and  by  rotating  the  receiving  transducer  22  polar- 

55  ization  through  a  plurality  of  azimuthal  orientations  \|/r  with  respect  to  the  longitudinal  axis  of  the  sample  S  to 
record  the  response  of  the  sample  S  to  the  imparted  shear  waves.  The  orientation  of  receiving  transducer  22 
polarization  can  be  changed  by  rotating  azimuthally  either  clockwise  or  counterclockwise  about  the  longitudinal 
axis  L  of  the  sample  S.  As  one  progresses  through  azimuthal  angles  \|/r  (measured  from  an  initial  azimuthal 

4 
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orientation  in  which  both  the  transmitting  transducer  20  and  the  receiving  transducer  22  polarizations  are 
aligned  at  \|/r  =  0°)  event  extinction  on  the  recorded  time  series  signal  will  be  observed  at  an  rotation  angle  of 
\|/r  =  90°.  Such  extinction  of  an  event  is  predicted  when  the  transmitter  and  receiver  polarization  orientations 
are  orthogonal  to  each  other.  Similarly,  a  second  event  extinction  is  predicted  at  a  receiver  azimuthal  angle 

5  of  \|/r  =  270°  when  the  receiving  transmitter  polarization  orientation  is  again  orthogonal  to  the  orientation  of  the 
transmitting  transducer  polarization. 

Looking  now  to  Figure  2,  an  experiment  was  conducted  on  a  sample  of  isotropic  material  (e.g.,  fused 
quartz)  employing  the  first  embodiment  of  the  test  apparatus  of  the  present  invention.  An  end  view  of  the  sam- 
ple  S  is  presented  with  the  initial  orientation  of  the  transmitting  transducer  20  and  receiving  transducer  22  po- 

10  larizations  indicated  with  the  bold  face  arrow.  As  the  receiving  transducer  22  is  rotated  counterclockwise 
through  azimuthal  angles  \|/r  about  the  longitudinal  axis  of  the  sample  S,  a  plurality  of  time  series  signals  are 
recorded  and  displayed  at  angles  \|/r  coincident  with  the  recording  thereof.  Herein,  it  is  noted  that  time  increases 
radially  outward  along  each  time  series  signal.  Event  extinction  is  clearly  evident  at  azimuthal  angles  \|/r=90° 
and  270°. 

15  Simple  theoretical  considerations  predict  that  the  event  amplitude  should  display  a  simple  cosine  depend- 
ence  upon  the  angle  \|/r.  In  fact,  Figure  3  compares  observed  event  amplitudes  (measured  at  different  azimuthal 
orientations  \|/rof  the  receiving  transducer  polarization)  to  the  theoretically  predicted  amplitudes  for  the  corre- 
sponding  azimuthal  orientation. 

A  similar  experiment  can  be  performed  on  anisotropic  materials  (for  example,  McNabb  Shale).  Figure  4 
20  depicts  a  plurality  of  time  series  signals  recorded  for  the  McNabb  Shale  using  the  first  embodiment  of  the  test 

apparatus  and  the  measuring  technique  previously  described.  The  bold  face  arrow  indicates  the  fixed  azimu- 
thal  orientation  of  the  polarized  transmitting  transducer  20  (\|/t  =  0°)  and  the  initial  azimuthal  orientation  of  po- 
larized  receiving  transducer  22  which  are  generally  aligned  with  the  visual  fabric  of  rock  which  is  indicated  by 
the  sets  of  parallel  lines  (i.e.,  9f  =  0°).  The  time  series  signals  recorded  as  the  receiving  transducer  22  is  rotated 

25  through  angles  \|/r  about  the  longitudinal  axis  of  the  sample  S  are  shown  coincident  in  azimuth  with  the  location 
of  the  recording  of  such  time  series  signals.  The  sample  S  is  represented  as  an  end  view  of  a  cylinder  although 
those  skilled  in  the  art  will  recognize  that  other  sample  shapes  can  be  used.  A  maximum  event  amplitude  is 
observed  for  \|/r  =  0°,  and  total  event  extinction  is  observed  at  \|/r  =  90°  and  270°  (i.e.,  the  transmitting  transducer 
20  and  the  receiving  transducer  22  polarizations  are  orthogonal).  Moreover,  only  one  shear  wave  event  ap- 

30  pears  to  be  propagating  in  the  sample  S  as  recorded  in  the  time  series  signals.  A  similar  experiment  can  be 
performed  where  the  polarization  of  the  transmitting  transducer  20  is  aligned  perpendicular  to  the  visual  fabric 
of  the  sample  S.  As  predicted,  one  observes  only  one  shear  wave  event  propagating  in  the  sample  S;  however, 
it  has  a  slower  velocity  than  that  depicted  in  Figure  4.  Once  again,  the  time  series  signal  has  its  largest  am- 
plitude  event  when  the  receiving  and  transmitting  transducer  polarizations  are  parallel,  and  total  extinction  of 

35  the  event  in  the  time  series  signal  is  observed  at  rotation  angles  \|/r  of  90°  and  270°  of  the  receiving  transducer 
22  measured  relative  to  the  orientation  of  the  transmitting  transducer  20. 

Thus,  experiments  confirm  the  theoretical  expectations  for  the  existence  of  distinct  shear  wave  modes 
propagating  at  different  velocities  when  the  polarization  of  the  transmitting  transducer  20  is  aligned  either  par- 
allel  or  perpendicular  to  the  principal  elastic  axis  of  anisotropy  of  the  sample.  However,  when  the  principal  elas- 

40  tic  axis  or  visual  fabric  of  the  sample  is  not  orthogonal  with  respect  to  the  polarization  of  the  transmitting  trans- 
ducer  20,  the  recorded  time  series  signals  become  very  complex  and  confused.  Figure  5  shows  a  plurality  of 
recorded  time  series  signal  as  a  function  of  the  azimuthal  angle  \|/r  of  the  receiving  transducer  20  collected 
using  the  first  embodiment  of  the  test  apparatus  and  method  previously  discussed.  Here,  the  bold  face  arrow 
represents  the  initial  azimuthal  orientation  of  the  receiving  transducer  22,  and  the  fixed  azimuthal  orientation 

45  \|/tof  the  transmitting  transducer  20  polarization  with  respect  to  the  sample  S.  The  parallel  lines  within  the  sam- 
ple  S  indicate  the  orientation  of  the  visual  fabric  of  the  samples.  Here,  the  visual  fabric  of  the  sample  S  is  ori- 
ented  at  an  angle  9f=45°  measured  between  the  visual  fabric  of  sample  Sand  the  orientation  of  the  transmitting 
transducer  20  polarization. 

Theoretical  expectations  for  an  elastic,  anisotropic  media  assume,  for  the  configuration  of  Figure  5,  that 
so  a  shear  wave  will  partition  into  two  orthogonally  polarized  shear  events  (modes),  one  polarized  parallel  to  the 

elastic  fabric  and  the  other  perpendicular  to  it.  The  amplitude  dependence  as  a  function  of  time  for  both  events 
can  be  given  by  Equation  (1). 

A(t)  -  S  cosfi  cosQ  f(V  t)  +  S  s inf i   s i n f i f ( V   t)  ( 1 )  
55  r  c r ,   o  r  t v s , , ;  

1st  even t   2nd  e v e n t  

where  S0  is  the  strength  of  the  transmitting  transducer  20,  Qtand  Qr  are  the  respective  angles  the  transmitting 
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and  receiving  transducer  polarizations  make  with  respect  to  the  principal  elastic  axis  of  the  sample,  f(Vf,t)  is  a 
wave  function  at  the  velocity  Vf  of  the  faster  propagating  mode  of  the  shear  wave,  andf(Vst)  is  a  wave  function 
at  the  velocity  Vs  of  the  slower  propagating  mode  of  the  shear  wave.  For  a  fixed  transmitting  transducer  angle 
Qt  and  constant  applied  voltage  to  the  transmitting  transducer  20,  Equation  1  can  be  simplified  to: 

5  A(t)  =  Fi  cosQr  +  Si  sinQr  (2) 
Si  and  Fi  now  lump  the  transmitting  transducer  source  strength  S0  and  orientation  Qt  (F̂   =  S0  cosQt  f(Vf  t),  Si 
=  S0sinQtf(Vs,t). 

With  the  receiving  transducer  22  polarization  aligned  parallel  to  the  visual  fabric  of  the  sample,  one  expects 
that,  and  indeed  observes,  a  maximum  amplitude  in  the  faster  traveling  shear  wave  event.  Thus,  the  orientation 

10  of  the  receiving  transducer  22  corresponds  toQr  =  0°  and  hence  Equation  2  predicts  only  one  event.  Similarly, 
for  the  transmitting  transducer  20  orientation  of  Qt  =  0°,  Equation  2  predicts  one  event.  At  intermediate  azi- 
muths  Q  of  both  the  receiving  and  transmitting  transducers,  two  shear  wave  events  are  expected.  The  dis- 
tinction  and  separation  of  these  events  depend  upon  many  factors,  among  which  are  the  magnitude  of  the 
velocity  anisotropy,  the  path  length,  attenuation,  source  characteristics,  etc. 

15  McNabb  shale  samples  possess  sufficient  velocity  anisotropy  to  allow  exceptionally  clear  separation  and 
detection  of  two  shear  wave  events.  Measured  amplitudes  for  the  fast  and  slow  events  from  Figure  5  are  shown 
in  Figure  6  as  a  function  of  the  receiving  transducer  22  angle  Qr.  This  plot  shows  a  trigonometric  functional 
form  of  the  observed  amplitudes  to  be  in  agreement  with  the  Equation  2  and  that  the  second,  slower  event 
exhibits  a  90°  shift  relative  to  the  faster  event.  There  is  also  a  decrease  in  measured  amplitude,  most  noticeable 

20  in  the  first  event  with  increasing  azimuthal  angle.  Due  to  the  manner  in  which  this  experiment  was  conducted, 
time  increases  with  each  successive  observation  at  increasing  azimuthal  angles.  The  degradation  of  the  vis- 
cous  coupling  with  time  and  repeated  shearing  due  to  rotation  of  the  receiving  transducer  22  with  respect  to 
the  sample  S  may  be  responsible  for  this  amplitude  drift.  However,  at  any  time  or  equivalent  angle  Qr,  both 
fast  and  slow  event  amplitudes  are  measured  simultaneously  so  their  relative  strengths  are  unaffected.  The 

25  difference  in  amplitude  at  the  relative  maximum  between  fast  and  slow  events  can  be  attributed  to  a  number 
of  causes:  (1)  differences  in  intrinsic  attenuation  for  the  two  shear  waves;  (2)  insertion  losses  due  to  acoustic 
impedance  mismatches. 

In  the  previous  experiments,  the  transmitting  transducer  20  polarization  was  fixed  with  respect  to  the  vis- 
ual  fabric  of  the  sample.  In  a  subsequent  experiment  with  the  McNabb  shale  sample  S  using  the  first  embodi- 

30  ment  of  the  test  apparatus,  the  polarization  orientations  of  both  the  transmitting  20  and  receiving  22  transduc- 
ers  were  changed  simultaneously  and  synchronously.  The  recorded  time  series  signals  are  plotted  through 
180°  of  azimuthal  angle  y  in  Figure  7.  At  each  azimuthal  angle  both  transmitting  20  and  receiving  22  trans- 
ducer  polarizations  are  aligned  and  parallel  to  each  other.  As  expected,  two  shear  wave  events  are  expected 
giving  rise  to  a  fast  event  at  y  =  0°.  At  y  =  90°  the  reverse  is  true.  The  maximum  amplitude  event  is  the  slower 

35  of  the  two  events.  Notice  now  that  there  is  no  polarity  reversal  at  y  =  180°  since  the  phase  sensitivity  in  the 
transmitting  and  receiving  transducers  20,  22  are  preserved  during  rotation. 

Asample  of  Berea  sandstone  was  obtained  and  measured  using  the  first  embodiment  of  the  test  apparatus 
and  the  techniques  previously  discussed  with  respect  to  the  McNabb  Shale.  Time  series  signals  were  recorded 
as  a  function  of  receiving  transducer  22  polarization  azimuth  \|/ras  shown  in  Figure  8.  The  transmitting  trans- 

40  ducer20  polarization  was  initially  fixed  perpendicular  to  the  visual  fabric  of  the  sample  as  indicated  by  the  bold 
face  arrow  ensuring  that  only  one  slow  arrival  should  be  expected.  However,  the  recorded  time  series  signals 
of  Figure  8  look  quite  complicated  when  compared  to  those  recorded  on  the  sample  of  the  McNabb  shale  ani- 
sotropy  of  Berea  sandstone.  Examination  of  the  time  series  signals  reveals  evidence  of  two  events.  However, 
two  shear  events  were  not  to  be  expected  when  the  transmitting  transducer  polarization  was  aligned  perpen- 

45  dicular  to  the  visual  fabric  of  the  samples.  In  fact,  simple,  singular  events  can  be  noted  only  at  azimuths  of  \|/r 
at  approximately  20°  and  110°.  A  physical  rotation  of  the  visual  fabric  of  the  sample  S  some  20°  to  the  trans- 
mitter  polarization  yields  the  time  series  signal  shown  in  Figure  9.  These  time  series  signals  now  appear  to  be 
as  expected  for  the  propagation  in  a  simple  anisotropic  media.  A  simple  sinusoidal  dependency  of  the  event 
amplitude  of  a  single  event  and  complete  extinction  when  receiving  and  transmitting  transducer  polarizations 

so  are  orthogonal  is  shown  in  Figures  10.  Unexpectedly,  applicants  have  found  that  the  Berea  sandstone  appa- 
rently  possesses  an  anisotropy  whose  principal  elastic  axis  is  not  aligned  with  the  visual  fabric.  In  fact,  principal 
elastic  axis  of  anisotropy  in  Berea  sandstone  is  believed  to  be  due  to  the  presence  of  preferentially  aligned 
microcracks  rather  than  due  to  aligned  minerals  as  was  the  case  for  the  McNabb  shale  samples. 

All  of  the  above  examples  simply  confirm  expectations  which  are  well  understood  by  those  familiar  with 
55  physics.  However,  such  methods  for  detecting  and  measuring  elastic  anisotropy  in  formation  samples  requires 

recording  a  plurality  of  time  series  signals  azimuthally  about  the  longitudinal  axis  of  a  sample.  Applicant's  pres- 
ent  invention  can  provide  a  more  expeditious  and  novel  approach  to  detecting  and  determining  a  measure  of 
anisotropy  in  formation  samples.  To  further  motivate  this  discussion,  a  simplifying  example  will  first  be  pre- 
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sented. 
The  principal  elastic  axis  of  a  McNabb  shale  sample  S  (similar  to  that  previously  evaluated)  was  oriented 

at  an  arbitrary  azimuthal  angle  9P  within  the  first  embodiment  of  the  test  apparatus.  Four  time  series  signals 
were  recorded  as  shown  in  Figure  10a.  The  first  and  second  time  series  signals  were  recorded  with  receiving 

5  transducer  22  first  parallel  (\|/r  =  0)  and  second  orthogonal  (\|/r  =  90°)  to  a  first  polarization  of  a  first  transmitting 
transducer  20  (\|/t  =  0°)  imparting  shear  waves  into  the  sample  S.  Similarly,  the  third  and  fourth  time  series 
signals  were  recorded  with  the  receiving  transducer  22  first  orthogonal  (\|/r  =  0°)  and  second  parallel  (\|/r  =  90°) 
to  a  second  polarization  of  the  transmitting  transducer  22  (\|/t  =  90°)  imparting  shear  waves  into  the  sample 
S.  It  is  understood  that  the  azimuthal  angles  \|/t  and  \|/r  are  referenced  locally  and  that  receiving  22  and  trans- 

10  mitting  20  transducer  polarizations  are  at  some  yet  to  be  determined  angles  Q  with  respect  to  the  visual  fabric 
or  principal  elastic  axis  of  the  sample.  Alternatively,  the  four  recorded  time  series  signals  of  Figure  10a  could 
have  been  obtained  with  the  second  embodiment  of  the  test  apparatus  by  imparting  shear  waves  into  the  sam- 
ple  with  a  first  transmitting  transducer  having  a  first  polarization  (\|/t  =  0°)  and  recording  the  sample's  response 
with  first  and  second  receiving  transducers  having  first  and  second  polarizations  (\|/r  =  0°  and  \|/r  =  90°)  and 

15  by  imparting  shear  waves  into  the  sample  with  a  second  transmitting  transducer  having  a  second  polarization 
(\|/t  =  90°)  and  recording  the  sample's  response  with  the  first  and  second  receiving  transducer  having  first  and 
second  polarizations  (\|/r  =  0°  and  \|/r  =  90°). 

Applicants  have  developed  a  novel  method  for  detecting  and  measuring  the  orientation  of  the  principal 
elastic  axis  in  formation  samples  using  only  four  recorded  time  series  signals  of  shear  waves  transmitted 

20  through  a  sample.  To  simplify  the  forthcoming  discussion,  the  recorded  time  series  signals  will  generally  be 
referred  to  as  a  dyad  using  the  notation  fa  Here,  the  subscript  j  indicates  the  azimuthal  orientation  \|/t  of  the 
transmitting  transducer  20  (i.e.,  1  =f  irst  azimuthal  orientation,  2=second  azimuthal  orientation).  Generally,  the 
first  and  second  orientations  \|/t  of  the  transmitting  transducer  20  are  orthogonal  but  this  is  not  a  necessary 
condition.  Similarly,  the  subscript  i  indicates  the  azimuthal  orientation  \|/rof  the  receiving  transducer  22  (i.e., 

25  1  =f  irst  azimuthal  orientation,  2=second  azimuthal  orientation).  Generally,  the  first  and  second  orientations  of 
the  receiving  transducer  22  are  orthogonal  but  this  is  not  a  necessary  condition.  Therefore,  the  first  signal  in 
Figure  10a  can  be  designated  fa;  the  second,  <|>2i  ;  the  third,  fa;  and  the  fourth,  fa.  These  four  time  series 
signals  ^  are  hereafter  referred  to  as  a  dyad  and  can  be  represented  as: 

*21  * 2 2  

35  We  have  found  that  by  processing  the  dyad  of  signals  the  cross  component  terms  of  the  dyad  (i.e.,  the  time 
series  signals  fa  and  <|>2i)  can  be  reduced  to  substantially  zero,  thus  diagonalizing  the  dyad  of  signals.  The 
angle  Q  required  to  diagonal  ize  the  dyad  can  thus  be  employed  to  determine  the  orientation  of  the  principal 
elastic  axis  of  an  anisotropic  sample  with  respect  to  the  azimuthal  orientation  of  the  transmitting  20  and  re- 
ceiving  22  transducer  polarizations. 

40  Such  processing  operation  can  be  more  simply  expressed  as: 
ĉm  =  Cci(Qr)  4g  Mjm(Qt)  (4) 

where  <|>cm  represents  the  diagonalized  dyad  of  time  series  signals,  represents  the  recorded  time  series  sig- 
nals,  and  Cci(Qr)  and  Mjm(Qt)  are  rotation  operators  which  can  synthetically  rotate  the  orientation  of  the  receiving 
and  transmitting  transducer  polarizations  through  an  angle  Q. 

45  By  trying  a  series  of  angles  Qr  =  Qt  =  Q  between  0°  and  90°,  the  approximate  angle  which  minimizes  the 
cross  component  terms  of  the  dyad  can  be  determined.  In  particular,  looking  to  Figures  10b  and  10c,  the 
cross  component  terms  forthe  dyad  of  ̂   (i.e.,  fa  and  fa)  are  shown  after  they  have  been  processed  for  various 
angles  Q  between  0  and  90°  (in  1  0°  increments).  It  can  be  seen  that  the  minimum  cross-component  event  am- 
plitudes  are  obvious,  and  correspond  with  the  known  orientation  of  the  visual  fabric  and  principal  elastic  axis 

so  of  the  sample  with  respect  to  azimuthal  orientation  of  the  transmitting  transducer  (i.e.,  Qt  =  20°). 
By  collecting  a  dyad  of  time  series  signals  fa  as  previously  discussed,  and  employing  the  rotation  scheme 

so  as  to  diagonalize  the  cross  component  terms  of  the  dyad,  as  in  Equation  (4),  the  principal  elastic  axis  was 
determined  to  be  at  an  azimuth  of  Q  =  20°.  In  particular,  the  angles  Qr  and  Qt  necessary  in  Equation  (4)  to 
diagonalize  the  dyad  of  time  series  signals  can  be  determined  as  follows: 

Qr  =  ^   (5a) 

Qt  =  ^   (5b) 
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where 

5 

10 

a  =  t an   1  { 

y  =  tan   1  { 

*12  +  * 2 1  

*11  "  ^ 2 2  

*12  "  * 2 1  

^11  +  +  22 

( 5 c ;  

where  Qt  and  Qr  are  respectively  the  unknown  azimuthal  orientations  of  the  transmitting  transducer  20  and 
receiving  transducer  22  with  respect  to  the  principal  elastic  axis  of  the  sample. 

15  The  foregoing  discloses  a  method  and  apparatus  for  detecting  and  measuring  elastic  anisotropy  in  forma- 
tion  samples.  Those  skilled  in  the  art  will  appreciate  that  the  present  method  and  apparatus  can  be  extended 
to  determine  the  symmetry  of  anisotropy  in  samples  of  the  earth's  formations  by  determining  the  principal  elas- 
tic  axis  in  three  separate  samples  taken  along  mutually  orthogonal  axes  of  the  earth's  formations  as  well  as 
to  extend  the  method  for  conditions  of  elevated  temperatures  and  pressures  simulating  in-situ  formation  con- 

20  ditions.  It  should  be  further  understood  that  changes  can  be  made  to  the  method  and  apparatus  of  the  present 
invention  without  departing  from  the  scope  of  the  invention  as  defined  in  the  following  claims. 

Claims 
25 

1.  A  method  for  detecting  and  measuring  elastic  anisotropy  in  samples  of  the  earth's  formations,  comprising 
the  steps  of: 

(a)  imparting  a  first  shear  wave  into  a  sample  (S)  using  a  transducer  (20)  having  a  first  polarization; 
(b)  recording  first  and  second  time  series  signals  fa,  fa  representative  of  the  sample's  response  to 

30  said  imparted  first  shear  wave  by  using  a  set  of  receivers  (22)  having  first  and  second  polarizations; 
(c)  imparting  a  second  shear  wave  into  said  sample  using  a  transducer  (20)  having  a  second  polariza- 
tion; 
(d)  recording  first  and  second  time  series  signals  fa,  fa  representative  of  the  sample's  response  to 
said  imparted  second  shear  wave  using  said  set  of  receivers  having  first  and  second  polarizations,  said 

35  time  series  signals  fa,  fa,  fa  and  fa  comprising  a  dyad  of  time  series  signals;  and 
(e)  diagonalizing  said  dyad  of  time  series  signals  so  as  to  minimize  the  amplitude  of  selected  events 
in  said  signals  fa  and  <j>2i  and  to  maximize  the  amplitude  of  selected  events  in  said  signals  fa  and 
fa,  thereby  obtaining  a  measure  of  the  orientation  of  the  principal  elastic  axis  of  said  sample  with  re- 
spect  to  the  polarizations  of  said  transducers  and  said  receivers. 

40 
2.  A  method  according  to  Claim  1  ,  further  including  the  step  of: 

(f)  obtaining  a  measure  of  the  velocity  of  shear  wave  propagation  in  said  sample. 

3.  A  method  according  to  Claim  1  or  2  wherein  step  (e)  includes: 
45  (a)  rotating  the  dyad  of  time  series  signals  through  a  plurality  of  angles;  and 

(b)  displaying  rotated  cross  component  fa,  fa  time  series  signals  of  the  dyad  of  time  series  signals 
for  each  of  the  plurality  of  angles. 

4.  A  method  according  to  any  of  the  preceding  claim  wherein  the  dyad  of  time  series  signals  fa,  fa,  fa  and 
fa  is  diagonalized  according  to 50  

fa  =  Cci(Qr)(|)ij  Mjm(Qt) 
where 

* i j   =  * H   + 1 2  
55  <P21  (|)22 

Cci(Qt)  =  a  first  rotation  operator 

50 
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Mjm(Qr)  =  a  second  rotation  operator 
<j>cm  =  processed  time  series  signals. 

A  method  according  to  Claim  4  wherein  the  angle  Qt  of  the  first  rotation  operator  and  the  angle  Qr  of  the 
second  rotation  operator  to  diagonalize  the  dyad  of  time  series  signals  are  determined  according  to: 

"r  ~ 

where where 

„  =  t a n - M ^ i i ? ! }  
<P11  -  <P22 

V  =  t a n - i { ^ }  
<P11  +  <P22 

A  method  according  to  Claim  5  wherein 
(a)  angle  Qt  provides  an  angular  measure  of  the  azimuthal  relationship  of  the  polarization  of  the  trans- 
ducer  imparting  shear  waves  into  the  sample  measured  from  a  principal  axis  of  the  sample;  and 
(b)  the  angle  Qr  provides  an  angular  measure  of  the  azimuthal  relationship  of  the  polarizations  of  the 
receivers  measured  from  the  principal  axis  of  the  sample. 

An  apparatus  for  detecting  and  measuring  elastic  anisotropy  in  samples  of  the  earth's  formations,  com- 
prising: 

shear  wave  transmitting  transducer  means  (20)  for  imparting  shear  waves  into  a  sample  (S);  and 
shear  wave  receiving  transducer  means  (22)  for  recording  time  series  signals  representative  of  the 

sample's  response  to  the  imparted  shear  waves; 
characterised  in  that: 

the  shear  wave  transmitting  transducer  means  (20)  is  arranged  to  impart  first  and  second  distinctly 
polarized  shear  waves  into  the  sample; 

the  shear  wave  receiving  transducer  means  (22)  is  arranged  to  record,  for  first  and  second  polar- 
izations  of  said  receiving  transducer  means,  first  and  second  time  series  signals  fa,  fa  representative 
of  the  sample's  response  to  said  imparted  first  shear  wave,  and  to  record,  for  said  first  and  second  po- 
larizations,  first  and  second  time  series  signals  fa,  fa  representative  of  the  sample's  response  to  said 
imparted  second  shear  wave,  said  time  series  signals  fa,  fa,  fa  and  ^comprising  a  dyad  of  time  series 
signals;  and 

processing  means  is  provided  arranged  to  diagonale  said  dyad  of  time  series  signals  so  as  to  min- 
imize  the  amplitude  of  selected  events  in  said  signals  fa  and  <|>21  and  to  maximize  the  amplitude  of  se- 
lected  events  in  said  signals  fa  and  fa,  thereby  obtaining  a  measure  of  the  orientation  of  the  principal 
elastic  axis  of  said  sample  with  respect  to  the  polarizations  of  said  transmitting  transducer  means  (20) 
and  said  receiving  transducer  means  (22). 

Apparatus  according  to  Claim  7  wherein: 
(a)  the  transmitting  transducer  means  (20)  is  arranged  to  impart  the  first  and  second  distinctly  polarized 
shear  waves  into  the  sample  with  orthogonal  polarizations;  and 
(b)  the  receiving  transducer  means  (22)  is  arranged  to  record  with  orthogonal  polarizations  the  first 
and  second  time  series  signals  of  each  of  the  first  and  second  distinctly  polarized  shear  waves  imparted 
into  the  sample. 

Apparatus  according  to  Claim  7  or  8  wherein  said  shear  wave  transmitting  transducer  means  comprises 
first  and  second  shear  wave  transmitting  transducers  (20)  having  different  polarizations;  and  wherein  said 
shear  wave  receiving  transducer  means  comprises  first  and  second  receiving  transducers  (22)  having 
different  polarizations. 

Apparatus  according  to  Claim  9  wherein: 
(a)  the  first  and  second  shear  wave  transmitting  transducers  have  orthogonal  polarizations;  and 
(b)  the  first  and  second  receiving  transducers  have  orthogonal  polarizations. 

Apparatus  according  to  Claim  9  or  1  0  wherein  the  polarizations  of  the  first  and  second  transmitting  trans- 
ducers  match  the  polarizations  of  the  first  and  second  receiving  transducers. 
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12.  Apparatus  according  to  Claim  7  or  8  wherein  said  shear  wave  transmitting  transducer  means  comprises 
a  shear  wave  transmitting  transducer  (20)  that  is  rotatable  between  first  and  second  polarizations;  and 
wherein  said  shear  wave  receiving  transducer  means  comprises  a  shear  wave  receiving  transducer  (22) 
that  is  rotatable  between  first  and  second  polarizations. 

5 
13.  Apparatus  according  to  any  of  Claims  7  to  12  including  means  for  obtaining  a  measure  of  the  velocity  of 

shear  wave  propagation  in  said  sample. 

10  Patentanspruche 

1.  Verfahren  zum  NachweisundzurBestimmungderelastischen  Anisotropic  in  Proben  von  Erdformationen, 
mit  den  Schritten: 

a)  Einbringen  einer  ersten  Schubwelle  in  eine  Probe  (S)  unter  Verwendung  eines  Wandlers  (20),  der 
15  eine  erste  Polarisation  besitzt; 

b)  Registrieren  von  ersten  und  zweiten  Zeitreihensignalen  ©n,  <P2i>  die  die  Reaktion  der  Probe  auf  die 
eingebrachte  erste  Schubwelle  darstellen,  unter  Verwendung  eines  Satzes  von  Empfangern  (22),  die 
erste  und  zweite  Polarisationen  besitzen; 
c)  Einbringen  einer  zweiten  Schubwelle  in  die  Probe  unter  Verwendung  eines  Wandlers  (20),  der  eine 

20  zweite  Polarisation  besitzt; 
d)  Registrieren  von  ersten  und  zweiten  Zeitreihensignalen  <P12,  ©22.  die  die  Reaktion  der  Probe  auf  die 
eingebrachte  zweite  Schubwelle  darstellen,  unter  Verwendung  des  Satzes  von  Empfangern  mit  ersten 
und  zweiten  Polarisationen,  wobei  die  Zeitreihensignale  ©n,  <P12,  ©21  und  ©22  eine  Dyade  bzw.  eine 
Zweiteilung  der  Zeitreihensignale  aufweisen;  und 

25  e)  Diagonal  isieren  der  Dyade  von  Zeitreihensignalen,  urn  die  Amplitude  von  ausgewahlten  Ereignissen 
in  den  Signalen  <P12  und  <P2i  zu  minimieren  und  die  Amplitude  von  ausgewahlten  Ereignissen  in  den 
Signalen  und  ©22  zu  maximieren,  wodurch  ein  Mali  der  Orientierung  der  elastischen  Hauptachse 
der  Probe  bezuglich  der  Polarisationen  der  Wandler  und  der  Empfanger  erhalten  wird. 

30  2.  Verfahren  nach  Anspruch  1  ,  das  ferner  den  Schritt  aufweist: 
f)  Bilden  eines  Malies  der  Geschwindigkeit  der  Schubwellenausbreitung  in  der  Probe. 

3.  Verfahren  nach  Anspruch  1  oder  2,  wobei  der  Schritt  e)  enthalt: 
a)  Rotieren  der  Dyade  der  Zeitreihensignale  mit  einer  Vielzahl  von  Winkeln;  und 
b)  Darstellen  von  gedrehten  Kreuzkomponenten  <P12,  ©21  der  Zeitreihensignale  der  Dyade  derZeitrei- 35 
hensignale  fur  jeden  der  Vielzahl  der  Winkel. 

4.  Verfahren  nach  einem  der  vorangehenden  Anspruche,  wobei  die  Dyade  der  Zeitreihensignale  ©n,  <P12, 
©21  und  ©22  gemali 

$cm  =  Cci(Qr)a>ij  Mjm(Qt) 
40  diagonalisiert  wird,  wobei 

45 

50 

$21  $ 2 2  

mit 
Cci(Qt)  =  ein  erster  Rotationsoperator 
Mim(Qr)  =  ein  zweiter  Rotationsoperator 

50  — 
<Pcm  =  aufbereitete  Zeitreihensignale  gilt. 

5.  Verfahren  nach  Anspruch  4,  wobei  der  Winkel  Qt  des  ersten  Rotationsoperators  und  der  Winkel  Qr  des 
zweiten  Rotationsoperators  zur  Diagonalisierung  der  Dyade  der  Zeitreihensignale,  gemali 

Q  =  a  ~  V 
55  1Zr  2 

bestimmt  werden,  mit 

10 
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a  =  tan-1  { 

y  =  tan-1  { 

<P12  +  <P21 
$11  -  0>22 
$12  -  $21 
$11  +  $22 } 

} 

Verfahren  nach  Anspruch  5,  wobei 
a)  der  Winkel  Qt  ein  bezuglich  einer  Hauptachse  der  Probe  gemessenes  Winkelmali  der  azimutalen 
Beziehung  der  Polarisation  des  Wandlers,  der  Schubwellen  in  die  Probe  einbringt,  darstellt;  und 
b)  der  Winkel  Qrein  bezuglich  der  Hauptachse  der  Probe  gemessenes  Winkelmali  der  azimutalen  Be- 
ziehung  der  Polarisationen  der  Empfanger  darstellt. 

Vorrichtung  zur  Detektion  und  Messung  der  elastischen  Anisotropie  in  Proben  von  Erdformationen,  mit: 
einer  Schubwellenubertragungs-Wandlervorrichtung  (20)  zur  Einbringung  von  Schubwellen  in  eine  Probe 
(S);  und 
einer  Schubwellenempfangs-Wandlervorrichtung  (22)  zur  Registrierung  von  Zeitreihensignalen,  die  die 
Reaktion  der  Probe  auf  die  eingebrachten  Schubwellen  darstellen,  dadurch  gekennzeichnet,  dali 
die  Schubwellenubertragungs-Wandlervorrichtung  (20)  zur  Einbringung  von  ersten  und  zweiten  unter- 
schiedlich  polarisierten  Schubwellen  in  die  Probe  ausgelegt  ist; 
die  Schubwellenempfangs-Wandlervorrichtung  (22)  zur  Registrierung  von  ersten  und  zweiten,  fur  die  Re- 
aktion  der  Probe  auf  die  eingebrachte  erste  Schubwelle  reprasentativen  Zeitreihensignalen  ©n,  <P2i  fur 
die  ersten  und  zweiten  Polarisationen  der  Empfangs-Wandlervorrichtung,  sowie  von  ersten  und  zweiten, 
fur  die  Reaktion  der  Probe  auf  die  eingebrachte  zweite  Schubwelle  reprasentativen  Zeitreihensignalen 
$12.  ®22  fur  die  ersten  und  zweiten  Polarisationen  ausgelegt  ist,  wobei  die  Zeitreihensignale  ©n,  <P12,  $21 
und  ©22  eine  Dyade  bzw.  ein  Paar  von  Zeitreihensignalen  enthalten;  und 
eine  Verarbeitungseinrichtung  vorgesehen  ist,  die  zur  Diagonal  isierung  der  Dyade  von  Zeitreihensignalen 
ausgelegt  ist,  urn  die  Amplitude  von  ausgewahlten  Ereignissen  in  den  Signalen  <P12  und  <P2i  zu  minimieren 
und  die  Amplitude  von  ausgewahlten  Ereignissen  in  den  Signalen  ©  ̂ und  ©22  zu  maximieren,  wodurch 
ein  Mali  der  Orientierung  der  elastischen  Hauptachse  der  Probe  bezuglich  der  Polarisationen  der 
Ubertragungs-Wandlervorrichtung  (20)  und  der  Empfangs-Wandlervorrichtung  (22)  erhalten  wird. 

Vorrichtung  nach  Anspruch  7,  wobei 
a)  die  Ubertragungs-Wandlervorrichtung  (20)  zur  Einbringung  der  ersten  und  zweiten,  unterschiedlich 
polarisierten  Schubwelle  in  die  Probe  mit  orthogonalen  Polarisationen  ausgelegt  ist;  und 
b)  die  Empfangs-Wandlervorrichtung  (22)  zur  Registrierung  der  ersten  und  zweiten  Zeitreihensignale 
der  ersten  und  zweiten,  unterschiedlich  polarisierten,  in  die  Probe  eingebrachten  Schubwellen  mit  or- 
thogonalen  Polarisationen  ausgelegt  ist. 

Vorrichtung  nach  Anspruch  7  oder  8,  wobei  die  Schubwellenubertragungs-Wandlervorrichtung  erste  und 
zweite  Schubwellen-Sendewandler  (20)  mit  unterschiedlichen  Polarisationen  aufweist,  und  wobei  die 
Schubwellenempfangs-Wandlervorrichtung  erste  und  zweite  Empfangswandler  (22)  mit  unterschiedli- 
chen  Polarisationen  aufweist. 

Vorrichtung  nach  Anspruch  9,  wobei 
a)  die  ersten  und  zweiten  Schubwellen-Sendewandler  orthogonale  Polarisationen  aufweisen;  und 
b)  die  ersten  und  zweiten  Empfangswandler  orthogonale  Polarisationen  aufweisen. 

Vorrichtung  nach  Anspruch  9  oder  10,  wobei  die  Polarisationen  der  ersten  und  zweiten  Sendewandleran 
die  Polarisationen  der  ersten  und  zweiten  Empfangs-Wandler  angepalit  sind. 

Vorrichtung  nach  Anspruch  7  oder  8,  wobei  die  Schubwellenubertragungs-Wandlervorrichtung  einen 
Schubwellen-Sendewandler  (20)  aufweist,  der  zwischen  ersten  und  zweiten  Polarisationen  drehbar  ist; 
und  wobei  die  Schubwellenempfangs-Wandlervorrichtung  einen  Schubwellenempfangswandler  (22)  auf- 
weist,  der  zwischen  ersten  und  zweiten  Polarisationen  drehbar  ist. 

Vorrichtung  nach  einem  der  Anspruche  7  bis  12,  die  Mittel  zur  Bildung  eines  Malies  der  Geschwindigkeit 
der  Schubwellenausbreitung  in  der  Probe  enthalt. 

11 
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Revendications 

1  .  Pro-cede  pour  detecter  et  mesurer  I'anisotropie  elastique  dans  des  echantillons  des  formations  terrestres, 
comprenant  les  etapes  consistant  a: 

(a)  appliquer  une  premiere  onde  de  cisaillement  dans  un  echantillon  (S)  en  utilisant  un  transducteur 
(20)  ayant  une  premiere  polarisation; 
(b)  enregistrer  des  premier  et  second  signaux  de  serie  temporelle  fa,  fa  representatifs  de  la  reponse 
de  I'echantillon  a  ladite  premiere  onde  de  cisaillement  appliquee,  en  utilisant  un  ensemble  de  recep- 
tees  (22)  ayant  des  premiere  et  seconde  polarisations; 
(c)  appliquer  une  seconde  onde  de  cisaillement  dans  ledit  echantillon  en  utilisant  un  transducteur  (20) 
ayant  une  seconde  polarisation; 
(d)  enregistrer  des  premier  et  second  signaux  de  serie  temporelle  fa,  fa  representatifs  de  la  reponse 
de  I'echantillon  a  ladite  seconde  onde  de  cisaillement  appliquee,  en  utilisant  ledit  ensemble  de  recep- 
tees  ayant  des  premiere  et  seconde  polarisations,  lesdits  signaux  de  serie  temporelle  fa,  fa,  fa  et 
fa  comprenant  une  dyade  de  signaux  de  serie  temporelle;  et 
(e)  diagonaliser  ladite  dyade  de  signaux  de  serie  temporelle  afin  de  minimiser  I'amplitude  d'evene- 
ments  selectionnes  dans  lesdits  signaux  fa  et  <|>21  et  de  maximiser  I'amplitude  d'evenements  selec- 
tionnes  dans  lesdits  signaux  fa  et  fa,  et  d'obtenir,  grace  a  cela,  une  mesure  de  I'orientation  de  I'axe 
elastique  principal  dudit  echantillon  relativement  aux  polarisations  desdits  transducteurs  et  desdits  re- 
ceptees. 

2.  Precede  selon  la  revendication  1,  comprenant  en  outre  I'etape  consistant  a: 
(f)  obtenir  une  mesure  de  la  vitesse  de  propagation  des  ondes  de  cisaillement  dans  ledit  echantil- 

lon. 

3.  Precede  selon  la  revendication  1  ou  2,  dans  lequel  I'etape  (e)  comprend: 
(a)  la  rotation  de  la  dyade  de  signaux  de  serie  temporelle  passant  par  une  pluralite  d'angles;  et 
(b)  I'aff  ichage  des  composantes  transversales  apres  rotation  fa,  fa  des  signaux  de  serie  temporelle 
de  la  dyade  de  signaux  de  serie  temporelle  pour  chaque  angle  de  la  pluralite  d'angles. 

4.  Precede  selon  I'une  quelconque  des  revendications  precedentes,  dans  lequel  la  dyade  de  signaux  de  se- 
rie  temporelle  fa,  fa,  fa  et  fa  est  diagonalisee  conformement  a 

ĉm  =  Cci(Qr)(|)ijMjm(at) 
oil 

0jj  =  01  1  0 1 2  

021   0 2 2  

Cci(Qr)  =  premier  operateur  de  rotation 
Mjm((Qt)  =  second  operateur  de  rotation 
<i>cm  =  signaux  de  serie  temporelle  traites. 

Precede  selon  la  revendication  4,  dans  lequel  Tangle  Qr  du  premier  operateur  de  rotation  et  Tangle  Qt  du 
second  operateur  de  rotation,  servant  a  diagonaliser  la  dyade  de  signaux  de  serie  temporelle,  sont  de- 
termines  conformement  a: 

Qr  =  (a  -  y)/2 
Qt  =  (a  +  y)/2 

oil 
a  =  arctg{(<|)12  +  fa)l(fa  -  fa)} 
y  =  arctg{(<|)12  -  fa)l(fa  +  fa)}. 

Precede  selon  la  revendication  5,  dans  lequel 
(a)  Tangle  Qt  four  nit  une  mesure  angulaire  de  la  relation  azimutale  de  la  polarisation  du  transducteur 
appliquant  des  ondes  de  cisaillement  dans  I'echantillon,  mesuree  a  partird'un  axe  principal  de  I'echan- 
tillon;  et 
(b)  Tangle  Qr  four  nit  une  mesure  angulaire  de  la  relation  azimutale  des  polarisations  des  receptees, 
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mesuree  a  partirde  I'axe  principal  de  I'echantillon. 

Appareil  pour  detecter  et  mesurer  I'anisotropie  elastique  dans  des  echantillons  des  formations  terrestres, 
comprenant: 

des  moyens  formant  transducteur  de  transmission  d'ondes  de  cisaillement  (20)  pour  appliquer  des 
ondes  de  cisaillement  dans  un  echantillon  (S);  et 

des  moyens  formant  transducteur  de  reception  d'ondes  de  cisaillement  (22)  pour  enregistrer  des 
signaux  de  serie  temporelle  representatifs  de  la  reponse  de  I'echantillon  aux  ondes  de  cisaillement  ap- 
pliquees; 

caracterise  en  ce  que: 
les  moyens  formant  transducteur  de  transmission  d'ondes  de  cisaillement  (20)  sont  concus  pour 

appliquer  des  premiere  et  seconde  ondes  de  cisaillement  polarisees  de  facon  differente  dans  I'echantillon; 
les  moyens  formant  transducteur  de  reception  d'ondes  de  cisaillement  (22)  sont  concus  pour  en- 

registrer,  pour  des  premiere  et  seconde  polarisations  desdits  moyens  formant  transducteur  de  reception, 
des  premier  et  second  signaux  de  serie  temporelle  fa,  fa  representatifs  de  la  reponse  de  I'echantillon 
a  ladite  premiere  onde  de  cisaillement  appliquee,  et  pour  enregistrer,  pour  lesdites  premiere  et  seconde 
polarisations,  des  premier  et  second  signaux  de  serie  temporelle  fa,  fa  representatifs  de  la  reponse  de 
I'echantillon  a  ladite  seconde  onde  de  cisaillement  appliquee,  lesdits  signaux  de  serie  temporelle  fa,  fa ,  
fa  et  fa  comprenant  une  dyade  de  signaux  de  serie  temporelle;  et 

il  est  prevu  des  moyens  de  traitement  concus  pour  diagonaliser  ladite  dyade  de  signaux  de  serie 
temporelle  af  in  de  minimiser  I'amplitude  d'evenements  selection  nes  dans  lesdits  signaux  fa  et  <|>21  et  de 
maximiser  I'amplitude  d'evenements  selectionnes  dans  lesdits  signaux  fa  et  fa,  et  d'obtenir,  grace  a 
cela,  une  mesure  de  I'orientation  de  I'axe  elastique  principal  dudit  echantillon  relativement  aux  polarisa- 
tions  desdits  moyens  formant  transducteur  de  transmission  (20)  et  desdits  moyens  formant  transducteur 
de  reception  (22). 

Appareil  selon  la  revendication  7,  dans  lequel: 
(a)  les  moyens  formant  transducteur  de  transmission  (20)  sont  concus  pour  appliquer  des  premiere  et 
seconde  ondes  de  cisaillement  polarisees  de  facon  differente  dans  I'echantillon,  avec  des  polarisations 
orthogonales;  et 
(b)  les  moyens  formant  transducteur  de  reception  (22)  sont  concus  pour  enregistrer,  avec  des  polari- 
sations  orthogonales,  les  premier  et  second  signaux  de  serie  temporelle  de  chacune  des  premiere  et 
seconde  ondes  de  cisaillement  polarisees  de  facon  differente,  appliquees  dans  I'echantillon. 

Appareil  selon  la  revendication  7  ou  8,  dans  lequel  lesdits  moyens  formant  transducteur  de  transmission 
d'ondes  de  cisaillement  comprennent  des  premier  et  second  transducteurs  de  transmission  d'ondes  de 
cisaillement  (20)  ayant  des  polarisations  differentes,  et  dans  lequel  lesdits  moyens  formant  transducteur 
de  reception  d'ondes  de  cisaillement  comprennent  des  premier  et  second  transducteurs  de  reception  (22) 
ayant  des  polarisations  differentes. 

Appareil  selon  la  revendication  9,  dans  lequel: 
(a)  les  premier  et  second  transducteurs  de  transmission  d'ondes  de  cisaillement  ont  des  polarisations 
orthogonales;  et 
(b)  les  premier  et  second  transducteurs  de  reception  ont  des  polarisations  orthogonales. 

Appareil  selon  la  revendication  9  ou  10,  dans  lequel  les  polarisations  des  premier  et  second  transducteurs 
de  transmission  coincident  avec  les  polarisations  des  premier  et  second  transducteurs  de  reception. 

Appareil  selon  la  revendication  7  ou  8,  dans  lequel  lesdits  moyens  formant  transducteur  de  transmission 
d'ondes  de  cisaillement  comprennent  un  transducteur  de  transmission  d'ondes  de  cisaillement  (20)  qui 
peut  subir  une  rotation  entre  des  premiere  et  seconde  polarisations;  et  dans  lequel  lesdits  moyens  formant 
transducteur  de  reception  d'ondes  de  cisaillement  comprennent  un  transducteur  de  reception  d'ondes  de 
cisaillement  (22)  qui  peut  subir  une  rotation  entre  des  premiere  et  seconde  polarisations. 

Appareil  selon  Tune  quelconque  des  revendications  7  a  12,  comprenant  des  moyens  pour  obtenir  une  me- 
sure  de  la  vitesse  de  propagation  des  ondes  de  cisaillement  dans  ledit  echantillon. 
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