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Abstract 
Six hydraulic-fracture injections into a fluvial sandstone at a 
depth of 4300 ft were monitored with multi-level tri-axial 
seismic receivers in two wells and an inclinometer array in 
one well, resulting in maps of the growth and fmal geometry 
of each fracture injection. These diagnostic images show the 
progression of height and length growth with fluid volume, 
rate and viscosity. Complexities associated with shut downs 
and high treatment pressures can be observed. Validation of 
the seismic geometry was made with the inclinometers and 
diagnostic procedures in an intersecting well. Fracture 
information related to deformation, such as fracture closure 
pressure, residual widths, and final prop distribution, were 
obtained from the inclinometer data. 

Introduction 
Contrary to expectations based on simple models, hydraulic 
fracturing is proving to be a complex process that is still not 
adequately represented by theory. The reason for this is clear, 
as models assume that the earth is a homogeneous isotropic 
continuum when in fact the reservoirs which are fractured are 
highly discontinuous and variably anisotropic and 
heterogeneous. Since current models are incapable of dealing 
with this complexity in anything but an ad hoc manner,' 
further understanding of hydraulic fracturing is not likely to 
progress very rapidly without an ability to measure, image, or 
observe fracturing processes under in situ reservoir conditions. 

A glimpse at the complexity of fracturing in real reservoirs 
is now available from several cores through hydraulic 

from limited mineback and from 
various diagnost i~s .~* '~- '~  From these relatively few 
measurements, complex features such as multiple fracture 
strands, secondary fractures, T-shaped fractures, redirection of 
fracture orientation due to production, inefficient growth 
across bedding, complex proppant transport, and other 
unexpected features have been seen. From this limited 
sampling, one would conclude that the fracturing process is 
poorly represented by most models. However, it should also 
be stressed that the results found at the end of a treatment 
( e g ,  as in a cored or mined-back fracture) may not be a good 
representation of the actual process during fracturing, since all 
complexities will be seen whether or not they had any 
significant effect on the mechanics of the process. Separating 
out irrelevant features is difficult using only post-fracture 
snapshots of the process. 

For the reasons noted above, it is clear that the optimum 
diagnostic would provide a real-time continuous image of the 
fracture growth process. Currently, there is no envisioned 
technology for directly viewing the fracture, but some fracture 
parameters can be indirectly monitored using downhole 
seismic receivers and downhole inclinometers. The 
application of these two technologies in the C-sand interval at 
the M-Site facility is the subject of this paper. 

M-Site 
The M-Site field experiments," located at the previous 
Multiwell Experiment site in the Piceance basin of Colorado, 
are co-funded by the Gas Research Institute (GRI) and the US 
Department of Energy. Details of the M-Site layout and 

and are instrumentation are given in previous  paper^^*'^^'^*^'-^^ 
only briefly repeated here. The reservoirs undergoing testing 
are fluvial Mesaverde sand-shale sequences, so the 
technologies developed in this difficult environment are 
translatable to many other reservoirs. Results of previous tests 
are found in several papers and reports. 

A plan view of the site is shown in Figure 1 and a 
schematic of the well, instrument, and sandstone layout are 
given in Figure 2. The site consists of one treatment well 
(MWX-2), one monitor well with cemented tri-axial seismic 
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receivers and biaxial inclinometers and one cased observation 
well for wireline run tools (MWX-3). Also shown in the figure 
is an intersection well (IW-IC) with a deviated lateral that 
penetrates through the created hydraulic fracture(s). The open- 
hole section of the lateral is shown as the dashed section. 

The monitor well provides the instrumentation for 
validating the seismic results. Thirty tri-axial receiver stations, 
with low-noise (4 pg), wide-bandwidth (2-2200 Hz) 
accelerometers provide high quality microseismic data from 
which the source can be accurately located. In the same well 
six bi-axial tiltmeters with nanoradian resolution provide 
information on the mechanical deformation of the formation 
which is used to validate the seismic results, as well as provide 
valuable information related to rock deformation. The 7-in 
cased observation well is used for multi-level, wireline-run, 
tri-axial receiver arrays of the type that will be used in a 
commercial fracture diagnostic service. This array uses the 
same accelerometers as are grouted in the monitor well, and 
the multi-Ievel feature also provides for highly accurate 
microseismic event location. The monitor well results, with 
many more levels to apply in location algorithms, are used to 
verify the data obtained from the wireline receiver arrays. 

Additional information obtained in the treatment well, 
such as bottom-hole pressure, spectral gamma logs of 
radioactive tracer distributions, and seismic surveys, are used 
for detailed fracture modeling and additional diagnostic 
information. Detailed stress, rock property and reservoir 
property data are also available for these reservoirs and are 
used for fracture models, fmite element deformation models, 
and analyses of the mechanical response of the formation to 
the fracture treatment. 

Additionally, crosswell seismic surveys were conducted to 
determine the p-wave and s-wave structure at the site. Seismic 
data were obtained with 5-ft source and receiver spacings in 
the treatment and monitor well, respectively, and the 
permanent 30-fi spacing of the cemented receivers in the 
monitor well. The seismic source was an airgun which 
provided excellent p-waves and generally good s waves. Both 
p and s tomograms have been produced. 

Of critical importance for validating the seismic results 
was the lateral well2' which intersected the expected fracture 
plane at a point 287 ft from the treatment well (MWX-2) and 
at an elevation approximately 1/3 of the thickness of the 
sandstone from the bottom of the sandstone. 

The lithology of the C sand consists of an estuarine 
sandstone found near the top of the Mesaverde formation. 
Figure 3 shows a gamma log of this sandstone taken from the 
treatment well. The stress contrasts around the C sand, as 
determined primarily from microfracture stress measurements, 
are shown in Figure 4. Stresses in the B and C sands were 
confirmed using the inclinometers to the record the pressure at 
which opening begins. For modeling purposes, more detailed 
calibrated stress logs were also developed. 

During C-sand testing, six different fracture injections 

using two different fluids were monitored. Important 
information on the injections is given in Table 1. 

Table 1 Treatment Data 

Data Analysis 
Instrumentation consisted of tri-axial accelerometer arrays in 
both the monitor well and MWX-3 observation well and a bi- 
axial inclinometer (tiltmeter) array in the monitor well. Data 
analysis consisted of location analysis of the microseismic 
events, from which maps of fracture growth were generated, 
elastic modeling of the measured inclinations from which 
fracture height estimates were derived, and correlation of 
these results with other information derived from fracture- 
injection and intersection-well data. 

Microseisms. The analysis of the microseismic data was 
performed in the usual manner for a large number of receiver 

Only events that were detected on several 
receivers were analyzed and used. P-wave and s-wave arrivals 
were selected and the particle motion of the initial p wave was 
determined using a regression based on circular statistics. The 
direction to the source was found from the average particle- 
motion orientation, not including any obvious outliers. 

The distance to and elevation of the microseismic source 
were found from a joint regression of the distance equations 
for the two phases, 

stations. ~0.14,15.19 

r 2  +(Zi  -z)' = v;(ipi 4) 2 

and 

where T is the horizontal distance from the monitor well to the 
source, z is the elevation of the source, t is the time at which 
the microseism originated, Vp and Vs are p-wave and s-wave 
velocities, zi is the elevation of the i" receiver, and tpi and tsi 
are the p-wave and s-wave arrival times at the i" receiver. 
Using this approach, a best fit location of the microseism and 
well-defined uncertainties can be readily calculated. 

Inclinometers. Inclinometer data were processed in the same 
manner as described in Branagan et al." For short-term 
treatment monitoring, inclinometers were zeroed at the 
beginning of the fracture injection and changes in the tilt field 
normal to the fracture (the most sensitive orientation) were 
continuously monitored. The resulting inclination field was 
immediately compared with several analytic models, including 
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?-D,” penny-shaped,” and flat elliptic crack” (3-D) 
geometries. A fmal analysis of the results generally included 
finite-element calculations to fully account for stress and 
modulus variations.*’ Important controlling parameters for the 
inclinations include the pressure in the fracture, fracture 
length, height and azimuth, the moduli of the various rock 
layers, and the stress in the layers contacting the Fracture. 
Unfortunately, at the time of these tests the inclinometers were 
beginning to degrade (they had been in the well for two years) 
and the deformation data on fracture height was not as 
accurate as B sandstone results. 

Inclination data were also examined for long term residual 
effects (proppant placement and final propped width) and for 
initial opening of the fractures (to provide closure stress data). 

Fracture Experiments 
Fracture experiments in the C sand interval (see Table 1) were 
conducted between August and December, 1996, and usually 
were spaced with several weeks between treatments to re- 
equilibrate the reservoir, with the exception of 1C and 2C (two 
days) and 5C and 6C (two days). 

Figure 5 shows a correlated plot of pressure data from all 
six injections for reference to the following diagnostic results. 
Closure stress is approximately 3050 psi, the overburden 
stress is approximately 4600 psi, and the maximum horizontal 
stress is at most 4200 psi in the C sand. 

Injection IC (Breakdown). The first injection in the C sand 
consisted of a 95 bbl breakdown using a cross-linked 40# 
borate gel pumped at 20 bpm. The purpose of the thick fluid 
was to minimize pressure drops near the wellbore. 

Figure 6 shows plan and side views of all of the 
microseismic data for this injection. The fracture appears to 
have grown upward about 20-30 ft, particuIarIy on the west 
wing, while it has generally avoided the lower part of the C 
sand. The fracture shape is also relatively symmetric with a 
wing length of about 200 ft. 

Additional information about hydraulic-fracture 
mechanisms can often be gleaned from observing the time- 
dependent growih of the fracture. Figure 7 shows plan and 
side views of the microseisms recorded after 5 minutes, which 
is the point where shut-in occurred. At this time there are 
relatively few microseisms and they only show fracture 
u mowth out to 130 ft  on each wing. Thus, an additional 70 fi of 
len,& growth occurred after shut in. The side view indicates 
that initial growth was within the center of the C sand and 
above the C sand on the west wing. 

Relative to the intersection well, injection 1C resulted in a 
fracture which extended at most 200 ft on the east wing. Thus 
there was no evidence from the microseisms that the fracture 
contacted the intersection well (at a distance of 287 ft from the 
treatment well, MWX-2), nor was there any indication of any 
pressure disturbance in the intersection well. 

Fracture 2C (Approach Minifracture). Injection 2C, which 
was conducted on August 8, 1996, was designed to be a 
linear-gel minifrac which would approach the intersection 
well without hitting it. The design volume was 250 bbl at a 
design rate of 20 bpm. However, recognizing that fracture 
growth is very uncertain in these complex fluvial geometries, 
it was decided that at the first sign of pressure increase in the 
intersection weil, the treatment would be terminated. 

As can be seen in the pressure data of Figure 5,  the 2C 
injection included a step-up pump at the beginning of the 
injection and then a quick step-down and shut-in for near- 
wellbore pressure-drop estimates. Finally, injection started 
again at about 9 minutes and continued until a pressure 
increase was observed in IW-IC. The maximum net pressure 
for this injection was about 900 psi. 

The pressure increase in the intersecting well was observed 
after pumping 130 bbl and the treatment was terminated with 
a total injected volume of 132 bbl. Details of the intersection 
pressure behavior are given in Branagan et al,” but just the 
timing of the pressure increase provides a well defmed 
fracture length for comparison with the microseismic results. 
Figure 8 shows the microseismic fracture geometry at the time 
that pressure was observed in the intersection well (at a 
distance of 287 ft). At the time of intersection, the 
microseismic length is 290 ft +lo  f t  on the east wing, thus 
validating the accuracy of the microseismic length results. In 
this test, the west wing length is also nearly 300 ft. 

Figure 9 shows the plan and side views of all of the 
microseisms recorded during the 2C injection. The injection 
results in an approximately N74”W azimuth with an east wing 
length of at least 400 ft and a west wing that is slightly less. 
All of the additional growth in Figure 9, as compared to 
Figure 8, occurs after shut in. On both wings, the fracture 
appears to avoid the lower part of the C sand. There is no 
upward growth on the west wing of the fracture, but the east 
wing shows upward height growth starting about 150 fi east of 
the wellbore. 

As noted previously, these 2C microseismic results are the 
most important aspect of this entire C sand test sequence, as 
this experiment proves that the microseisms provide an 
accurate image of fracture length. However, some interesting 
results with respect to fracture growth can also be seen in 
these data. The fracture growth upward on the east wing is 
somewhat unusual, as height growth is generally observed 
near the wellbore where the pressure is the highest. One 
possible explanation is the existence of additional sandstone 
units at the top of the C sand on the east wing. Such an 
interpretation is supported by the cross-well seismic survey, 
which indicated that the C sand shifted upward in the section 
between MWX-2 and the monitor well. Since this upper sand 
unit does not extend north into the treatment-well region, it is 
likely that it extends east-west. This hypothesis was confirmed 
by sedimentary analysis. Based on this interpretation, the 
fracture is merely following the sandstone channel and there is 
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no out-of-zone growth. 
The final fracture length of 400 ft and the minimal height 

growth compared to injection IC shows that there are 
significant effects due to the viscosity. At a volume of 95 bbl 
of cross-linked gel, the breakdown injection achieved a final 
length of 200 ft. With only 40% more volume than IC, the 
linear-gel 2C injection achieved double the length, even while 
experiencing greater leakoff due to the lower viscosity and the 
long shut-in period. However, this difference in length 
extension was achieved even though net pressures differed by 
only 50-100 psi. 

Injection 3C (Full Intersection Minifracture). Injection 
3C, which was conducted on August 21, 1996, was a repeat of 
injection 2C, except that a full 247 bbl were injected. The 
pressure response in and post-fracture logging of the 
intersection well (see Branagan et a1.*') indicated that the 
interconnection after the 2C treatment was minimal. It was 
hoped that this poor connection could be remedied with a 
larger linear-gel treatment that would more adequately 
intersect the IW-1C well. 

The complicated pressure response during injection 3C, as 
shown in Figure 5, is due to step-up, step-down, and shut-in 
periods. Most of the volume was injected in the latter part of 
the test at a rate of 22 bpm and a net pressure of about 950 psi. 

Microseismic results of injection 3C are shown in plan and 
side view in Figure 10. This h c t u r e  has an injected volume of 
only 250 bbl and a fairly high leakoff because it is a linear gel, 
yet the fracture lengths are almost 500 ft  on the east wing and 
more than 400 ft  on the west wing. The azimuth through all 
three initial injections have been N74"W or N75"W. This 
fracture shows some slight evidence of height growth near the 
wellbore. The upward growth on the far east wing, which was 
first seen in the 2C injection, is also obvious in this test. 

The intersection with IW-IC (pressure increase in the 
intersection well) occurred relatively early in the treatment, 
but, as in injection 2C, it was not a very conductive 
connection. The microseisms suggest that the hydraulic 
fracture may have been mostly above the intersection well, 
since little microseismic activity occurred in the lower C sand 
on the east wing. This test also showed the rising fracture 
behavior on the east wing, but it is obscured somewhat by the 
increased height growth near the wellbore. 

The inclinometers provided important long-term 
information about residual deformation after unpropped 
fracture treatments. Figure 11 shows the inclinations recorded 
on the shallowest inclinometer during and after the 1C-3C 
injections. These data have been normalized to the largest 
value (3C maximum value) and show that the deformation 
never returns to zero, but instead maintains a nearly 20% 
residual expansion. This expansion is interpreted as being 
primarily a result of residual opening, as poro-elastic effects 
would have disappeared after reservoir pressure equilibration 
was complete (typically a few days). It can also be seen that 

the magnitudes of the tidal inclinations are much smaller than 
the inclination magnitudes induced by the fracture treatments 
and, thus, do not cause any interpretation problems in this 
downhole environment. 

Injection 4C (High Energy Intersection). Injection 4C, 
conducted on November 22, 1996, was a dual objective test. 
Approximately 1000 bbl of 40-LB/mgal cross-linked gel were 
injected into the C sand at about 40 bpm in order to provide 
the opportunity for obtaining treatment well diagnostics and to 
give a final attempt at obtaining a clear intersection of IW-1C. 
To test the treatment well diagnostics, a four-level seismic 
array was placed in the treatment well, straddled over the C 
sand. Unfortunately, during initial injection of water in the 
casing, the turbulence of the thin fluid induced sufficient 
vibration to loosen a locking nut on the fiber-optic cable head, 
causing a break in the copper and fiber-optic lines (but the 
cable armor remained connected and there was not a complete 
disconnect of the tool string). Thus, no treatment well 
diagnostics were obtained during this test and the remaining 
diagnostics were based on data from the monitor-well 
receivers. 

The injection consisted of the pre-injection of 132 bbl of 
KCI water, which was in the casing originally, followed by the 
injection of the cross-linked gel in two stages, separated by a 
15 minute shut-in period for leakoff and near-wellbore 
analyses. As seen in Figure 5, the injection of the gel occurs 
for about 15 minutes, followed by a 15 minute shut down. 

The microseisms recorded after the first gel injection and 
shut-in period are shown in Figure 12. These data indicate that 
considerable height growth occurred on the west wing during 
this period, as well as length extension on the order of 300 ft. 
The additional height growth is not surprising, since the net 
pressure was greater than 1100 psi during the injection period. 
There is also an interesting secondary feature running to the 
north-northeast. Although it was speculated that this feature 
could be a secondary fracture or activated fault, it was not 
considered important until after the 6C injection showed the 
same feature and additional complexity as a result of it. 

Gel injection resumed at about 30 minutes, but at first the 
gel would not move and surface pressures reached their 
maximum allowable at rates of only 1-2 bpm. Finally the fluid 
started to move and rates were eventually built to their design 
values. However, at the point where the gel began moving and 
fracturing clearly restarted, there was a large burst of 
microseismic activity and a clear pressure connection was 
observed in the intersecting well. Net pressures varied 
considerably during the treatment, but an average net pressure 
after fracturing resumed following the shut-in period is 
roughly 1200 psi. 

All of the microseisms from the 4C injection are shown in 
plan view and side in Figure 13. Fracture 4C is clearly an 
asymmetric fracture with considerable height growth. The east 
wing length is 600-700 f t  while the west wing is only about 
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400 ft. This asymmetry occurred after the shut-in period and 
suggests that fracture extension was affected by the shut-in 
process, essentially redirecting growth in the easterly direction 
with little extension along the west wing. Fracture growth 
upward is 60-SO ft, depending on the location, while growth 
downward is about 50 ft, but primarily on the west wing. 

Since injection 4C exhibited significant height growth, it is 
a good test case for evaluation by the inclinometer array. 
Figure 14 shows the maximum 4C inclination data at each of 
the six stations during the injection, as compared to 2-D finite 
element modeling based on a 1200 psi treatment pressure. The 
mesh and layering used are the same as were employed for the 
B sandstone tests?' Only a 2-D case was used because the 
fracture length on the east wing is 700 ft and previous 
analyses had shown that after 600 f t  of length, there was no 
significant difference between the 2-D and 3-D models. 

Although the data cannot be exactly matched, it is clear 
that the fracture height on this wing is on the order of 130- 
140 ft, very comparable to the microseismic results. For this 
calculation, all of the height growth was upward. The C sand 
results again show that the microseismic heights are nearly the 
same as the mechanical heights, an important validation point. 

Injection 5C (Treatment-Well Diagnostic Test). Injection 
5C was intended to be a treatment-well diagnostic test where a 
4-level accelerometer-based receiver system was run in the 
treatment well to monitor an injection from the rat hoie below 
the perforations. As such, only 480 bbl of 40-LB/mgal cross- 
linked gel were injected, at a rate of 30 bpm. Treatment 
pressure for this test are shown in Figure 5, but there are no 
unusual features other than the relatively high net pressure 
(1400 psi net pressure). 

Data were obtained from the treatment-well array, but are 
still undergoing analysis and are not given here. However, the 
monitor-well instrumentation recorded data from this fracture 
and shows very simple fracture behavior, compared to the 
previous test. 

Figure 15 gives the plan view and side view plots of the 
microseisms measured from the monitor well alone. These 
data indicate that the fracture grew very symmetrically, with 
lengths of nearly 500 ft on both wings and approximately 30 ft 
of both upward and downward height growth. This fracture is 
of interest because of its lack of complexity, in contrast to the 
previous test, and also because of the comparable length to the 
3C injection, even though the 3C injection employed only half 
of the fluid used in the 5C test. The primary difference 
between the two tests was the fluid viscosity, although 
injection 5C was pumped at a somewhat higher rate. 

Injection 6C (Stimulation) Injection 6C was a propped 
treatment of a size typically performed per interval in this 
basin. 250,000 LB sand and 21 18 bbl of 40-LB/mgal borate 
cross-linked fluid were injected at 30 bpm. The pressure data 
for this injection are also shown in Figure 5. The shape of the 

pressure record appears normal, but the final net pressure level 
of 1900 psi is well above both the maximum horizontal in situ 
stress and the overburden stress. 

The microseismic activity after 15 minutes of injection is 
shown in Figure 16. By this time the fracture had extended at 
least 300 ft on each wing, but, more importantly, a clear 
secondary fracture(s) had propagated to the northeast and 
another secondary fracture may have extended more 
northerly. There is a large degree of certainty that these are 
secondary fractures because they are so much farther removed 
from the known fracture plane than any other microseisms 
detected previously (except for the initial detection of this 
same feature in the 4C injection). They also be,' om to occur 
after the net pressure exceeds the maximum horizontal stress. 
At this time, the fracture is also relatively well contained 
within the C sand. 

The final microseismic image is shown in Figure 17. By 
the end of the treatment, the imaging showed several levels of 
complexity that are most easily seen in a time-history 
visualization, but will be briefly described here. The 
secondary fracture propagating to the northeast apparently 
spawned one or more fractures that propagated in the same 
orientation as the primary fracture. These additional features 
occurred mostly during the first half of the treatment. 

Later in the 6C treatment, however, microseismic activity 
fanned over a wide area to the south of the east fracture wing. 
As seen in the edge-on view of Figure 18, all of this activity 
(left side of plot) occurs in a narrow region at the top of the C 
sand. This type of activity is most likely a horizontal fracture, 
but could also be several vertical fractures propagating in a 
narrow zone at the top of the sandstone. It begins to occur 
after the injection pressure exceeds the overburden stress. 

Figure 19 shows the inclination distribution at several 
times from shut-in through closure. These distributions have 
been normalized by the maximum inclination at each time and 
can only be compared relative to each other. If the prop 
remains suspended in the fluid through closure, then the 
normalized distribution of the inclinations should not change 
with time, as only the absolute magnitude of the inclinations 
should change as the fracture slowly closes on an amount of 
proppant proportional to its width. If, however, all of the 
proppant falls out to the bottom of the fracture, then the shape 
of curves at later times will differ significantly from the 
original shape at shut in. As can be seen here, there is only a 
small difference in the shapes of the various curves, and it can 
be inferred that only small amounts of proppant have fallen 
out or convected to the bottom of the fracture. 

Figure 20 shows a longer-term view of the inclinations 
measured by the top inclinometer for both injections 4C and 
6C. The residual inclinations for injection 4C, an unpropped 
treatment, are about 15% of the maximum values. The 
residual inclinations after injection 6C remain at about 30% of 
the maximum width (which was very large due to the high net 
pressure). The much larger residual width after injection 6C is 
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due, to the propped width of the fracture (about 0.35 in, based 
on the maximum fracture width predicted by FRACPROTM). 

Discussion 
As this series of tests completes the M-Site field experiments, 
the main diagnostic objective of validating the accuracy and 
reliability of the microseismic method has been achieved. By 
using the array of inclinometers, intersecting-well 
information, and much other data, it is clear that in formations 
where microseismic activity is induced by a hydraulic 
fracture, a map of this activity provides a reliable image of the 
fracture. 

The C sand experiments had as their primary diagnostic 
objective the determination of the accuracy of the 
microseismic length through a correlation of the imaged data 
with the intersection of a lateral wellbore. This intersection 
was achieved on the 2C injection and showed that the imaged 
length was correct within the accuracy limits of the technique. 

Previous M-Site  result^'^ had shown that microseismic 
heights and azimuths were also correct within their accuracy 
limits. In addition, the fracture azimuth was found to closely 
agree with the previously determined stress orientation." 

While the primary purpose of the inclinometer array 
(downhole tiltmeter array) was to provide validation of the 
microseismic results by measuring the mechanical response of 
the rock to the hydraulic fracture, it was also found that the 
inclinometers can be a very useful tool for fracture 
diagnostics. In addition to the accurate height measurements, 
the inclinometer array has been found to be valuable for 
determining the residual width of the fractures and the final 
propped width distribution relative to the original fracture 
width distribution. In addition, the inclinometer is a very 
precise instrument for measuring fracture opening, and thus 
closure stress. 

These tests, along with previous results," have shown that 
the fracture height determined by models is not particularly 
accurate. There are clearly many additional mechanisms 
affecting height growth that have not been incorporated 
adequately into models. Diagnostic results such as these can 
be used to aid in improving the model capabilities. 

The series of tests using both linear and cross-linked gels 
also shows that there is a significant viscosity effect. 
Comparing treatments IC and 2C, it is found that the linear- 
gel fracture resulted in 100% more len,gh growth for only 
40% more fluid, even though there was higher leakoff of the 
linear gel. Comparing treatments 3C and 5C, it was found that 
comparable len,&s were obtained for both treatments even 
though the cross-linked gel had twice the fluid volume. While 
tip effects may still be important in fracturing, it is clear that 
viscosity has an important role in fracture extension. In 
particular, thin-fluid fractures achieve fast length extension 
with little height growth, a feature that could be used with - great advantage to optimize fracturing procedures. On the 
other hand, it is not clear why such different behavior was not 

always reflected in the net pressure. Again, it appears that 
there are some elements of fracturing that are not entirely 
understood. Diagnostic results such as these can provide 
valuable data to improve model results. 

The experiments have also demonstrated that the 
microseismic method is accurate for measuring large-scale 
complexity in fracture treatments. While small-scale 
complexities such as multiple parallel strands cannot be 

the large scale complexities such as secondary 
fractures and horizontal fractures are readily apparent (e.g., 
injection 6C). It is also noteworthy that the secondary vertical 
fractures occurred after the injection pressure exceeded the 
maximum horizontal stress and the horizontal features 
occurred after the pressure exceeded the overburden stress. 

The measurement of residual fracture deformation by the 
inclinometers offers important insight into the successful 
implementation of water fractures (no prop). The large 
residual deformations, interpreted as fracture width, shows 
that significant widths can remain even without proppant. The 
interpretation of the residual deformation as width is due to 
the careful monitoring of reservoir pressure to ascertain that 
the effect is not due to poro-elastic behavior. Although the 
effect could be due to anelastic behavior, we hope that this is 
not the case as it would invalidate all fracture models, 
reservoir mechanics models, tiltmeter analyses, stress logs, 
and many other calculations which require elastic behavior of 
the reservoir. 

The inclinometers have also been used for determining 
changes in the proppant distribution, an important element for 
evaluating convection and prop transport. In the two 
experiments at M-Site, little indication of dropout or 
convection has been observed. 

With regard to fracture models, these diagnostic 
techniques cannot provide details on fracture mechanisms 
(e.g., multiple fractures, tip effects, fissure opening, etc.), but 
the overall image of the fracture does allow for accurate 
testing of model accuracy in given reservoirs. It is expected 
that such results will require modelers to re-examine the 
implementation of many mechanisms related to height growth, 
net pressure, and prop transport. Models are important 
elements in any fracturing desigxdanalysis program and any 
improvements in models based on imaging will pay valuable 
dividends in both hydrocarbon recovery and economics. 

Finally, the value of imaging technology should be readily 
apparent to all companies involved in fracturing reservoirs. It 
can provide immediate benefits in designing the well layout 
for new fields and infill operations, for the optimization of 
multi-zone completions, and for the evaluation of problem 
reservoirs. 

Conclusions 
Hydraulic-fracture imaging using the microseismic method 
has been shown to be an accurate technique for monitoring 
fracture growth and determining the fmal size and shape of the 
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fracture. Fracture length, height, and azimuth have been 
validated using other technology at M-Site.” 

An inclinometer array (downhole tiltmeter array) has been 
found to provide important information on fracture parameters 
not readily measured using microseisms or other available 
diagnostic information. Kew features measured include 
residual widths, final prop placement, and closure stress. 

Results at M-Site show that fracture height is much more 
complicated than currently implemented in models and that 
viscosity has a significant effect on fracture growth. In 
addition, these field results provide proof of complex fracture 
growth when pressures exceed the maximum horizontal or the 
overburden stress values. As imaging results become more 
widely available and are incorporated into model 
enhancements, hydraulic-fracture optimization should 
improve accordingly. 

These diagnostic techniques should be of value for new 
fields, infill drilling programs, multi-zone completions and 
any problem reservoirs. 

Nomenclature 
F horizontal distance to source, L, ft 
-F elevation of source, L, f t  
t= time of microseism origination, t, sec 

Vp= p-wave velocity, L/t, Wsec 
Vs = s-wave velocity, Llt, Wsec 
zi = elevation of i” receiver, L, ft  
fp l=  p-wave arrival time at i* receiver, t, sec 
rsp  s-wave arrival time at the i” receiver, t, sec 
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SI Metric Conversion Factors 
fi x 3.048* E-01 = m  
in x 2.54* E+OO = cm 

E-01 = m3 
E+OO = N  
E+OO = kPa 
E+OO = m3/s 
E-03 = m3 

bbl x 1.589 873 
LB x 4.448 222 
psi x 6.894 797 

bpm x 9.539 238 
gal x3..785 412 

Figure 1. Pian view of M-Site. 
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Figure 8. Injection 2C microseisms at intersection. 
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Figure 18. Edge-on view of all 6C microseisms. 


