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Observations of joint persistence and connectivity across boreholes

Bhaskar B. Thapa
Kenzi Karasaki
Lawrence Berkeley National Laboratory

ABSTRACT: Observations of joint persistence and connectivity are made by comparison of digital borehole
wall images of fractures, fluid conductivity logs and hydraulic injections test results. The fractures were found
to be generally impersistent across vertical boreholes about 8 m apart. Many hydraulic connections were
found in the same volume of rock. Direct connections through single fractures seem to be rare and
connectivity appears to be controlled by fracture networks, even over small volumes.

1 INTRODUCTION

Joint persistence and connectivity have strong
influences on the hydraulic and mechanical behavior
of rockmasses. Interpretation and joint system
modeling using estimates of persistence has been
described extensively by Dershowitz and Einstein
(1988). Persistence and connectivity are difficult to
measure however, and often the only way to
estimate these parameters is by observation of
outcrops or excavation surfaces. In this paper we
describe observations of persistence and
connectivity made using high resolution digital
images of borehole walls combined with fluid
conductivity logging (Tsang, 1990) and injection
tests.

The borehole wall images were obtained
using a relatively new instrument called the
Borehole Scanner System (BSS). Conductive
fractures were identified using the BSS images and
the fluid conductivity results in three boreholes. The
orientation, aperture and aperture anisotropies of
conductive fractures were extracted from the BSS
images. The orientation of the conductive fractures
were used to project joint intersections with other
boreholes. Since the three borehole studied are fairly
close to one another, it was expected that these joints
would be persistent enough to make connections
across the boreholes and provide direct paths for
fluid flow across the boreholes. Similarity of
apertures and aperture anisotropies were expected to
further enforce the persistency argument on joints
with the same orientation that project towards each
- other based on orientation. These connections in

turn were expected to explain the hydraulic pressure
response connections between packed of sections of
the boreholes observed from the injection test
results. This paper describes results made from
making these observations at the Lawrence Berkeley
Lab’s Raymond field site (Karasaki et. al., 1994).

2 THE BOREHOLE SCANNER SYSTEM

The BSS consists of a probe, depth encoder, winch,
controller, TV monitor and a VIR unit. The
watertight probe houses a white light source and a
magnetic compass at the bottom . A mirror rotating
at 3000 rpm sits directly above the lamp, and
reflects light from the lamp onto the borehole wall
through a glass window. The light reflected off the
borehole wall directed into a photoelectric
transformer. The photoelectric transformer measures
the intensity of the incoming light in the red, blue
and green wavelength bands and converts the
intensities into digital form. The digital data from
the photoelectric transformer is passed to an azimuth
gauge which marks the point in the data stream
corresponding to north. The data then passes
through an amplifier to the controller at the surface
where it is stored on a digital tape. The entire
borehole wall is scanned along a spiral path in this
manner as the winch lowers the probe. The
maximum vertical resolution is 0.001 mm at present.
The resolution along the periphery of the borehole
wall depends on the borehole size. An 89 mm
diameter borehole will have a horizontal resolution
of 0.28 mm. One complete revolution of the probe's
mirror picks up reflectance from all of the



contiguous segments on the borehole wall at the
same depth. The contiguous segments along the
periphery of the borehole wall are discretized into a
line of 1000 data points covering reflectance from
equal angular intervals. A data point in each such
line is a three dimensional vector defining the
reflectance intensity, on a scale of 0 to 255, in the
red, green and blue (RGB) wavelength bands. The
location of the borehole wall segment represented by
each such point is defined by the depth at which the
point was scanned and the rotation sequence number
(1-1000), which specifies the azimuth of the data
point with respect to north. Thus the entire borehole
wall is represented by lines of RGB data points at
successive depths. A true color unrolled image of
the borehole wall can be obtained by combining the
RGB components of each data point on a computer.
Each data point is represented by one pixel on a
computer display of the borehole wall. Figure 1
shows a typical image, in monochrome, obtained
from BSS data by this process. Thapa (1994)
describes the BSS in more detail and compares it to
other logging tools.
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Figure 1: Unrolled image of borehole wall from the
BSS

3 BSS SURVEY AT RAYMOND

A number of hydrologic site characterization
techniques including the BSS were used at the
LBNL site in Raymond California. The Raymond
site is situated in the Sierra Nevada foothills about
60 km. south of Yosemite Valley in central
California. The general site geology consists of
fractured granite overlain by a thin overburden
cover. Nine boreholes between 74 to 90 m. in length

were drilled at the Raymond site using air-
percussion drilling in 1992. Steel casings were
placed in the boreholes to a maximum depth of 15 m
from ground surface. Figure 2 shows the layout of
the boreholes.

The BSS was used to survey the boreholes at
Raymond between February and March 1995.
Unrolled images of the borehole walls were obtained
in five of the Raymond boreholes at a vertical
resolution of 0.25 mm and a horizontal resolution of
0.53 mm. Figure 3 shows unrolled images of the
entire length of borehole SE1 in a reduced format.
Figure 3 provides a useful overall image of
subsurface conditions. The locations of discrete
features like fractures and dikes are clearly
identified by inspection of Figure 3, as are more
extensive features like the weathering profile and
zones of fracture intersection. ‘

swd

Figure 2: Schematic map of borehole locations at
Raymond

Figure 4 shows a more detailed image of the
23-24 m. interval in SE1. The image contains
detailed digital data on the lithology and
discontinuities in gray scale (all of the actual BSS
images are in true color) . Each pixel on the image
shown in Figure 4 is defined by reflectance
intensities in the red, green and blue wavelength
bands as well as a depth recording into the borehole
and an azimuth value. This data is amenable to
analysis using digital image processing techniques.
Thus properties of the fracture seen in the image,
such as aperture, may be derived from the BSS data
collected at Raymond. In addition to fracture
property analysis, the BSS data collected at
Raymond made it possible to image fractures in
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blow out zones that were not picked up by the
alternate approach of using an acoustic televiewer
(ATV).

2%,

Figure 3: Unrolled image of entire borehole length
for SE1

Z4m, J

Figure 4: Unrolled image of 23 - 24 m. interval in
borehole SE1

4 CONDUCTIVE INTERVAL IDENTIFICATION

Several geophysical surveys and hydrologic tests
have been performed at the Raymond site to develop
a hydrologic site model. The U.S. Geological
Survey logged each of the boreholes at Raymond
using the ATV (Paillet et. al., 1985), three-arm
caliper, 16 and 64 inch normal resistivity, natural
gamma, heat-pulse flowmeter, temperature, single
point resistance and spontaneous potential
techniques. Cook (1994) inverted injection test
results between packed off intervals of injection and
response boreholes to obtain an image of hydraulic
connectivity between the Raymond boreholes. Cook
concludes that there are two inter-borehole
connectivity groups: one in the upper east side of the

site and the other in the lower west side. The upper
group connections dip gently to the north while the
lower group connections dip steeply to the south.
Cook adds that it is not known whether these groups
of connections are manifestations of a network of
conductive fractures or just a single fracture.
Finally, fluid conductivity logging (Tsang et. al.,
1990) was used to identify conductive fractures by
logging electrical conductivity in deionized
boreholes as the borehole was being pumped. The
fluid conductivity logs are used as the primary basis
for the identification of conductive fractures in this
paper. Figure 6 shows an example of the fluid
conductivity log for borehole 00. Figure 5 shows the
conductivity recordings with depth on the down scan
and the up scan. The down scan is taken to be more
accurate since the water ahead of the probe is not
disturbed going down the borehole. The sharp peaks
in conductivity are indicators of the presence of a
flowing fracture.

Well 00
Conductivity puS/cm
0 100 200

Depth m

80 4

90 +

dow n scan

up scan

100

Figure 5: Fluid conductivity log for borehole SE1



5 BSS AND INJECTION TEST RESULTS

Comparison of fluid conductivity logs, like that
shown above in Figure 5, with unrolled BSS images
led to a number of joints being identified as possibly
conductive fractures. In some of the borehole
intervals, there was a clearly only one single fracture
responsible for the observed conductivity. In other
intervals, there were a number of joints and it was
not possible to determine a sole conductive fracture.
Table 1 summarizes the conductive spots identified
from the conductivity logging along with all
fractures that could be responsible for the observed
conductivity. Table 1 also gives the apertures of the
conductive fractures and the orientation based
projected intersection depths in other boreholes. The
apertures given in Table 1 are estimates of the true
aperture. Thapa (1994) describes the method used to
obtain these estimates. The aperture anisotropies of
the conductive fractures were also obtained for
possible use in correlation of fractures across
boreholes. Figure 6 shows an example of the
aperture anisotropy analysis result.

Apertures for Joint 57_1

] 50 100 150 200 250 300 350 400

Figure 6: Aperture anisotropy for joint jnt_57_1 of
borehole 00

Table 2 shows projected connections
between joints in various boreholes. These
connections are a subset of the projections shown in
Table 1. Only those projections from Table 1 that
result in an intersection where a conductive joint
exists were taken to be the connections shown in
Table 2. In Table 2, the closest conductive joint in
the borehole to which a joint was being projected, is
shown as being the candidate for the observed
connection. Then the candidate connection is further
evaluated based on orientation, i.e. only joints with
similar orientation in the both origin and observation
boreholes are accepted as a persistent connection.
Finally the aperture anisotropy of fractures forming
persistent connections were compared to further

evaluate the likelihood of a persistent joint
connection.

Table 1: Conductive joints and orientation based
borehole intersection projections '

RAYMOND BOREHOLE 00
orientation mean fected | projected jocted
S opaae) s (0o i1 pmcastt pioces
1. @293 m 1.0t 29 1] 2922 38/333 16.63 A 236 278
2. ©29.9m 2.in 29 2| 29.65 28/348 27.71 N/A 258 277
3. @579m ynt_57 57.29 56/36 3.88 NA 51.! 48,1
. {m_57, 57.34 26/115 4.05 N/A 59. 557 |
i 57 2| 6757 | 4wie3 4.43 NA 65 595 |
. jm_57. 57.67 7/261 98 N/A 57. 594 |
5. fm_57_ 57.87 6263 .96 N/A 57. 594 |
6. fnt_SB_ 58.6 71259 4.37 N/A 58.. 603
42.€604m jM 59 1] 59.19 36/278 274 N/A 56.8 625
4b.@61.0m L jnt 58 2 59.32 25257 5.12 NA 58.9 62 |
. jnt 59 3| 59.4 31/264 4.86 N/A 584 626 |
. jM. 59 4| 59.56 421195 3.36 N/A 64.! 63.6
. jm 89 51 597 51252 57 NA 59. 666 |
. jmt 59 6} 59.9 55242 4.2 NA 61.: 68.2
. jm_60_1| 60.04 27/283 2.64 NA 58 62
8int 60 2 [ 60.19 38/281 2.8 N/A 57. 63.
9. jnt_60.3 .5 38726 4.44 N/A 56. S6.
10.jnt 60 4/ 60.76 43195 45 N/A 66. 64.
RAYMOND BOREHOLE SE1
Conductiva tracture_|BSS observation
by fluid toggs of tractures orientation mean projected | projected | projected
depth (m) | (i .4ir) ure (mm) 00 intercept [se1 interceptiswi intercept
1.@225m 1.jn. 23 1| 2332 38/329 7.16 288 NA 277
i 2.jnt 24 3 245 66/360 2.39 3939 NA 29.1
2.@300m Jrm 28 1| 2806 | 10235 41 7.7 A 29 |
m_28_2 | 285 239 13 13 A 288 |
n_20 0] 2911 39/98 .53 65 WA 226 |
4.m. 29 1] 294 58/144 .64 18 NA 19.
M 20 2] 29.64 | 42149 3.4 23 NA 245 |
M 20 3| 29.83_| 47139 17 22.4 WA 227 |
n_30_1{ 305 135 64 32.1 NA 30.
3. @31.0m . int, 30, 1] "d08 195 3.64 321 NA 30.8
.t 3R 1] 3213 70145 .79 129 NA 20
. jnt 32 2| 3231 30729 4.55 35 NA 30.8
4.m 3R 3| 325 28/60 3.26 333 A 29.6
5 in 3R 4| 3263 18729 2.83 342 NA 32
RAYMOND BOREHOLE SW1
Conduclive fracture IBSS obsarvation
by fiuid Joggt of fractures orentation mean projected | projected | projected )
|depth (m) | (divdipdir) [aperture (mm) 00 mtercept [se1 interceptisw intercep
[1.@143m 1.jnt 141 14.3 1¥/56 3.70 16.1 15.5 NA
2. ©215m ijnt 21 1] 2143 20252 10.51 24 24.1 NA
[3_@640m 1.jm63.1] 6367 59173 13.21 709 825 NA

Table 2: Connections across boreholes (apertures in

. mm)

Connection [<——Origin Joint --——-> | <~—Termination Joint —--->] Orientations [Aperture |
Name Label Aperture Label Aperture | same? |Anisotropy
C1 nt_29_1 of 00 16.63 [jm 23_1ofSE1| 7.16 Y similar
c2 nt_29_2 of 00 2771 nt 23 1ofSE1| 7,16 Y similar
[e] nt_59_4 of 00 3.36 nt_63_10of SW1| 13.2 NA
Cc4 nt_60_2 of 00 281 n.63_10f SW1] 13.2 N NA
Cs nt_60_4 of 00 4.57 nt_63_1cf SW1| 132 N NA
[¢] nt_23_1 of SE1 7.1 jnt_29_1 of 00 6.6° Y similar
[er] nt_28 2 of SE1 3.1 jnt_29_1 of 00 6.68 N NA
c8 nt 29 Oof SE1| 2.5% nt_21_1 of SW1 0. N NA
c9 nt_29_3 of SE1 317 nt_21_1of SW1 0.51 N NA

C10 nt_32_1 of SE1 0.79 nt 21_10of SW1| 10.51 N N/A
C11 it 21 1ofSW1| 1051 |jnt 24 1 of SE1 2.3% N NA

Table 3 shows results from the injection test
results. Conductive fractures involved in packed off
intervals of the injection zone and the response zone
are shown for each test. Also, the connection
number from Table 2 that explains the observed
hydraulic connection is shown in Table 3.



Table 3: Explanation of injection response test
results with joint connections
[

Test 1: Injection into interval 25.4 - 31.3 m of Raymond 00 (inchudas 9 1, jmt

Re: Zone Connection || Remonse | Zona [ Zone |Ra Jointsin | Connection

Zone . SW1 Top Botto Zone - SE1| Top Bott YN Zone Labe!
swiu_ (865 [ 803 none none s8tu_ [ 15.6 | 13. none none.
awium | 10.1 | 23.4 jnt 211 none selum | 14.5] 34. alt |C1,62.C6,C7
awilm_!244; 37.5 nons nons seim | 352154 none none
awll 33.6 | 78.9 int 63 1 nons soll 55.9 | 75. nons nons

0

Test 38 4: injection into intervais 19.9 - 25.8 m and 25.9 - 31.0 m of Reymond SE1
 for Test 4)

includes 231, 24 1 for Test 3 and all joints but 23 1 and 24

Response [ Zone | Zone |Response| Jointain} .. Connection || Response | Zona | Zons |Responss] Jointsin | Connection
one - SW1 T ot YN Zons Labsl |} Zone - 00 | Tep Bott YN Zons Labe!
swiu_[865]8.03 nons none 00u_ [12.2 ] nons none
swivm | 10.1 ] 23.4 Int_21_1]C8,CO.C10,CT1]] 00um | 23.6 | 30.4 25 1,29 2|C1,.C2C6C7
switm [244) 37.5 none nons 00im 31.5| 7. ok none
awli .61 76.8 int 631 none 001 762] 76 none none
L

: injection ito interval 16.1 - 22.1 m and 63.2 - 69.1 m of Raymand SW1
includes jm_1. j

] 3 for Test & and jm_63_1 tor Test I
-------- sponse) Jointsin| __Connection [ Responss [ Zone | Zone |Re: 8] Jointsin | Connection
Zons Label Zone - 00 [ T ot YN Zone Labat
nons none [ 122] 22 none nons
al _|C8,CHC10.CtY Qum | 23.6 | 30 291, 28 2| nons
none none 00im 315176 Al C3.C4C5
none none oot 762 76. none none

gk : alibutint 28 1, int 20 2

6 DISCUSSION

Within the depth investigated, the conductive
fractures form eleven possible direct connections as
shown in Table 2. It is unlikely that persistent
fractures were missed by this study since all possibly
conductive fractures have been analyzed. If the
fractures involved in forming these connections
were persistent across the boreholes, they would be
detected at both ends of the borehole and would
provide direct hydraulic connections that would be
reflected in the injection test results. In fact, only
three of the eleven possible connections actually
exist. These three connections (C1, C2 and C6) are
formed by jnt_29_1, jnt_29_2 in borehole 00 and
jnt_23_1 in borehole SE1. It appears that fracture
persistency is correlated to aperture magnitude since
all of the conductive fractures have fairly large
apertures. However, large apertures do not
necessarily imply persistency as seen in the case of

jnt_21_1 of borehole SW1 for instance. The aperture

anisotropies of the persistent fractures were similar -
i.e. they all have relatively larger apertures at about
azimuth 75 and 250. From this, it appears that even
over small distances (about 8 m.) fractures in granite
are generally not persistent.

From Table 3, it can be seen that even if the
conductive fractures were persistent only 6 out of 21
positive pressure responses across boreholes could
have been explained with single fracture

connections. As it is, fractures were mostly
impersistent, and only 2 of the 6 single fracture
explanations of positive pressure responses actually
exist based on the present study. Thus it appears that
even over small volumes, the rockmass is well
connected by impersistent fractures. This implies
that the fracture network, which has not been
developed yet for the site, provides the main
pathways for fluid flow.

7 CONCLUSIONS

Although it appears that the fractures seen in this
study are impersistent, further work is needed to
verify that the curvature of these exfoliation
fractures are not making them intersect the adjoining
borehole at depths different than predicted by plane
projections. For connectivity, fracture networks
appear to be more important than direct single
fracture connections, even over small distances.

Aperture anisotropy provided a useful new
method of assessing persistence. The analysis of
aperture anisotropy could be expanded to investigate
its correlation to fracture surface morphological
features using such techniques as described by Bahat
(1991).
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