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(54)  Acoustic  well  logging  method. 

(57)  An  acoustic  logging  method  for  detecting 
mechanical  anisotropy  of  a  hydrocarbon  bear- 
ing  formation  (28)  transversed  by  a  well  (14) 
comprises  transmitting  acoustic  signals  at  diffe- 
rent  azimuths  about  a  longitudinal  axis  of  the 
well  (14)  ;  and  receiving  from  the  different 
azimuths  in  the  well  respective  signals  respon- 
sive  to  different  waves  produced  in  the  hyd- 
rocarbon  bearing  formation  (28)  in  response  to 
the  transmitted  signals  and  tectonic  stress  in 
the  hydrocarbon  bearing  formation.  Suitably, 
the  received  azimuthal  signals  have  waveforms 
responsive  to  compression,  shear  and  Stonely 
waves.  From  the  data  so  obtained,  elastic  mod- 
uli  and  Poisson's  ratio  can  be  determined  to 
show  variations  in  horizontal  stress  and  strain 
in  the  formation  about  the  well  bore.  This  infor- 
mation  can  be  used  to  predict  the  orientation  of 
hydraulic  fractures  and  other  directional 
properties  of  the  formation  (28). 
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This  invention  relates  to  an  acoustic  logging 
method  for  detecting  mechanical  anisotropy  in  the 
earth  surrounding  a  well,  particularly  an  oil  or  gas 
well. 

Acommonly  utilized  technique  for  stimulating  the 
production  of  hydrocarbons  from  a  subterranean  rock 
formation  penetrated  by  a  well  bore  is  to  create  and 
extend  fractures  in  the  formation.  Generally,  the  frac- 
tures  are  created  by  applying  hydraulic  pressure  on 
the  formation  from  the  well  bore.  That  is,  a  fracturing 
fluid  is  pumped  through  the  well  bore  and  into  the  for- 
mation  at  a  rate  and  pressure  such  that  the  resultant 
hydraulic  force  exerted  on  the  formation  causes  one 
or  more  fractures  to  be  created.  The  fractures  are  ex- 
tended  by  continued  pumping;  and  the  fractures  can 
be  propped  open  or  flow  channels  can  be  etched  in 
the  faces  of  the  fractures  with  acid,  or  both  can  be 
done,  to  provide  openings  in  the  formation  through 
which  hydrocarbons  more  readily  flow  to  the  well 
bore.  Fracturing  is  also  utilized  in  carrying  out  en- 
hanced  production  procedures  in  subterranean  for- 
mations  (e.g.,  water  flooding  from  an  injection  well  to 
a  production  well)  as  well  as  in  other  applications. 

In  designing  fracturing  treatments  to  be  carried 
out  in  subterranean  rock  formations,  it  is  often  nec- 
essary  and  always  desirable  to  know  the  direction  in 
which  fractures  will  extend  in  the  formation  and  other 
directional  fracture  related  characteristics  such  as  in 
situ  rock  elastic  moduli,  in  situ  stresses,  etc  Such 
knowledge  enables  more  efficient  reservoir  manage- 
ment.  For  example,  knowing  such  directional  informa- 
tion  allows  one  to  better  place  production  wells  for 
maximizing  production  from  the  reservoir  of  hydrocar- 
bons  in  the  subterranean  formation  and  to  better 
place  waterflood  injection  wells  for  increasing  water- 
flood  sweep  efficiency  by  avoiding  an  injection  well 
arrangement  that  would  cause  premature  break- 
through  of  the  injected  fluid  into  the  producing  well. 

The  desired  directional  information  can  be  ob- 
tained  from  stress  and  strain  data  about  the  geology 
in  the  formation.  The  stresses  and  strains  of  the  ge- 
ology  typically  are  not  the  same  in  different  directions 
about  the  longitudinal  axis  of  a  well.  That  is,  the  ge- 
ology  exhibits  mechanical  (or  elastic)  anisotropy.  This 
can  be  naturally  caused  such  as  by  superimposed  re- 
gional  tectonic  stress,  whet  her  currently  acting  or  pal- 
eotectonic  stress  (which  may  or  may  not  be  of  the 
same  orientation),  that  imparts  an  imprint  into  the 
rock;  and  mechanical  anisotropy  can  be  induced  such 
as  by  hydraulic  pressure  exerted  by  fluid  pumped  into 
the  well. 

Heretofore,  the  fracture  direction  and  other  sub- 
terranean  rock  formation  characteristics  have  been 
determined  or  attempted  to  be  determined  by  analyz- 
ing  core  samples  from  the  formation.  For  example, 
United  States  patent  specif  ication  number  4,529,036 
(Daneshy  et  al.)  describes  a  method  of  determining 
the  orientation  of  a  fracture  or  fractures  created  in  a 

subterranean  formation.  In  accordance  with  that 
method,  the  formation  is  hydraulicallyfractured  atthe 
lower  end  portion  of  the  well  bore  and  an  azimuthally 
oriented  core  containing  a  portion  of  the  fracture  is  re- 

5  moved  from  beneath  the  bottom  of  the  well  bore.  An 
inspection  of  the  core  coupled  with  a  knowledge  of  its 
orientation  in  the  well  bore  are  used  to  determine  the 
direction  of  hydraulically  induced  fractures  in  the  for- 
mation.  While  the  method  of  Daneshy  et  al.  has  been 

10  utilized  successfully  for  determining  fracture  direc- 
tion,  it  is  relatively  time  consuming  and  expensive  as 
a  result  of  the  necessity  of  removing  and  testing  a 
core,  it  does  not  provide  other  fracture  related  char- 
acteristics  of  the  formation  such  as  those  described 

15  above,  and  fracturing  information  is  only  obtainable  at 
the  conclusion  of  the  test.  Further,  if  the  fracturing 
procedure  is  unsuccessful,  the  coring  operation  and 
the  testing  of  the  core  are  performed  without  knowl- 
edge  of  whether  the  core  does  or  does  not  contain  a 

20  fracture.  Additionally,  removing  and  externally  testing 
a  core  sample  can  change  the  stress  and  strain  char- 
acteristics  of  the  sample. 

More  recently,  tools  have  been  developed  for 
measuring  the  in  situ  enlargements  of  a  well  bore 

25  caused  by  pressure  exerted  on  the  formation.  Such 
a  tool  is  described  in  United  States  patent  specifica- 
tion  number  4,673,890  (Copland  et  al.).ln  the  use  of 
the  tool,  it  is  connected  to  a  string  of  pipe  and  lowered 
in  the  well  bore  to  a  point  adjacent  a  particular  sub- 

30  terranean  formation.  The  tool  is  isolated  and  locked 
in  the  well  bore  and  increasing  pressure  is  applied  to 
the  formation  to  a  pressure  level  whereby  the  rock 
formation  adjacent  the  tool  fractures  As  the  pressure 
is  being  increased,  the  tool  measures  incremental 

35  diametral  displacements  of  the  well  bore  which  are 
processed  and  recorded.  The  tool  and  the  measure- 
ments  are  azimuthally  oriented  and  the  measure- 
ments  are  utilized  to  determine  the  direction  of  the 
fracture  or  fractures  created  in  the  formation. 

40  Our  European  patent  application  number 
93304727.6  discloses  a  method  for  using  a  tool  such 
as  the  tool,  described  in  United  States  patent  speci- 
fication  no.  4,673,890  to  detect  and  measure  in  situ 
elastic  anisotropy  in  a  subterranean  rock  formation  in 

45  addition  to  determining  fracture  direction  and  fracture 
width  as  a  function  of  time  and  pressure.  The  detec- 
tion  and  measurement  of  elastic  anisotropy  allows  the 
calculation  of  directional  in  situ  rock  elastic  moduli, 
the  comparison  of  anisotropy  to  current  in  situ  stress 

so  direction  and  the  investigation  of  potential  anelastic 
formation  anisotropies  through  pressure  cycling.  A 
comparison  of  the  principle  directions  of  the  in  situ 
moduli  with  those  of  the  in  situ  stresses  found  from 
hydraulic  fracture  direction  can  provide  insight  into 

55  the  history  of  the  stress  field.  Such  information  is 
used  for  designing  subsequent  fracture  treatments, 
for  making  realistic  and  accurate  fracture  models  and 
for  aiding  in  the  understanding  of  the  geology,  geo- 
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physical  characteristics  and/or  stress  orientations  of 
a  region. 

Halliburton  Logging  Services,  Inc.  (HLS)  has  an 
acoustic  logging  tool  which  makes  six  compression 
wave  travel  time  measurements  at  600  intervals 
around  the  circumference  of  the  tool.  These  meas- 
urements  are  made  using  six  "pads"  attached  to  six 
radially  adjustable  arms,  wherein  each  pad  has  an 
acoustic  transmitter  and  one  or  two  receivers.  Al- 
though  the  tool  can  be  moved  longitudinally  in  the 
well  to  log  at  different  locations,  the  measured  com- 
pression  wave  travel  time  allows  for  only  limited  ana- 
lysis  of  mechanical  anisotropy. 

Another  prior  acoustic  logging  tool  can  respond  to 
compression,  shear  and  Stonely  waves  produced  in 
the  formation  in  response  to  a  transmitted  acoustic 
signal,  but  this  type  of  tool  is  omnidirectional  (i.e.,  it 
is  not  sensitive  to  and  does  not  provide  discrete  direc- 
tional  signals). 

Although  core  samples  can  be  extracted  and  test- 
ed  out  of  the  well  and  although  in  situ  testing  can  be 
done  via  diametral  measurements  or  limited  acoustic 
analysis,  there  is  the  need  for  an  improved  acoustic 
logging  method  for  a  well,  which  method  enables  fur- 
ther  analysis  of  mechanical  anisotropy  beyond  what 
the  aforementioned  HLS  tool  can  provide  and  yet 
which  method  retains  the  ability  to  do  so  both  at  dif- 
ferent  azimuths  within  the  well  and  at  different  long- 
itudinal  locations  in  the  well  on  a  continuous  logging 
basis.  There  is  also  the  need  for  a  method  for  detect- 
ing  mechanical  anisotropy  that  combines  both  in  situ 
logging  and  core  sample  extraction  and  a  comparison 
therebetween  for  distinguishing  natural  mechanical 
anisotropy  and  induced  mechanical  anisotropy. 

We  have  now  devised  an  improved  directional 
acoustic  logging  method  for  detecting  mechanical 
anisotropy  in  the  earth  surrounding  a  well,  particular- 
ly  an  oil  or  gas  well,  whereby  problems  in  prior  art  pro- 
cedures  are  mitigated  or  overcome. 

According  to  the  present  invention,  there  is  pro- 
vided  an  acoustic  logging  method  for  detecting  mech- 
anical  anisotropy  of  a  hydrocarbon  bearing  formation 
traversed  by  a  well,  which  method  comprises  lower- 
ing  an  acoustic  logging  tool  into  the  well:  transmitting, 
from  the  acoustic  logging  tool  into  the  hydrocarbon 
bearing  formation,  respective  acoustic  signals  at  dif- 
ferent  azimuths  about  a  longitudinal  axis  of  the  well; 
receiving  in  the  acoustic  logging  tool  from  the  differ- 
ent  azimuths  about  the  longitudinal  axis  of  the  well  re- 
spective  signals  responsive  to  different  waves  pro- 
duced  in  the  hydrocarbon  bearing  formation  in  re- 
sponse  to  the  transmitted  signals  and  tectonic  stress 
in  the  hydrocarbon  bearing  formation;  moving  the 
acoustic  logging  tool  longitudinally  in  the  well  so  that 
signals  are  also  transmitted  and  received  along  a 
length  of  the  well;  and  determining,  in  response  to  the 
received  respective  signals,  elastic  moduli  and  Pois- 
son's  ratio  for  different  directionalized  sectors  of  the 
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hydrocarbon  bearing  formation  around  the  circumfer- 
ence  of  the  well,  thereby  providing  predictors  of  frac- 
ture  direction  in  the  hydrocarbon  bearing  formation. 

In  a  preferred  embodiment,  compression,  shear 
5  and  Stonely  wave  data  are  obtained  at  six  directions 

around  the  well  bore  and  longitudinally  within  the 
well.  From  these  data,  oriented  rock  properties  can 
be  determined  (e.g.  elastic  moduli  and  Poisson's  ratio 
can  be  determined  to  show  variations  in  horizontal 

10  stress  and  strain  in  the  formation  around  the  well- 
bore).  This  information  can  be  used  to  predict  the  ori- 
entation  of  hydraulic  fractures  and  other  directional 
properties  of  the  formation. 

Two  alternative  preferred  ways  of  transmitting 
15  are  (1)  sequentially  activating  a  plurality  of  transmit- 

ters,  wherein  each  of  the  transmitters  is  disposed  at 
a  different  azimuth  in  the  well,  and  (2)  rotating  a  trans- 
mitter  in  the  well  and  activating  the  transmitter  at  dif- 
ferent  azimuths. 

20  The  method  can  further  comprise  communicat- 
ing  out  of  the  well  data  representing  the  received  azi- 
muthal  signals  and  determining,  in  response  to  the 
communicated  data,  elastic  moduli  and  Poisson's  ra- 
tio  for  different  sectors  of  the  earthen  structure  orfor- 

25  mation  around  the  circumference  of  the  well. 
In  order  that  the  invention  may  be  more  fully  un- 

derstood,  embodiments  thereof  will  now  be  descri- 
bed,  byway  of  example  only,  with  reference  to  the  ac- 
companying  drawings,  wherein: 

30  FIG.  1  schematically  shows  an  embodiment  of  an 
acoustic  logging  tool  supported  on  a  cable  in  a 
well  borehole  for  conducting  acoustic  logging  op- 
erations  in  accordance  with  the  method  of  the 
present  invention. 

35  FIG.  2  is  a  schematic  diagram  showing  the  azi- 
muthal  or  angular  disposition  of  six  acoustic 
transmitters  around  the  circumference  of  the 
acoustic  logging  tool  as  if  viewed  along  line  2-2 
shown  in  FIG.1. 

40  FIG.  3  is  a  schematic  diagram  showing  the  azi- 
muthal  or  angular  disposition  of  a  first  set  of  six 
acoustic  receivers  around  the  circumference  of 
the  acoustic  logging  tool  as  if  viewed  along  line  3- 
3  shown  in  FIG.1. 

45  FIG.  4  is  a  schematic  diagram  showing  the  azi- 
muthal  or  angular  disposition  of  a  second  set  of 
six  acoustic  receivers  around  the  circumference 
of  the  acoustic  logging  tool  as  if  viewed  along  line 
4-4  shown  in  FIG.1. 

so  FIG.  5  illustrates  two  arms,  each  with  a  respec- 
tive  pad  containing  a  respective  acoustic  trans- 
mitter  and  one  or  more  receivers,  of  a  preferred 
embodiment  six-arm  acoustic  logging  tool. 
FIG.  6  illustrates  a  preferred  waveform  of  a  signal 

55  received  in  the  acoustic  logging  tool  in  response 
to  an  acoustic  signal  transmitted  from  the  tool, 
which  waveform  contains  data  about  compres- 
sion,  shear  and  Stonely  waves  produced  in  the 

3 
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surrounding  formation  in  response  to  the  trans- 
mitted  signal. 
Attention  is  first  directed  to  FIG.  1  of  the  drawings 

where  an  acoustic  logging  tool  is  indicated  by  the 
number  10.  It  is  supported  on  an  armored  logging 
cable  12  in  a  well  14.  The  well  14  is  cased  with  a  cas- 
ing  16,  and  the  casing  16  is  surrounded  by  cement  18. 
While  a  cased  hole  is  shown,  it  will  be  understood  that 
the  present  invention  is  applicable  to  open  or  cased 
hole  logging  with  equal  facility.  Furthermore,  while 
use  of  a  logging  cable  is  also  illustrated,  other  tech- 
niques  for  moving  the  tool  1  0  into  and  out  of  the  well 
can  be  used.  For  example,  the  tool  1  0  can  be  inserted 
as  part  of  a  drill  string  and  used  to  make  measure- 
ments  while  drilling  occurs. 

The  armored  logging  cable  12  extends  upwardly 
to  a  sheave  20  and  is  spooled  on  a  drum  22.  The  drum 
22  enables  connection  through  the  logging  cable  12 
with  a  data  recorder  system  24.  The  recording  or  log 
that  is  made  from  signals  retrieved  from  the  well  is 
correlated  to  the  position  of  the  tool  1  0  in  the  well  and 
to  this  end,  a  mechanical  or  electronic  depth  measur- 
ing  apparatus  26  provides  data  from  the  sheave  20  to 
the  recorder  24  to  thereby  enable  the  data  to  be 
matched  with  depth  in  the  well.  If  a  logging  cable  is 
not  used,  as  can  be  the  case  as  explained  above, 
data  can  be  retained  in  the  tool  10  for  use  after  the 
tool  10  is  retrieved  from  the  well  or  data  can  be  com- 
municated  to  the  surface  by  any  othersuitable  means 
as  readily  known  in  the  art. 

The  data  recorder  24  preferably  includes  a  com- 
puter  (not  shown)  for  processing  logging  tool  signals 
and  a  memory  device  (not  shown)  for  retaining  data. 
The  computer  is  programmed  to  receive  electrical  sig- 
nals  over  the  cable  12  and  to  convert  received  signals 
into  data  signals  that  indicate  formation  characteris- 
tics.  Such  programming  is  of  a  type  known  to  those 
skilled  in  the  art,  and  specifically  pertains  to  comput- 
ing  elastic  moduli  and  Poisson's  ratio  as  further  ex- 
plained  below.  The  conversion  from  the  down  hole  sig- 
nals  to  the  elastic  moduli  and  Poisson's  ratio  can  be 
accomplished  by  the  same  techniques  used  in  the 
Halliburton  Logging  Services,  Inc.  Full  Wave  Sonic 
logging  tool. 

The  logging  tool  10  houses  an  electronic  system 
30  for  operation  of  the  equipment.  The  electronic  sys- 
tem  is  connected  with  directionally  oriented  acoustic 
transducers  32  used  to  investigate  the  earthen  struc- 
ture,  particularly  a  hydrocarbon-bearing  formation  28 
thereof,  traversed  by  the  well  14.  In  the  preferred  em- 
bodiment,  six  sets  of  transducers  32  are  used.  Refer- 
ring  to  FIGS.  2-4,  these  sets  are  disposed  at  equal  an- 
gles  around  the  circumference  of  the  tool  10,  and 
each  set  includes  at  least  one  acoustic  transmitter  34 
and  at  least  one  acoustic  receiver  36.  Two  sets  of  re- 
ceivers  36a,  36b  are  shown  in  the  drawings,  but  only 
one  receiver  per  transmitter  need  be  used;  however, 
multiple  receivers  relative  to  each  transmitter  are  pre- 

ferred  because  these  collectively  provide  a  better  pic- 
ture  of  the  full  waveform  responsive  to  the  compres- 
sion,  shear  and  Stonely  waves.  Although  the  trans- 
mitters  34  are  represented  in  FIGS.  2  and  3  as  being 

5  above  the  receivers  36,  other  suitable  orientations 
can  be  used. 

The  acoustic  transmitters  34  are  preferably 
known  piezoelectric  devices  that  convert  electric  en- 
ergy/current  into  acoustic  energy,  and  the  acoustic 

10  receivers  36  are  preferably  known  piezoelectric  de- 
vices  that  convert  acoustic  energy  into  an  electrical 
signal;  however,  it  is  contemplated  that  other  types  of 
devices  can  be  used  as  known  in  the  art. 

Attention  is  directed  to  FIG.  5  of  the  drawings 
15  where  a  preferred  embodiment  of  the  acoustic  log- 

ging  tool  10  is  represented  in  part.  It  incorporates  an 
elongate  housing  or  package  38  known  as  a  sonde. 
The  sonde  preferably  incorporates  at  the  upper  end 
of  the  tool  an  orientation  device  (not  shown)  to  obtain 

20  inclination,  relative  bearing  (orientation  of  the  arms), 
and  orientation  and  deviation  of  the  open  or  cased 
well.  The  upper  portion  of  the  sonde  is  constructed  for 
connection  with  the  logging  cable  12  so  that  the  tool 
can  be  raised  and  lowered  in  the  well  to  conduct  log- 

25  ging  activities.  The  housing  38  is  of  rugged  construc- 
tion  to  resist  ambient  pressures  and  temperatures  en- 
countered  during  operation. 

There  are  measurement  circuits  included  within 
the  electronics  section  30  that  is  inside  the  housing 

30  38.  The  measurement  circuits  cooperate  with  teleme- 
try  circuits  of  the  electronic  section  30  to  deliver  the 
output  signals  through  the  logging  cable  12  for  trans- 
mission  to  the  surface. 

The  lower  portion  of  the  tool  10  includes  multiple 
35  arm  assemblies.  Two  are  shown  in  FIG.  5,  but  it  will 

be  appreciated  that  it  is  normal  to  use  at  least  three, 
often  four  and  preferably  six  as  represented  in  FIGS. 
2-4;  more  can  be  used  if  desired.  Since  they  are  all 
similar  and  differ  only  in  their  position  on  the  tool  1  0, 

40  description  of  one  arm  assembly  39  will  suffice  for  all 
the  others.  To  this  end,  an  arm  40  connects  with  a 
mounting  plate  42.  The  plate  42  is  held  parallel  to  the 
sidewall  of  the  housing  38.  Another  arm  44  assists  in 
holding  the  plate  42  parallel  to  the  sidewall.  Another 

45  arm  46  is  included  and  it  connects  with  a  slidable  col- 
lar  48  near  a  base  50  of  the  tool  10. 

The  tool  1  0  depicted  in  FIG.  5  also  includes  a  pad 
52.  It  is  formed  of  a  sacrificial  ceramic  material.  It  en- 
counters  rough  wear  and  is  ultimately  worn  away  and 

so  must  be  replaced  when  worn.  It  is  provided  with  a 
slightly  curving  face  so  that  it  can  slide  smoothly 
against  the  wall  of  the  well  (either  the  casing  or  the 
borehole),  keeping  in  mind  that  it  is  being  abraded. 
The  ceramic  pad  52  has  embedded  therein  at  least 

55  one  transmitter  transducer  34  and  at  least  one  receiv- 
er  transducer  36. 

An  alternative  to  the  embodiment  illustrated  in 
FIGS.  2-5  is  to  use  a  single  transducer  that  can  be  ro- 

4 
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tated  in  a  manner  similar  to  how  a  transducer  is  rotat- 
ed  in  the  Halliburton  Logging  Services,  Inc.  CAST 
logging  tool  (the  CAST  tool  measures  "time  of  flight" 
and  amplitude  ~  "time  of  flight"  is  the  two-way  travel 
time  fora  signal  to  travel  from  the  transducer,  through 
the  borehole  fluid,  strike  the  wall  of  the  casing,  and 
reflect  back  to  the  transducer  through  the  borehole 
fluid;  and  the  amplitude  is  the  relative  intensity  of  the 
received  pulse  which  has  been  attenuated  along  its 
path).  In  the  present  invention,  such  a  transducer 
would  be  rotated  to  different  azimuths,  at  each  of 
which  an  acoustic  signal  would  be  transmitted  into  the 
well  and  the  responsive  signal  received  at  the  same 
orientation  to  retain  the  directionality  aspect  of  the 
present  invention. 

The  previously  described  types  of  equipment  can 
be  used  to  perform  the  acoustic  logging  method  of 
the  present  invention  by  which  mechanical  anisotropy 
of  a  hydrocarbon  bearing  formation  traversed  by  a 
well  can  be  detected.  In  doing  so,  the  acoustic  logging 
tool  10  is  lowered  into  the  well,  such  as  on  the  logging 
cable  12  or  as  part  of  a  drill  string.  Once  the  tool  10 
is  at  a  desired  depth,  acoustic  signals  are  transmitted 
from  the  acoustic  logging  tool  into  the  surrounding 
eart  hen  structure.  At  least  one  phase  of  implementing 
the  method,  this  occurs  when  the  tool  is  adjacent  the 
hydrocarbon  bearing  formation  28. 

In  accordance  with  the  directionality  feature  of 
the  present  invention,  which  enables  anisotropy  to  be 
detected,  the  acoustic  signals  are  transmitted  at  dif- 
ferent  azimuths  about  the  longitudinal  axis  of  the  well. 
Such  transmission  preferably  includes  either  (1)  se- 
quentially  activating  a  plurality  of  transmitters  in  the 
acoustic  logging  tool,  wherein  each  of  the  transmitters 
is  disposed  at  a  different  azimuth  in  the  well  as  rep- 
resented  in  FIG.  2,  or  (2)  rotating  a  transmitter  in  the 
acoustic  logging  tool  and  activating  the  transmitter  at 
different  azimuths  in  the  well  such  as  is  done  in  the 
CAST  tool  referred  to  above.  The  transmitted  signal 
is  a  conventional  acoustic  pulse  as  known  in  the  art. 

The  method  of  the  present  invention  further  com- 
prises  receiving  in  the  acoustic  logging  tool  10  from 
the  different  azimuths  about  the  longitudinal  axis  of 
the  well  respective  signals  responsive  to  different 
waves  produced  in  the  earthen  structure,  such  as  the 
hydrocarbon  bearing  formation  28,  in  response  to  the 
transmitted  signals  and  tectonic  stress  in  the  struc- 
ture.  That  is,  the  waves  are  produced  by  the  transmit- 
ted  acoustic  pulse,  but  the  nature  of  the  waves  de- 
pends  on  the  tectonic  or  natural  stress  (as  well  as  any 
induced  stress)  acting  on  the  structure.  In  the  prefer- 
red  embodiment  of  the  present  invention,  the  differ- 
ent  waves  to  which  the  received  signals  are  respon- 
sive  include  compression  (P),  shear  (S)  and  Stonely 
waves.  These  waves  are  referred  to  in  United  States 
patent  specif  ication  number  4,869,349  (Minearet  al.) 
and  in  Welex  and  Halliburton  Logging  Services,  Inc. 
brochures  on  the  Full  Wave  Sonic  logging  tool,  all  of 

which  are  incorporated  herein  by  reference.  A  respec- 
tive  set  of  these  waves  can  be  produced  in  response 
to  an  acoustic  signal  being  transmitted  from  one  of  the 
transmitters  34.  Such  a  respective  set  of  waves  pro- 

5  duces  a  continuous  signal  in  the  respective  receiver 
36.  An  illustration  of  such  a  signal  is  shown  in  FIG.  6 
with  the  portions  responsive  to  the  respective  waves 
so  identified. 

During  an  overall  logging  run,  the  acoustic  log- 
10  ging  tool  10  is  moved  longitudinally  in  the  well  14  so 

that  signals  are  transmitted  and  received  along  a 
length  of  the  well  in  addition  to  within  substantially 
horizontal  regions  of  the  well  where  the  transducers 
32  are  located  at  any  one  time.  Longitudinal  move- 

rs  ment  occurs  in  any  suitable  manner,  such  as  by  reel- 
ing  in  the  logging  cable  12  on  the  reel  22  once  the  tool 
10  has  been  lowered  into  the  well  14. 

In  the  preferred  embodiment,  data  representing 
the  received  signals  is  communicated  out  of  the  well 

20  14,  such  as  over  the  logging  cable  12,  to  the  computer 
preferably  in  the  data  recorder24.  Such  data  can  then 
be  used  to  determine  elastic  moduli  and  Poisson's  ra- 
tio  for  different  sectors  around  the  circumference  of 
the  well,  thereby  providing  information  about  the 

25  mechanical  anisotropy  of  the  underground  structure 
and  specifically  thereby  providing  predictors  of  frac- 
ture  direction  in  the  hydrocarbon  bearing  formation 
28.  The  term  "elastic  moduli"  includes  Young's  mod- 
ulus,  shear  modulus  and  bulk  modulus. 

30  Young's  modulus  (E)  can  be  defined  as  the  ratio 
of  normal  stress  to  the  resulting  strain  in  the  direction 
of  the  applied  stress,  and  is  applicable  for  the  linear 
range  of  the  material;  that  is,  where  the  ratio  is  a  con- 
stant.  In  an  anisotropic  material,  Young's  modulus 

35  may  vary  with  direction.  In  subterranean  formations, 
the  plane  of  applied  stress  is  usually  defined  in  the 
horizontal  plane  which  is  roughly  parallel  to  bedding 
planes  in  rock  strata  where  the  bedding  is  horizontally 
aligned. 

40  Poisson's  ratio  (p)  can  be  defined  as  the  ratio  of 
lateral  strain  (contraction)  to  the  axial  strain  (exten- 
sion)  for  normal  stress  within  the  elastic  limit. 

Young's  modulus  is  related  to  shear  modulus  by 
the  formula: 

45  E  =  2G(1  +  n) 
wherein: 

E  represents  Young's  modulus; 
G  represents  shear  modulus;  and 
H  represents  Poisson's  ratio. 

so  Shear  modulus  can  be  defined  as  the  ratio  of  shear 
stress  to  the  resulting  shear  strain  over  the  linear 
range  of  the  material. 

Bulk  modulus  is  the  ratio  of  the  compressive  or 
tensile  force  applied  to  a  substance  per  unit  surface 

55  area  to  the  change  in  volume  of  the  substance  per 
unit  volume. 

The  aforementioned  elastic  moduli  are  based  on 
the  elasticity  of  rock  theory  and  are  utilized  to  calcu- 

5 
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late  various  rock  properties  relating  to  fracturing  as  is 
well  known  by  those  skilled  in  the  art.  The  term 
stress,  as  it  is  used  herein,  can  be  defined  as  the  in- 
ternal  force  per  unit  of  cross-sectional  area  on  which 
the  force  acts.  It  can  be  resolved  into  normal  and 
shear  components  which  are  perpendicular  and  par- 
allel,  respectively,  to  the  area.  Strain,  as  it  is  used 
herein,  can  be  defined  as  the  deformation  per  unit 
length  and  is  also  known  as  "unit  deformation".  Shear 
strain  can  be  defined  as  the  lateral  deformation  per 
unit  length  and  is  also  known  as  "unit  detrusion".  The 
directional  elastic  moduli  data  obtained  in  accordance 
with  this  invention  can  be  utilized  to  verify  in  situ 
stress  orientation,  to  verify  or  predict  hydraulic  frac- 
ture  direction  in  the  formation,  and  to  design  subse- 
quent  fracture  treatments  using  techniques  well 
known  to  those  skilled  in  the  art. 

The  foregoing  method  can  be  used  in  conjunction 
with  prior  techniques  for  removing  a  core  sample  from 
the  well  and  analyzing  it  outside  the  well.  Such  prior 
techniques  are  referred  to  in  the  initial  section  hereof. 
Such  conjunction  still  provides  a  method  for  detecting 
mechanical  anisotropy,  such  as  particularly  of  a  hy- 
drocarbon  bearing  formation  traversed  by  a  well.  This 
method  comprises:  logging  the  well  for  determining  in 
situ  mechanical  anisotropy  of  the  hydrocarbon  bear- 
ing  formation  such  as  in  a  manner  as  previously  de- 
scribed  herein;  extracting  a  core  sample  from  the  well 
and  determining  mechanical  anisotropy  of  the  ex- 
tracted  core  sample  outside  the  well,  such  as  using  a 
previously  known  technique;  and  distinguishing  natu- 
ral  mechanical  anisotropy  from  induced  mechanical 
anisotropy  by  comparing  the  determined  in  situ  mech- 
anical  anisotropy  and  the  determined  mechanical  ani- 
sotropy  of  the  extracted  core  sample.  Such  compari- 
son  is  made  by  comparing  the  various  types  of  infor- 
mation  obtained  from  the  natural  environment  in  situ 
test  and  the  induced  environment  core  test.  For  ex- 
ample,  such  comparison  can  be  made  by  comparing 
the  elastic  moduli  and  Poisson's  ratios  generated  by 
the  respective  downhole  and  core  tests.  Acoustic  in- 
formation  for  comparison  can  also  be  obtained  from 
core  tests  as  described,  for  example,  in  David  P.  Yale 
and  Eve  S.  Sprunt,  "Prediction  of  Fracture  Direction 
Using  Shear  Acoustic  Anisotropy",  1  987  SCA  Confer- 
ence  Paper  No.  8711  and  G.G.  Ramos  and  J.J.  Rath- 
mell,  "Effects  of  Mechanical  Anistropy  on  Core  Strain 
Measurements  for  In-Situ  Stress  Determination", 
1989  SCA  Conference  Paper  No.  8908,  incorporated 
herein  by  reference. 

Using  the  method  of  the  present  invention,  meas- 
urements  of  elastic  moduli  can  be  obtained  so  that 
mechanical  anisotropic  characteristics  of  subterra- 
nean  formations  can  be  determined  or  predicted.  Azi- 
muthally  oriented  sensing  of  compression,  shear  and 
Stonely  waves  is  used  to  provide  comprehensive  di- 
rectional  data  about  discrete  sectors  of  the  formation 
around  the  borehole  and  not  merely  an  overall  aver- 

age  of  the  entire  circumferential  region  as  occurs  with 
omnidirectional  acoustic  logging.  The  data  are  prefer- 
ably  obtained  by  the  present  invention  at  a  high  sam- 
pling  rate  that  accurately  represents  the  changes  in 

5  formation  characteristics  with  depth.  "High  sampling 
rate"  is  a  rate  greater  than  two  to  four  samples  per 
foot.  The  number  of  sectors  or  directions  monitored  is 
preferably  sufficient  to  obtain  sufficient  resolution 
with  respect  to  changes  in  stress  profile  about  the 

10  axis  of  the  well.  The  method  should  enable  at  least 
compression  and  shear  wave  velocities  and  bulk  den- 
sity  to  be  determined  for  each  sector.  Sensing  is  pre- 
ferably  done  with  either  several  angularly  spaced 
transducers  or  one  or  more  rotated  transducers. 

15 

Claims 

1.  An  acoustic  logging  method  for  detecting  mech- 
20  anical  anisotropy  of  a  hydrocarbon  bearing  for- 

mation  traversed  by  a  well,  which  method  com- 
prises  lowering  an  acoustic  logging  tool  (10)  into 
the  well  (14);  transmitting,  from  the  acoustic  log- 
ging  tool  (10)  into  the  hydrocarbon  bearing  for- 

25  mation  (28),  respective  acoustic  signals  at  differ- 
ent  azimuths  about  a  longitudinal  axis  of  the  well 
(14);  receiving  in  the  acoustic  logging  tool  from 
the  different  azimuths  about  the  longitudinal  axis 
of  the  well  respective  signals  responsive  to  differ- 

30  ent  waves  produced  in  the  hydrocarbon  bearing 
formation  (28)  in  response  to  the  transmitted  sig- 
nals  and  tectonic  stress  in  the  hydrocarbon  bear- 
ing  formation;  moving  the  acoustic  logging  tool 
(10)  longitudinally  in  the  well  (14)  so  that  signals 

35  are  also  transmitted  and  received  along  a  length 
of  the  well;  and  determining,  in  response  to  the 
received  respective  signals,  elastic  moduli  and 
Poisson's  ratio  for  different  directionalized  sec- 
tors  of  the  hydrocarbon  bearing  formation  (28) 

40  around  the  circumference  of  the  well  (14),  there- 
by  providing  predictors  of  fracture  direction  in  the 
hydrocarbon  bearing  formation. 

2.  A  method  according  to  claim  1,  wherein  said 
45  transmitting  includes  sequentially  activating  a 

plurality  of  transmitters  (34)  circumferentially  dis- 
posed  in  the  acoustic  logging  tool  (10). 

3.  A  method  according  to  claim  1,  wherein  said 
so  transmitting  includes  rotating  a  transmitter  (34)  in 

the  acoustic  logging  tool  (10)  and  activating  the 
transmitter  at  different  azimuths  in  the  well  (14). 

4.  A  method  according  to  claim  1,  further  compris- 
55  ing  communicating  out  of  the  well  data  represent- 

ing  the  received  signals  and  determining  in  re- 
sponse  to  the  communicated  data  elastic  moduli 
and  Poisson's  ratio  for  different  sectors  of  the  hy- 

6 
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drocarbon  bearing  formation  (28)  around  the  cir- 
cumference  of  the  well  (14),  thereby  providing 
predictors  of  fracture  direction  in  the  hydrocarbon 
bearing  formation. 

A  method  according  to  claim  4,  wherein  the  dif- 
ferent  waves  to  which  the  received  signals  are  re- 
sponsive  include  compression,  shear  and  Stone- 
ly  waves. 

10 
6.  A  method  according  to  claim  4,  wherein  said 

transmitting  includes  sequentially  activating  a 
plurality  of  transmitters  (34)  in  the  acoustic  log- 
ging  tool  (10),  wherein  each  of  the  transmitters  is 
disposed  at  a  different  azimuth  in  the  well  (14).  15 

7.  A  method  according  to  claim  4,  wherein  said 
transmitting  includes  rotating  a  transmitter  (34)  in 
the  acoustic  logging  tool  (10)  and  activating  the 
transmitter  at  different  azimuths  in  the  well  (14).  20 

8.  A  method  according  to  claim  1,  wherein  the  dif- 
ferent  waves  to  which  the  received  signals  are  re- 
sponsive  include  compression,  shear  and  Stone- 
ly  waves.  25 

9.  A  method  according  to  claim  8,  wherein  said 
transmitting  includes  sequentially  activating  a 
plurality  of  transmitters  (34)  circumferentially  dis- 
posed  in  the  acoustic  logging  tool  (10).  30 

10.  A  method  according  to  claim  8,  wherein  said 
transmitting  includes  rotating  a  transmitter  (34)  in 
the  acoustic  logging  tool  (10)  and  activating  the 
transmitter  at  different  azimuths  in  the  well  (14).  35 
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