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ABSTRACT 

A downhole-tiltmeter array was  employed at the Mounds (OK) drill cuttings injection test to monitor  the 
growth of the cuttings-induced  fractures.  Given  the other diagnostics at this  test, including microseismic 
monitoring, coreholes through the  fractured  zones,  tracers, and bottom-hole pressure, this test  provided an 
excellent test case to evaluate  the capabilities of  downhole-tiltmeter arrays for fracture imaging.  This 
report  documents the test  data  obtained  during the injections, the crack model used for inverting the  data, 
the inversion results, a comparison  with  other diagnostics, finite element studies, and conclusions  derived 
from  these studies. 
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INTRODUCTION 

The optimization of hydraulic fhcturing has  been  a  tedious process because  of the complexities of 
reservoirs  and an inability to directly observe the fracture. As a result, considerable effort is now  being 
expended to "image" hydraulic fractures by  measuring  some earth response associated with the fracturing 
process. The most  well-known  of these imaging  techniques is microseismic monitoring,14 which  has 
been  employed since the 1970's (primarily in  research  projects).  Although  improvements in receivers, 
telemetry  and  computer processing have  now  made  microseismic monitoring a feasible technology for 
routine industry use: there are some reservoirs that may not emit sufficiently energetic microseisms,  and 
there  are  some fracture attributes, such as the width,  about  which the microseismic method  cannot  provide 
any  information. 

Surface tiltmeters5'* also have a  long history of  use  (since the 1970'~)~ but their application has  been 
limited  because they are only able  to resolve fiacture azimuth  and dip (e.g., fracture orientation), large 
scale fracture asymmetry, and  the depth to  the  fracture  center. In addition,  they  had primarily been 
limited to fracture depths of  less  than 5,000 ft. Recent  improvements  in tiltmeter designs'  have  helped  to 
extend  this application to greater depths,  but  have  not  been able to help resolve additional fiacture 
attributes (e.g., length and height). 

The  recent applications of tiltmeters in downhole  arrays,  which  was pioneered at the GRI/DOE funded M- 
Site experiment in the Piceance basin  in Colorado,'o~ll has extended the ability of the tiltmeter to  resolve 
additional features of the fracture.  Although the M-Site tiltmeters were  cemented in place, a  wireline-run 
tiltmeter was introduced by  a  fracture  service  company in 1998, allowing tiltmeters to  be  used in 
routine industry fracture applications as well as advanced diagnostic research projects. 

The advantage of  the downhole-tiltmeter application is  threefold. First, the dowhnole tiltmeter array is 
much closer to the hydraulic fracture than in the  surface application. Second, the downhole-tiltmeter 
array is strategically located at  a position where the earth deformation is largest (e.g., normal  to  the 
fracture opening). Third, it is not necessary to deal with  all of the details of the surface layers to invert 
the data.  These advantages make it possible  to provide a  measurement  of the earth deformation caused  by 
the hydraulic fracture and estimate  some attributes of  the fractures that were responsible for the induced 
response. 

The  downhole tiltmeter responds to the fracture-induced deformation in a relatively simple way, as shown 
in Figure  1.  The fracture, assumed to have  some  generalized elliptic shape, deforms the earth a  small 
amount for large distances. The  maximum  deformation is generally located  normal to the center of the 
fracture and displacements above  and  below trend to  zero at large vertical distances from the fracture.14 
The  tilt,  which is a vector quantity, is the derivative of  the horizontal displacement with respect  to the 
vertical direction (gravity). There is no  vertical  component of tilt. For a fracture, the tilt measured 
orthogonal to the fracture plane has  a zero point at the center  and oppositely signed responses above 
compared to below (the actual sign depends on the chosen convention). The  peaks  in the tilts are  related 
to the height of the fracture relative to the distance  away.  Note also that the tilt can be decomposed  into 
two orthogonal horizontal components. 
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EXAGERATED 
DEFORMATION 

TILT RESPONSE 

Figure 1. Schematic of  fracture-induced  deformation  and the resultant tilt. 

In practice, one would prefer to measure  the strain or displacement at some remote distance, but both 
values  would be extremely small  and there is no clear  reference point in a downhole well. The tiltmeter, 
with  its resolution of a few nanoradians,  is one of  the  few  instruments  that  can detect the small 
deformation and it has a clear  vertical (gravity) reference.  Furthermore,  since the tiltmeter gives the 
derivative of  the displacement, an  array  of tiltmeters provides  the same information that displacement 
measurements would provide. 

Given  that tiltmeters can detect the subtle deformations  at  large distances from hydraulic fractures, there 
still remain issues  of how to deploy  the tiltmeters so that they accurately measure the deformation and 
how  to insure the accuracy and  uniqueness of the ibversion  of the data in order to arrive at a reliable 
result.  The wireline deployment  of  these tools will  invariably  be  in a cased well and leads immediately  to 
the  issue  of casing effects. One  can  perform structural calculations to show that the effect of the casing  is 
negligible, but  the physical example  of a 9O-fi stand  of  tubing  or casing on the rig provides an  easy 
example.  When such a long stand  is  observed,  it is often  bowed  by several degrees due to its own weight 
(a relatively small load). The hydraulic fiacture induces  downhole tilts that are typically lo-' radians  or 6 
x lo4 degrees. Clearly the casing  offers  insignificant resistance to such small bending moments  and 
deforms easily with the earth.  However, the casing may  have  an effect at interfaces or other locations 
where  there are  large gradients in the  displacement (discontinuities in the tilt field). In such cases, the 
casing probably serves to  dampen  and  smooth the response. The cement  is probably insignificant as  long 
as there is reasonable cement  around the well  (however,  void  regions could cause problems). 

The  second deployment issue  is  that  of  coupling.  The tiltmeters at M-Site  were cemented in place and 
their  results agreed well with  the  microseismic  imaging data."'" However routine deployment of a 
downhole-tiltmeter array will  require that the instruments be run on wireline.  Two approaches are 
available: motor clamping and  centralizer  deployment. The motor  clamping assures that the  tiltmeters  are 
well-coupled to the wellbore, but is a more  complicated  deployment and requires more electronics, 
controls  and motors. The centralizer  deployment  is  somewhat different than the usual deployment of 
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tools on centralizers. Because the tools are light  and are run  on  a wireline, they will not go  down  the 
casing unless the centralizer springs are very weak or the centralizer bow OD  is slightly smaller than the 
casing ID. In such a  case, the deployment the instruments are only coupled by virtue of laying against the 
wall (no spring load  to  maintain  coupling).  However, the centralizers prevent rocking by providing a 
two-point contact (centralizers are placed on  the  top  and  bottom of  the instruments). While this approach 
seems reasonable for the extremely  tiny  deformations  and the nearly quasi-static deformation process, 
there is little experience or confirmation  with  measurements of such small angular deformations under 
such conditions. This Mounds  test actually gives us a chance to examine this issue by comparing the 
tiltmeter results with the microseismic  and  corehole  measurements. 

A third issue is borehole noise. Since the measured  tilts are extremely small, there are borehole effects 
that could cause problems with the measurement.  In  a gas or oil well, bubbling gas offers the largest 
potential for inducing  noise,  but this test at  Mounds was in  a  newly cased well with no open  perforations. 
Other sources of noise could be curing cement  (e.g., stress redistribution as the cement changes volume), 
thermal recovery after drilling,  tidal effects, and  instrument noise and drift. In any  case, the cultural noise 
level should  be determined in  order to understand  the  accuracy  and reliability of the results. 

Since the tilt is a directed quantity, tiltmeters have two sensors (bi-axial) to measure the tilt in two 
orthogonal directions so that  a magnitude and  an  angle  can be determined. If  the sensors are oriented, 
then the normal  and parallel components of the tilt field (relative to the fiacture) can be deduced  and extra 
information can be extracted.  However,  in  the  wireline-mn tiltmeters, there is not yet any  means  for 
orienting the tiltmeters and the data are generally  used for their magnitudes only. Future instruments with 
orienting devices will provide additional usable data from the separate components. 

Although the purpose of the Mounds  experiment  was  to monitor and assess the details of cuttings 
injection, this test also allowed for some  evaluation  of the accuracy, reliability and capabilities of  the 
wireline-run  downhole  tiltmeters. This report will describe the estimated fiacture size and shape as well 
as accuracy  and confidence issues. 

MOUNDS TEST PLAN 

Detailed descriptions of the Mounds testing and  monitoring are given in three papers at the Rock 
Mechanics Sympo~ium’~-’’ and  an overview SPE  paper.” In brief, the Mounds Drill Cuttings Injection 
Experiment was an industry consortium project to evaluate our ability to model  and monitor the disposal 
of contaminated drill cuttings in deep formations.  The companies in the consortium included BP 
Exploration, Azerbaijan Oil Co.,  Schlumberger,  Shell  E&P  Tech., Chevron, MSD, Halliburton Energy 
Services,  Amoco, Mobil, Hughes-Christensen,  Exxon Production Research, Arco,  Gas Research Institute, 
Pinnacle Technologies and  UPRC.  The  US  Dept.  of  Energy provided additional support to Sandia 
National Laboratories through the Natural Gas  and  Oil  Technology Partnership. 

The  Mounds location is in central  Oklahoma just south of Tulsa. The facility is owned  by  Hughes- 
Christensen, who provided site use  and  some  drilling support as part of their contribution. The 
formations used for injection operations  were the Wilcox sandstone, a  fTiable sandstone at a depth of 
approximately 2700 ft, and  the  Atoka shale, a  laminated shale-siltstone sequence at a depth of 
approximately 1900 ft. 

In a  typical drill-cuttings injection operation,”-26 cuttings  may be injected continuously for 8-12 hours  and 
then  stopped for the night. Operations resume  the  next  day  and this “pulsed” injection schedule may 
continue for a  few  weeks. There may be intermittent  shut  down periods for several weeks while cuttings 
are accumulated or equipment is overhauled, and  then injection may  resume again in the same  interval. 
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To simulate this type of process on a small scale, the project plan was to conduct multiple small volume 
injections that were followed by limited shut-in periods over  a three day  period.  The overnight shut-ins 
would simulate the longer down times, 

Monitoring of the cuttings injection included microseismic monitoring from  one offset well, surface- .. 

tiltmeter monitoring, downhole-tiltmeter  monitoring  from  a second offset well, tracer injections, bottom- 
hole pressure measurements, and the drilling of  deviated coreholes through the disposal domain  (based . 
upon  the diagnostic results). Figure'2 shows  a  plan  view of the site layout with the tiltmeter monitoring 
well  on the north and the microseismic monitoring  well  on the south. The expected fracture azimuth 
(from considerable previous stress and fracture diagnostic  data at this site) was approximately e a s t - ~ e s t . ~ ~  
CICI is the cuttings injection well, CICA is the  microseismic monitoring well, and  CICB is the tiltmeter 
monitoring  well'.  The  names of the wells are given  by their surface locations and the TD text indicates the 
location of the well at total depth. 
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Figure 2. Mounds site layout during injection. 
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The  downhole configuration for the Wilcox  sandstone is shown in Figure 3. The Wilcox sandstone is 
approximately 70 ft thick with a 10-15 ft carbonate  layer  on top of it.  The casing was set in the carbonate 
and an open-hole section was drilled through the Wilcox  and  down into the underlying shalelsandstone 
sequence. The bottom of the hole was backfilled with sand prior to the injection. Five microseismic 
receivers  and eight downhole tiltmeters were  situated in their monitoring wells such that the expected 
fracture  was straddled by the arrays. 
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Figure 3. Experiment P configuration for Wilcox  testing. 

SAND PLUG I 

The  experiment configuration for the Atoka  injections is shown in Figure 4. The  major differences are (1) 
the Atoka shale is a very thick formation (covering the entire tiltmeter monitoring interval) and  a 20 ft 
interval was used as the injection point and (2) the injection  was performed through perforations rather 
than  open hole. 
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INTERVAL [I 
1960 
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Figure 4. Experiment configuration for Atoka  testing. 

Details  about the injections for the two sets of experiments are given in Tables 1 and 2 for the Wilcox  and 
Atoka  tests, respectively. These  summaries are excerpted  from detailed test results prepared by  Pinnacle 
Technologies and compiled with all other data in a  Mounds project CD." In both sets of tests,  there  were 
several calibration tests using fresh water (FW) or drilling  mud  (mud)  to  measure stress or leakoff 
(labeled OA, OB, etc). These  were followed by 17 slurry injections in the Wilcox sandstone and 20 
injections in the Atoka shale. Each of the tests was  displaced with drilling mud  and tests at the end  of 
each  day also had  a casing displacement of fresh  water. 
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The bottom-hole pressures during these injection tests are  shown in Figures 5 and 6 for the Wilcox  and 
Atoka experiments, respectively. Maximum  pressures  for  the slurry injections ranged &om about 1700- 
1850 psi for  the Wilcox tests and about 1600-1750 psi for the Atoka  tests. 
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Figure 5. Wilcox bottom-hole pressure data. 
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Figure 6. Atoka bottom-hole pressure data. 
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Other diagnostic results that  can be compared to the downhole-tiltmeter data include microseismic images 
of the fractures, surface tiltmeter surveys,  and  deviated coreholes through the disposal zone.  The  deviated 
corehole data give  an absolute ground-truth  result  showing fracture azimuth  and dip and  minimum  values 
for length  and height on  one  wing  (side).  There  were two coreholes through the Wilcox disposal zone 
and  a third intentionally placed above the zone.  One  corehole  was  placed through the Atoka  disposal 
zone. Individual microseismic  images  were  generated for each of the injections in the Wilcox  sandstone, 
but for the Atoka tests there were  very  few  microseisms detected and the best that could be obtained  was 
a general image of all of the injections  in this zone. The surface tiltmeters were used to obtained azimuth 
and dip information on  both  zones. 
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TILTMETER DATA 

Examples of the tilt data for each of the zones are given  in this section. An assessment of the tiltmeter 
operation can be made  by  examining the consistency of the response. Other issues such as the tiltmeter 
coupling are more  complicated  and can only be  evaluated  by  modeling  and comparison. 

Wilcox Interval 
The tiltmeters in the Wilcox  interval  were run on  a wireline with centralizers and positioned at  depths  of 
2466,2538,2613,2665,2717,2769,2844 and  2919 ft. Each of these tiltmeters is a  bi-axial device 
measuring the tilts in two unknown orientations from  which  a total tilt magnitude can be computed  (e.g., 
vector sum). To illustrate the quality of the data and the types of noise, the raw tiltmeter measurements 
from the first day of the Wilcox monitoring are shown  in Figures 7-14. 

Figure 7 shows the two traces from the tiltmeter at  2466 ft (shallowest tiltmeter). Being far from  the 
fractures, it records only small signals and  has  a very low  noise  level. .However, the series of  injections 
conducted during the first day of testing can be seen in the  bumps occurring on  the top trace. When 
expanded (as will be shown  later), there is a  clear  time-dependent response to the fracture opening in  most 
of these features (the bumps).  The arrows on the plot identify  which axis scale pertains to the adjacent 
curve. 
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Figure 7. Tiltmeter data for tiltmeter at  2466 ft during  first  day of Wilcox testing. 

The  data for the tiltmeter at 2538 ft are shown in Figure 8. In this case, the signal is also relatively small, 
but some types of noise are evident.  The  most obvious noise features are the sharp discontinuities that 

These discontinuities are typically instantaneous jumps in the amplitude (e.g., across one sample point) 

l 
and  can be easily distinguished from the response due to the fracture when the scale is expanded. 

i 
Although  it is not clear exactly what is causing these features, they generally result in a step change in the 

I 
! occur at two locations on the lower curve and one location  on the top curve (at about 1300 and  1700 hrs). 

I 

~ 
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amplitude of the signal at that  point. In such cases,  the  step can  be removed  and the rest of the data 
analyzed as usual.  Such  a  feature  was seen on  a  few  occasions in the cemented tiltmeters used  at  M-Site 
and  were called “tears” (as in rip) to emphasize that  they appeared to be due to some sudden offset 
movement in the tiltmeter, possibly  due  to  stress on the  cement. In this particular case, it is not clear if 
they are due to  a similar movement in the cement  around the wellbore or due to  a  movement  of  the 
tiltmeter  itself.  Most of the time they occur during  an injection or  just after, implying that there is some 
relation  between the tears and  the injection process  (e.g., due to  the stress induced by the injection 
fracture). A second type of noise seen here is a  random fluctuation of approximately 1 microradian that 
occurs on both channels. It  probably illustrates the  noise associated with this particular tiltmeter due  to 
either electrical or mechanical  effects. A third type of noise is the moderate drift associated with the 
lower  curve. It is not always clear  how  much of the change is instrument drift, tidal variations,  or 
cumulative tilt, but in this case  the tides are not  evident  and there is very little tilt to  accumulate  at this 
location.  By elimination, the drift appears to  be  a  feature  of the instruments. 
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Figure 8. Tiltmeter data for tiltmeter at 2538 ft  during  first  day of Wilcox testing. 

Figure 9 shows the tiltmeter data for the instrument  at  2613 ft. This level has the noisiest data of  the 
entire set  with fluctuations of as  much as  2 microradians, several “tears”, and relatively large drift 
occurring throughout the test. Nevertheless, estimates  of the tilt changes can be made for many  of the 
injections. ’ 
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Figure 9. Tiltmeter data for tiltmeter at  2613 ft during first day  of  Wilcox testing. 

The  data from the tiltmeter at 2665 ft for the  first  day of Wilcox testing is shown in Figure 10.  With  the 
exception of a few tears on  both  traces  and  the  large spike on the lower  channel, the data are  relatively 
noise free and the  tilt responses during  the  injections  can be seen. 
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Figure 10. Tiltmeter data for tiltmeter at  2665 ft during first day of Wilcox testing. 



Figure  11  shows data for the tiltmeter  at  2717 ft, which  had one of the two largest tilt responses during 
this series of tests. There is an extremely  large  tear  occurring just after noon  and  a  small one at the end of 
the day, but otherwise the data are  quite  good  and  clearly  show the expected tilt responses as the fractures 
are inflated  and then allowed to deflate during shut in. 
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Figure 1 1. Tiltmeter data for tiltmeter at 27 17 fi during first day of Wilcox testing. 
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The  tiltmeter data for the  instrument at 2769 ft during  the  first  day  of  testing  are shown in Figure 12. The 
lower  trace shows some  degree  of  random  noise,  a  relatively  large drift and  several  tears.  The  upper  trace 
is  reasonably quiet with  the  exception  of  a  few  small  tears.  The tilt responses due to the  fracturing  are 
quite  clear on  the upper  trace and  can  be seen on the  lower  trace for several of the  injections. 
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Figure  12. Tiltmeter data for tiltmeter at 2769 fl during  first  day of Wilcox  testing. 
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The  largest tilt response during the Wilcox testing was  seen  on the instrument at 28444 depth.  The  data 
from  this tiltmeter during the first day of testing  is  seen in Figure 13. Most of the signal is seen on the 
lower  trace,  which suggests that this sensor is pointing  nearly orthogonal to the fracture. There is very 
little  noise of any kind  on this channel. Since there is no significant drift on this channel, the accumulated 
tilt that occurs  during the suite of injections also  becomes  apparent.  The other chainel of this instrument 
has a relatively large drift, but little noise  and  no  tears. 
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Figure 13. Tiltmeter data for tiltmeter  at 2844 ft during  first  day of Wilcox  testing. 
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The  data for the lowest tiltmeter, at 29 19 ft, are shown  in  figure 14. This tiltmeter has a relatively small 
signal,  several tears on the top  trace and some  small  random  noise  on  both channels (about 0.5 
microradians). 
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Figure  14. Tiltmeter data for  tiltmeter at 2919 ft during first day  of  Wilcox testing. 

In using  these types of tilt data,  it is  first necessary to  extract the part  of the response due to the fracture. 
This  can  be done by either finding  some initial response  (e.g.,  an average over several  minutes)  prior  to 
injection and subtracting out this response or by fitting a linear trend and subtracting the linear trend fiom 
the  fracture  response. In this test,  the injections were so short (10-20 min) that the effect of drift was 
considered negligible compared  to the noise levels and the fEst approach was  used for nearly all of the 
data. 

Since the tiltmeters are not oriented and the magnitude  of  the tilt is used for the analysis, the  magnitude  of 
the tilt must  be  found  correctly.  While it is convenient  to  simply take the magnitude  of the two 
orthogonal components, find the initial value of this magnitude, and subtract it out to get a fracture- 
induced  magnitude,  it would result in the wrong  value. The correct approach is to  zero  each  channel 
independently (or find the linear  trend) and subtract out the'zero  value (or  the trend) to get  fracture- 
induced responses for each channel.  The total magnitude response can then be correctly found  by  using 
the two zeroed channels (or the two trend-subtracted  channels) to calculate the  magnitude. 

, When  there  are multiple injections  in the same  interval, a valuable  assessment  of  the tiltmeter operation 

i such  that the monitoring well  is  close to the fiacture and  nearly normal to  the centerline of the fracture, 
can  be  obtained  by  examining  the phase behavior of  the two channels. When the test  configuration  is 

j the  extracted phase angle at  the  end of each injection should  zero  in on nearly the same  value  from  test to 
test.  Figure  15 shows the phase  angle for each  tiltmeter  for all 17 injections. This angle is  the  inverse 
tangent  of the ratio of the y-axis  magnitude to the  x-axis  magnitude. In general, the data are  very 
consistent and the largest variations are due to already  described tears. If these tears are removed  from j 
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the data,  most of the channels would have a  very  consistent phase for all tests. The only instrument that 
does not follow this behavior is the one at  2769 ft. Thus, the phase results suggest that all of the channels, 
with the possible exception of  the  instrument  at  2769  ft, are working properly and are responding in the 
same  way throughout the test. However, this does  not  mean that all of the tiltmeters are necessarily  well 
coupled, Coupling is a  more  complex issue that  cannot easily be resolved  by examining just the tilt 
responses. 
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Figure 15. Phase angles at the end of the injections for Wilcox tests. 

Atoka Interval 

After the completion of operations  in the Wilcox  sandstone, the tiltmeters were pulled up hole and 
situated in positions straddling the Atoka  interval.  The locations of the eight tiltmeters were  1724,  1796, 
1871, 1923, 1975,2027,2102, and  2177 ft. Since the tiltmeters  were  not brought out of the well,  the 
operation of these instruments in the Atoka  interval  could be compared with the Wilcox results to assess 
whether questionable channels were  functioning  properly. 

The data for the shallowest tiltmeter (1724 ft) during the first  day of testing are shown in Figure 16. This 
instrument, being far fiom the fracture,  has  a  relatively  small response to  most of the injections.  The 
large discontinuities in the morning  and  at  the  end of the day are probably the tears described in the 
Wilcox section. 
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Figure 16. Tiltmeter data for tiltmeter  at  1724 ft  during  first  day  of Atoka testing. 

The  data for the tiltmeter at 1796 ft  are  shown in Figure  17.  Although the noise levels are 1-2 
microradians, the  signal strength is large  enough  that  good  quality data can probably be obtained horn 
this  level.  Given that all of  the  signal is on one of the channels, it suggests that this channel (the upper 
trace)  is oriented normal to the  fracture. 
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Figure 17. Tiltmeter data for  tiltmeter  at 1796 ft during  first  day of Atoka testing. 
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Figure 18 shows the tiltmeter data for the instrument  at  1871 ft for the first day of testing. With  the 
exception of the tear that occurred during the  first  injection  and another one that  might have occurred 
during  the last injection, this level  has  good  quality  data  and  a large signal  response  to the injections. 

Depth = 1871 ft 

-60 - 

-80 - 

-1 00 I 

8:OO 12:oo 16:OO 

Time 

-40 

-60 

-80 

-1 00 

-1 20 

-1 40 
20:oo 0:oo 

Figure  18: Tiltmeter data for tiltmeter at 1871 ft during  first  day of Atoka  testing. 
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The  results for the tiltmeter at 1923 ft, shown in Figure 19,  are perhaps the most.unusua1 of all of the data. 
Most  of the response is on one trace (top), suggesting that it is oriented nearly normal to the fracture. 
However, the response early in the day is entirely negative while the response later in the day starts out 
negative  and rapidly switches  to  a large positive response. This behavior suggests that the fracture center 
starts out on one side of this  tiltmeter, but later in the day height growth moves the fiacture center to the 
other side of this tiltmeter. Since the depth  of this tiltmeter is about 20 ft  above the perforated interval,  it 
is assumed that the initial negative response is due to a fracture whose center is below the 1923-ft depth. 
Presumably, the fracture begins to grow upward  in the later injections, thus switching the response. 
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Figure 19. Tiltmeter data for tiltmeter at  1923 ft  during first day of Atoka testing. 
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The  data from the tiltmeter at  1975 ft are shown  in  Figure 20. The response has excellent quality with the 
largest amplitude of all of the  tiltmeters. 
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Figure 20. Tiltmeter data for tiltmeter at 1975 fi during first day of Atoka testing. 
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Figure 2 1 shows  the tilt data for the instrument  at  2027 ft. Most of the signal is again on only one channel 
suggesting that it is oriented nearly normal to the fracture.  However, the possibility of having three of 
these instruments oriented nearly  normal to the fracture  seems  somewhat remote and the question arises 
whether  one or more  of these axes may  not  be  coupled  very well or functioning properly. 
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Figure 2 1. Tiltmeter data for tiltmeter at  2027 ft during first day of Atoka testing. 



Figure 22 shows the data for the tiltmeter at  2 102 ft. There is very little signal on this level and  the  signal 
that is present is obscured by the noise level.  The  response of the instrument at 2 177 ft, shown  in  Figure 
23, is very similar and the fracture signal is generally  lost in the noise. 

n 
v) -20 0 
c m 
Ip 

Depth = 2102 ft 

.- -25 - -- -5 

E 
2 
E -35 - 

-30 - 
0 
.I 

Y 

'c1 
S - -45 

4 0  -20 

-2 5 .I 
c, 

2 <II -50  -30 
I 
c, 

jE -55 5 -35 
8:OO 12:oo  16:OO 20: 00 0: 00 

Time 

Figure 22. Tiltmeter data for tiltmeter at  2102 ft during  first  day of Atoka testing. 
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Figure 23. Tiltmeter data for tiltmeter at 2177 ft during  first  day of Atoka testing. 
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The  phase plot for  the Atoka  data  is  shown  in  Figure  24.  With the exception of the lowest two levels  and 
the tiltmeter at 1923 ft, the data are quite consistent.  The lowest two levels have very small signals so the 
scatter seen in Figure 24 is to  be expected. The  behavior  of  the instrument at 1923 ft is probably due  to 
the fracture center moving from one side of the tiltmeter  to  the other side. 
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Figure 24.  Phase plot  for Atoka  injections. 

Assembled Data Sets 

When the data from each tiltmeter are processed for vector magnitude and assembled into data sets for 
each injection, the result is a  trace plot of the kind  shown  in Figure 25. This particular example is from 
the first drill-cuttings slunry  injection into the  Wilcox  sandstone. It shows the clear  response  of  six  of the 

i tiltmeters to  an injection starting at  18:35  and  ending  at  18:48.  The two tiltmeters with  minimal  response 
j may  be nonfunctioning or may  be far enough  away that the  signal is in the noise. The effects of the tears 

! large amount  of noise on the 2613 ft tiltmeter. 
(e.g.,  on  the 29 19 Et tiltmeter) are clear, although  none  happen during the injection. Also evident is a 
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Figure 25. Example data from the first slurry  injection  in the Wilcox sandstone. 
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This form of the data is generally too complex to process  and the standard procedure is to take the 
magnitude of the tilt at  the end of the treatment  and  plot  the  magnitude  at this one time as a function of 
depth,  giving eight points. In doing so, it is also  possible to compensate for the tears and other noise 
features in order to get the cleanest data set. Figure 26 shows the amplitude at shut-in as a function of the 
tiltmeter location. Note that all of the data are positive and the “S-shaped” curve shown in Figure 1 is not 
present. This is because there is no simple method to discern  which levels have positive tilt and  which 
have  a  negative tilt when the total  magnitude is used  (although this can be deciphered in some  cases,  as 
discussed  later). 

This  particular  example looks nothing like the  standard tilt distributions, as the tilt field should tend 
towards  zero near the center of the fracture (somewhere  around 2700 ft) and have large amplitude lobes 
above  and  below  it.  Methods  used to handle these types of results and fit some reasonable tilt distribution 
will be discussed in the section describing the inversion  results. 
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Figure 26. Amplitude vs. depth plot for tilt data, first injection, Wilcox sandstone. 

The amplitude plots for all of the Wilcox  injections are shown in order from left to right in Figure 27. In 
general, the classic double-lobed shape is not apparent in the data. Instead, there is usually a  broad  trough 
between 2650 and 2800. The scale in microradians is shown for every third injection. The  challenge  is  to 
try to interpret this unusual character and obtain a reasonable image of the .fracture. 
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Figure 27. Amplitude plots for all Wilcox injections (amplitude in microradians). 

Figure 28 shows  an example of the assembled trace magnitudes for the first slurry injection in the Atoka 
shale.  The Atoka tests generally resulted in one large-amplitude tilt trace, as seen in this example. 
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Figure 28. Example data from  the first slurry injection  in the Atoka  shale. 

The amplitude plots for all of the Atoka injections are  shown in Figure 29. The  Atoka data generally 
shows  a single large peak below  the perforated interval,  except for the last 3-4 injections.  The  last  few 
injections  show considerably smaller  magnitudes  of  tilt,  but  more  symmetry  about the perforated  interval. 
The  scale in microradians is associated with every  fourth  injection. 
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TILT INVERSION 

Most inversions of tiltmeter data  have used a  dislocation  model2' because of its simplicity of use. 
Pinnacle Technology's inversion  of these data used just such  a  model  and their results are detailed in their 
paper at the 1999 Rock  Mechanics  meeting.17  However, the dislocation approach has two  drawbacks  that ... 
limit its application in tests such as these. First, the dislocation  model is only accurate when the 
monitoring location is farther away than the total height  of  the crack. It is not  clear that such is the case 
here. Second, there is no  simple  way  to tie the pressure  into the dislocation inversion for any  geometry 
other  than  an infinitely long 2D fiacture or a  penny-shaped fracture. Thus, dislocation inversions may 
produce results with dislocation widths greater than  anything that can be supported by the pressure. 

To avoid these problems, this analysis uses an inversion that makes use of Sneddon  and Green's 3D flat 
elliptic crack solution.30 This model has its own limitations  (homogenous isotropic material, constant 
internal pressure), but it allows for close monitoring stations and has a direct pressure constraint. 

3D Crack Model Inversion 

The equations associated with the 3D crack model  are  given  in  Appendix A. Essentially, the tilt 
distribution as a function of distance  away  and  vertical  sensor location (y) are given as 

tilt(v> = F(h, L, yc 7 3 6f7 wdjs 2 E,  v) Y 

where h is  the fracture total height, L is the wing  length  (symmetry is assumed), dp is the net  pressure, ye 
is the vertical depth to the center of the fracture, af is the azimuth of  the fiacture relative to the monitoring 
position, S, is the inclination of the fracture (complement of the dip), wdi, is the separation between  the 
monitor well and  the injection well, E is Young's  modulus,  and vis Poisson's ratio. It is generally 
expected that wdis, E, and v are known and are not free parameters  in the inversion. The sense of af is 
such that a  fi-acture azimuth normal to the line between the monitor and  injection wells is 0" while a 
fracture directly approaching the monitor well is 90". Any  of the first six parameters may  be known, but 
the general inversion solves for six free parameters. 

The inversion of  the tilt equation uses a general Levenbermarquardt non-linear  solve?'  and the details 
are not given here. However,  to constrain the solution to physically reasonable results (e.g., positive 
values for height, length, pressure,  and center depth), the six free parameters are mapped  into  a  limited 
range using the arctan function.  For example, the height of the fracture should be constrained to values 
between 0 and some realistic maximum that is a function of the depth, yet the solver allows all  values 
from -00 to +a. The use of negative values will cause the model to diverge and cannot be allowed. To 
avoid this problem, the height is mapped  into  a  new  parameter, xi, through the function 

This  mapping insures that h+O as x+-w and h+.nCh as x++00. The parameter is called xi here because 
any  of the six free parameters can be constrained and the actual ia parameter will change depending on 
the set  up of the inversion. However, this form is further modified to constrain the solution between two 
values  by adding a second constant such that 

r 

By  a proper selection of ch and tho, the solution for h can be constrained between  two limits. This choice 
can  be useful if  the least-square solution tends towards  numbers that are unrealistically small or large. 
For Cho = 0, the mapping is from 0 to chn as given in  the first mapping. Similarly, the mappings for L,  
AP and y ,  are given by 
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L = C, tan-'(xi)+- + c,, , 1 2 1 ?T 

AP=c, tan-'(xi)+-+CPo , 1 2 1 7t 

and 
r 

y, = c, tan-' ( x i ) + - +  c,, 1 2 1 ?T 

For the azimuth  and dip, the arctan  function is also  used  to  map the parameters, but in this case the angles 
only  need to be constrained between -x  and +x, the  normal range of the arctan function. However,  to  add 
a further constraint of limiting these  angles  between two selected values, the final  mappings used here are. 
of the form 

af = C, [tan-' (xi >+ caO J, 

sf = C, [tan-' (xi >+ C, 1. and 

The two constants can be determined  from the selection of a center angle and  a k deviation about that 
angle. 

Note  that this mapping is only used as a  convenience.  Rather than alter the regression routine to account 
for the  range  of applicability, it is simpler  to  map the parameters into new parameters that allow the 
regression routine to utilize its full range. In practice, the inversion algorithm first queries for absolute 
constraints  (e.g.,  if the pressure is measured or the  azimuth has been determined from  a corethrough) and 
sets the number  of regiession parameters (xi) based  on the remaining unknowns. The user can then 
specify ranges or maximum  values for the remaining fiee parameters. These constraints limit the range 
over  which the regression is allowed  to  proceed. 

Example Inversions - Check of the Model 

To  check the accuracy of the inversion  routine,  two  cases  were simulated using the elliptical forward 
model  and then inverted.  The first case, shown in  Figure 30 is that o f  a vertical fracture of 120 ft height 
and 500 ft length,  opened  by an internal pressure of 800 psi, centered at 6000 ft, monitored from 300 fi 
away,  and directly normal  to the fracture  (azimuth = 0) in a formation of modulus 5x106 psi and  Poisson's 
ratio = 0.2. In this example, the inversion code obtains the correct results within the specified error 
tolerances of the algorithm.  The actual inversion  results  are written on Figure 30 on the right side (last six 
of the parameters).  The initial conditions were  a  height of 100 ft, length of 400 fi, pressure of 800 psi, 
center  at 5980 ft, dip of 0" and  azimuth  of 0". 

36 



5650 - 
E= .50E+07 

v-  200 

5750 - Distance= 300.0 
H= 119.90 

L= 500.29 
P= 801.15 

Azimuth= 0. 
Indin= 0. 
Center= 6000. 

5850- 

15950 - 
t- 
II w 

P 

n -050 - 

11 , / ,  - 0. 2. 4. 6. 8. 

TILT MAGNITUDE (miaoradians) 

Figure 30. Test inversion case  for a vertical  fracture. 

A second case, shown in  Figure 3 1, is for a shorter  fracture (300 ft) that is inclined 15" from the vertical. 
Otherwise, the  rest of the parameters are the  same.  Figure 3 1 shows that the inversion  correctly  obtains 
the  true answers starting with the same  initial  conditions  as previous example. 
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Figure 3 1. Test inversion case for a fracture  with  dip. 



These test cases show that the tiltmeter inversion is able  to exactly deduce the true fracture geometry for 
cases of perfect data (no noise) and  a  reasonable initial estimate.  With the addition of  noise,  layers, 
uncertainty  in the initial estimates, and deviations from  the  model assumptions, the ability of the inversion 
scheme  to  deduce the fracture geometry is considerably  reduced. To determine the effect of  noise,  a 
random  number generator was used to  arbitrarily  add  a  value  between -0.5 and +0.5 microradians to each.. 
of  the  data points for the vertical fracture test  case  shown  in Figure 30 for a  noise level of about 57%. 
This procedure was applied four times to get  examples  of the errors that might be generated by  random 
noise.  These  examples are shown  in Figures 32-35.  As  a  result of the asymmetry  added  by  the  noise, the 
best  inversion is seldom close to the original calculation,  even though the fits look very good. It is clear 
that the presence of even small noise levels can  seriously  hamper the results. A value of 0.5 microradian 
noise  was chosen in this case because it is about  half of the  typical  Mounds data and this test case has 
amplitudes that 'are about half of the Wilcox  amplitudes  (the  Atoka should be better because of  the larger 
amplitudes). 

The fwst noise case,  shown in Figure 32, has an  excellent  fit, yet gives a height that is nearly three  times 
too  large,  a length that is one-fifth of the original  value,  a pressure that is 1.5 times too high,  and  an 
azimuth that is drastically different.  However, the.confidence limits on  these results are quite good ' 

because the inversion  assumes that all of the misfit is due  to the model  and hence gives good  confidence 
values  when the match is as good as shown  here.  The  linearized standard error (estimated one  standard 
deviation for this nonlinear regression) is about 585" on  the azimuth, about f3' on the dip, f177 ft  on 
height, 5200 ft on length, unbounded on pressure,  and 333 ft  on the center of the fracture. The  standard 
error is considered unbounded  when it is larger  than  the  maximum limit allowed by the regression  (e.g., 
f180" on azimuth or k H,, on  height).  With so many  free parameters (e.g., length, height, pressure, 
center,  azimuth  and  dip), it is easy to match  the  data,  but  there is  no certainty that the answer is even close 
to  being correct. The solution to this problem is to  reduce the number  of free parameters by  obtaining 
some independent diagnostic data to add other constraints. 
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Figure  32. Test inversion case 1 for a  vertical  fracture  with H.5 microradian random  noise. 
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The second noise case, shown  in Figure 33, has the closest solution to the original model. In this 
example, the  height is within 10 ft, the length is 140 ft  greater and the pressure is 150 psi less  than the 
original calculation, while the  azimuth, dip and center are all essentially correct.  The  standard  errors are 
unbounded on  the azimuth, about k 3 O  on the dip, unbounded on height, length,  and  pressure,  and +8 ft  on 
the center of the fracture. The reason for the large uncertainties in several of the parameters is that they 
can  be modified in many  coupled  ways to give nearly  similar changes in the inversion; this makes  the 
standard error large. 
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Figure 33. Test inversion case 2 for a  vertical fracture with k0.5 microradian random  noise. 
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The third noise case, shown  in Figure 34, is the  worst of the cases and results in fracture lengths  and 
pressures that reached the limits set by the code  in  the  mapping (see the earlier discussion on  the 
inversion). These two parameters are unbounded,  as  are the azimuth and  height,  and  no  standard  errors 
can  be given. The dip has a standard error of f6" and the center has an uncertainty of f18  fi. Again,  it 
should be emphasized that the inversion  has  provided  an excellent fit of the data, but it is an inaccurate 
one compared  to the original model. 
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Figure 34. Test inversion case3 for a vertical  fracture with f0.5 microradian random  noise. 
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The  final noise case is shown  in Figure 35. In this  example, the length, height and pressure are 
unbounded, while the azimuth and dip have  uncertainties of +138" and -t6", respectively, and the center 
has  an uncertainty k17 ft. The  noise-evaluation  results  given here show that there must be a detailed 
noise analysis in order to understand the accuracy  and value of the tiltmeter results.  Furthermore,  any 
independent constraints will help to improve  the  inversion. 
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Figure 35. Test inversion case 4 for a  vertical fracture with k0.5 microradian random  noise. 

Inversion of Wilcox Data 

The inversion of  the Wilcox data was  expected  to be the more difficult inversion (compared  to the Atoka) 
because of the  large variations of modulus  in this zone.  In  addition, it is not clear what the average 
modulus should be in this situation.  However, after some experimentation with the inversion, a value of 
3  x lo6 psi was  chosen as a reasonable value  of  Young's  modulus  and  a value of 0.22 was chosen for 
Poisson's ratio. The monitoring distance to the fracture  was found to be 140 ft and  the line between  the 
injection point and the center of the monitoring may was nearly a right angle to the average  fi-acture 
orientation observed in the two lateral intersection coreholes. Thus the correct answer for azimuth should 
be 0" or 180". Likewise the correct inclination (from the corehole data) is 0" and the measured pressure 
varied  fi-om 225 to 350 psi depending on the injection  number. All other parameters were unknown, 
although they could be inferred from  microseismic  data. 

Although  many different inversions with varying constraints were tried, this report will not attempt  to 
show  them all. Instead, an example of the different types of results will be  shown for the first injection in 
each zone  and then one or two inversions, including  a  "best  case", will be given for all of the subsequent 
injections. There is some subjectivity in choosing this best  case, but in general the choice is governed  by 
known data (e.g., from the coring). 
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Figure 36  shows the unconstrained inversion of  the  first  Wilcox injection. In this case the fit to  the  data  is 
very  good  and residuals are within the 1-2  pradian  noise  level.  However, the azimuth  of the fracture  is 
nearly  9O0(directed right at the monitor well) and  the  fracture height is an unlikely 352 ft. 
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Figure 36. Unconstrained inversion for Wilcox  injection #l. 

This  inversion can be improved  upon by constraining  the pressure to the measured value of 225  psi, 
resulting in the fit shown  in Figure 37. In this  case,  the  azimuth of -28"  and  the  dip of  -13" are almost 
acceptable  and the height of 73 ft is very reasonable.  The length of 3000 ft is misleading,  since  any 
fracture  greater  than about 400 ft length will give almost identical results. The actual value of  3  130 ft is 
approximately the limiting length used in the code.  The insensitivity to  length occurs because  any  length 
greater than about 3 times the monitoring distance looks like  an infinite 2D fracture and it is impossible  to 
distinguish  any differences. In this case, the result  could be given with a length of 400 ft with the same 
accuracy. 

In this particular case, the residuals are greater than  the  noise levels seen in Wilcox sandstone testing. 
However, the enlarged residuals could be  due to other  effects, such as modulus variations and  imperfect 
coupling of the instruments. Thus, the size of the residuals  do not rule out the possibility that this 
inversion is a reasonable answer. 
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Figure  37. Inversion of Wilcox  injection #1 with  pressure constraint. 

If the  azimuth is constrained to the known direction,  the fit is relatively good  but  the  answer  requires a 
short,  fat fracture with unrealistic pressure.  This fit is shown  in  Figure 38. The  unrealistically  large 
pressure immediately eliminates this possible solution. 
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Figure 38. Inversion of Wilcox injection #1 with  azimuth constraint. 
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If the pressure and azimuth are constrained to their  measured values, the results shown in Figure 39 are 
obtained. In this case, the height is a  reasonable 80 ft, the length is at least 400 ft (see preceding 
discussion on long lengths), and the inclination  is  a  not unreasonable -13". 
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Figure 39. Inversion of Wilcox injection #1 with  pressure  and azimuth constraints. 

Finally, if the solution is constrained  with all of  the  measured parameters (pressure, azimuth, inclination), 
the results of Figure 40 are obtained.  The fiacture height is again about 80 ft while the length is greater 
than 400 ft. The fracture center is just about  in the middle of the Wilcox sandstone. This case appears  to 
be a  reasonable solution to the  problem.  The  residuals  are within the noise limits for all but one point, 
which  may  be  a reflection of  other  effects.  The  standard  error for the height is 48 ft and for the center 
depth  is 15 ft. The length, of course is unbounded. 
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Figure 40. Inversion of Wilcox injection #1 with pressure, azimuth & inclination constraints. 
I 

The constrained inversion for injection #2 is shown  in Figure 4 1. Constraints included pressure,  azimuth 
and inclination. The results suggest that a long fracture with a height of 76 fi (k73 ft standard error)  was 
created with a center point of 2685 fi ( e 6  fi). In this case, the residuals ari much larger than the 
estimated noise and suggest a poor match of the model to measured  data. 
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1 Figure 41. Inversion of Wilcox injection #2 with pressure, azimuth & inclination constraints. 
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The  results for the third Wilcox injection using all known  constraints is shown in Figure 42. In this  case 
the  fracture  height is a reasonable 81 ft (ift) and the center  is  at  2743 ft ( B O  ft), in the center of the 
sandstone.  The fracture length  would appear to be greater  than 400 ft. Some of the residuals are greater 
than  the estimated noise, suggesting that the application  of  a  model using a single fracture in a 
homogeneous  material is not correct or that there is  some  other systematic error in the measurements 
(e.g.,  due to coupling). 
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Figure 42. Inversion of Wilcox  injection  #3 with pressure,  azimuth & inclination constraints. 

The  inversion for Wilcox  injection #4 is shown in Figure  43. All known constraints are used,  yielding  a 
height  of 68 ft (kft) and a center of 2691 ft (kft). In this case the fit  at the bottom  of the array is poor with 
very  large residuals. 
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Figure 43. Inversion of Wilcox injection #4 with pressure,  azimuth & inclination constraints. 

' The constrained inversion results for Wilcox  injection #5 are shown  in Figure 44. The  height  of the 
fracture is 65 f t  (+52 ft) and the fracture center is at 2688 ft  ( S 4  ft). As in  most of these inversions,  a 
long fracture is needed  to  obtain the best fit. Similarly, the large residuals in this match  again  suggest  that 
the misfit is due to more than just the random  noise. 
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Figure 44. Inversion of Wilcox injection #5 with  pressure, azimuth & inclination constraints. 
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The  inversion result for Wilcox injection #6 is shown  in  Figure 45. The fracture height is 64 ft ('r75 ft) 
and  the center is at  2682 ft ( 5 6  ft). As in pervious  examples, the fit is poor. 
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Figure 45. Inversion of Wilcox injection #6 with  pressure, azimuth & inclination constraints. 

The  inversion for Wilcox injection #7 is shown  in  Figure  46. As with the previous tests the fit is not very 
good  and yields a height of 57 ft (k60 ft) and  a  center of 2686 ft (E34 ft). The pressure is constrained  at 
250  psi because the pressure has  been  elevated  somewhat with continued pumping. Subsequent matches 
will  show successively higher pressures because  of the steadily increasing pressures measured  during  the 
testing. 

Although it might appear that the reason for the ds f i t  is that the pressure is constrained at a  value that is 
much  too  low (so that the peaks are matched  better),  this is not actually the case. Figure 47 shows this 
same injection without the pressure constraint (only  azimuth  and dip). The fit is very similar to Figure 
45,  except it is achieved through an increased  height  using  a relatively small  pressure.  The  difficulty  with 
fitting these data is that the two peak points are so large relative to the other points that the curves  cannot 
decay  fast  enough  above  and  below the peaks. 
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Figure 46. Inversion of Wilcox injection #7 with  pressure, azimuth & inclination constraints. 
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Figure 47. Inversion of Wilcox injection #7 with  azimuth & inclination constraints. 

The  inversion for Wilcox injection #8 is shown in Figure 48. The match  appears  to be improving because 
the tilt values surrounding the peak locations have  increased in magnitude,  allowing the match to more 
closely approach the peak  amplitudes.  The fiacture height is 62 ft (k46 ft) and the center is at 2700 ( e 3  
ft) . 
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Figure 48. Inversion of Wilcox injection #8 with  pressure, azimuth & inclination constraints. 

The  inversion for Wilcox  injection #9 is shown  in  Figure 49. The height of the fracture is 58 fi (k49 ft) 
and the center is  at 2684 ft (5% ft). 
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Figure 49. Inversion of Wilcox injection #9 with pressure, azimuth & inclination constraints. 
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For  Wilcox injection #lo, the inversion results are probably the worst  of the entire data set because  of  the 
anomalously large tilt magnitude at the 1613 ft tiltmeter.  However, this was the last injection of the day 
and  it is possible that cumulative effects are causing  additional  problems.  The fracture height for this 
inversion is 63 ft (k88 ft) and the center is at 2660 ft (k41 ft). 
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Figure 50. Inversion of Wilcox injection #10  with  pressure, azimuth & inclination constraints. 

The inversion for Wilcox injection #I 1 is shown  in Figure 5 1. This result is considerably better than the 
previous test, possibly because it is the first test of the day  and the formation has equilibrated . The 
fracture height is 69 ft (k55 ft) and the center is 2684 ft (k30 ft). 
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Figure 5 1. Inversion of Wilcox injection #11 with pressure, azimuth & inclination constraints. 

The inversion for Wilcox injection #12 is very similar to #I 1  and gives a fracture height of 65 A (k47 ft) 
and a center of 2692 A (222 ft). As in most other tests, the residuals are quite large and the fit is poor. 
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Figure 52.  Inversion of Wilcox injection #12 with pressure, azimuth & inclination constraints. 
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The  inversion of Wilcox  injection  is again similar to  the  previous  tests  and  yields a height of 57 ft (247 ft) 
and  center of 2683 ft ( e 7  ft). 
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Figure 53. Inversion of Wilcox  injection  #13  with  pressure,  azimuth & inclination  constraints. 

Similarly, the inversion for Wilcox injection #14 yields a poor fit giving a height of 55 fi (336 fi) and a 
center of 2687 fi (X22 A). 
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Figure  54. Inversion of Wilcox  injection #14 with pressure, azimuth & inclination  constraints. 
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The inversion of Wilcox injection #15 is shown in Figure  55.  At this injection, the data are starting to 
change somewhat, resulting in a very non-symmetric  amplitude of the peaks. The triply constrained  fit 
shown  here is rather poor and yields a height of 6 1 ft (f43 ft) with a fracture center at  2694 ft ( a 2  ft). 
Since the data have changed considerably, it  is  worthwhile  to  show  in Figure 56 an inversion where  only 
the pressure is constrained.  Such a case can  be  matched  more adequately by a fracture with dip, but this 
result is not supported by the coring. 
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Figure 55. Inversion of Wilcox injection #15  with  pressure, azimuth & inclination constraints. 
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Figure 56. Inversion of Wilcox injection #15 with  pressure  constraint. 
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The  inversion result for Wilcox injection #I6 is shown in Figure 57. The fracture height is 54 ft (E35 fi) 
and  the center is at 2683 fi ( e 2  ft). 
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Figure 57. Inversion of Wilcox injection #16 with pressu-e, azimuth & inclination constraints. 

The  inversion for Wilcox injection #17 is also  a  poor  fit,  as  shown in Figure 58. The height is 63 ft (k45 
ft) and the  center is at 2694 ft (522 ft). 
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Figure 58. Inversion of Wilcox injection #17 with pressure, azimuth & inclination constraints. 
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Given  the constrained inversion results shown  in  the previous figures, the fracture height appears to vary 
from 50-80 ft, but with a very large uncertainty for  each  of the tests. However, the large number of tests 
having  similar results suggests that numbers  may be  reasonable. If we  were  to use fully unconstrained 
inversions or inversions constrained only by the pressure,  we  would  have  had  many fractures directed  at 
the  monitor  well  and  many with a significant amount  of dip. Clearly, the availability of  the additional 
contraints is essential to obtaining a meaningful tiltmeter inversion. However, even with the constraints it 
is not  clear that the results are accurate because of the significant and consistent misfits of the data.  These ' 

misfits  might be due to inadequacy of the model, as in the case of multiple fracture strands, horizontal 
fracture components, layered materials with different  moduli  and stress, and  many other possible effects. 
The  misfits might also be due to the measurement  system,  as in the case of unreliable coupling. One 
other method to better constrain the results is to  have  more tiltmeter wells. 

One  comparison that can  be  made is the tiltmeter geometry with the microseismic geometry. Figures  59- 
75  show those comparisons for each of the injections.  Each of these figures shows  a side view of the 
microseismic locations relative to the injection  wellbore  and the Wilcox sandstone (solid lines)  along  with 
a  superposed outline of the inversion  result.  Note  that the inversion actually determines an elliptic 
fracture, but since it is a very long fracture in every  case it is shown as a'rectangle on the plot. In general, 
the microseismic  and tiltmeter images are offset vertically, although a  few  of the tests coincide. This 
mismatch could be due to the velocity structure affecting the microseisms or  it could be due  to  layering or 
complex fracturing affecting the tiltmeters (or some  combination of both).  The microseismic points 
generally outline a short fracture that is often  asymmetric. The downhole tiltmeters cannot distinguish 
asymmetry  and the long fracture  lengths  may be a  modulus amplification of the tiltmeter data at  one or 
two levels that requires a  much greater length (since pressure and  azimuth are fixed) to match.  In  the  later 
fractures, the microseismic data show  evidence  of  downward activity, but this is not obtained in  the 
tiltmeter  inversion.  The Pinnacle dislocation inversion  matched  some  of these later tests using two 
fractures, but that is not done  in this inversion  algorithm because a first fracture will significantly perturb 
the boundary conditions on the second fracture (and  the second on the first, as well). As a result,  both 
fractures will have additional tractions on their boundaries that cannot correctly be accounted for and the 
analysis will have  a possibility of being significantly in error. 
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Figure 59. Comparison of microseismic  and downhole-tiltmeter results for Wilcox injection #I. 
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Figure 60. Comparison of microseismic  and  downhole-tiltmeter results for Wilcox injection #2. 
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Figure  61.  Comparison  of  microseismic  and downhole-tiltmeter results for Wilcox injection #3. 
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Figure 62. Comparison of microseismic and downhole-tiltmeter results for Wilcox injection #4. 
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Figure 63. Comparison  of  microseismic  and  downhole-tiltmeter results for Wilcox  injection #5. 
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Figure 64. Comparison  of  microseismic  and  downhole-tiltmeter results for Wilcox injection #6. 
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Figure 65. Comparison  of  microseismic  and  downhole-tiltmeter results for Wilcox injection #7. 
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Figure 66. Comparison  of  microseismic and downhole-tiltmeter  results  for  Wilcox  injection #8. 
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Figure 67. Comparison  of  microseismic  and  downhole-tiltmeter  results  for  Wilcox  injection #9. 
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Figure 69. Comparison of microseismic  and  downhole-tiltmeter results for Wilcox injection #I 1. 
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Figure 70. Comparison of microseismic  and  downhole-tiltmeter results for Wilcox injection #12. 
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Figure 71.  Comparison of microseismic and  downhole-tiltmeter results for Wilcox injection #13. 
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Figure 72. Comparison of microseismic  and  downhole-tiltmeter results for  Wilcox injection #14. 
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Figure 73. Comparison of  microseismic  and  downhole-tiltmeter results for Wilcox injection #15. 
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Figure 74. Comparison of microseismic  and  downhole-tiltmeter results for  Wilcox injection #16. 
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Figure 75. Comparison of microseismic  and  downhole-tiltmeter results for  Wilcox injection #17 

Inversion of Atoka Data 

The inversion of the Atoka  data  would appear to be easier  because the massive shale eliminates any 
possibility of layering inducing complex tilt responses.  However, the geometry is somewhat  more 
complex because the downhole  location  of the downhole-tiltmeter  monitor-well location is offset 
somewhat to the west (only the surface location is shown  in Figure 2). As a  result, the perpendicular 
between the monitor well and the fracture azimuth (as determined  from  core, surface tiltmeter, and 
microseismic data) does not intersect the injection point.  Using  a  downhole distance of 130 ft between 
the injection point and the tiltmeter  array, the measured  azimuth  of the fracture  would be 15" relative to 
the normal to this line (e.g., the inversion  geometry is constructed so that  a 0" fracture is normal  to  line 
between the monitor and injection wells, so a  15" fracture is slightly off from this line). Thus, a  15" 
fracture azimuth was used for constrained  inversions. 

In this  zone, the average Young's  modulus  was  taken  to be 2 x lo6 psi and Poisson's ratio is 0.25.  The 
fracture center is presumably  somewhere near the perforated interval (1 920- 1940 ft) and the inclination is 
generally near zero based on surface tiltmeter data.  As  with the Wilcox  inversions, successively 
increasing pressure were  measured during the Atoka  testing  and the appropriate pressure for each  test will 
be  used  as the pressure constraint. 

Similar to the results shown in the  Wilcox  experiments,  several differently constrained inversions are 
shown for the first injection. Subsequent injections will generally show the "best" match  of the data with 
the known constraints. The fully unconstrained  inversion  for the first injection is shown  in  Figure  76. 
This inversion very accurately fits the data, but it yields fracture  parameters that are not consistent with 
other known data. The inclination of -12" is not  unreasonable, but the azimuth  of  -69"  would  have the 
fracture closely approaching the monitor  well.  The core through the fracture, surface tiltmeter data,  and 
microseismic locations all suggest that this is not  occurring.  The fracture height of 68 ft, length of 95 ft, 
and  center at 1942 ft are all reasonable,  but the pressure would  need  to be extremely large to  create a fat 
fracture. The uncertainties for this inversion are f l  1" for the  azimuth, +6" for the dip, 554 ft for the 
length, 27 ft for the center, and  unbounded  for height and pressure (e.g., uncertainties larger than the 
values). 
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Figure 76. Inversion of  Atoka  injection #1 with no constraints. 

The inversion using the measured  pressure of 360 psi  shows  an  equally  good result which is obtained by 
increasing the  height and  changing the direction to compensate  for  the  pressure. The azimuth of 72" 
(k7") is inconsistent with  the known data  and  suggest  that the fiacture is approaching close to the  monitor 
well.  The 167 ft height has  an  uncertainty  of 36 ft, the1  14  length is 32 ft, the center is at 1941 k4 ft, the 
inclination is - 1 1 O so. 

1800 

E I- 
n 
W 

M o o  

E= .ME+07 

v =  250 
Distance= 130.0 

H= 166.65 

L= 114.06 

P= 360.00 
Azimuth= 72. 

Indin= -11. 

Center= 1941. 

I 1  - 
0. IO. 20. 30. 40. 50. 

TILT MAGNITUDE (microradians) 



Figure 77. Inversion of Atoka injection #1 with  pressure  constraint. 
If just the azimuth is constrained to the measured 15" orientation,  the  inversion  produces the somewhat 
unusual results shown  in Figure 78. The  highly  inclined,  fat fracture gives a reasonable match of the data 
but is not consistent with known  data. 
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Figure  78. Inversion of Atoka injection #1 with azimuth constraint. 

Constraining both azimuth and dip, the inversion yields the results shown in Figure 79. The  match  is  not 
very good  and uncertainties on  height,  length  and  pressure are all unbounded. 
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Figure  79. Inversion  of Atoka injection #1 with azimuth  and  dip  constraints. 
The final inversion of this injection, using pressure,  azimuth  and  dip constraints, is shown  in Figure 80. 
The center at 1925 ft has an uncertainty of e 3  ft, but  height  and length are both unbounded  because  of 
the poor fit of  the model to the data. Like the Wilcox  data,  these  results  show that the additional 
constraints are absolutely necessary for a correct interpretation  of the tiltmeter results. This relatively 
poor fit is only chosen because the azimuth, dip and pressure are known  and are prescribed. Otherwise, 
the much better fits of Figures 76 and 77 would  have  been  chosen, yielding incorrect azimuths and 
uncertain lengths and heights. 
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Figure 80. Inversion of Atoka injection #1 with pressure,  azimuth  and dip constraints. 

Finally, if some small amount of fracture inclination is allowed  to try and  match the asymmetric peaks, 
then the results shown in Figure 81 can be  obtained. In this case, the inclination of the fracture was 
constrained to a  maximum absolute value of 15" and the results  do  show  some  asymmetry that makes the 
match  look better. However, the actual values of height  and length change little (96 ft to  102 ft for height, 
175 ft to 171 ft for length), so there is only a small effect on the fracture dimensions.  Based  upon  the core 
results  and the  surface tiltmeter data, it is unlikely that  fracture inclination were greater than lo", so any 
effect of small dip  will  be ignored for the rest of the Atoka  cases. 
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Figure  81. Inversion of Atoka  injection #1 with  pressure & azimuth constraints and dip limits. 

For the second Atoka  injection, the inversion  results  with pressure, azimuth and dip constraints are shown 
in Figure 82. The length and  height  values  look very reasonable, but the uncertainties are unbounded 
because of the large misfit of the  model  to the data.  The center at 1912 ft has a standard error of k 21 ft. 
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Figure 82. Inversion of Atoka injection #2  with  pressure, azimuth and dip constraints. 



The constrained results for the third Atoka  injection  are  shown in Figure 83. As with the previous Atoka 
tests,  the  poor fit of the data results in unbounded  length  and  height standard errors, even though the 86 ft 
height  and 160 ft length are very reasonable values.  The  center at 1934 Et has a standard error of k 22 ft. 
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Figure 83. Inversion of Atoka injection #3 with pressure, azimuth and dip constraints. 

The  data for injection number 4 are very  similar  to  those  of the previous injections and the inversion 
results are likewise similar. The height of 93 ft and length of 157 ft have unbounded standard errors and 
the  center of 1923 has a 323 ft standard error. 
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Figure 84. Inversion of  Atoka injection #4  with  pressure,  azimuth  and  dip  constraints. 

Atoka injection #5 has similar results,  as  shown  in  Figure  85.  The height of  101 ft and  length of 173 ft 
have  unbounded standard errors and the center  at  19  14 ft has  a standard error of 17 ft. 
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Figure 85. Inversion of Atoka injection #5 with  pressure,  azimuth  and dip constraints. 

Atoka injection #6  had the largest asymmetry  of  all  of the tests in this interval. Figure 86  shows  that the 
inversion  model is able to quite adequately fit the data with no constraints with quite reasonable 
parameters and small standard errors, including  a height of 200 ft (+ 74 fi), a length of 144 ft (E3 1 ft), a 
center of 1934 ft (+5 ft), a dip of -17" (B), and  a pressure of 161 psi (+ 87 psi). Unfortunately, the 
azimuth of 69" (+I 1") is clearly wrong  based  on the coring results. 
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Figure  86. Inversion of Atoka  injection  #6  with  no  constraints. 

The  constrained  inversion  results  for  this  same  injection are shown  in  Figure  87. In this  case  the  residuals 
are  very  large  and standard errors  are  unbounded.  The  95 ft height  and  179 ft length  are  reasonable 
values,  but there is no confidence  in  their  accuracy.  The  center  at 1934 ft has  a  standard  error of 27 ft. 
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Figure  87. Inversion of Atoka  injection  #6  with  pressure,  azimuth  and  dip  constraints. 
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The constrained inversion results for injections  7-16  are  all  very  similar  and  are  shown in Figures  88-97. 
These injections all have similar lengths  and  heights  and  have  unbounded standard errors for these two 
parameters.  The centers consistently remain  near  the  perforated  interval for all these inversions. 
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Figure 88. Inversion of Atoka  injection  #7  with  pressure,  azimuth  and dip constraints. 
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Figure 89. Inversion of Atoka  injection #8 with pressure,  azimuth and dip constraints. 
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Figure 90. Inversion of Atoka injection #9 with  pressure, azimuth and  dip  Constraints. 
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Figure 91. Inversion of Atoka injection #10 with  pressure, azimuth and  dip constraints. 
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Figure 92. Inversion of Atoka injection #11 with pressure, azimuth and dip constraints. 
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Figure 93. Inversion of Atoka injection #12 with pressure, azimuth and dip constraints. 
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Figure 94. Inversion of Atoka  injection #13 with  pressure,  azimuth  and  dip  constraints. 
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Figure 95. Inversion of Atoka  injection #14 with  pressure,  azimuth  and dip constraints. 
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Figure 96. Inversion of Atoka  injection  #15  with  pressure,  azimuth  and dip constraints. 
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Figure 97. Inversion of Atoka  injection  #16 with pressure, azimuth and  dip constraints. 

At  Atoka injection #17 the tilt profile  becomes  more symmetric and the inversion fit begins to look  very 
reasonable, as shown in Figure 98. In this  case,  the  fracture height of 69 ft has  a standard error of only 32 
fi, although the length is unbounded  and  wants  to  be as large as possible. As with the Wilcox  results, 
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lengths greater than about 400 ft  are essentially indistinguishable  from the large lengths found in the 
inversion. The center at 1926 ft has  a standard error  of 10 ft. 
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Figure 98. Inversion of Atoka injection #17 with  pressure,  azimuth  and dip constraints. . 

Atoka injection #18 has become nearly symmetric  and is fit relatively well by the model. It requires  a  62 
ft high fracture (k 23 ft) and  a long fracture length,  with the center at 1940 ft (i 9 ft): This case is a very 
adequate inversion of the data and suggests that the fracture is remaining near the perforated interval  even 
as its length extends far into the formation. 
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1 Figure 99. Inversion of Atoka injection #18 with pressure, azimuth and dip constraints. 
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The inversion results for injection  #19  and #20 are  very  similar  to those of injection #I 8, giving  heights of 
60 ft (& 30-33 ft), a  long  fracture length, and  centers  at  1944 ft (+ 12 ft) and 1954 ft (+ 14 ft), respectively. 
These inversions are shown  in  Figures  100  and 10 1. 
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Figure 100. Inversion of Atoka injection #19 with pressure, azimuth and dip constraints. 
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Figure 101. Inversion of  Atoka injection #20  with  pressure, azimuth and dip constraints. 

The  Atoka inversions are similar to the Wilcox  results in that the asymmetry of the data cannot be readily 
fit by  a fracture with minimal dip, as  was  determined  in the coring process. As  a  consequence, the 
standard errors for these inversions are large and the accuracy of the numbers is a question. There is 
considerable consistency to the results,  however,  with the height varying between 78 and  101 ft  in the 
first sixteen injections and  between 60 and 69 ft in the last four.  The lengths are between  128  and 179 ft  
for the first sixteen injections and are large for the last four. The centers of the fractures are mostly within 
the perforated intervals, although a  few migrate outside this zone by as much as 15 ft. 

Because there was very limited microseismic activity during the Atoka injections, it is not  possible  to  do  a 
test-by-test  comparison of the microseisms and the tiltmeter results, as was  done in the Wilcox  sandstone. 
However,  a  day-by-day  comparison  of the results  has  enough microseisms to provide useful  information. 
Figure 102  shows the comparison for the first day  of  testing.  Both of the imaging technologies indicate 
that the fracturing is mostly around the perforated interval  (1920-1940 ft), but there are only  microseisms 
on one side of  the well. The lack of microseisms  on the other side is probably due to the extremely  low 
energy  of the microseisms and the greater distance  from the monitor receivers to the west wing of the 
fractures,  making it very difficult to detect those microseisms.  The microseisms on the east wing of  the 
disposal  domain suggest that the fracture is somewhat longer and extends deeper than the tiltmeters 
indicate, but the difference is not significant. 

~ Similar plots for the second-day and  third-day  microseisms  are  shown in Figures 103 and 104. On the 
second  day, the microseismic results suggest that the fractures are much  longer  than indicated by  the 

third day,  when there were  more microseisms due  to the increased energy of larger volume  injections,  the 
major discrepancy is in height. The tiltmeter inversions indicate that the fractures are still very  limited, 
but the microseisms show  downward  growth of about 200 ft. 

I tiltmeters, at least on the east wing, but both technologies suggest that the height is quite limited.  The 
1 

i 
I 

I 
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Figure 102. Comparison of first-day  microseisms  with tiltmeter inversion  ellipses. 
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Figure 103. Comparison of second-day  microseisms  with tiltmeter inversion ellipses. 
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Figure  104. Comparison of  third-day  microseisms  with tiltmeter inversion ellipses. 

ASSESSMENT OF THE LACK OF  FIT 

As noted in the  results section for both  intervals,  the  downhole-tiltmeter data can  usually  be fit quite 
accurately, but only with  parameters that do  not  agree  with other reliable diagnostic data (such  as  the 
azimuth and dip fi-om the core throughs).  When  the  inversions are constrained  with these known 
parameters, as  well as with the pressure,  then  the fits are  not as good, the residuals are  relatively  large, 
and  the standard errors of the inversion are large.  The two major  problems are the  asymmetry  of  the  peak 
amplitudes in the data, which  can  only be modeled  with  some degree of fracture dip, and the  relatively 
narrow depth interval over  which  the tilt amplitudes  are  large, which suggests that the fracture is very 
close  (thus, the  wrong azimuth). 

Of course, the most obvious source  of  the  discrepancy  is the heterogeneous nature of the earth, 
particularly the large variations  in  modulus  that  can  occur in adjacent layers. In the Wilcox  zone,  the 
variations  in  Young’s  modulus  may  have  been as much as 4: 1 , a very significant amount. On the  other 
hand,  there were no large variations  in  material  properties in the Atoka  interval  on a scale that  would 
likely  affect the tiltmeter inversion. The Atoka shale is a laminated sequence with  many shaley, silty and 
muddy  layers that might have  considerably  different properties, but the  thickness  of the laminations  is at 
most a few feet  and the overall  material  probably ‘‘l00k.S” relatively homogeneous  to a large fracture. 

A second possible source of  errors is due  to fi-acture complexity,  which  is  not  accounted for by a simple 
planar fracture with constant internal  pressure.  Such  complexity,  due  to offsets, secondary  fractures, 
opening  of horizontal bedding layers, and other such effects  could produce considerable amplitude 
variations that would not be  accounted for by a simple  model. 

This  section attempts to investigate the  effects  of  some  of  these parameters using finite element  models 
and  other techniques. 
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Investigation  of  Layering  Effects  in  the  Wilcox  Sandstone  Interval 

To investigate the effects of layering,  a  large  number of finite element calculations (using the code 
JAC2D32)  were performed to attempt to match  the  Wilcox downhole-tiltmeter data.  JAC2D is a finite 
element analysis program that is used for solving  large  deformation,  temperature-dependent  quasi-static 
mechanics problems in  two  dimensions.  A  nonlinear  conjugate gradient technique is used to solve the 
governing nonlinear equations. 

JAC2D  is written in modular  form allowing the  use  of  any  one of seven continuum material models 
presently developed to be incorporated within  the  analysis.  When  combined with these and other 

time-dependent and/or time-constant loads,  kinematic  boundary constraints, element birth and  death, 
thermal history and  fured and/or sliding contacting  surfaces. In this application,  a linear elastic material 
model  with constant boundary conditions was  used  for  all  cases. 

The  rock mechanical properties were  obtained in some intervals from  two different organizations and  at 
different  times during the study.  Unfortunately,  at  times  there  were discrepancies between property data 
from  different tests. An attempt  was  made  to try both  sets  of data and select the data that provided the 
best fit to the data. Nevertheless, some  questions  remain  about the adequacy of the values used here. The 
plan was  to  use  a  2D fmite-element model  first  and  then  to finalize the results with a  3D finite element 
model.  However, the lack of  agreement with the  2D  model  was discouraging and  no  attempt  was  made  to 
use the 3D capabilities. 

The  2D cases were  run using a grid of  1200 ft height  and 1000 fi width with fracture height varying 
depending on the case run. Numerous  calculations  with  different parameters and conditions were run, of 
which 29 particularly useful ones are listed in  Table 3. Different grid models  were  employed  in  these 
cases and various fracture intervals  and  numbers  of  intervals  were also used. Part way through the 
analysis, other rock property data became  available  and  these data were  used in several calculations. 

. ancillary capabilities, this program allows for the  solution  to linear or nonlinear problems that involve 
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Case 
# 

1 
2 
3 
4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Fracture 
Zone 

2 - Wilcox 
2 - Wilcox 
2 - Wilcox 
2 - Wilcox 
2 - Wilcox 

5 
2 - Wilcox 

3 
4 

2 - Wilcox 
3 
4 

2 - Wilcox 
5 
6 

2 - Wilcox 
7 

2 - Wilcox 
8 

2 - Wilcox 
8 .  

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
8 

Fracture 
Depth (ft) 

2706 - 2775 

261 8 - 2650 
2706 - 2775 
2682 - 2706 
2650 - 2682 
2706 - 2775 
2682 - 2706 
2650 - 2682 
2706 - 2775 
261  8 - 2650 
2600 - 261  8 
2706 - 2775 
2550 - 2600 
2706 - 2775 
2500 - 2550 
2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

2706 - 2775 
2500 - 2550 

Pressure 
(psi) 

500 
500 
100 
300 
300 
200 
500 
800 
200 
300 
600 
200 
300 
300 
300 
300 
300 
300 
300 
200 
400 

300 
400 

300 
400 

300 
300 

300 
300 

300 
300 

300 
300 

300 
400 

Modulus 
(lo6 psi) 

3.500 
7.122 
7.122 
7.1  22 
7.122 
2.000 
7.122 
5.000 
5.445 
7.122 
5.000 
5.445 
7.122 
2.000 
2.000 
7.122 
2.000 
7.122 
2.000 
7.1  22 
2.000 

7.122 
2.000 

7.122 
1 .ooo 

7.122 
2.000 

7.122 
2.000 

7.122 
2.000 

7.122 
1 .ooo 

7.122 
1.000 

Model 
# 

2 

Miscellaneous 

Zone 5,6 Stress  Inc to 1800 
Zone  7  Stress  Dec to 1500 
Zone 5,6 Stress  Inc to 1800 
Zone  8  Stress  Dec to 1500 
Zone 5,6 Stress  Inc to 1800 
Zone  2 Stress Inc to 1700 
Zone  8  Stress  Dec to 1500 
Zone 5,6 Stress  Inc to 1800 
Zone  2  Stress  Dec to 1600 
Zone  8  Stress  Dec to 1500 
Zone 5,6 Stress  Inc to 1800 
Zone  2  Stress  Dec to 1600 
Zone  8  Stress  Dec to 1500 
Zone 5,6 Stress  Inc to 1800 
Zone  8  Stress  Dec to 1500 
Zone 5 Mod Inc to 4.OE+06 
Zone 5,6 Stress Inc to 1800 
Zone  8  Stress  Dec to 1500 
Zone 5 Mod Inc  to 4.0  E+06 
Zone 9 Mod  Inc to 4.0  E+06 
Zone  5,6  Stress  Inc to 1800 
Zone  8  Stress  Dec to 1500 
Zone 5 Mod  Inc to 4.0  E+06 
Zone  10 Mod Inc to 4.0 E+06 
Zone  5,6  Stress  Inc to 1800 
Zone  2  Stress Inc to 1500 
Zone  8  Stress  Dec to 1500 
Zone 5 Mod Inc to  4.0  E+06 
Zone  10  Inc to 4.0 E+06 
Zone 5,6 Stress  Inc to 1800 
Zone  2  Stress  Dec to 1600 
Zone  8  Stress  Dec to 1500 
Zone 5 Mod  Inc to 4.0 E+06 
Zone  10  Mod  Inc to 4.0  E+06 
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19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
8 

2 - Wilcox 
7 

2 - Wilcox 
7 

2 - Wilcox 
8 

2 - Wilcox 
9 

2 - Wilcox 
9 

2 - Wilcox 
9 

2 - Wilcox 
9 

2 - Wilcox 
9 

2706 - 2775 
2500 - 2550 

2706 - 2775 
'2525 - 2575 

2706 - 2775 
2525 - 2575 

2706 - 2775 
2550 - 2600 
2706 - 2775 
2550 - 2600 
2706 - 2775 
2500 - 2550 
2750 - 2775 
2530 - 2550 
2750 - 2775 
2530 - 2550 

2730 - 2775 
2530 - 2570 
2730 - 2775 
2530 - 2570 

2730 - 2775 
2530 - 2570 

300 
600 

300 
600 

300 
600 

300 
600 
300 
600 
300 
600 
250 
250 
250 
250 

250 
250 
250 
250 

300 
300 

7.122 
1 .ooo 

7.122 
1 .ooo 

7.122 
1 .ooo 

7.122 
1 .ooo 
7.122 
1 .ooo 
7.1  22 
1 .ooo 
7.1  22 
2.000 
7.923 
2.000 

7.122 
2.000 
7.923 
2.000 

7.122 
2.000 

2 

2 

Zone 5,6 Stress Inc  to 1800 

Zone 2 Stress Inc to 1800 
Zone 8 Stress Dec  to 1500 
Zone 5 Mod  Inc to 4.0  E+06 
Zone 10 Mod  Inc to 4.0  E+06 
Shift Zone 8 Down 25 ft. 
Zone 5 Inc.  to 4.0  E+06 
Zone 10 Inc. to 4.0  E+06 
Shift Zone 8 down 25 ft. 
Zone 5 Inc. to 6.0  E+06 
Zone 10 Inc. to 4.0 E+06 
Zone 5 Inc. to 6.0  E+06 
Zone 10 Inc. to 4.0  E+06 
Zone 3 Inc.  to 11.741  E+06 

Zone 3 Inc. to 11.741  E+06 

Wilcox  split  into Zones 2,3 
Zone 4 Inc. to 11.741  E+06 
Wilcox split into Zones 2,3 
Zone 2,3 Poisson Ratio = 
0.1 82 and Mod  Inc as noted. 
Zone 4 Dec.  to 4.984  E+06 
Poisson.Ratio = 0.394 
Wilcox split into Zones 2,3 
Zone 4 Inc. to 11.741  E+06 
Wilcox split.into Zones 2,3 
Zone 4 Dec.  to 4.984  E+06 

Poisson Ratio = 0.394 
Zone 5 Dec. to 2.000  E+06 

Poisson Ratio = 0.26 
Wilcox  split  into Zones 2,3 
Zone 4 Inc. to 11.741  E+06 

Figure 105 shows the grid and  the  layering  properties  that  were intially chosen for use with the  model. 
These properties were  based on initial stress  information  and  core  data fiom previous wells at the  site. 
The  major question was the value of Young's  modulus  for  the carbonate just above the Wilcox  sandstone. 
Values  ranged fiom 5 x lo6 psi to 1 1 x lo6 psi.  However,  because  it is a relatively thin  zone,  the  effect  of 
the  difference was relatively small. In addition,  the  Wilcox sandstone had  some relatively large  variations 
in  modulus because of the large  number  of  deformation  bands  in the bottom  half  of the zone.  The  number 
used  is reflective of the harder, lower  porosity  basal  section  of the Wilcox. 
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Figure 105. Initial layering and  grid  for  Wilcox  finite-element calculations (Model 1). 

Figure 106 shows a one of the  initial  calculations  that is typical  of the results that  were  obtained 
throughout this work. It shows a calculation  of a long 2-D fracture (as suggested by the tilt inversion 
results  in this zone) with  internal  pressures  of 100,300 and 500 psi for comparison.  The  height  of  the 
fracture  is 69 ft, the thickness of the Wilcox  sandstone  in  the  model. It  is compared  to  three  of the stages 
of  testing, with these particular stages  chosen  for  their  variety of symmetry and  undulations. As can be 
seen, the 300 psi net-pressure  case  best  matches the amplitude of the measured tilts, as  it should  since 

~ most of the net pressures in the  Wilcox  interval  were  in  the  250-350 psi range. The layering adds a small 
I degree  of asymmetry to the results,  but  not  nearly  enough to match the results obtained  with  the 

tiltmeters.  In addition, it was  found  that  no  amount of layering could give  the character of the tilt data 
measured above the Wilcox  sandstone,  where  the tilt amplitudes undulate. 

1 
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Figure 106. Example calculations using Model 1 with  a single 69 ft fracture and various pressures. 

In Figure 107, the 300 psi case is compared with three  measured data sets with which it best matches. 
While the amplitudes are relatively close, the upper  peak is poorly matched  and the center undulations 
cannot be reproduced. Increasing the fracture height  upward serves to raise the peak location, but  it  also 
increases the amplitudes too much  and results in a complete  mismatch in the center. 
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Figure 107. Comparison of 2D finite-element calculations  and  measured  downhole tilt data. 
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It appeared that the only method available to  add  more  “character”  to the calculated tilt response (within 
the framework of known data, such as minimal  fracture  dip  and  measured fracture strike) was  to  add other 
fracture intervals that could be pressurized separately or jointly. The  model  (Model 2) that was 
constructed for doing this is shown in Figure  108.  The  region above the Wilcox sandstone was 
subdivided to provide zones for additional  pressurized  fractures, in keeping with the microseismic data ... 

showing  upward fi-acture growth. Model  2  was  used  in  cases 8- 19  of  Table 3 for calculations with two or 
three pressurized intervals. 
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Figure  108.  Model  2 layering and  grid for Wilcox  finite-element calculations. 

1000 

Figure  109 shows three calculated cases  where two fractures were constructed. As given in Table 3, Case 
5 is for two fractures (but still using  Model l), one of which is in the Wilcox sandstone (height = 69 A) 
and  the other is in the shale above the Wilcox  sandstone  at  a depth of 261  8-2650 ft (height=32 A). The 
additional  fi-acture only affects the upper peak  and  does not increase the tilt variations in the center of the 
array.  Case  9 is a two-fracture case with the upper fiacture ,placed higher (at 2550-2600 Et) with a 50 A 
height while the lower fracture is still in the Wilcox  sandstone. In this case, the upper fracture is far 
enough  away  from the lower fracture that the undulation in the tilt field in the center region are 
reproduced, but the upper  peak is far too high.  Case 10 has the upper fracture at  2500-2550 ft and  results 
in more undulations in  the center region  but is much too high on  the location of the upper peak.  Within 
the scope of reasonable pressures and  fracture  locations, it was not possible to match the measured 
Wilcox results with a two fracture system. 
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Figure 109. Comparison of two-fracture  calculations  using  Models 1 & 2  with  measured tilts. 

Cases using additional pressurized intervals (besides the Wilcox sandstone) are  shown in Figure 110. 
Cases 6  and 7 use Model 1 and  have a fracture running  from the bottom of the Wilcox  up to 2650 ft, but 
they  have different levels of pressurization in the  three separate regions to try to account for possible 
changes in stress state. The  legend in the figure gives the pressure within the Wilcox sandstone (e.g., net 
fracture pressure). Both of these cases result in  tilts  that are much too large.  Case 8 has the fiacture 
separated  into two intervals, one of which is in the  Wilcox sandstone and the other is located from  2600- 
2650 f't (but  it is in two regions, as seen in Table 3 and  Figure 108). Pressures for both of these intervals 
are 300 psi.  While  the  peak amplitudes are much  closer, the tilt distribution does not  match the measure 
results. 
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Figure 110. Comparison  of  multi-zone-fracture  calculations using Models  1 & 2 with  measured  tilts. 

Figure 1 11 shows four calculations using two fractures, one  of  which is  in the  Wilcox  sandstone  and  the 
other is located from 2500-2550 ft. In these  cases,  the stresses and moduli of the various intervals were 
changed to determine if uncertainty  in  these  parameters  could be responsible for the mismatch  with the 
measured  data. As can be seen,  the stress and  moduli do have a significant effect on the results,  but  the 
experimental data still cannot be matched  with  reasonable parameters. Values  for the parameters  used in 
the different cases are shown  in the last  column  of  Table 3 and refer to  regions  of  Model 2 (Figure 108). 
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Figure 1 1 1. Comparison  of  various  two-fracture calculations (Model 2) with  measured  tilts. 
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Using  the  same fracture intervals as used in the.previous figure, the pressure in the upper hcture was 
altered along with the moduli  and stresses to obtain  the  results  shown in Figure 1 12. Case 18 had an 
upper fracture pressure of 400 psi while case 19 had 600 psi.  Case  19  in particular does a good job of 
matching the measured  tilts, with the exception of  the  upper point. If the upper tiltmeter were  broken, 
then it could be argued that the large tilts above 2500 fi were  not  recorded  and  a two-fracture system  with , 
a  lower stress in the upper fracture interval would  match the data fairly well.  However, there is no 
information  that  would  suggest that the upper tiltmeter is broken. 
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Figure 112.  Comparison of variable-pressure,  two-fracture calculations (Model 2) with measured  tilts. 

In order to assess other multiple-zone  combinations,  Model 3 was constructed with the shale broken  into 
different intervals that could be separately pressurized or have stresses and  moduli  altered. This model is 
shown in Figure 1 13. 
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Figure  113.  Model 3 layering  and grid for  Wilcox  finite-element calculations. 

Figure 114 shows a comparison  of three cases  using the Model 3 configuration with fractures  in the 
Wilcox sandstone and in an  interval  from  2525-2575 ft in  cases  20 and 21  and from 2550-2600  in  case  22. 
These results show that by  moving the upper  fracture  interval  it  is possible to reproduce the triple  peak 
configuration,  but with the problem  of having a large tilt region  at the top of the  array that was not 
measured. 
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Figure  114.  Comparison of various two-fracture  calculations  (Model 3) with  measured tilts. 

Finally,  two additional models  were  constructed  that  had  new  material property data and  that split the 
Wilcox into upper  and  lower  intervals.  These two models  (4  and 5 )  are shown in Figures 1 15  and  116. 
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Figure 1 15. Model 4 layering and grid for  Wilcox  finite-element calculations. 
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Figure  116. Model 5 layering  and grid for  Wilcox  finite-element calculations. 

These two models were  used  to  evaluate  the  differences  between two sets  of material property data that 
had  some considerably different  values  for the carbonate  layers. Figure 117 shows the comparison 
between  two cases run with  Amoco-derived  data  (low  modulus for  the carbonate) and  Terra  Tek-derived 
data  (high modulus for the carbonate).  In  addition, the Wilcox sandstone was split differently for cases 
25  and  26 (Model 4) relative to  cases  27  and  28  (Model  5).  The split in the Wilcox  sandstone  was an 
attempt to match the tiltmeter and  microseismic  data  that  seemed to indicate that only the part of the 
Wilcox  may have been  fractured,  yet still keep  the  lower  peak location in the proper place. The Model-5 
geometry  with the larger fiacture in the Wilcox  sandstone is clearly a better solution, but all cases have 
tilt magnitudes that are too low.  The final best fit of  these  cases, but with higher pressures, is shown in 
Figure  1 18. Some  of the character of the data is again  reconstructed, but the amplitudes  are  off  without 
much  higher pressures. 
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Figure 117. Comparison of various  two-fracture  calculations (Models 4 & 5) with measured  tilts. 
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Figure 118. Comparison of two-fiacture calculation  (Models 5, Terra Tek data) with measured  tilts. 

In summary, the finite element calculations show that layering alone cannot be responsible for the 
complex tilt distribution and other factors such as multiple fractures, possibly within  some  low  stress 
zones,  would be required to produce the measured  tilt  distribution. In some circumstances parts  of the tilt 
field can be reproduced, but  not the entire tilt field. 
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Since  the actual distributions of  the  downhole-tiltmeter  data  could  not be reproduced using layering  alone, 
these results were not very useful for assessing the effects  of  modulus  variations.  In order to gain  some 
understanding  of the accuracy  of  inverting data that were  perturbed  by layers, some finite element  cases 
were run using the grid of Figure 105 and  then  inverted to assess the capability of the simple  models  to 
accurately process complex  data.  For  this  assessment?  the  relatively  simple case of a single fracture in the 
Wilcox sandstone was used (height =69 ft, center at  2740.5 ft, dip=OO,  azimuth = 0" and infinite length). 
Figure 119 shows the match that is  obtained,  which is actually quite good.  However, the height of 307 ft 
is  in  error  by a factor of  4.4, the azimuth  is  perpendicular  to  the  correct  azimuth  and the length  is much 
too  short. 
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Figure 119. Inversion of  layered  finite-element  calculation  with no constraints. 

If  the  azimuth is known and  constrained, the inversion  shown in Figure  120 is obtained. This inversion 
provides another excellent fit to the data,  but the fracture  is  tall, short, fat and slightly inclined? all of 
which  are incorrect. Of  particular  concern is the error in the height (nearly a factor of 3). 
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Figure  120. Inversion of layered  fmite-element  calculation with azimuth constraint. 

If both the pressure and the azimuth are constrained, the inversion can finally find a  good fit to the  actual 
model, as shown in Figure 121. In this case, the model  matches the data quite well, the height is almost ' 

exact,  and the length is very  long (as it should be to match the 2D results).  The  asymmetry is matched  by 
having the hc tu re  inclined 9". Standard errors are k 16"  on the inclination, f12 ft on the height, and 4 
20 ft on the center location 
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Figure 12 1. Inversion of layered  finite-element  calculation with azimuth & pressure constraints. 
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Finally, if there is some  knowledge  of the fracture inclination  (e.g.,  equal to 0), then the inversion 
constrained  by azimuth, inclination  and  pressure is shown  in Figure 122. In this case the fit is not as 
good,  but the  long fracture is extracted  and  the  height of 65 ft is not  much different from the true  value of 
69 ft. ‘The standard error on the height  increases  to 33 ft because of the larger misfit. 
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One  of  the difficulties with doing  the previous calculations is that it  is not clear what  modulus to use.  The 
value  of 3 x  1 O6 psi was chosen as an  approximate average over the interval in  which tiltmeters were 
emplaced, but it is possible that different values  would provide a better fit. The results obtained from an 
inversion using a Young’s  modulus of 4 x lo6 psi is shown  in Figure 123.  The fit of the data is 
considerable better than that shown in Figure 122, but the height value of 78 ft (k 20 ft) is a  worse 
estimate of the  true height.  Examples for modulus values of 2  x106  and 5 x IO6 psi are shown in Figures 
124  and  125. The  case with the lower  modulus  has  a  worse  fit  of the data  and  a height that is much 
smaller than the true value.  The  higher  modulus value has the best data fit (smallest sum of residuals 
squared)  of all  four cases shown  here, but its height value of 88 ft is off by  28%. 

This series of calculations on the effect of modulus also shows that it may not help to add  modulus  to the 
list  of regression parameters. The  smallest residuals (which is where  a regression would  want to push the 
solution) are found for modulus values that give incorrect height data and the net effect would likely be 
additional uncertainties. Furthermore, all of the analyses shown so far indicate that the more free 
parameters there are, the more likely it is that the solutions will be wrong. No attempt was  made  to  show 
the changes induced by Poisson’s ratio variations because its general effect is small. 
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Figure 123. Inversion of layered  fmite-element  calculation with azimuth, pressure & inclination 
constraints and  modulus of 4.e+06  psi. 
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Figure 124. Inversion of layered  fmite-element  calculation with azimuth, pressure & inclination 
constraints and  modulus of 2.&06 psi. 
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Fiewe 125. Inversion of  layered  finite-element  calculation  with  azimuth,  pressure & inclination 
constraints and modulus of 5.e+06 psi. 

These calculations show that the amplitude  changes  induced  by the possible layering  at  Mounds are 
relatively  small  and  probably do not  induce the large  asymmetries found in the downhole-tiltmeter  data. 
However,  even though the changes  are  small,  they  can  cause large errors when a homogeneous-material 
regression  model  is used to invert  the  data. It  is only  when  the fracture is highly  constrained  and a 

. suitable  average modulus is chosen that the  regression  determines the correct values of the remaining 
unknown parameters. 

Effect of Crack Geometry 

The  effect of crack complexity is a very difficult problem to examine since solutions for nearby  cracks  do 
not  superpose (one crack influences  the  other,  changes the boundary conditions). In addition, solutions 
for  non-simple crack geometries  are  not  readily  available.  One feature that can be examined  is the 
difference  between a fracture clamped at top and bottom (e.g., the pressurized crack  model  used here) and 
one  with full slip at the tap and  bottom.  The full-slip case is essentially that of a very  long  dislocation of 
constant  width, the same solutian typically  used for most tiltmeter inversions. If the fracture is relatively 
tall  and  the monitoring location is close, the difference  between the two  models  may  become significant 
and  might explain some of  the  misfit  observed at Mounds. Details of  the dislocation model  used  here  are 
given  in  Appendix B. 

, 
~ 

Figure  126 shows a comparison  between a 50 fl height pressurized fracture and a 50 ft height dislocation 
at  the  Mounds Wilcox monitoring  distance of 140 ft. This monitoring distance is nearly three times the 

! height,  and this relative far location  has  almost  identical results for the two  models.  Figure  127  shows  the 
I comparison for a 100 ft height  fracture.  At  this  monitoring-distance  to height ratio of  1.4,  there is about a 

I comparison for a 200 Et height  fiacture. The difference in amplitudes is about 15%  and  the  peaks  show a 

I 
10% difference in  peak amplitudes,  but  the  locations  of the peaks are fairly close.  Figure  128 show the 

i 
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noticeable shift. The  monitoring-distance  to  height  ratio  here is about 0.7. Finally, for a 300 ft fracture 
height, the comparison is shown in Figure 129. At  a  distance  to height ratio of less than 0.5, the 
amplitude discrepancy remains about 15%, but  the shift in peak locations is about 20 ft on both  top  and 
bottom. 

2200 

2400 

Y 
2600 

I c 
n 
g 2800 

3000 

3200 

Distance=i40 R 

-5 -2.5 0 2.5 5 

TILT (microradians) 

Figure 126.  Comparison of dislocation and  pressurized  crack for a 50 ft height  fracture. 
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Figure 127.  Comparison of dislocation and  pressurized  crack for a 100 ft height fracture. 

98 



h e 
I- 
w 

v 

r 
n 
n 

2200 

2400 

2600 

2800 

3000 

3200 

-60 4 -20 0 20  40 60 

TILT (microradians) 

Figure 128. Comparison  of  dislocation  and  pressurized  crack for a 200 fi height fracture. 
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Figure  129.  Comparison  of  dislocation  and  pressurized crack for a 300 fi height fracture. 

. It appears that a fracture with full slip  at  the  top  and bottom of the fracture will  be  indistinguishable fi-om 
a normal pressurized crack if the monitoring  distance is greater than  the height of the fracture.  If  the 

and  bottom) will generate peak locations that  are farther apart then those  generated  by a pressurized 
crack.  This is the opposite direction to that  needed to improve the match of  the Mounds  results  and  it 

I monitoring distance is closer (or the .fracture  height greater), then a constant width  fracture  (full slip at  top 

1 

i suggests  that the slip condition is not  likely part of the problem. 
I 
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Effect of Two Fractures 

While the finite element calculations were  used to examine the effect of more than one fracture, an 
analytical solution exists for two  symmetric  fractures  having the same internal pressure. The  solution  to 
this problem is given in Appendix E. This  solution  is  useful for examining the effect of distance from . 
two fractures and separation of the two fractures.  However, it is somewhat limited because the two 
fractures must be the same  height,  have the same  internal pressure, and  have their axes aligned. In the 
case that will be shown  here, the internal pressure in the fracture is 300 psi, Young’s modulus is 3 x IO6 
psi and Poisson’s ratio is 0.22. 

Figure 130 shows  a  comparison of the effect of  separation for two fractures having heights of 70 ft. In 
this case, the center of the two fractures is at 2700 ft (top of the Wilcox)  and the center of the upper 
fracture is either 80, 120, 150 or 200 ft above the center of the lower  fracture. Since the fracture heights 
are 70 ft, the undisturbed separation  between the fractures is 10, 50, 80 and 130 ft, respectively. This 
figure shows that at the Wilcox  monitoring  distance  of  140 ft, two fractures separated by 10 ft (case 80) 
would  look like a single fracture with a lower  pressure. If the separation distance is 50 f t  (case 120), there 
is  a kink in the data that probably  would  not  be  observable  on  a typical tiltmeter array. Only if the ‘ 

fracture separation exceeds 80 ft (case 150) does the reversal in the tilt field occur. 
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Figure 130. Effect of crack separation for two 70 ft fractures  at 140 ft monitoring distance. 

If the fractures are smaller (40 ft height) and the centers  of the fractures are separated by 50, 100, 150 and 
200 ft, then the results shown in Figure 13 1 are obtained.  The  undisturbed  separated distance between the 
fractures for these cases are 10,60, 110 and 160 ft. At the Mounds  monitoring distance, having smaller 
fractures does not particularly increase the tilt reversal. It merely decreases the amplitude of the  tilts. 
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Figure  131. Effect of  crack  separation  for two 40 ft  li-actures  at 140 ft  monitoring  distance. 

Although these results cannot be used to match  the  Wilcox  data, they do  show that two fractures can 
increase  the character of  the tilt profiles. In addition, it helps to visualize the situation if there  were two 
fractures having different heights  and  pressures.  In such a case, the symmetry would disappear  and an 
upper  secondary fracture having  shorter  height  and  lower pressure could reduce the top  peak  of a lower 
larger fracture. This is one situation that could  cause the observed  asymmetry at Mounds. 

These  examples also provide an opportunity  to  investigate  the errors caused  by attempting to add two 
solutions  to obtain a tilt field due to  some  complicated  multi-crack  geometry. Since the crack  and 
dislocation solutions normally  used for tilt analysis  assume  that there is only a single crack in a uniform 
medium,  any attempt to add  solutions  (e.g.,  put two cracks in together) causes interference that is not 
accounted for in  the constructed  solutions.  However, the two crack solutions given above are  exact. 

Figure  132 shows a comparison of the two crack tilt field from the exact solution with the tilt field 
obtained by simply adding  the tilts for two cracks. This particular case  is for 70 ft  fiacture heights  with 
80 ft spacing on centers, so the  cracks  are  relatively  close  and interfere. All other parameters are the  same 
as  given previously above. It can be  seen  that  the difference in the maximum tilt  is about 15% (2.5 
microradian difference). This is a sizable  difference and it  would  appear to suggest that solutions should 
not  be  added unless the two cracks are  far  apart.  However,  the  important effect is the difference that 
results  after inversion. 
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Figure 132.  Difference in tilt results using exact  two-crack solution and the simple addition of the tilt 
fields for two cracks. 

Figure 133  shows the inversion  obtained  by taking the  exact solution for two cracks and  inverting  it  using 
the single-fracture  model. No attempt is made  to  use  a dual-fracture inversion because in  normal  field 
operations the number  of  fractures  will never be known (except  in cases where there may be two  nearby 
zones stimulated at the same  time). This inversion is only performed here to show the difference  in the 
inversion for the  exact  and  superposed solutions. In Figure 133, the inverted height was  182 ft, which is 
actually close to the total fiacture height  of  150 ft for this case (two 70 ft fractures with a 10 ft 
separation).  The height is very  long, corresponding to  the  2D solution. The pressure is low, at  112  psi, 
but this  is to be expected for this solution. The  important comparison is with the inversion of two 
superposed cracks, which is shown in Figure 134.  There is little difference in the two solutions, as the 
amplitude discrepancy is accounted for in a slightly lower  pressure.  However, the shapes are sufficiently 
similar that the height, which is the important parameter  in this inversion, is essentially the same.  These 
calculations suggest that superposition of fractures may  be  a  good approximation for many  cases  where 
the two fi-actures are co-aligned. No attempt is made  here  to investigate other geometries. 
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Figure 133. Inversion of  two-crack solution. 
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Figure  134. Inversion of  superposed  two-crack  solution. 

Effect  of  Pore Pressure Changes 

Hydraulic fractures created in gas reservoirs  are  not  expected to induce  much  of a poro-mechanical  tilt 
response because the zone of pressure perturbation  is  very limited. However,  in a fluid saturated  reservoir 
the  pressure coupling extends  much fa~the?~ and  the  mechanical  response  might be significant. A simple 
solution  for  the poro-elastic effect of fluid leakoff  due to fractures created  in  permeable  fluid-saturated 
reservoirs is given in Appendix F. The solution  requires knowledge of  both the mechanical  and  reservoir 
properties of the zone of interest. Only the  Wilcox  zone  is considered here  because  it is the only  highly 
permeable interval and the poroelastic contributions  only arise from pressurization  of  the  Wilcox 
sandstone. For this case the same mechanical  properties  were used as in the regression  analyses  of  the 
Wilcox  data. The reservoir properties used  were 

Porosity = 0.15 
Permeability = 10  md 
Fluid viscosity = 1 cp 
Fluid compressibility = 3.3 x psi-' 
Leakoff time (injection  time) = 0.33 hrs 
Biot's parameter = 0.9 
Pressure  level  above  reservoir pressure = 1000 psi 
Zone thickness = 70 ft 
Fracture length = 200 ft 

Figure  133 shows  the tilt response induced  by  the  leakoff  of high pressure fluid from a 20 minute 
injection with a pressure level 1000 psi above  the  reservoir pressure for a 200 ft fracture  length.  This 
example  has  no filter cake formation and is a worst-case calculation. The tilt response is very  similar to 
that induced  by a fracture without leakoff effects  and the magnitude is  comparable to the mechanical 
response  of the fracture by itself. 
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Figure  135. Tilt response  due to poroelastic  effect  for a single injection. 

Unfortunately, this poroelastic  response  can  not be superposed  on  the  elastic solution because the pore 
pressurization significantly alters  the  purely  mechanical  response.  Smith's analysis33 of the change  in 
closure stress as a function  of  leakoff  can  be  used to estimate the increase  in closure stress that  occurs in 
this environment. The equation  for  stress  increase is 

A@ 
2+5 

A 0  =- 

where <is given by 

1 5'- 
2 

a is 

a = g  

A =  (1 - 2vka 

and A is a plane-strain poroelastic  coefficient  given  by 

1-v  
where aB is  Biot's parameter. 

At  Mounds,  the reservoir pressure  was  about  1200  psi,  the closure stress about  1900 psi and  the  fracturing 
pressure about 2200 psi. The porosity is about  15%, the permeability about 10 md, the fluid  viscosity  is 1 
cp, the  reservoir  compressibility  is  about  3.3 x 10'  psi", and the leakoff  time is about 20  min.  Using 
elastic parameters of the  previous  calculations, the change  is stress is 167  psi,  more than half  of  the  net 
fracturing  pressure.  Adding  the  poroelastic  component  plus the reduced  elastic  component  due to a net 
pressure of 300 psi - 167 psi = 133 psi, the  calculated  theoretical poroelastic response is shown in Figure 
134.  Clearly, the poroelastic component  should  not be neglected  in  these  analyses.  However, this simple 
analysis requires many  assumptions  about  the  leakoff  behavior  and the net  effect on the reservoir.  What 
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is  needed for advanced analysis of  the  Mounds data is a complete integrated poroelastic model of a 
fracture  in a liquid saturated  medium. 
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' Figure  136.  Combined  mechanical  and  pore-pressure  induced theoretical tilt field .for a single injection. 

The response shown in Figure  134  is that due  to a fracture  and a poroelastic zone that have the  same 
height. However, the poroelastic tilt due  to  pressurization  of the Wilcox sandstone,  when  superposed on 
the fracture response that  may  have  much  greater  height  or be over a different interval, may be partially 
responsible for the complicated tilt profiles  measured at Mounds. This effect only applies to the Wilcox 
injections since the permeability  and  porosity  of  the  Atoka interval is so low  that  the poroelastic effects 
should  be very small. 

The  combined  leakofflmechanical  effect  can  be  investigated partially using Smith's analy~is.3~ However, 
this 2D analysis assumes that the leakoff  occurs  in  the full 2D space, rather than just in the Wilcox 
sandstone. Nevertheless, this  approach  should still be  useful for evaluating whether the prior summation 
of two separate mechanisms yields reasonable  results. Smith assumed a 2D fracture having a leakoff- 
induced elliptical pressure distribution of  the  form 

where a and pare the elliptic coordinates, po is the initial reservoir pressure, Ap is the fractur,ing  pressure 
above the reservoir pressure  level,  and cis  a leakoff depth parameter found  by  matching this elliptical 
distribution with  the linear flow  solution  from a 2D fracture. Writing the equations in terms of a Goodier 
potential, the solution of this problem is given  by 

Solutions  to the general  homogeneous  equation  are well known and the solution  of the subsidiary 

P(a, P>= P o  + L\p e-5a 

V4@ = -AV2p  

I equation  in elliptical coordinates, 
! V 2 @ = - A ~ * ( s i n h 2 r r + s i n 2 P ) p ( a , P )  

was  found  by Smith to be 
I 
I 
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where c is the fracture half-height (or half  length,  depending  on the geometry) andpfis the fracture 
pressure.  Although Smith was  interested  primarily in the  induced stress changes and did not  obtain 
displacements, they can be obtained  and  then  differentiated to give the tilt field as 

a v  s i n h a c o s p  a v  c o s h a s i n p  a v  
z = ~ ] z - - ] G *  

The  results are quite tedious and are not  given  here. 

Figure 135 shows the poro-mechanical  tilt  field  induced  by  a 2D crack with leakoff into the entire 
surrounding space. The  maximum value is about 11 microradians,  which is slightly smaller than the 
previously constructed solution (about 12 microradians).  The  good  agreement of these two solutions 
gives confidence that the results are valid and that the poro-elastic  component of the response can  indeed 
be quite large in the absence of  any filter cake  formation. Unfortunately, without better knowledge  of the 
leakoff, it is difficult to attempt to analyze the Wilcox  results fiom a poro-elastic perspective. 
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Figure 137.  Example calculation of  poro-mechanical tilt field using Smith's analysis. 

DISCUSSION 

The Mounds Drill Cuttings Injection  Experiments  demonstrated that the downhole tiltmeters can  respond 
to  even the small cuttings injections produced in these tests. Amplitudes as large as 10 and 50 
microradians were observed in the Wilcox  and  Atoka  injections, respectively, at a distance of 130-140 ft. 
Given  a noise level that averaged about 1 microradian, the signal-to-noise ratio ( S N R )  of 10 to 50 would 
appear to be excellent, although this good SNR only applies to one or two tiltmeters. 
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Nevertheless, some noise features were  apparent  and  they  do have a significant impact  on  the 
interpretation  of the results. The  “tears”  (discontinuous jumps in the data) are easily correctable if  it  can 
be  clearly determined that they  are  not  associated  with  any data trend.  If  they are part of a “stick/slip” 
process,  then the effect of the  discontinuous  behavior  is  minimal  if the analyst avoids selecting data sets  at 
a jump location. The difficulty lies  in deciding which  tear is a real response and which is an  anomaly. 
Furthermore,  it is  not obvious  what  could  be  causing  the  anomaly and the temptation is to use all data. 
For  example, the third Wilcox  injection  had a tear in  one  of  the tiltmeters that  would have resulted  in a 
maximum amplitude of about 16 microradians.  The  tear  was subtracted out in that case because it would 
have  resulted  in a maximum  amplitude  that  was  nearly  twice that of  any  of  the other injections in  the 
Wilcox.  In  many other cases,  however, the tear is  only 1 or 2 microradians and the correct treatment  of 
the  tear  is not as certain. 

The  general noise level  without  the teak varied  from  sensor to sensor with  noise levels ranging from 
about 0.25 microradians to more  than 1 microradian. This noise is probably electronic for the  most  part, 
but  it  may  have a cable component  as  well (e.g.,  due  to  wind blowing the cable at the surface). The 
tiltmeters  were downhole for  relatively  long  periods  prior  to the injection, so it is likely that they  were in 
thermal equilibrium with the wellbore, at least  in  their  power-off  state.  Some  of the drift observed  on 
various levels is most likely due to  internal  heating  when  the instruments are turned  on.  Given  the  short 
duration  of the Mounds injections, the drift was  relatively insignificant and drift problems on  longer  tests 
could  have  been subtracted out  using a linear-trend  analysis. 

The  most difficult feature to  explain  was  the large amplitude asymmetry observed  in the Atoka  injections 
and  to  some extent in the Wilcox tests. The factor of two asymmetry in the amplitude of the peaks is 
most  easily explained by  fracture  dip,  but all evidence  from coring, microseismic imaging, and  past  stress 
history  at the  site show that the fractures  are  vertical. In addition, the Atoka tests show this asymmetry 
starting at the first cuttings injection, so it  is  not  likely  to be some complex fracturing (e.g.,  horizontal  or 
deviated component) that results  after  cuttings  have  plugged the first fracture. While  some  of the 
asymmetry could be due to modulus  changes in the  Wilcox  zone, the finite-element solutions suggest  that 
the  effect  of layers is not  nearly  as  large  as the observed  asymmetry. Furthermore, the Atoka  interval  had 
very  little variation in modulus  over the entire range  of  the tiltmeters, so modulus effects do not  appear  to 
be responsible for  the behavior in that  zone.  Another  possible cause of the asymmetry is two fractures 
that are vertically aligned, but  having  different  pressures  and heights. However, this is an  impossible 
situation to model because there  is absolutely no  information about the location or characteristics of  these 
fractures. Nevertheless, because  the  asymmetry is so large,  it  is  not likely that  an accurate mapping  of  the 
fractures can be made without understanding the cause  of this feature. 

The  process of interpreting the data  requires  an  inversion  of  the data to fit a model. There are two parts to 
this  process, inversion and model,  and  both  may  affect the answer that is obtained. The model  chosen 
here is  that of a 3D flat elliptic crack  with constant internal pressure. It  is a rather complex model,  but it 
is  felt to  be the one analytic model  that  most  accurately represents a fracture. Other  models,  such  as  the 
popular dislocation approach, may  also  be realistic under appropriate conditions (e.g., far  from the 
fracture), but the conditions of application need to  be  checked for each  application.  Even so, there is no 
guarantee that a flat elliptic crack  is  the  most  appropriate  model, as the conditions of full slip at the  top 
and  bottom  of the fracture may  occur  in  some  intervals, in which case the dislocation  model  would  be 
more appropriate close to the hcture  (but it would still have  end effects if the fracture was short). 

The  inversion methodology is also  very  important  for extracting the correct solution. The general 
approach is  to  use a least-squares  methodology to fit the data to a model.  For  complex,  non-linear 
problems such as  this one,  the  least-squares  approach  can only be applied approximately. The method 
used  here is the Levenberg-Marquardt  approach3’  that linearizes the equations and applies the  regression 
analysis  to the linearized equations.  However, this approach is not guaranteed to find the best fit for 
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complex topologies. It  merely  frnds the best fit  in  the  vicinity of the initial  guess. Thus, the method  of 
providing an initial guess becomes  an  important  part of the solution. 

As shown in the examples, the availability of independent constraints is absolutely essential for obtaining 
meaningful results. In this analysis there are  six  possible free parameters:  azimuth, inclination, height, 
length, center depth and  pressure. If the data are perfect,  then the model  can extract all six parameters. 
However, the addition of  small  amounts  of  noise  will  lead  to serious errors if all six parameters are  free. 
Adding two or three constraints  was very significant in reducing the error. In the case of  the Mounds 
data, the application of the regression with all six  parameters free would  have resulted in fractures with 
significant inclination and incorrect azimuths that were directed at the monitoring well. These  parameters 
needed  to be constrained to the known values  in  order  to obtain useful interpretive data from the 
tiltmeters. Additionally, the fracture pressure (corresponding to the width  in the dislocation model)  was 
seldom extracted correctly and the inversion  results  typically  gave  extremely large pressures. Since large 
pressures were not measured, the inversion  results  obtained here required that the measured  pressure be 

’ used.  As  a result, the Mounds data could  only  be  used  to extract height, length and center depth. 

In these  Mounds results, the standard errors associated with the regression were quite large and  thus the 
accuracy of the tiltmeter results was very poor.  The  size  of the standard error for an individual 
component has two components: the size of the sum  the residuals squared and the size of the inverse of 
the gradient of tilt with respect  to the parameter.  The  first  component  is  obvious  and is a direct reflection 
of the ability of the model  to fit the data.  Because of the large misfits in these results, the first component 
was generally large. The second component  reflects  the “strength” of the  extremum. If the small  changes 
in the parameter result in large changes in the tilt, then the minimum is a  deep  well  and the corresponding 
large gradient surrounding the “well” results in  a  small standard error. If the minimum is shallow and the 
tilt changes only slightly with changes in the parameter,  then the resultant small gradient makes  the 
standard error even  larger.  For this data set and  configuration, the dip and  center depth are the two 
parameters with strong extrema  because  no other parameters will give the tilt shift that the center depth 
will and  no other parameters give the asymmetry that the dip (or inclination) does. Unfortunately, the 
height, azimuth, pressure and length are all tied  together  and thus the uncertainty of these values is very 
large.  Even with the three constraints, the uncertainties still remain large for the height and  length. 

A  limited attempt was made  to deduce the effect  of  some complexities on the inversion. As seen in the 
original inversion example, the addition of small  amounts of noise resulted in very poor fracture 
estimates. Similar results were obtained when  an  inversion of a finite-element case was attempted. In 
this case, the asymmetry  caused  by layering sufficiently perturbed the tilt distribution that poor results 
were generated unless the fracture  was highly constrained. In addition, it  was  also  found that 
uncertainties in the modulus can result in moderate  errors  in the geometry parameters. Other 
complexities, such as multiple or complex  fracturing,  are likely to produce additional errors. Poroelastic 
tilts due to leakoff were  calculated  to be about the same order as. the measured  tilts, suggesting that  much 
of the complexity in the Wilcox sandstone could  be  due  to the pressurization effects. In the Atoka 
interval, however, there should be only a  small  poroelastic effect due to the low permeability. 

In evaluating the tiltmeter results at Mounds,  a  comparison with other data is as useful as the standard 
error analysis. In this case, the other diagnostic data included bottom-hole pressure measurements, the 
core throughs of the fracture, the surface tiltmeter results,  and the microseismic imaging. Unfortunately, 
the bottom-hole pressure, core-throughs,  and  surface  tiltmeter results were  used  to provide data 
constraints and  thus are not useful for any  comparisons.  The microseismic data is available and  provides 
a useful comparison, but it is limited somewhat  by  some uncertainty in the velocity structure of the shear 
wave  (a compressional wave tomographic survey was run, but no shear wave  tomogram  was  obtained). 
Comparisons of the microseismic images and the tiltmeter  maps  show  reasonable agreement on  some 
tests, but large discrepancies on  others.  During the early  Wilcox injections when the fi-acture  was  in or 
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above  the  Wilcox sandstone, there  is  relatively  good  agreement  between the two  techniques. In the later 
Wilcox injection, however, the microseismic  images  showed  considerable activity well below the Wilcox 
sandstone to which  the tiltmeter inversion did not  respond.  Comparisons  in the Atoka  are  much less 
certain  because  of the paucity of microseisms  detected  during  those injections, but results from the third 
day of testing  show considerable discrepancies  between  the tiltmeter and the microseismic  heights. 

It should be stressed  that the inversion  results  given  here  are  those resulting from the application  of a 3D 
flat, elliptic crack using the Levenberg-Marquardt  regression  algorithm. Pinnacle Technologies  provided 
their own inversion of the data using a dislocation  model  and their own regression technique  and  obtained 
some  quite dissimilar results. A comparison  of the two  inversions  for  all injections are shown  in 
Appendix D. While  many  of the Atoka  results  are  relatively  close,  most  Wilcox injections and the later 
Atoka injections are quite different. Some  of  this is undoubtedly  due to the correction of  “tears” that was . 
performed to the data sets analyzed  here,  but  many  of  the  different  cases are for data sets in  which no 
correction was made. Other discrepancies are obtained  by  different  methods for zeroing the tilt data; 
these  changes could offset the tilt values by as much as 0.5 microradians  on a few sensors. In general, 
however,  these effects are not  large  enough  to  cause the observed differences and the most  likely  cause  is 
the difference  in the two inversion models.  For  example,  Pinnacle’s standard inversion procedure is to 
extract a horizontal fracture component in addition to the  vertical fracture (this  is done because all of their 
surface tiltmeter results indicate that some horizontal  fracturing  occurs in all tests). Thus, Pinnacle is 
extracting vertical and horizontal fracture  components,  while the analysis used here only extracts 
parameters associated with a vertical  fracture. . 
The other source of error not  thoroughly  discussed  in  this  report is the functioning and  coupling  of the 
tiltmeters. This factor has been largely ignored  because  of a lack  of  access to the tiltmeters and  no known 
test data  on the centralized positioning technique.  To  give  some  comparison, the tiltmeter data fiom the 
B-sandstone  experiments at M-Site are included in Appendix C. Since these tiltmeters were  cemented  in 
place, there is perfect coupling between  the  tiltmeters  and  the  rock. In addition, noise levels  and drift 
were  well characterized and easily eliminated  from the data  sets. The noise levels for the cemented 
tiltmeters was about 2 orders of  magnitude  smaller  than  the  wireline run tiltmeters at Mounds,  but  the 
signals  at M-Site were also smaller for most  of  the  tests.  The  asymmetry at M-Site was clearly  smaller 
(even  with a highly layered sandstonehhale sequence),  but  it  cannot be fully evaluated  because there were 
not  enough tiltmeters to extend fully below  the  lower  peak  location.  Using similar constraints to those 
used  here at Mounds, the fits of  the  M-Site  data  are clearly better,  but  by no means perfect. However, 
most  of  the misfit at M-Site could be explained by the  layering effects and  fmite-element studies showed 
good  agreement  with  the  measured data when  all  of the layers  were  added. Thus, the M-Site data would 
suggest  that fully coupled tiltmeters provide data that can  be interpreted within the hmework of a single 
pressurized  crack in a layered structure. As  result, the possibility that the Mounds data asymmetry  and 
resulting  misfit are due to coupling or other hardware  issues cannot be  ruled out. 

CONCLUSIONS 

These  tests show that downhole tiltmeters provide a large signal  response  to the injection of  cuttings in 
nearby  wells.  However, the interpretation of  these  data  is still quite difficult and the uncertainties 
associated  with  the interpretations are quite large. 

I 
I 

Noise  levels are a critical issue, as  small  amounts  of  noise  can result in significant errors. One  of  the  most 
important things that can be done is to perform a detailed noise analysis and noise uncertainty test. 
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Interpreting the tiltmeter data is largely dependent  upon assembling sufficient independent constraints  to 
obtain  a reasonable inversion. In the Mounds  tests it was necessary to constrain the azimuth, inclination 
and  pressure.  Thus, it is important that other diagnostics be run in order to assure a reasonable result. 

Since the inversion is nonlinear  and  nonlinear  regression routines are not necessarily guaranteed to find 
the best fit of  the data, it  is important  to provide good initial guesses because the nonlinear inversions  will 
find the best fit in the vicinity of that initial guess. It is also quite possible that another inversion 
approach could be advantageous  in extracting the best-fit  parameters. 

The  error analyses are an important  part  of the tiltmeter interpretation process as they show the reliability 
of  the answer. Unfortunately, the uncertainty  associated with height and length are often quite large. 

The  misfits  between the crack  model  and the Mounds data do not appear to be due to  layering,  fracture 
azimuth, or fracture dip.  At the present time, the cause of the large asymmetry in the peaks is unknown 
and,  thus, the answers obtained in these tests have  a  large  amount of uncertainty. ' 
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APPENDIX A 
3D ELLIPTIC  CRACK  MODEL 

Considering a 3-dimensional flat elliptic crack  opened  by internal pressure and having the geometry 
shown  in Figure Al,  Green  and  SneddonA’  found  an analytical solution for the following assumptions: 

Figure A1 . Geometry of fkacture for tilt and  stress calculations 
0 infinite  medium 
0 homogeneous isotropic material 
0 linear elastic behavior 
0 uniform pressure 
0 length > height (a > b). 

Given  these restrictions, the  displacements  and stresses can be given by 

with 

uZ = -8(1- v)* + 4Z- a24 
B Z  d Z 2 ’  

, 

0, = -8G- a24 +8GZ- B34 , and 
B z2 B z3 

b34 
a 2  z2 ’ 

Y = 16GZ- 

D=u,+ iuy  , 
O=O.,+Oy , 

-cy +2i~, ,and 
Y=r,+ir, . 

I 
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In these equations, G is the shear modulus  of the material  and v is Poisson’s  ratio. Additionally, Z is the 
third coordinate while z is the complex  variable  given by z = x + zj~ and Z is its complex  conjugate. 
Given such forms of the equations,  Green  and  Sneddon16  found  a  solution of the problem  by  converting  to 
an ellipsoidal coordinate system, A, p, E, given  by 

where 

a’(a2 - b 2 p  =(a’ + ala2 + pia2 + E )  

b2(b2 - a2)y2 = (b2 + l l b 2  + plb2 + E )  

a2b2Z2 = APE 

oo>A>O>pu>-b 2 > & > - a  2 . 

In this coordinate system,  the solution can be  found  as  an integration of combined coordinates as 

where E@) is an elliptic integral of modulus k, with 

da2  -b2 
a 

k =  

and with a  complementary  modulus, k’ = I - k 

Application to a Vertical Fracture (Length >Height) 

The tilts normal  to the face of  a long vertical fracture  can  be found as 

+ Z  { 2k12--T- ~ ~ t u } (  - d u ]  -- d l  d l  
d l  dy dZ 

+Z  k I 2 E  --- d2u d l  d l  du d2A { cn’ u}(  d l 2  dy dZ 

where  sn, dn and cn are Jacobian elliptic functions, A is given  by 
ab2P A = - -  

16GE(k) ’ 

u is defined as 
2 cnu l = a  - 

sn u 
and E@) is the complete elliptic integral of  the  second  kind.  The additional derivatives are found  from 
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and 

More information about these derivatives and other characteristics of the ellipsoidal confocal coordinate 
system  can be found in Whittaker and  Watson.A2  This  same reference has extensive information about 
the Jacobian elliptic functions, as does Abramowitz  and In addition, Sih and LiebowitzA4 
provide some discussion on the 3D-elliptic-crack  solution that is useful. 

Similarly, the tilts parallel to the fracture face are found from 

where the additional derivatives are given by 
aa 2 x a ( b 2  + a) 
dn (a - pxa - E )  
-= 

and 

The calculation of the A7 p, v coordinates requires the solution of the cubic equation 

, a3 + a 2 ( u 2  + b2 - x 2  - y 2  - z2)+ a(u2b2 - b 2 X ~  - u 2 y 2  - a 2 z 2  - b 2 z 2 ) -  a 2 b 2 ~ 2  = o 

for A followed by solution of the quadratic equation 

p 2  (.2a + a)+ p(u2b2z2 + b2az2 + a4a + a2a2 - a 2 h 2  + b 2 ~ ) +  u 4 b 2 ~ 2  + a2b2az2 = o 

for p and then 
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The procedure for using these equations is as follows: 
1 .  Select point xy ,Z  for which the calculation is to  be  made 
2. Determine the appropriate A,,~,u,E for this  point 
3. Determine the value  of u 
4. Obtain  tilts. 

Non- Vertical Fracture or Height Greater than  Length 

The  previous solution is for a  vertical  fracture  whose  height is greater than its length, which are quite 
limiting constraints. However, this model  can be used  to  also extract the tilts for a fracture with dip  and 
for one whose height is greater than its length.  To  obtain the tilts for these cases, it is necessary to  obtain 
the displacement derivatives for the seven  other  components.  These are given  as: 

8 A Z 2  snudnu 
cn u 

2 

+- 1!2kt2 T } (  ST( 2) 
{ d 2 u  -- (dl +-- 2 &}  

di12 d x  

+z { 2k‘ 2 3 s::u”)( - d ~ ) ~  -- dA 8l 
d l  dx dZ 

+ Z  kt2-  sn2u d2U aa aa du a2a { cn2 ulxzz +--}+I dil 8 x 3 2  
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dX a 

f 
8(1-2q)Ay sn'u du d! 

a {-I-- dnZu da d y  

Buy - 8 0 -  2v)Ay du d? { sn2 u 

-- 
dZ a3 dn2u dA dZ 

ab2 

+z { 2k'27- s x t  u}( - 8)' -- d' d! 
d! dy BZ 

d2u d? 62 +--}+I du d2! 
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To'calculate these derivatives, some additional partial derivatives of A need to be calculated. These are 
given  by 

and 

d2a 1 X 2 y2 z2 -- 

8*A 1 

3=$qL$ 

-11 ' 

For vertical fractures that are taller than  they are long,  the  normal tilt is given by interchanging a  and  b 
(essentially switching the length  and the height)  and  using duzldx. The  parallel tilt is given by &+/ax. 

For fractures with dip, it is necessary  to rotate the displacement  gradients  into the correct orientation  and 
it is necessary to find the correct  spatial  parameters.  Considering the transformation first, Figure A2 
shows the fiacture with dip and the observation  well  and  a rotated view of this geometry. It is observed 
that the two displacements of  interest, the one normal  to the fracture (u,) and the one parallel to the 
.fracture (up) are given by 

u, = uz cosy + uy sin y 

up=% 3 

where  Ois the angle of the fracture plane references to  the vertical (e.g., zero is a vertical fracture).  The 
tiltmeter array measures the variation  of the displacement derivatives along the s direction, 
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and 

dun - dun dZ du dy 
2 s  dZ ds dy ds 

+"- 

Figure 4 Geometry for fracture with  dip. 

Since  the two spatial derivatives are given by 
dZ 
ds 

- = - s h y  
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and 
dY -=cosy 
ds 

the tilt derivatives can be reduced to 

and 

Bu,=-shy-+cosy-.  8% 2% 
dS dZ dY 

If the fracture is taller than it is long, the a  and  b  should  be  switched  and the appropriate derivatives are 

-- 
dS 

and 
a% - duY a.5 

shy-+cosy-. 
dS dZ dX 

The final issue is the correct geometric  parameters  to  characterize the distance from the fracture to the 
tiltmeters. Referring to the unrotated schematic in Figure A 2 ,  it can be found from geometry 
considerations that . 

x = x  
j =z , s iny+y ,cosy  

z = z , c o s y - y , s h ~  , 
and 

where the variables with hats are the correct distances  to  use in the analysis.  Of course, if the fracture is 
taller than it is long, then the x and  y variable need  to  be  reversed so that 

~ = z , s h y + x , c o s y  

j = Y  Y 

where the vertical distance from the crack centerline to the tiltmeter of interest is now x,. 

These equations complete the analysis of downhole  tilt data for any fracture of any geometry, as  long as it 
is far from the free surface. 
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APPENDIX B 
DISLOCATION EQUATIONS 

The solution for a tensile dislocation of any  size  and orientation in  a semi-infinite medium is given  by 
OkadaB', This expression is very useful, but it is relatively  lengthy  and complicated. A simple 
expression for use with downhole tiltmeters can be developed  by considering an infinitely long 
dislocation in an infinite medium. This solution  will be accurate  whenever the depth to the fracture is 
considerably larger than  the height of the fracture  and the depth  to the shallowest monitoring  station is 
relatively large. The expression for a tensile dislocation  in  an infinite medium can be extracted fairly 
easily using Maruyama's  expressions,B2 as follows. 

where um(Q) is the displacement of the i" direction at the monitoring point Q, duk(P) is the opening  (or 
other  movement) of the dislocation at some  point P on the boundary .& TE (P, (2) is  the kl component of 
stress at P due  to a unit body force in the m direction  located at Q, and q(P) is the outward normal of the 
dislocation surface at the point P. MaruyamaB2  gives 

where 6 is the Kronecker  delta, 
1 - a =  

-20 - v) 

and 

For the simple case of a vertical dislocation of constant  width, by in the x2 direction, then 
Azkk = (0, b,O) 

and 
nz = (0,1,0) . 

For  downhole tiltmeters monitoring a 2D vertical fracture, only the vertical derivative of the  normal 
displacement is needed  and Tis simplified as 

Inserting all of these equations, the displacement of interest is given by 
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Performing  the integrations and simplifying in the limit as L+m, the normal displacement at  some 
distance, x2, for  a  2D vertical fracture is given  by 

with H being the fracture height, x2 being the normal distance (horizontally) to the monitoring station,  and 
XI being the vertical location of the monitoring  station  relative  to the center of the fracture. Taking the 
derivative, the tilt at  some position (x,,xZ) is 

r 

This equation is a relatively simple expression that can  easily be used to check and compare  results. 

In comparing dislocation and crack models, one needs  to find some basis to  compare the crack pressure to 
the dislocation width. The  most obvious solution is to equate the average displacement for both  cases, or 
equivalently, the integrated displacement for both  cases,  assuming  equal  heights.  Doing so results in  a 
crack pressure given by 

2Eb 
M = - n  n1-v 

or in a dislocation width given  by 
n(1- Y 2  )HAP 

b =  
2E 
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APPENDIX C 
M-SITE B-SAND CEMENTED TILTMETER RESULTS 

This appendix presents data similar to that shown  in this report for the M-Site  B-sandstone  fracturing 
experiments.  However, these tiltmeters were  cemented in place and thus  coupling  can  not  be  an  issue ... 
relative to any difficulties in interpreting the data. Figure  C1 shows the locations of the tiltmeters relative 
to  the two sandstone intervals that were  fractured. The data  shown in this  appendix  are  from the B- 
sandstone testing when the tiltmeters were new  and  there  was little doubt that  they  were all hctioning 
correctly. During the B-sandstone  testing,  there  were 7 injections including a cross-linked  gel  breakdown 
(lB), a KC1 step-rate  test  (2B), two KC1 pump-idshut-in tests (3B & 4B) of  which the second was twice 
the  volume of  the  first, two identical linear gel  minifracs  (5B & 6B), and a propped stimulation (7B). 

Figure C 1. Tiltmeter geometry for M-I 

4570 

: testing 

Figure  C1 shows example data for the two axes  of a tiltmeter located at a depth  of 4487 fi during several 
days  of  testing. This particular example  shows data from  the four smallest injections because  it is easy  to 
see the  noise levels and the tides. In general, the noise level  was on the order  of 10 nanoradians  (0.01 
microradians) and the  tides were typically under  50  nanoradians. The wireline tiltmeters at Mounds  had 

I noise  levels  of  1-2  microradians. 

The  small initial injections had signal levels  less  than 1 microradian, while the larger KC1 pump-in  tests 
had  levels of a few microradians.  Later  injections  that were'larger, higher rate, and  more  viscous had 
amplitudes that were  2-3  times  these  levels.  Note that these tiltmeters were oriented so that  separate 
components could be determined.  In this case, the parallel  component is small, as  it should  be since it is 
not  directed at the fracture. 
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Figure C2. Example M-Site B-sandstone.  tiltmeter  data over a 10 day period of testing 

The  phase information can also be examined  to  check the orientation of the tiltmeters. The phase is 
simply the angular relationship between  the  amplitude  of the two  channels. Figure C3 shows the phase 
development for the breakdown  injection  in  the  B  sandstone. Prior to the 10 minute time location  when 
pumping starts, the tiltmeters are responding  to  noise  and tides and the phase is uncorrelated. Once  a 
fracture is initiated, the tiltmeters quickly zero in on an orientation and  hold it throughout the injection 
and during the shut in. If the  fracture  were  very  long, the phase would be 90" for  all levels. Because (a) 
the monitor location is considerably  offset  from the normal line between the injection and monitor wells 
and (b) the fracture is small,  the  phase  obtained  here is within about 30" of the expected +90" value.  The 
lowest tiltmeter has a negative phase because  it is the only one  below the center of the fracture. 

Figure C4 shows the phase at the end of each  injection for all B sand tests and  all tiltmeter levels. In 
general, the phases are within about 30" of  the  expected S O "  value.  Because of the offset of the monitor 
well relative to the fracture, the phases do  not quite reach the expected value.  The variability of the top 
trace is probably because it is near the center  of the fracture  and has small amplitude that is easily 
perturbed by noise and  by  slight shifts in  the center of the fracture. For the most part, these data are 
relatively consistent and  they  agree with the axes orienations. 
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Figure C3. Phase development during injection  (breakdown  pump). 
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Figure C4. Phase data at the  end of each injection in the B sandstone. 
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The correlated amplitude data for each of the B sand  injections are shown in Figure C5.  The first four 
injections are very small  and it is difficult to see much  movement in the amplitudes, but later  expanded 
views of the data will show  more  contrast.  The  most  important points here  are: 

There are only six tiltmeters 
There is only one tiltmeter below the B sand fracture 
The second tiltmeter from the bottom is in the bottom of the B sandstone 
A clear progression of amplitudes can be seen  with  the increasingly larger injections. 

4650 - 5 

-15 0 15 -15 0 15 -15 0 15  -15 0 15 

Figure C5. Maximum amplitude data for the seven B sandstone injections 

The  inversion results for the B sandstone injections  are  shown in Figures C6-Cl2. These inversions are 
all constrained by the pressure  and the azimuth,  which are known, and the last three inversions are also 
constrained  by the inclination (since the best fit would  have  had about a  20" inclination from the vertical 
and  this  was  not observed in the cored fractures at  M-Site). In general, there are misfits of the data,  but 
the misfits  and the asymmetry are not as severe as in the Mounds results. Standard errors at  M-Site  were 
large,  but this was primarily due to the smaller numbers  of tiltmeters used. It is also clear that  even  one 
additional tiltmeter below the original array would  have  been very helpful in interpreting the data. 

The  heights for most of the injections are about 30 ft greater than the heights  measured using the 
microseismic  method an4 the lengths are all short by a factor of 2-3. The height for the last injection (the 
stimulation) is about 20 Et smaller  than the maximum  height  measured  with the microseismic  technique, 
but  is relatively close to the average height of the fracture, as measured  by the microseisms. In a separate 
report  on tiltmeter analyses at  M-Sitec',  finite-element analyses were  used  to  show that most of the misfit 
at that site could be explained by the complex layering in this fluvial environment. 
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Figure C6. Inversion results for breakdown  injection  in B sandstone. 
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Figure C7. Inversion results for step-rate  injection (#2) in B sandstone. 
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Figure C8. Inversion  results  for  first  pump-in  injection (#3) in B sandstone. 
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Figure C9. Inversion  results for second  pump-in  injection (#4) in B sandstone. 
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Figure C10. Inversion results for first minifiac injection (#5) in B sandstone. 
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Figure C 1 1. Inversion results for second minifiac injection (#6) in B sandstone. 
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Figure C12. Inversion  results for stimulation  injection (#7) in B sandstone. 
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APPENDIX D 
COMPARISON  WITH  PINNACLE  DISLOCATION  INVERSION 

Pinnacle Technologies Incorporated fielded the downhole-tiltmeter arrays used during these tests (they 
also fielded the surface tiltmeter array, but those data are not considered here). Pinnacle’s results are 
discussed in Griffin et aLD’  and detailed information are provided in the Mounds project CD.D2 As part of 
the service offered by Pinnacle, the data were  inverted using Okada’sD3 dislocation model  and  fracture 
parameters  were derived. This appendix shows  an  injection-by-injection comparison of the inversion 
results from this study using the 3D crack model with the Pinnacle inversion results using the rectangular 

respect to the injection interval.  For those crack  results  where the fracture length is greater than 500 ft, it 
is assumed that the length is 500 ft (since the effect of longer fiactures is insignificant). In general, the 

may be partly due to the difference in models,  to the correction of  “tears” in this report, to different 
constraints used in the inversion process, or to  the  additional extraction of horizontal components  in 
Pinnacle’s inversion. 

I dislocation model. All  of the following figures show  a side view  of the fracture.length and  height  with 

~ 

i comparison  between results is better  in the Atoka  tests  than  in the Wilcox injections. The discrepancy 
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Figure D 1. Comparison of Pinnacle dislocation and Sandia crack inversion, Wilcox #l. 
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i Figure D2. Comparison of Pinnacle dislocation and Sandia crack inversion, Wilcox #2. 
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Figure D3. Comparison of Pinnacle dislocation and  Sandia  crack  inversion,  Wilcox #3. 
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Figure D4. Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion, Wilcox #4. 
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Figure D5. Comparison of Pinnacle dislocation and  Sandia crack inversion, Wilcox #5. 
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Figure D6. Comparison of Pinnacle dislocation and  Sandia crack inversion, Wilcox #6. 
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Figure D7. Comparison of Pinnacle dislocation and  Sandia crack inversion, Wilcox #7. 
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Figure D8. Comparison of Pinnacle dislocation and  Sandia crack inversion, Wilcox #8. 
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Figure D9. Comparison of Pinnacle  dislocation  and  Sandia crack inversion,  Wilcox #9. 
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Figure D10.  Comparison of Pinnacle  dislocation  and Sandia crack inversion, Wilcox #lo. 
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Figure Dl 1. Comparison of Pinnacle  dislocation  and  Sandia crack inversion, Wilcox  #11. 
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Figure Dl 3. Comparison of Pinnacle  dislocation and Sandia  crack inversion, Wilcox  #13. 
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Figure  D 14. Comparison of Pinnacle dislocation and Sandia crack inversion, Wilcox  #14. 
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Figure Dl 5 .  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Wilcox #15. 
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Figure  D16.  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Wilcox #16. 
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Figure D  17. Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Wilcox #17. 
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Figure D18. Comparison of Pinnacle  dislocation  and  Sandia  crack inversion, Atoka #1 
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Figure D 19. Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Atoka #2. 
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Figure D20. Compkson of Pinnacle  dislocation  and  Sandia  crack inversion, Atoka #3. 
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Figure D2 1. Comparison of Pinnacle  dislocation  and  Sandia crack inversion,  Atoka #4. 
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Figure D22. Comparison of Pinnacle  dislocation  and  Sandia crack inversion, Atoka #5. 
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Figure D23. Comparison of Pinnacle  dislocation  and  Sandia crack inversion,  Atoka #6. 
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Figure  D24.  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Atoka #7. 
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Figure  D25.  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Atoka #8. 
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Figure  D26.  Comparison of Pinnacle  dislocation  and Sandia crack  inversion,  Atoka #9. 
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Figure  D27.  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Atoka #lo. 

ATOKA  INJECTION #ll 

TILT GEOMETRY 

400 200 0 200 400 

Figure  D28.  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Atoka #11. 

ATOKA  INJECTION #l2 

DISLOCATION 
PINNACLE 

TILT GEOMETRY 

TILT GEOMETRY 
SANDlA  CRACK 

400 200 0 200 400 

Figure  D29.  Comparison of Pinnacle  dislocation  and  Sandia  crack  inversion,  Atoka #12. 
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Figure  D30.  Comparison of Pinnacle  dislocation and Sandia  crack  inversion,  Atoka  #13. 
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Figure  D3 1. Comparison of Pinnacle  dislocation  and Sandia crack  inversion,  Atoka #14. 
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Figure  D32.  Comparison of Pinnacle  dislocation  and Sandia crack  inversion,  Atoka #15. 
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Figure D33. Comparison of Pinnacle dislocation  and Sandia crack inversion, Atoka #16. 
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Figure D34. Comparison of Pinnacle dislocation and Sandia crack inversion, Atoka #17. 
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Figure D35. Comparison of Pinnacle dislocation and Sandia crack inversion, Atoka #18. 
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Figure  D36.  Comparison of Pinnacle  dislocation  and Sandia crack inversion, Atoka #19. 
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Figure  D37.  Comparison of Pinnacle  dislocation  and Sandia crack inversion, Atoka #20. 
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APPENDIX E 
TILT  EQUATIONS FOR TWO FRACTURES 

Although  most crack problems with complex  geometries are too complicated for analytical solutions,  the 
case of two equal 2D fractures aligned in the same  plane  has  been solved by  Willmore.E'  His  solution 
used  a  complex potential stress function first  deduced  in  fluid flow problems for two equal flat  plates in 
motion through a  fluid  at  rest. Figure E l  shows the geometry of the problem.  The limitation of crack 
lengths fiom k to 1 or -k to -1 is not  a  limitation  as the cracks can be scaled to this size. 

P 
0 

Figure El. Geometry for Willmore's solution of two pressurized  cracks. 

Using  the standard complex variables approach, the displacement  and stresses are given by 

2Gu = Re[(2 - 4v)g(z) + (z - Z)g'(z)] 
2Gv = Re[- 4i(l- v)g(z) + i(z - Z)g'(z)] 

on = Re[2g'(z) + ( z  - Z)g"(z)] 

ow = Re[2g'(z) - (z - Z)g"(z)] 

rV = Re[i(z - Z)g'l (z)] 

where z is the complex variable x+& and Z is its conjugate. g(z) is the potential function that satisfies the 
problem. 

For this case, Willmore  found that the derivative of  g(z) is given  by 
-7 

where A2 = E'K' with E'  and K' being the complete elliptic integrals of the first and  second  kind for the 
modulus k' (the complement of k). To find displacements  and stresses, the solution is quite tedious 
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because  it involves elliptic integrals with complex arguments. However, to fmd the tilts (which  are  the 
gradients of the displacement), only g '(z) and  g "(z) are needed  and these can be obtained easily. 

The tilt of interest here is dv / ax ,  which  can  be  found  from the displacement as 

& 1  
dx 2G 
- = - Re[- 4i(l- v)g' (z) - 2yg" (z)] 

which  can then be simplified to yield 

a v 1  
- = - (20  - v) h[g' (z)] - y Re[g" (z) ] }  
ax G 

The function g"(z) is found  by differentiating g'(z) to get 

2z(z2 -1Iz 2 - k  2 )-z 3 2  (z  -1)-z 3 2  (z - k  2 )+z/z2(z2 -1)+zA g" (2) = - 
[(z2 -11z2 - k 2 ) p  

At this point it is expedient to use the simplifications applied by SneddonE2 to Westergaard's stress 
function for a single crack. Using the notation 

z + k = r4eie4I 

then the appropriate functions can be deduced.  These are 

and 
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L 

Re[g”(z)] = 
J-- 

(2r cos[$ - (8, +e, + e3 + e4)/ 21 

r 

73 r4 

3 
- - cOs[38 - (el + e, + 38, + 36, )/ 21 

+-COS[$ rA2 - (e1 + 8, + 38, + 3e4)/ 21 

r3 74 

rA2 + - cos[e - (34 + 382 + 8, + e, ) 
r1 r2 

which can then be inserted into the tilt equation  to  give the final result, 
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APPENDIX F 
TILT  EQUATIONS FOR POROELASTIC  COMPONENT 

One  simple  method to estimate the tilt field induced  by pressurization of the reservoir is to use  the  nucleus 
of  strain approach used  by  GeertsmaF1 to analyze  reservoir subsidence. Following Geertsma's 
development, the strain at  some point in the ground  can be found as 

ui = jp ( t )uf  ( X ,  WV(B > 

where P(@ is the pressure change at some  point 5 in the reservoir, uf is the displacement  resulting  from 
a unit  pressure change at the point 5, dV is the differential  volume of the strain nulcei,  and ui is the  total 
resultant strain., 

GeertsmaF' gives the total  displacement vector, but  in this case only the horizontal  component is of 
interest.  Using the plan  view  geometry in Figure  F1,  the monitor well is at a distance d from the hcture. 
As a result of leakoff, there is a pressurized zone  around the fracture of width w. 

- L -  

t \ 
Fracture 

Pressurized Zone d I Monitor  Well 

Figure F 1. Plan view  schematic  of fracture pressurized  zone. 

Using Geertsma's results, the  formula for the horizontal  component of uf normal to the fracture  plane 
can be given as 

with 

and 

* cm d (3 -4v)d 62(2 + c)d uc=z[T+ RS - ' R: 

R: = p 2  + d 2  +(z-C) 2 

R i  = p 2  + d 2  + ( z + c ) ~  

- (1 - 2v)cz 
C m  - 2(1-v)G ' 
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where a is Biot’s parameter and G is the shear moduius.  Examining the terms in the displacement 
equation,  it -is clear that the last two terms are for the  mirror  image strain nucleus that yields the traction 
free surface. For downhole tiltmeters far from the free surface, those two terms are very small and can be 
ignored if the tiltmeters are deep relative to the fracture depth (i.e,  none of the tiltmeters is very close  to 
the surface). I f  Geertsma’s approximation of a  thin reservoir is applied and if the width of the pressurized 
region is assumed small relative to the monitoring  distance, then the normal horizontal displacement  can 
be  given simply as 

H w A P  Lr d d o  
J ~~r un = 

4n -L [ p 2 + d 2 + ( z - c )  2 2  e/ ’ 
where AP is the injection pressure  minus the reservoir pressure, c is the-depth  to the center of the fracture, 
z is the depth to tiltmeter location,  and p is distance from the injection well to a strain nucleus located ’ 

somewhere  on the fracture. The  integration is performed across all strain nuclei from -L to L. 
Performing the integration, the displacement is found to  be 

r 

and  the tilt is given by 
r 

dun - 2dL(z - c )  + dL(z - c )  
dz b2 +(z -c ) ’ r4L2   +d2   + ( z -c )2  b2 +(z-c)2k + d 2   + ( z - c y p  1- 

The final question is the determination of an  appropriate width of the pressurized zone. Since linear flow 
out of  the fracture into the formation results in a pressure distribution of the form 

L 

an integration of the pressure disturbance term from  zero  to 00 yields a pressure-weighted width function 
as q- kt . 

VP 
This equation yields an appropriate width of the  pressurized zone for one side of the fracture, so the actual 
width is twice this value (w = 2 W ). 

It  should be stressed that this approach is only an approximation of the poroelastic tilts unless the 
tiltmeters are far from the fracture  and the thickness of the reservoir is small relative to vertical distances 
to the tiltmeters.  Even though the second  requirement is not met, these results should provide a 
reasonable estimate of the poroelastic tilts. Nevertheless, it is not recommended  that these equations  be 
used  for tilt inversions. Rather, the fill integration over the thickness of the zone and the width  of the 
pressurized region should be employed.  Furthermore, the tilts parallel to the fracture can also be 
determined  and used in the analysis. 
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