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DOES HYDRAULIC FRACTURING THEORY WORK IN JOINTED ROCK MASSES?
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ABSTRACT

* The hypocenter locations of micro-earthquakes
{acoustic emissions) generated during fracturing
typically are distributed three-dimensionally
suggesting that fracturing stimulates a volumetric
region, vrather than the planar fracture
theoretically expected. In this paper the
hypocenter wmaps generated at six operating, or
potential, HDR reservoirs in the U.S., Europe and
Japan are examined in detail and the fracture
dimensions are correlated with fracture injection
volumes and formation permeability. Despite the
volumetric appearance of the maps we finfer that
the fnduced fractures are mainly planar and may
propagate aseismically. The induced seismicity

stems from nearby Jjoints which are not opened

significantly by fracturing, but are caused to
shear-slip because of local pore pressure.

INTRODUCTION

Hydraulic fracturing 1s used ever increasingly
to stimulate conventional hydrothermal reservoirs
and to create Hot Dry Rock reservoirs. The forma-
tions are often dense competent rocks which have
pre-existing fractures, 1.e., natural Joints.
Consequently questions arise about the applicadbil-

-4ty of conventional fracturing theory which {s
based upon homogenous elastic solids, to hetero-

genous and discontinuous geological media.

For several years investigators have been
struck by the dual nature of the fracture systems
created at hot dry rock reservoirs. The
microearthquake hypocenters located during the
fracturing - experiments are distributed in
three-dimensfonal space, often described as micro-
seismic "clouds™, and suggest that huge volumetric
regions of rock are opened by fracturing. = This
model of the reservoir, an optimistic one
regarding the amount of heat to be recovered, is
called the volumetric fracturing model, .and is
sketched in Fig. la. However, pressurization and
flow experiments conducted after the fracturing
operations suggest that reservoirs consist of a

discrete number of planar fractures. These

discrete fractures are the main water conduits,
but some . fnterfracture comminicatfon {s afforded
by natura)l jJotfnts. The natural Joints are more
tightly closed than the main fractures and so are

high fiow resistance paths. This reservoir model,
2 more pessimistic one because the heat must
primarily be transported to the few fractures by

Inefficient solid rock conduction, is referred to

as the planar model and is sketched in Fig. 1b.

To examine which of these models 1{s more
appropriate correlations were sought between
injection volume &nd the dimensions of the
fractured rock volume determined by microearth-
quake mapping at several HDR reservoirs. If a
truly volumetric reservoir were to be created,
then the volume of the fractured region should
scale linearly with injection volume, whereas, for

2 planar fracturing model, the area should scale

with injection volume.

Data from six HDR reservoirs was reviewed,
including fracturing experiments in both the Phase
I and Phase 11 Fenton Hill reservoirs, the Phase
11 Rosemanowes reser‘voir2 in Cornwall, England,!
Falkenberg in W. Germany,” Le Mayet de Montagne in
France® and Yakedake, Japan.* The formations
fnvolved consist primarily of hard crystalline
rocks 1ike granite, but the Yakedake formation
consists of slate and very competent sandstone,
with 1 to 2% porosity. Reservoir depths range
from 200 to 4250 m; fracturing pressures vary from

4 to 48 MPa - as, measured at the wellhead, and

injection volumes range from 5 to 40,000 m3.
Ordinary water was used as the fracturing fluid
with the exception of Le Mayet, where a sand and
gelled water mixture was used.

A1l fracture dimensions were taken from micro-
seismic maps of the hypocenters determined for
each experiment. Some degree of Jjudgment 1s
required in defining dimensions from the micro-
sefsmic "cloud" - occasionally several hypocenters
fall outside the main clustering, and in these
cases the outlying hypocenters were excluded.
Because of the subjectiveness {involved, it is
estimated that each seismic dimension has an
uncertainty of +25%, Despite the volumetric
nature of the “clouds”, none is actually spheri-

. cal. A1l can be characterized as ellipsoidal, with

three axes - major, {intermediate, and minor. With
the exception of Fenton Hi1l fracturing experi-
ments 2012 and 2016, the width 4s a horizontal
dimension. The other two axes are referred to as
the down-dip and along-strike dimensions. The
microseismic maps of Expts. 2012 and 2016 suggest
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Natura! Joints Opened
by Pressurization

Figure la.
Volumetric Fracturing Model

fracture zones dipping at 45 ; however all other
fracture experiments exhibited microseismic clouds
with at least one axis, efther the major or the
intermediate one, which 1s approximately vertical.
At Fenton Hi11 the strike bearing has been
generally north. :

-

In both Fenton Hill reservoirs the down-dip
dimension ranges from 50% to 100% of the along-
strike dimension, (averaging 60%), with the
notable exceptions being the 45 zones of Expts.
2012 and 2016, where the dip dimension 1s roughly
twice the strike dimensfon. The width at Fenton

Hi11 has typically been one-half the s‘trike‘~

dimenstion. :

During the Rosemanowes fracturing experiments
in Cornwall 1t was observed that the fractures
grew preferentially downward, extending about 1 km
below the injectfon well, and only 0.4 km above.
Consequently the down-dip (vertical) dimensfon at
Rosemanowes 1s typically twice the along-strike
dimensfon. The width 1s about half the strike
dimensfon and the strike bearing 1s N 50 W, which
{s nearly perpendicular to the measured direction
of the minimum compressive earth stress and.15 to
30  west of the orientation of 2 major set of
natural vertical joints.

At Falkenberg and Yakedake the dip and strike
dimensions are roughly equal and the width {s
again roughly half the strike dimension.

Natural joints, stil mostly closed,
allow diffusive permestion losses

Figure 1b.
Planar Fracturing Model

CORRELATING THE DATA WITH THE
PLANAR FRACTURING MODEL

Figure 2 s 2 Yog-log plot of injection volume
versus seismic area. The area of the seismic zone
was computed as that of an ellipse, /4 times the

roduct of the two largest axes, the down-dip and
ong-strike dimensions. A linear correlation, as

' required for the planar fracturing wmodel, should

result in a straight 1ine with unit slope, and the
fntercept of this 1ine 1s related to b, the water
injected per unit fracture area. Apart from the
Rosemanowes data, which will be taken up later, 2
Tinear correlation does exist, and the dashed
1ines which encompass the remaining data suggest
that b ranges from 4 to 20 mm. To determine if
this range of values is in reasonable accord with
expected values we examine the separate components
of b, that part due to the fracture aperture
{tself, then the part due to permeation.

Fracture Aperture. Geertsma and de Klerk®

determined for 2 circular fracture of radius R,
that the aperture 6 was:

oo "

where u is fluid viscosity, q is injection flow
rate and G is the rock shear modulus, which can be
approximated as 30 GPa, At a typical injection
temperature, 50 C, the viscosity of water is 5 x
10 * Pa-s. A typical injection rate during
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Figure 2.
Correlation of seismic area with injection volume.

fracturing 1s 50 /s (19 BPM), so that taking R =

400 m (a typical 1interwell spacing for HDR
reservoirs), 6 4s 1.0 mm.
derived from measurements of modal volumes and
heat transfer area in the Fenton Hi1] Phase 1
reservoir have ranged from 1.7 toc 4 mn.® In view
of the uncertainties in deriving the value § = 4
mn from the minimum value of b 1in Figure 2 the
number of fractures must be regarded as rather
specblative, but it appears that only one to, at
most, four main fractures were propagated.

Equation (1) {indicates that the average
fracture aperture varies mildly wlgh the fracture
radfus because & scales with R%°“>, and approy-
mating R as yarea/s, then § scales as {area)
and ‘the ;nJection volume should actually scale as
{2rea) ®/® pather than linearly. A detailed
examination of Figure two indicates that there 1s
enough scatter in the data to support this scaling
law; therefore the planar fracturing model {s not
invalidated. Furthermore this slight correction
is” required only for that part of b direc%'rl‘y

" responsible for the fracture aperture, é&.

rematnder of b is due to permeation which, as will
be discussed, does vesult in T1inear {injection

_volume-area scaTing.

Permeation. The remainder of b §s attributable to

osses due to permeation of the rock sur-

round'lng the mafn fracture(s). Using Darcy's law

it can be shown that:’

b-& xdpvﬁuﬁl

(2)

Fracture apertures .

where k is permeabflity, AP is the downhole
pressure change, t fs fracturing durationi and 8
is the compressibility taken as 2.7 x 107!

which s & reasonable estimate for all the HDR
reservoirs. Using the appropriate values, the
;emeabﬂity was computed for each experiment.
he Fenton Hil1l reservoirs have formation permea-
bitities on the order of 1 uD; Rosemanowes is of
order 0.3 to 0.5 mD, and the Falkenberg reservoir
is about 3 mD. The values at Le Mayet, 6 mD, and
Yakedake, 10 uD, must be considered as much more
speculative because of the assumptions required
regarding the viscosity of the fluid used (Le
Mayet) and the formation compressibility
(Yakedake). - Much of the permeability variation is
probably due to depth differences, i.e, the
natural Joints which account for almost all the
permeability in dense rocks are more tightly
closed at greater depths and pressures.

For comparison purposes Fisher and Tester®
found from flow testing and thermal drawdown that
the permeability of the Fenton Hil1l Phase 1
reservoir ranged from 0.1 to 1 uD, in very good
agreement with the value derived here.

Pulse 1n3ection hydrau'lic tests at the very
shallow Falkenberg reservoir® showed that when

- depth intervals were isolated which excluded

natural joints, then k was as low as 0.1 to 1 uD,
but when Jjoints were present k was 3 mD.
Fracturing creates a large surface area which is
1ikely to 1intersect many jJoints, so as expected
our value  agrees well with the values for
intervals with joints.
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. Figure 3.
Correlation of seismic and injection volumes.

CORRELATING THE DATA WITH THE
VOLUMETRIC FRACTURING MODEL

Figure 3 1is 2 log-log plot of injection
volume, Vinj, versus seismic volume Vg.  The
seismic volume was computed as that of an
ellipsoid, which 1s the area of the previous
section times two-thirds the width. Assuming that

~the injected water 1is stored within the seismic

volume, the volumetric fracturing model requires 2
Tinear correlation. - Such a correlation results in
a straight Yine with unit slope, and the intercept
of the 1ine is related to the total porosity, ¢,
as

vinj = ¢Vs Lo ) (3)

The data in Fig. 3 1s too scattered, requiring

a2 varfation in ¢ of two orders of magnitude, to
support a single 1inear correlation for all exper-
{ments. However the data for Rosemanowes and the
Fenton Hill upper phase II reservoir experiments
2018 and 2020 could be forced on individual 1inear
correlatfons as indicated by the bold lines in
Figure 3. The inferred total porosity for

Rosemanowes 1s 9 x 107, in good agreement with
the value expected. from pressurization of the
natural porosfty. The value of ¢ for experiments
2018 and 2020 1s 2 x 10~*, a factor of five lower
than BAP, so the injected volume could have been
sbsorbed by the natural porosity in these experi-
ments also. Evaluating these experiments
according to a volumetric fracturing model s

~ sti11 supported to a degree by the fact that the

pertinent sefsmic clouds do not show any obvious

_planar features.

A nonlinear correlation. However, the seismic
cTouds for the Fenton Hi11 experiments 203, 195,
2012, 2016 and Falkenberg 790CT17 do show one or
more preferred planes upon which the hypocenters
are arranged. Referring to Figure 3 there does

. appear to be a nonlinear correlation for these

}:tter experiments as suggested by the dashed
ne:

Ving © v§/3 (8)

where o is the indication for proportionality. As
Vg was defined earlier as the seismic area, A,



times two-thifds of the width of thé seismic zone,
W, 2nd because we showed earlfer that A o V, ng*
equation {3) fmplies that

W ”m 0.5 . (5)

For much of the data in Fig. 3 the fracturing
injection rate was very roughly constant, so
equatfon (5) simply implies that the setsmic width
is proportional to ytime. This 1s the diffusional
relationship, so the correlation given by the
dashed-11ne fit to the data confirms the planar
fracturing model developed earlier.

SHAPE OF MICROSEISMIC ZONES

Despite the volumetric appearance of the -

microsefsmic zones, 1t was shown that fracturing
usually results in the formation of & single, or
&t most, a2 few discrete, planar hydraulic frac-
tures. Why then the appearance of microearthquakes
in large extended volumetric 2zones? The best
explanation appears to be due to Pearson,® who
argues that the permeation of fracturing fluid
away from the main fractures, along existing, but
sti11 tightly closed natural joints, results in a
pore pressure fncrease in these joints. Using the
usual Mohr circle analysis with a Coulomb-Mohr
shear failure criterion, the pore pressure reduces
the effective stress normal to the jofnts until a
loca‘lued faflure occurs. Numerical calcula-
tions show that natural Joints which are not
2ligned with the principal earth stress directions
are most prone to failure, resulting in a local
shear-slip microearthquake, with dimensions
comparable to the joint spacing. This local
fatlure 1s consistent with the microearthquake
spectra, which indicate rupture radii of one to a
few meters.

Faflure cannot occur at distances from the ,

main fractures which are greater than the distance
to which the pore pressure diffuses, so the micro-
seismic migration 1s 1limited to the diffusion
distance,

L= 2\/|<t (6)

where « fs the hydraulic diffusivity, k/(ug).

Using the Fenton HiN1 values previously
determined, k = 1¥D, u= 1.2 x 10%# Pa.s, and B=
2.7 x 10-11 pa=1 a ten hour experiment results in
2 =10 m, and 2 100 hour experiment yields ¢ « 30
m. However, these estimates are considerably less
than the seismic widths. The explanation for this
discrepancy Jies in the statistical nature of the
Joints. When 2 spectrum of Joints with various

- apertures 1s present, the water loss from a

fracture is given by the sum of the permeabilities
of all the Joints. Thus the permeabilities

derived earlier represent the average
© permeability:
3
- S8 ,
where <a3$ is the average of the cubes of all

Joint apertures, and s is the joint spacing.

Murphy et al.

The diffusfon of fracture fluid along an
individual Joint will be 1n accordance with the
permeability of that particular Joint, not the
average Joint. Consequently the outer limits of
the microsetsmic zone are controlled in large
degree by the Joints with the larger apertures.
The distribution of Joint apertures, which 1s
usually log-normal,l! accounts for .the unusual
temporal distribution of microearthquakes. One
often observes early in an experiment that some
microearthquakes occur far from the injection
point, presumably along Joints with 1large
apertures, and later some events occur much
closer, along joints more tightly closed.

To f1lustrate the point more quantitatively
assume that s is 10 m. Then 1f 211 joints had
constant a, and k = 1D, as at Fenton Hill, then
from equation (7), a must be only 5 um, which is
extremely small. Many Joints must have apertures
many times greater. Suppose several joints are ten
times as large, then the individual permeability
of such joints would be 1000 times greater, and
from equation (6) the diffusfon distance would be
30 times greater, so that a ten hour experiment
would result fn 2 = 300 m. Notice that these

- larger Joints would have apertures of 50 um, which

would stil11 be considered quite small, particular-
1y in comparison to the main fracture apertures.

Where are the Main Fractures? Somewhere
within the microselsmic zones are hidden the main
fracture(s). They are hidden because they are
aseismic, or at least no more seismically active

" than the microearthquakes triggered by pore

pressure diffusion.  An obvious explanation for
the aseismicity is that the main fractures are
caused primarily by tensile, rather than shear
failure. From typical seismic dimensfons and
durations 1t can be shown that the average
fracture propagation velocity 1s of the order of
0.01 m/s, negligibly small compared to the

Rayleigh or sound velocites, so the failure

process fs not an energetic one. It {s quite
1ikely that the process may be an episodic one,
i.e, ‘& sudden, short propagation with velocity
comparable to the Rayleigh velocity, followed by a

quiescent period while the fluid catches up and

re-pressurizes the fracture, but the energy in

" each episode is evidently no more pronounced than

the nearby shear faflures. Furthermore, the
propagation referred to here is probably not true
tensile rupture of virgin rock but merely the
opening of those natural joints with planes most
nearly perpendicular to the minimum earth stress.
In other words,  hydraulic. "fracturing® is the
preferential stimulation, d.e., opening of those
Joints more or less continuous which are most
perpendicular to S3. The opening of these joints,
along which there are no significant components of
shear stress, would indeed be expected to be quiet
compared to the Joints 1inclined to the earth
stresses, which, when partially stimulated by pore
pressure increase, slip in shear, creating the
microearthquakes. :



_-networks are not created.
appearance of the seismicity {is caused by water
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CONCLUSIONS

Fracturing 1n jointed rock masses usually
results in the opening of one, or at best, a dis-
crete number of planar fractures, even f{n
extensively jointed rock formations. Despite the
volumetric, three-dimensional appearance of the
microearthquake maps, truly volumetric fracture
The three-dimensfonal

diffusfon along existing natural) Joints, which
unlike the main fractures are not stgnificantly
opened by fracturing. The evidence cited for
these claims is as follows:

(1) The area, not the volume, of the fractured
zone scales linearly with the {njection volume
for most experiments.

{2) For short duratfon experiments the fluid
injection volume per unit area, b, should be
equivalent to the fracture aperture. The
experimental values so determined are within a
factor of two of theoretical estimates.

{3) For the longer duration experiments b s
greater, but this 1s accounted for by fluid
permeation along the natural joints. In-
creased b was used to infer formation
permeabilities and these were in remarkable
accord, with each of four reservoirs having
consistent values of &k for multiple
experiments. The absolute values are in good
agreement with other measurements.
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