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ABSTRACT: Hydraulic fracturing tests are often utilized in order to measure stresses in rock. In most cases,
the fracture forms perpendicular to the orientation of the minimum principal stress whose magnitude can be
determined by the so-called shut-in pressure. In order to find the orientation of the minimum principal stress the
fracture orientation has to be measured. This can be done by Acoustic Emission (AE) measurements. Usually,
for this purpese AL transducers arc positioned in separate boreholes around the central borehole where the
hydraulic fracturing takes place. Recently, we have developed a new borehole tool which is able to do the same
Jjob utilizing only one borehole. The said tool includes the hydraulic pressurization unit with the AE sensors.
Due to the small distance between the injection interval and the AE sensors, this tool is much more sensitive
than the conventional AE method. In addition, the sensitivity is the same for all fractures independent of borchole
depth. During the last six years, we have performed about 100 hydraulic fracturing tests on rock salt and anhy-
drite in different salt mines. The paper presents some results of these tests which demonstrate the capabilities of

the new borehole tool.

I INTRODUCTION

The hydrautic fracturing method is able 1o measure
the stress in rock directly. During a hydraulic fractur-
ing experiment the hydraulic pressure in a sealed vol-
ume of a borehole is increased up to fraclure initiation
in the rock. At the end of the forties of the last cen-
tury, the hydraulic fracturing technique was applied
first to raise the ol or gas output by increasing the
permeability of rock. Later on, in the fifties, a lot of
attempts were made to find out the correlation of
m-situ stress state and results of hydraulic fracturing
tests. Significant in this field was the work of Hubbert &
Willis (1957). They were the first to demonstrate the
influence of local tectonic stresses on the orentation
of hydraulically induced fractures. They assumed that
the fracture propagates in the dircction of lcast resist-
ance and that the pumping pressure to merely keep an
induced fracture open is equal to the mininum prin-
cipal stress. Kehle’s (1964 determinations of tectonic
stress through analysis of hydraulic well fracturing
agree closely with those calculated using Hubbert’s
and Willis” model. Kehle concluded that the minimum
principal stress corresponds to the so-called instanta-
neous shut-in pressure, i.e. the pressure reached some

time afier stopping pumping at the end of the test.
Fairhurst (1964) was the first who suggested to usc
hydraulic fracturing for stress measurements in rock.

In all applications dimension, shape and orienta-
tion of the fracturcs arc of upmost importance for
determination of the in-situ stress state. The usually
applied methods to determine the ortentation of the
fracture plane like overcoring, fissure forming with
packer or visual inspection using a borehole camera
are limited in borchoele diameter and very expensive,
in particular for hydraulic fracturing tests in greater
borehole depths. All these methods need clearly dis-
cernible fissures at the borchole wall and assume that
the direction of fracture propagation is not influenced
by changes of the stress state close to the borehole.
With other words, a change of the fracture direction
due to siress redistribution in further distance from
the borehole can not be observed.

In order to determine the orientation of the princi-
pal stresses, the fracture orientation must be known,
A lot of papers show that acoustic emission {AE) 15
suitable to measure crack orientation and exiension
utifizing three-dimensional source location. Lockner
and Byerlee (1977) located AE events during hydraulic
fracturing experiments in small Weber sandstone
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specimens. Eisenblitter (1988) located microcracks
during hydraulic fracturing tests in a salt mine. Manthei
et al. (1989) applied AE measurements during a hydra-
ulic fracturing test on a large specimen of rock salt.
Ohtsu 1991 used the moment tensor analysis to study
crack types and orientations of AE sources detected
during in-situ hydraulic fracturing tests in siliceous
sandstone. Manthei et al. {1998a) demonstrated that
macroscopic crack orientations depend on the tectonic
stress field i the rock. They showed that the orienta-
tion of the fracture planes as measured by acoustic
emission agrees remarkably well with the orientation
of the calculated principal stresses.

In order to measure the crack orientation and exten-
sion, AE transducers are usually positioned in separate
boreholes around a central borehole (Manthei et al.
1998b) where the fracturing tests take place. Recently,
we have developed a new borehole tool which is able
to do the same job utilizing only one borehole. This
borehole tool includes the hydraulic pressurization
unit with the AE sensors. Due to the same distance
between injection interval and sensor arrays the sensi-
tivity of AE registratton is always the same independ-
ent of the borehole depth. 1t is possible to trace back
the realistic fracture propagation in distances up to 15
to 20 times of the borehole diameter. Other expensive
mspection methods are not needed.

During the last six years, we have performed about
100 fracturing tests on rock salt and anhydrite in hor-
izontal as well as in vertical boreholes in different salt
mines. In the following, after a short description of
the experimental set-up some examples will illustrate
the capabilitics of the new borehole tool.

2 EXPERIMENTAL SET-UP

The new borchole tool which was developed by IfG
Leipzig and GMuG Ober-Morlen (Manthei et al. 1989)

is shown schematically in Figure 1. It consists of two
parts — the hydraulic pressurization unit in the middle
and two AE sensor arrays at both ends. It is applicable
to borehole diameters between 98 mm and 104 mm.
The overall length of the borehole tool is about 2 m.
Each sensor array includes four AE transducers in a
cross section perpendicular to the borehole axis. The
distance between the AE arrays is approximately 1.5 m.
The transducers with integrated preamplifiers are
placed in a common housing which is screwed to the
pressurization unit. The transducers are pressed pneu-
matically against the borchole wall. The preamplified
signals are supplied to an 8-channel transient recorder
card which is controlled by a portable personal com-
puter. The transient recorder card (sampling rate
1.25 MHz, resolution 12 bit) is read each time a signal
passes the trigger threshold. The borehole pressure
and the pressure which is applied to the packer are
measured using pressure cells. The signals of the pres-
sure cells are digitized usually each second and stored
on the hard disk of a notebook.

The evaluation of signals stored in digital form
was made first in the laboratory. At present, a quasi
online location is possible onsite. For locating the
events the onsets of the compressional and/or shear
waves are picked automatically. A special localiza-
tion algorithm has been developed in order to esti-
mate the distance, inclination (to the borehole axis)
and the azimuth of the AE source. The test measure-
ments showed that the accuracy of distance and
azimuth estimation was about 0.15m and *10°,
respectively.

After a tightness test a high pressurization rate is
applied for fracturing the rock. In the shut-in phase
the pressure is observed up to several hours. After
each hydraulic fracturing test a refracturing test is
normally performed in order to confirm the observed
shut-in pressure. During a fracturing test several hun-
dreds of milliliter otl are injected.

AE sensor array Injection interval AE sensor array
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Figure I,

Hydraulic fracturing borchole tool (schematically).
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3 RESULTS

3.1 Hydraulic fracturing test series at the 500-m
level in the salt mine Bernburg

A hydraulic fracturing test series at the 500-m level in
the salt mine Bernburg was performed in an arca
where the rock stresses are influenced by the propa-
gation of an excavation front in direction to the test
site. Figure 2 shows the location of the AE events
which were detected during a hydraulic fracturing test
(including the fracturing and the refracturing test} in
4m depth in a horizontal borehole in projection o
three coordinate planes (x-y-plane: top view; x—z-plane
and y-z-plane: two lateral views). The location of the
transducer arrays and the injection interval is indi-
cated by means of circles and rectangles, respectively.
The y-axis is parallel to the injection well.

All together, more than 5,100 AE events could be
located during the test. The located events mark a
clearly discernible fracture plane. The fracture initi-
ated in the middle of the injection interval and propa-
gated in radial direction transverse to the injection
well. In order to get the orientation of the fracture

-2 m -X=> Z2m

plane the volume of a parallelepiped was minimized
through rotation in perpendicular axes. The edge
lengths of the parallelepiped are the mean deviations
of the events from the centre of gravity in each coor-
dinate axis. Two rotations (first with azimuth angle
around the z-axis and second with inclination angle
around the x"-axis) are necessary to minimize the vol-
ume. After rotation of the coordinate system a nearly
perfect plain fracture appears in the x'—y'-plane in
Figure 3. Most events are located at the crack tip (x'-z’-
plane). This is due to the fact that during fast crack
propagation at the beginning of each fracture phase
AE events are emitied so frequently that they overlap
cach other and, therefore, cannot be located. Figure 4
shows separately the events of the fracturing (left-
hand side) and refracturing tests (right-hand side) in
4m borehole depth in a rotated coordinate system
where the fracture plane lies within the x'-z'-coordi-
nate plane. During the refracturing test the crack
slightly enlarged from 2.1 m to 2.5 m (measured in the
largest diameter). The AE activity of the refracturing
test starts after reaching the crack extension of the
previous performed fracturing test.
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Figure 2.

Located AE events of a the hydraulic fracturing test in 4 m borehoele depth in projections to the three coordinate planes.
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Figure 5 gives an overview on all hydraulic frac-
turing tests performed in this borehole at depths of 2 m,
4m, 7m, and [0.4m. Approximately 15,000 located
events are shown in a top view (at the left-hand side)
and 1n a lateral view (at the right-hand side). Most
of the events (11,216) could be localized during the
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Figure 3. Located AE events of a hydrautic fracturing test
in 4m borchole depth in projections to 1he rotated coordi-
nate planes.
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fracturing test in 2 m and 4 m borehole depths. On the
contrary, in larger borehole depths much less events
(3696) were located in spite of the fact that the
same oil volume was injected. This observation may
be explained by larger deviatoric stresses close to the
contour of a gallery. The extension of the fractures is
nearly independent of borehole depth.
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Figure 5. Located AE cvents of a hydraulic fracturing
series at the 500-m level of the salt mine Bernburg in pro-
Jections to two coordinate planes,
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Figure 4. Located AE events during a fracturing test (left-hand side) and a
{right-hand side) in projection to the rotated coordinate system.

refracturing test in 4m borchole depth
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Figure 6 displays the orientation of the normal vec-
tor of the fracture plancs (filled dots) in a so-called
Schmidt-net diagramme. In this diagramme the cut-
ting points of the normal vectors which correspond to
the direction of the minimum principal stress are plot-
ted 11 an equal-arca projection to the lfower hemi-
sphere for each fracturing test. The injection well runs

Figure 6. Orientation of the normal vector of fracture
plancs as seen in Figare 3 m the Schmidt-net diagramme.
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Figure 7.

west-cast (marked by a thick line). The orientations of
the fracture planes change with borehole depth. In dis-
tances up to 4m from the contour of the gallery, the
fracture planes arc inclined nearly vertical and orien-
tated 1n west-cast direction. The azimuth angle (meas-
ured clockwise from north) ranges from 83° (at 2m)
to 72° (at 4 m). In greater borehele depths the mnclina-
tion of the fracture planes decreases up to a value of
approximately 45° and the fracture planes turn north.

3.2 Hvdrauwlic fracturing test series at the 800-m
level in the salt mine Asse

The fracturing series in the salt mine Asse was carried
out in a pillar of 10m width between two dnifts, The
honizontal injection well of 353 m length was located in
the centre of the pillar and was drilled parailel to the
drifts. In this injection well four hydraulic fracturing
tests took place in 3.5m, 7Tm, [0m, and 13 m borehole
depths. Figure 7 shows at the left-hand side the located
AE events (in total 6125 events) in projection o two
coordinate planes. In the top view (x—y-plane) it can be
seen that all fracture planes have nearly the same orien-
tation independent of borehole depth. The Schmidt-net
diagramme at the nght-hand side indicates the same.

Left-hand side: Located AE events of a hydraulic fracturing series at the 800-n fevel of the salt mine Asse in pro-

jections to two coordinate planes. Right-hand side: Orientation of the normal vector of the fracture planes in the Schmidt-net

diagramme.
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Figure 8. Location of AE cvents in projection parallel to
the gallery axis together with the profile of the gallery and
the location of the injection well.

All fracture planes are vertical and extend between the
transducer arrays parallel to the borehole axis.

Another example of a hydraulic fracturing test with
remarkable results is given in Figure 8. The test was
carried out in approximately 2m borchole depth in a
horizontal injection well at the same test site in the salt
mine Asse. This figure shows a projection parallel
to the wall of the gallery together with the measured
profile of the gallery and the location of the injection
well. During the fracturing and two refracturing tests
about 1560 events could be localized. The fracture
plane runs parallel to the contour of the wall imaging
perfeetly its profile. This of course indicates that the
stress state m this zone is strongly influenced by the
Iree surface at the wall of the gallery.

4 CONCLUSIONS AND FURTHER
APPLICATIONS OF THE BOREHOLE TOOL

The presented examples demonstrate that the new
hydraulic fracturing borehole tool is capable of meas-
uring the orientation of the minimum principal stress
by three-dimensional AE source location utilizing
only one borehole. The short distance between the
injection point and the AE sensors leads to a high
sensitivity of AE event registration. Therefore, the
macroscopic fracture plane will be imaged by a great
number of AE locations. Due to the fast progress of
registration hardware and computer technique the
number of located events could be raised in the last
years by orders of magnitude. During the first fractur-
ing tests with the said borehole tool. only a view hun-
dred events could be localized. Now it is possible to
focate up to ten thousand events during a single test.
Generally, the borehole tool is applicable in all rocks
which show spontaneous and fast crack formation.
Difficulties will occur in layered or multiply jointed

rocks. Such rock types have a high attenuation and
strong absorption of the elastic waves.

The borehole tool was developed and applied in
underground waste disposal research projects where
knowledge about the stress state in rocks was needed
to characterize strength, tightness, and deformation
behaviour of the host rock which has to isolate haz-
ardous radioactive or chemical wastes from the bios-
phere for a long time. On the other hand, hydraulic
fracturing measurements deliver valuable data fike
absolute magnitude and orientation of the minimum
principal stress for the validation of structural models
which are used to calculate the geomechanical evolu-
tion of the long-term stability of mines.

The borehole tool is also useful where stress meas-
urements are needed to evaluate safety aspects in
operating mines as well as to support the licensing
procedure for sites of underground waste disposals.

Further promising applications relate to tunnel
excavation in rock and to the construction of geotech-
nical barriers like dams.
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