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ABSTRACT: The state of stress at the Stripa Mine has been measured both in a 381 m deep 
hole drilled from the surface and in holes drilled from the drifts underground. Hydraulic 
fracturing and several overcoring methods have been used (Lulea triaxial gauge, CSIRO 
gauge, USBM gauge, Swedish State Power Board deep-hole Leeman triaxial gauge). Propagation 
of the hydraulic fractures underground vas monitored acoustically in an attempt to 
determine the location and orientation of the fractures. The results of overcoring and 
hydraulic fracturing agree well, particularly for the magnitude and orientation of the 
greatest stress. The hydraulic fracturing data were interpreted using first breakdown 
pressures and tensile strength values determined using statistical fracture mechanics. 
Shut-in pressure values were obtained from semi-logarithmic plots of the post-breakdown· 
pressure decay and from reopening the fractures at low pumping rates. 

INTRODUCTION 

For the past several years the Stripa Mine in 
central Sweden has been the site of hydrologic and 
rock mechanics field testing to evaluate the 
technology of storing radioactive wastes in granitic 
rocks. Data on the state of stress has been 
recognized as a necessary parameter for the analysis 
of the data at the site, and over the past two summers 
we have been carrying out a program of in situ stress 
measurements by hydrofracturing and a variety of · 
overcoring techniques. 

In addition to the primary purpose of the stress 
measurement experiments, which vas to determine the 
state of stress for the purpose of analyzing the 
heater test data, the work at Stripa has provided an 
opportunity to compare the results of several stress 
measurement techniques at a common site, and to 
measure the effect of a large mine on the state of 
stress. 

It was hoped that this work might help to resolve 
some of the controversy surrounding stress measurement 
techniques. Hydraulic fracturing, which has become 
very popular as a deep measurement method, has been 
questioned over such issues as the non-colinearity of 
the hole with principal stress directions, the role of 
rock tensile strength, and the interpretation of 

c.J shut-in pressure records. Over coring results have have 
often shown a large degree of scatter in the data 
raising questions about a large influence of 
small-scale, local heterogeneities on the results of 
the strain gauge measurements. Hydraulic fracturing 
and overcor~ng have not been carried out in a common 
borehole more than a few tens of meters deep. 
Measurements have been made underground by hydraulic 
fracturing and overcoring at only a few sites 
( Haimson, 1981) • 

In performing comparative measurements by 
overcoring and hydraulic fracturing, the true state of 

stress is not known, thus it is not possible to state 
that one method is correct and the other is incorrect. 
The value of comparative studies comes if the results 
agree, for then one's confidence that the measurements 
reflect real in situ stresses is increased. 

The Stripa stress measurement program has been 
carried out in two stages. The goal of the. first stage 
vas to determine the state of stress at a location 
where the influence of the mine openings would be 
small. We are calling this the far-field stress, and 
the program for obtaining its values involved drilling 
a 381 meter borehole, SBH-4, at a location about 300 
meters north of the mine (Figure 1). During the 
drilling the Swedish State Power Board performed 
seventeen stress measurements using their unique, 
deep-hole triaxial gauge. The measurements were 
performed in groups of about four at four depth 
levels: 100, 200, 300, and 380 meters. After the hole 
was completed, sixteen hydrofracturing tests were 
performed between 25 meters and 369 meters depth, with 
a larger proportion of the measurements made around 
the depth of the underground test faciltity at about 
320 meters. 

The goal of the second stage of the program was 
to determine the state of stress in the immediate 
vicinity of the full scale heater tests underground 
(Figure 1). This near-field state of stress was 
determined using hydrofracturing, the Swedish State 
Power Board deep hole triaxial gauge, and a variety of 
more familiar overcoring techniques including the USBM 
borehole deformation gauge, the University of Lulea 
(LuH) triaxial gauge, and the CSIRO triaxial gauge. 

FAR FIELD MEASUREMENTS 

Stress Measurement Data 

The measurement of the stresses in deep hole 
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Figure 1. Location of stress measurement boreholes at 
Stripa Mine. SBH-4 is a 381 meter hole drilled from 
surface; BSP-1, 2, and 3 are drilled in the vicinity 
of the heater test drifts underground. Inserts show 
location of mine in Sweden as well as the orientations 
and magnitudes of the horizontal stresses determined 
in the surface hole and underground. 

SBH-4 has been described in Doe (et al., 1981). The 
procedures used in the overcoring are summarized in 
Figure 2. The Swedish State Board triaxial gauge has 
been adapted from the Leeman triaxial gauge for use in 
deep holes by vireline emplacement. The gauge 
measures the complete state of stress through the 
response to overcoring of three strain gauge rosettes, 
each having three components. The rosettes are 
cemented to the vall of a 36 mm pilot hole which is 
then overcored with a conventional 76mm (NX) double 
tube core barrel. The principal stress data from the 
overcoring are summarized in Figure 3. The data 
exhibit a large degree of scatter in the magnitudes, 
however there is consistency in the orientations of 
the principal stresses. The greatest principal stress 

·is oriented horizontally. however, the other principal 
stresses are generally skewed with respect to the 
vertical and horizontal. Hence the usual assumption 
in hydrofracture data analysis that the borehole is 
oriented in the direction of one of the ~rincipal 
stresses is not met. 

Methods for analyzing the hydraulic fracturing 
data are described in the Appendix. Briefly, the 
methods used the first breakdown pressure and a 
tensile strength term determined in laboratory 
testing. This method is considered more reliable than 
second breakdown techniques of Bredehoeft, et al. 
(1976) or Zoback, et al. (1980) for sites where the 
horizontal stress ratio exceeds two as for such ratios 
the theoretical second breakdown pressure is less than 
the shut in pressure (Doe, et al., 1981). The tensile 
strength term has been derived using methods of 
statistical fracture mechanics (Ratigan, 1981) which 
take into account the differences of size effect and 
sample geometry between laboratory tests and field 
fracturing tests. 
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The orientations of the fractures were obtained 
using a wireline impression packer which contained a 
borehole survey compass for packer orientation. The 
vireline operation saved considerable time over 
emplacement methods using rigid tubing. 

Comparison of the Far-Field Hydrofracturing and 
Overcoring Results 

Two bases for comparing the results of the 
overcoring and hydraulic fracturing are used in this 
paper, the orientation of the maximum horizontal 
stress, and the magnitudes of the maximum and minimum 
horizontal stresses at a depth of 320 meters in the 
hole, which is the depth of the test facility. The 
horizontal stresses are used for comparison because 
the hydrofracture test is generally thought to measure 
mainly the stress components normal to the borehole. 
The stress magnitude .at the test facility depth is 
determined by interpolation of a linear regression of 
stress versus depth. 

The data for the orientation of the maximum 
horizontal stress versus depth are shown in Figure 4. 
The mean orientations of the maximum horizontal stress 
directions fortuitously agree within a one degree of N 
83 W for the two techniques. The 95% confidence 
levels for the means are determined using the methods 
of Mardia (1972) and are both about ~ 20 degrees, thus 
one can conclude that the correspondence between the 
overcoring and hydraulic fracturing is quite good. 
The confidence intervals could have been improved to 
about ~ 15 degrees had over twenty measurements been 
made. Further improvement in the statistics with 
larger numbers of measurements is probably not 
.practical from the standpoint of cost and from the 
lack of suitable test zones. 

The magnitudes of the secondary principal 
stresses for the overcoring and the hydrofracturing 
are shown as a function of depth in Figures 5 and 6. 
The data have been fitted to regression lines whose 
coefficients are given in Table 1. The horizontal 
stress magnitude for the tvo methods also agree 
closely. The hydraulic fracturing has somewhat better 
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Figure 2. Procedures used in Swedish State Power Board 
stress determinations. (1) drilling of 76mm borehole, 
(2) drilling 36mm pilot hole, (3) inspecting the core, 
(4) running the strain gauge carrier into the hole by 
wireline, (5) setting the strain gauges and taking 
first set of gauge readings, (6) removing strain gauge 
carrier from hole, (7) overcoring, and (8) removing 
strain gauged core from hole and taking final strain 
gauge readings. 



confidence intervals than the overcoring, particularly 
for the horizontal minimum stress, but both methods 
provide estimates for the mean stress values at the 
depth of the test facility within ~ 20% or better. At 
the depth of the Stripa test facility the regression 
values are: 

Hydrofracturing 
(First Breakdown 

Hydrofracturing 
(Second Breakdown 

Over coring 

0 HMax 
22.1 ~ 2.1 

Method) 
16.3 + 2.2 

Method)-
25.4~2.9 

0 HMin 
11.1 ~ 0.8 

11.1~0.8 

12.1. ~ 2.4 

The standard errors o! estimate for all the 
measurements and the confidence intervals for the 
regression slopes are as high as + 50~ for the 
magnitude data. This large amount of uncertainty 
suggests that a stress measurement program consisting 
of only a few measurements at a site may be 
insufficient to adequately determine the stress 
magnitudes. 

The large standard errors of estimate and the 
large confidence intervals for the slopes of the -
regressison lines show that reliable predictions of the 
~~stresses at depth cannot be made either on the 
basis of a few measurements or by extrapolating the 
results of a set of measurements taken at shallow 
depth. 

NEAR-FIELD MEASUREMENTS 

The second phase of the Stripa stress measurement 

108 -112m 

198- 201m 
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program vas to measure the in situ stress in the 
i111111ediate vicinity of the the full scale heater 
experiment (Figures 1 and 7). Three holes were 
drilled for the purposes of stress measurement. Hole 
BSP-1 (BSP stands for bergspanning, or rock stress in 
Swedish) was drilled vertically downward from the 
center line of the full scale drift to a depth of 25 
meters. This hole was 76mm in diameter and vas used 
for hydraulic fracturing and for overcoring by the 
Swedish State Power Board method. Two holes were 
drilled from the extensometer drift, an opening 
excavated parallel to the full scale drift at a lower 
level to allow the installation of horizontal 
extensometers in the original heater experiment. Role 
BSP..;2 was drilled with a diameter of 76111111 to a length 
of 20 meters and was used exclusively for 
hydrofracturing. The hole vas drilled at an angle 
three degrees downward from the horizontal to assure 

·that the hole would remain full of water during the 
hydrofracturing tests. Hole BSP-3 had a diameter of 
150 111111 and was drilled to length of 12 meters for use 
in USBM, CSIRO, and LuH triaxial gauge measurements. 
The bole vas drilled at a small angle upward from the 
·horizontal to aisure that water would drain from the 
hole and not affect the bonding of the triaxial strain 
gauges. 

An acoustic emission experiment was set up by 
Ernest Majer of Lawrence Berkeley Laboratory to detect 
the propagation of the hydraulic fracture and, 
hopefully, to map its location. The layout and 
results of the acoustic. experiment are discussed in 
Majer and Me Evilly (1982). 

In addition to the simple comparison _of the 

~"'""' ~\~ ~ ~' 300-326m / • \ / £>26.2 ("2&8 \ ( "'9.1 •u'-
( a.rre ~93 \ /&no 1 \ 0 \ 1 o \ 
I ' I '~'I ' 
: ) : 

0
15.2 ! 1044 

oiU ) \ ~~ 
I j / • o8 I 

.zo.1 / / , / \"-. I 
---__/ ',,..__/ K7 ~ ~/ 

·~n~ ( ... ,,., - .. \ 1116.2 A\ I 1122.8 \ 

I 344 
) 38 I \ ! 30.6 ... \ . I I I 

\ 0 7o 1 ~. 1 
I · I \ 8.3 ""~ 0

r3 / ~ 

I 
I 

\ 0 zr 
\ 1~5. 
' .. , 
"-.~· 

Figure 3. Lower hemisphere stereographic projection of results of overcoring stress 
measuremen~a in SBH-4. Figures given at left denote depth ranges for each row of plots. 
Stress magnitudes Sl"e given in MPa. Greatest principal stress- .triangles, intermediate 
principal stress- squares, least principal stress- circles. 



stress values from the various overcoring techniques, 
the underground experiment had several other 
objectives including: 

o investigating the effect of the hole orientation on 
the hydrofracture results, 

o measuring the influence of the extensometer drift 
and full scale drifts on the in situ stress 
orientations and magnitudes, 

o investigating the correspondence of the acoustically 
mapped hydrofracture plane with the plane normal to 
the least principal stress determined by the 
overcoring. 

Predicted State of Stress in Full Scale Drift Area 

Chan, et al. (1981) performed a series of 
two-dimensional boundary element calculations of the 
stress field in the area of the full scale drift based 
on the far field measurements. The results, shown in 
Figure 8, predicted what should be found in the field 
measurements. Along BSP-1 - the vertical hole 
drilled downward from the centerline of the full scale 
drift -- the model predicted that the principal stress 
orientations and magnitudes should not vary much from 
the far field values. Along the horizontal holes, 
BSP-2 and BSP-3, considerable change due to the 
influence of the extensometer drift was predicted. 
The maximum. stress should. be vertical near the drift, 
and then rotate towards the horizontal as. the holes 
approach the full scale drift. 

N NE E SE s 

• 
• 

100 ..... .. 

• .. •• • • 200 

• H yclrofracture 

A o-corincj 

300 • • 
• • 

• • .. t 
400 

:tBL 8L10-253S 

Figure 4. Orientations of maximum horizontal stress 
versus depth as determined by hydraulic fracturing and 
overcoring SBH-4. 
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Figure 5. Magnitudes of horizontal stresses determined 
by overcoring in SBH-4. Triangles are maximum 
horizontal. stress, circles are minimum horizontal 
stress. Curved lines are the 90% confidence intervals 
for the_ordiuate to the regression line. Large, open 
data po1nts are the values of stress at the depth of 
the test facility as predicted-by the regression. 
Error bars on either side of the open points are equal 
to the standard error of estimate. 
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Figure 6. Magnitudes of horizontal stresses determined 
by hydraulic fracturing in SBH-4. See Figure 5 for 
explanation of symbols. 
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Figure 7. Diagram showing relative positions of the 
full scale drift, the extensometer drift, and the 
stress measurement boreholes. Orientations of typical 
hydraulic fractures shown for the 76mm holes BSP-1 
and 2. Swedish State Power Board overcores

1

were 
taken in BSP-1; USBM, CSIRO, and LuH overcores were 
taken ~n BSP~3. Approximate values for the magnitude 
and or~entat~on of stress ellipsoid from the 
overcoring are shown in the lover right hand part of 
the diagram. 
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Figure 8. Stress distribtions around full scale and 
extensom~ter drift as predicted by boundary element 
calculat~on based on the far-field stress results 
(Chan and Saari, 1981). 

· RESULTS OF OVERCORING MEASUREMENTS 

Swedish State Power Board Leemen Gauge Measurements 
(BSP-3) 

The results of all overcoring measurements 
(excluding the CSIRO) are presented in Table 2. 

A total of six measurements ~ere ma~~ with th~ 
Swedish State Power Board Leeman gauge. Toe 
measurements were performed between 1.3 and 10.0 
meters below the floor of the full scale driit. '!"he 

5 

principal stress data are given in Table 2 and the 
orientation data are shown in Figure 9. The direction 
of the maximum principal stress is very consistent 
among the measurements and is oriented-parallel to the 
axes of the two drifts. The intermediate principal 
stresses are oriented off the vertical an average of 
about 30 degrees. The minimum principal stresses are 
within about 30 degrees of the horizontal. There is 
little discernable trend to the changes in orientation 
of the minor principal stresses with depth. 

LuH Triaxial Gauge Measurements (BSP-3) 

The University of Lulea (LuH) triaxial gauge is a 
modification and improvement on the original Leeman 
triaxial gauge. The data reduction procedures are 
identical for the two gauge types. Eight University 
of Lulea LuH triaxial gauge measurements were made at 
hole lengths between 2.5 and 11.2 meters. The 

.magnitudes of the principal stresses are given in 
Table 2 and the orientations are shown in Figure 10. 
The magnitudes of the principal stresses vary along 
the length of the hole, but not to the extent which 
vas predicted by the modelling. The maximum principal 
stress is consistently parallel to the axis of the 
drifts and coincides closely with the direction 
measured by the Power Board. The intermediate and 
minor principal stresses are nearly 45 degrees off the 
vertical and horizontal directions near the collar of 
the hole. As the hole proceeds towards the full scale· ·.:. 
drift, the intermediate stress rotates towards the · ::<; 
horizontal and the least stress rotates towards the .. ·~:·. 
vertical. This rotation is consistent with the '"'~-. 
predictions of the boundary element model predictions >,·c, 

shown in Figure 8. 
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Figure 9. Lower hemisphere stereographic projection of 
the hydrofracture planes and the principal stress 
directions determined by overcoring in the vertical 
borehole, BSP-1. Identification numbers are given for 
each test (see Tables 2 and 3 for depths). For the 
overcoring, greatest principal stress values are shown 
with triangles, intermediate principal stress values 
are shown with squares, and least principal stress 
values are shown with circles. 



The mean orientations of the principal stresses 
agree well with those measured by the Power Board in 
BSP-1. There is, however, a minor discrepency between 
the LuB and the Power Board results in the orientation 
of the lesser principal stresses under the Full Scale 
drift. One would expect that the Lulea measurements 
closest to the end of the hole, which is near the 
centerline of the full scale drift, would be the ones 
most closely coinciding with the Power Board results. 
Such is not the case as the measurements at the end of 
BSP-3 show the greatest divergence with the Paver 
Board results. 

USBM Borehole Deformation Gauge Measurements (BSP-3) 

The USBK borehole deformation gauge was used in 
the same hole as the LuB gauge and CSIRO gauge 
measurements. Unlike the triaxial strain gauges, the 
USBM gauge measures only the stress components normal 
to the hole axis. This disadvantage is balanced 
against the greater rapidity and reliability of the 
USBM gauge. Strain gauge measurements and deformation 
gauge measurements complement one another when used in 
the same hole. The strain gauges provide the three 
dimensional information, and the deformation gauge 
provides the larger number of measurements necessary 
for confidence in the stress determination for a site. 

Nine USBK measurements were made at hole depths 
ranging from 1.1 to 9.7 meters. The results of the 
USBM measurements are plotted along with the secondary 
s.tress data for the LuB gauge measurements in Figure 
11. The agreement is excellent for both magnitude and 
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Figure 10. Lower hemisphere stereographic projection 
of the hydrofracture planes and the principal stress 
stress directions determined by the LuB gauge (solid 
symbols) and CSIRO (open symbols) overcoring in the 
sub-horizontal boles, BSP-2 and 3. Identification 
numbers given for each test (see Tables 2 and 3 for 
depths). Greatest principal stress values are shown 
with triangles, intermediate principal stresses are 
shown with squares, and least principal stresses are 
shown with circles. 
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orientation. The mean secondary stresses with 90% 
confidence levels for the means are 

LuB 
USBK Gage 

crBmax 
(KPa) 

20.0 ±. 3.3 
17.5 ±. 2.3 

crHmin 
(KPa) 

4.5 ±. 0.8 
4.3 ±. 1.4 

The maximum secondary stress, which is very close to 
being the maximum principal stress, is horizontal for 
both techniques. 

CSlRO Triaxial Gauge 

The CSIRO triaxial gauge (Worotnicki and Walton, 
1976) is a hollow cylinder which is grouted into a 38 
mm pilot hole and then overcored. The gauge is 
similar to the Leeman triaxial gauge in that it 
contains three strain gauges rosettes with three 
components eacb. The data reduction methods are the 
same as those for the Leeman gauge except for 
modifications to allow for the effect of the cylinder. 
The CSIRO gauge has several practical advantages over 
the Leeman gauge including the protection of the 
electronic circuitry from the drilling fluids and the 
capability for monitoring the strain gauge outputs 
during the overcoring. It has a disadvantage in that 
the cements require several hours to cure. 

Five CSIRO measurements were made in BSP-3. 
Despite using curing times in excess of those 
specified by the supplier, the first two measurements 
did not appear to adequately bonded to the pilot 
borehole walls. The strain gauge outputs drifted 
considerably during overcoring, however, this appeared 
to be the result of incomplete temperature 
compensation for the strain gauge bridge circuits. As 
there are only three measurements, confidence levels 
for the mean magnitudes are not presented. The 
orientation and magnitude data are calculated using 
strain data from which the linear drift has been 

' . ' O.T.IIIIICI ~ ICIIf.ll'"'l't•ol 

Figure 11. Maximum and minimum stresses normal to. the 
direction of BSP-3 measured by LuH triaxial gauge and 
USBM deformation gauge overcoring. Right hand scale 
gives the values for the plot of the angle between the 
maximum stress direction and the vertical. 



subtracted and are presented in Table 2. The data, 
shown in Figure 10, are consistent with the LuB 
results both in,orientation and in magnitude. 

NEAR FIELD HYDRAULIC FRACTURING MEASUREMENTS 

Location, Equipment, and Procedures 

Hydraulic fracturing stress measurements were 
carried out in the vertical borehole, BSP-1, and the 
horizontal borehole, BSP-2. Nine measurements were 
carried out in BSP-1 over 0.6 meter test intervals 
ranging in depth from 2.3 meters to 20.2 meters. 
Eight measurements were performed in BSP-2 using the 
same test interval length and range of distance from 
the extensometer drift walls of 3.8 meters to 16.7 
meters. 

The equipment and procedures used for conducting 
the tests and evaluating the results were essentially 
the same as those used for the far field stress 
measurement work in SBH-4. The results, given in 
Table 3, are calc.ulated using the first breakdown 
pressures and the tensile strength values determined 
by Ratigan (1981). It was assumed that the 
underground test area was drained of water, thus the 
pore pressure term was taken as zero. The only major 
difference in the procedures from those described for 
the SBH-4 work was the addition of a fast pumping 
cycle in the pressure time record. The fast pumping 
cycle was added after the first of the secondary 
repressurization cycles with the purpose of extending 
the fracture as far as possible for the sake of the 
acoustic monitoring. The pumping rate for the fast 
pumping cycle was 4.5 liters per minute, which was 
limited by the air driven, positive displacement pump. 
In contrast to this pumping rate, our first breakdown 
and second breakdowns were performed at a rate of 
about 1 liter per minute. The slow pumping cycle for 
determining the fracture reopening pressure was run at 
about 0.25 liters per minute. 

Orientation of Hydraulic Fractures 

The orientation of the hydraulic fractures was 
determined by an impression packer which was lowered 
into the hole on scribed tubing. Figure 9 shows the 
orientation of the hydrofracture planes at the 
borehole wall for the vertical hole, BSP-1, and Figure 
10 shows the fracture orientations for the horizontal 
bole, BSP-2. 

The fracture orientations in BSP-1 are strongly 
aligned parallel to the axis of the full scale and 
extensometer drifts, and thus agree closely in 
orientation to the maximum principal stress direction 
determined by the overcoring measurements. 

The fracture orientations in the horizontal bole 
strike parallel to the drift axis and are shallowly 
dipping except for the deepest measurements. Several 
of the measurements are nearly perpendicular to the 
the minimum principal stress determined by the LuB 
gauge overcoring in BSP-3. 

Interpretation of Secondary Breakdown Records 

The shut-in pressures determined both from the 
breakdown records and from the slow pumping cycle 
decreased in value with additional pressurization 
cycles. This drop in the shut-in pressure value was 
noted in tests from both the vertical and the 
horizontal boles, and the drop was especially marked 
after the fast pumping cycle. The initial shut-in 
pressures and the final shut-in pressure values have 
the same average values for the two holes as shown in 
Table 3. 
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Previous investigators have interpreted the 
reduction in shut-in pressure as an indication that 

, the fracture is changing its orientation from a plane 
coaxial with the borehole to a plane normal to the 
minimum principal stress (Zoback and Pollard, 1978; 
Haimson, 1978). It is not clear from the data 
presented here whether or not that hypothesis is 
valid. 

If we consider the LuB gauge measurements from 
the horizontal hole, BSP-3, to be accurate, then the 
hydrofractures in the horizontal hole BSP-2, shown 
schematically in Figure 7, would be normal to the 
minimum principal stress. Under those conditions one 
would expect that the first shut-in pressure values in 
BSP-2 would equal the minimum stress and there would 
no reduction in shut-in value with additional pumping 
cycles. Unfortunately, such reductions are observed. 

If we consider the Power Board Leeman gauge 
results in the vertical hole, BSP-1, to be accurate, 
then neither of the hydrofracture boreholes is normal 
to the least principal stress, and it is coincidental 
that the first and second shut-in pressure values have 
the same values in the two holes despite the fact the 
the holes are orthogonal to one another. 

It is possible that the shut-in pressure is 
influenced by other factors than the minimum principal 
stress value, such as fracture length, interconnection 

.with other fractures, and the fracture normal 
stiffness (Narasimhan and Palen, 1981). While the 
data on secondary shut-in pressures are not 
conclusive, they do not readily support 
interpretations based on changes in fracture 
orientation. 

Acoustic Mapping of the Hydrofracture Propagation 

A complete description of the acoustic mapping 
experiment is contained in Majer and McEvilly (1982) 
and will not be repeated in detail here. The recording 
equipment was damaged in shipment to Sweden, and only 
three stations (which is the minimum required for 
location of events) were receiving signals. Acoustic 
data were obtained for only one fracturing test. The 
major points were that the acoustic activity was only 
observed during the fast pumping, and that the 
location of the activity was located within two meters 
of the well. The acoustic activity did not begin until 
two minutes into the fast pumping cycle, which 
suggests that the time required to propagate the 
hydraulic pressure to the crack tip might be 
appreciable. The acoustic activity was generally 
located directly to the northeast along the axis of 
the full scale drift, which was the direction 
predicted by the impression packer data from the wall 
of the borehole (Majer and McEvilly, 1982). The 
acoustic data suggest that the fracture was extended 
from only one side of the borehole rather both sides. 

Comparison of Near Field Stress Measurement Results 

The agreement between the results of the 
overcoring and the hydraulic fracturing for the 
near-field measurements is best in the magnitude and 
orientation of the maximum principal stress. All the 
techniques are in agreement that the direction of the 
maximum stress is horizontal and parallel to the axes 
of the full scale and extensometer drifts. The 
magnitudes for the stresses cover a range within about 
~ 10% of 22 MPa. 

The values for the magnitudes of the intermediate 
and least stresses are in general agreement; however, 
two inconsistencies exist in the orientation results. 
These have been discussed above, and can be summarized 
as (1) the inconsistency in the secondary shut-in 



pressures between the tests run in the two orthogonal 
holes, and (2) the minor divergence in orientation 
between the two Leeman gauge methods for the 
measurements made underneath the full scale drift. As 
the results of both the hydraulic fracturing and the 
overcoring are ambiguous as· to the orientations of the 
minor stresses, it is not possible to use the results 
from one measurement method to answer the questions 
posed by the other. 

INFLUENCE OF MINE ON STATE OF STRESS AT STRIPA 

One of the striking aspects of the comparison of 
the near-field and far-field stress data is the change 
in orientation of the maximum principal stress from 
northwest in SBH-4 to northeast in the full scale 
drift area. The rotation appears to be caused by the 
mine as a whole rather than being a local effect from 
the full scale and extensometer drifts. This 
conclusion can be based on Carlsson's (1978) Leeman 
cell measurements about 40 meters away. Carlsson's 
results are similar to the overcoring reaults obtained 
in this study both in magnitude and in orientation. 
Another set of measurements vas performed recently in 
a deep borehole drilled from the 360 meter level of 
the mine. In this hole the Swedish State Power Board 
performed two sets of four measurements each at hole 
depths of 150 and 300 meters. Their results 
(Strinde11 and Andersson, 1981) also recorded a 
northeast trend to the maximum horizontal stress. 

DATA REQUIREMENTS FOR STRESS MEASUREMENT PROGRAMS 

If the goal of a stress measurement program is 
to obtain stress magnitude data for a particular 
depth, then the measurement program can be designed to 
obtain the estimate by (1) performing a number of 
measurements at the depth of interest, or (2) 
interpolating the value from a linear regression on 
measurements taken over a range of depths. The 
requirements of sample size for obtaining a given 
confidence interval can be obtained in any good 
statistical reference book such as Crow, et al. 
(1960). 

Assume one used the first approach, and the data 
had a mean of 22 Mpa and standard deviation of about 5 
MPa, which ia the value for the hydrofracture maximum 
stress between 300 meters depth and the end of the 
hole. One would need to perform about 13 measurements 
to have data with a 90% confidence interval of + 10% 
for the means. Since there may not be that many 
suitable test zones in the depth range of interest, 
one may need to use the linear regression approach. 
It is difficult to specify a number of teats required 
to obtain a particular confidence interval, because 
the quality of the estimate will depend on how the 
data are distributed with respect to depth. A 
program where the stresses are measured from the 
surface to a depth twice as great as the horizon of 
interest will provide data with the highest degree of 
confidence for designing the underground facility. If 
testing to such great depths is not practical, tests 
should be made as deep as the target depth and 
preferably somewhat deeper. For a site that had 
similar variances in the stress data as Strips, one 
would expect that at least fifteen meaaurements would 
be necessary for the ~ 10% confidence intervals. 

If a site yields stress orientation data similar 
in dispersion to that measured at Stripa, attempts 
should be made to obtain about 20 readings for a 
confidence of~ 15 degrees. More than 20 measurements 
may not be practical from the standpoint of both cost 
and the availability of suitable test zones. 
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CONCLUSIONS 

Overcoring and hydraulic fracturing stress 
measurements provided comparable results both in a 
deep vertical hole drilled from the surface and in 
shorter holes drilled from underground openings. The 
results of the LuB~ USBM, and CSIRO methods gave 
consistent results when run in the same hole, BSP-3. 

The hydrofracturing data were interpreted using 
both first breakdown methods, which require a tensile 
ltrength term, and second breakdown methods. The 
first breakdown methods used a tensile strength term 
obtained through a statistical fracture mechanics 
analysis (Ratigan, 1981). The first breakdown results 
agreed more closely with the overcoring data than the 
second breakdown results. 

In the underground tests, the orientations and 
magnitudes of the intermediate and least stresses were 
consistent when comparing hydrofracturing and 
overcoring results from holes of the same orientation. 
The results of the Power Board's overcoring 
measurements in the vertical hole, BSP-1, were 
consistent with those obtained by other overcoring 
methods in BSP-3 except for a minor divergence in the 
orientations of the intermediate and least princiapl 
stresses. 

As shown in Figure 7, the hydrofracture 
orientations were influenced by the orientation of the 
boreholes, as the hydrofractures tended to align 
themselves in the plane defined by the borehole axis 
and the maximum principal stress directions. 
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APPENDIX - ANALYSIS OF HYDRAULIC FRACTURING DATA 

Calculation of Maximum Horizontal Stress Using Tensile 
Strength Term 

The maximum horizontal stress results were 
determined using both the first breakdown technique, 
which requires the use of a tensile strength term, and 
the second breakdown method first used in America by 
Bredehoeft, et al. (1976). The first breakdown method 
is given by the familiar equation 

pbl= 3 psi- 0 hmax + T- ph 

where Pbl is the first breakdown pressure, Psi is the 
shut in pressure, Ph is the pore pressure, and a hmax 
and Obmin are the maximum and minimum horizontal 
stresses. The pore pressure term vas calculated from 
the hydrostatic gradient from the ground surface for 
the deep hole, SBH-4, data. The region around the 
full scale drift vas considered to be drained thus no 
pore pressure term vas used. Figure Al shows the 
location of the various pressure terms on a typical 
pressure-time record from the Strips work. The methods 
for obtaining the tensile strength and the shut-in 
pressures are described below. The second breakdown 
method used substitutes the difference between the 
first and second breakdown pressures for the tensile 
strength term. The value of the maximum horizontal 
stress interpolated to the depth of the test facility 
vas 22.1 MPa for the first breakdown analysis versus 
16.8 MPa for the second breakdown method. The maximum 
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Figure Al. Typical pressure time record for hydraulic 
fracturing test in SBH-4 (Test 17, 304 meters) 

stress value calculated using the first breakdown 
method vas in better agreement vith·the 25.3 MPa value 
interpolated from the overcoring. 

The first breakdown method has been little used 
in recent years because the laboratory tensile 
strength values for cores with small diameter 
boreholes were larger than one would expect for the 
borehole diameters used in the field. Ratigan (1981) 
bas shown that the size effect can be handled using 
statistical fracture mechanics methods. His analysis 
of the hydrofracture tensile strength of the Strips 
granite has been described elsewhere and does not bear 
repeating here, except that he concluded that there 
vas an apparent tensile strength below which failure 
should not occur; this strength is equal to the square 
root of a critical stain energy release rate, which 
vas 10.4 Mpa for the Strips Granite. The surface area 
of the test sections used in the hydraulic fracturing 
field tests vas sufficiently large that the apparent 
tensile strength of the boreholes should have been the 
equal to 10.4 MPa. This tensile strength value bas 
been used in analyzing the field hydrofracture 
measurements. 

The tensile strength approach to analyzing the 
bydrofracturing data bas several advantages over 
second breakdown methods. First, the second breakdown 
method as originally proposed would give theoretical 
second breakdown pressures less than the shut-in 
pressure value for stress state where the horizontal 
stress ratio is greater than two (Doe, et al., 1981). 
Zoback, et al. (1980) have proposed a modified 
secondary breakdown interpretation technique which 
considers the second breakdown to be a break in the 
slope of the pressure build-up curve. This method, 
while very promising, baa yet to be independently 
confirmed through laboratory tests or through a 
detailed analytical or numerical analysis. Also, it 
is not clear how critical to the analysis is the 
assumption that the previously induce hydrofracture 
bas negligable permeability. Using a first breakdown 
analysis with a reliable and realistic tensile 
strength term may be more effective for situations 
where core is available and for test systems where 
constant rate cannot be easily maintained, such as 
with air driven, positive displacement pumps. 

Determination of Shut-in Pressure 

A typical pressure-time record is shown in Figure 
Al. Three to six secondary pressurization cycles were 
used for measur~ent, and the shut-in pressures did 



not vary with the repeated pressurization. 
Shut-in pressures were determined using the 

fracture reopening pressures from a single slow flow 
rate pressurization cycle. AD alternative method of 
obtaining the shut-in pressure involved using a 
semi-logarithmic plot of the pressure versus time for 
the period immediately following the first breakdown. 
AD example of a semi-log plot is given in Fi~ure A2. 
The logarthmic curves typically had a break ~n.slope 
corresponding closely with the fracture reopen~ng 
pressures from the slow pumping. The rationale for 
using the semi-logarithmic plot is the analogy between 
the post breakdown pressure decay and a pulse 
permeability teat on a single fracture where the 
permeability decreases when the pressure in the 
fracture falls below the mini111U1D in situ streas. It 
should be noted that this idea has not yet been 
developed theoretically and its main justification is 
the correspondence with the fracture reopening 
pressures from the slow pumping cycles. 
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Figure A2. Semi-logarithmic plot of preasure after 
first breakdown versus time for teat 11, SBH-4, 329 
meters depth. 
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~ ~ Regression Statistics ~ SBR-4 Stress 
Measurement Results ~A Function of Depth. 

Slope* 

(MPa/m) 

Rydrofracturing 
.034 .016 
.023 .005 

Over coring 
.072 .026 
.037 ·.02.1 

Inter- Correl-
cept ation 

Coeff, 
(MPa) (MPa) 

11.3 .70 
2.1 .91 

2.3 .81 
0.3 .64 

.38** 

* given with 90% confidence intervals 

Standard 
Error of 
Estimate 
(MPa) 

4.1 
1.5 

4.8 
5.5 

** correlation coefficient versus depth does not 
pass significance test 

Table .L, Overcoring Data f2!: ~ .!!!.!! Ml:1 
(Orientations giyen in Figures lQ..!!!.!! ill 

BSP-1 Swedish State Power Board Leeman Cell 

Measurement 
Number 

1 
2 
3 
4 
5 
6 

Average* 

Depth 
(m) 

1.30 
5.30 
6.05 
6.60 
7.45 
9.97 

01 

1'5 .5 
29.4 
28.9 
29.8 
19.3 
22.5 

24.2 
± 5.0 

02 
(MPa) 

9.2 
7.6 

14.4 
10.2 
8.7 
9.9 

10.0 
±1.9 

BSP-3 University of Lu1ea Leeman (LuH) Cell 

Measurement 
Number 

1 
2 
3 
4 
5 
6 
7 

Average* 

Depth 
(m) 

2.50 
5.09 
7.02 
7.62 
8.11 
9.23 
9.81 

BSP-3 CSIRO Cell 

Measurement 
Number 

1 
3 
4 
5 

Depth 
(m) 

4.62 
10.12 
10.44 
11.61 

22.3 
16.5 
17.2 
17.2 
25.9 
26.6 
20.0 

20.8 
±3 .1 

7.9 
22.6 
13.4 
20.2 

02 
(MPa) 

9.6 
10.1 
7.7 
6.6 

10.0 
10.9 
9.5 

9.2 
::!: 1.1 

02 
(MPa) 

5.7 
11.4 

6.7 
5.8 

2.4 
4.2 
5.9 
1.6 
2.7 
3.8 

3.4 
± 1.3 

-0.8 
1.3 
2.2 

-0.2 
4.6 
1.5 
5.0 

1.9 
±1.6 

5.3 
6.4 
0.3 
1.1 

*given with 90% confidence intervals for means 
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~1 
Hydraulic Fracturing Data ~ ~ and ~ 
(Orientations given in Figures 9 and 10) 

Depth Test Pb Pail Psi2 (]Bmall: 0
Bmin 

(] 

min 
(meters) (MPa) (KPa) 
BSP-1 

2.3-2.9 1-6 11.7 7.9 4.5 26.6 7.9 4.5 
3.7-4.3 1-5 8.6 8.6 5.5 27.6 8.6 5.5 

'• 4.6-5.2 1-9 9.3 7.2 5.0 22.8 7.2 5.0 
6.6-7.2 1-4 8.6 5.2 4.1 17.2 5.1 4.1 
11.8-12.4 1-7 7.6 6.6 22.4 6.5 
12.7-13.3 1-3 10.8 9.7 6.2 28.5 9.7 6.2 
18.8-19.4 1-2 9.5 8.6 26.8 8.6 
20.2-20.8 1-1 12.1 7.2 20.0 7.2 

Average* 24.0 7.6 5.1 
z2, 7 ±1.0 ±0.8 

BSP-2 

3.8-4.4 2-6 12.1 8.6 5.2 24.1 8.6 5.2 
5.5-6.1 2-5 12.1 7.9 22.1 7.9 
7.3-7.9 2-4 11.9 7.7 4.3 21.7 7.7 4.3 
8.7-9.3 2.8 9.3 7.2 6.0 22.3 7.2 6.0 
12.5-13.1 2-3 12.1 8.3 6.1 26.9 8.3 6.1 
13.8-14~4 2-7 10.7 7.6 6.9 21.0 7.5 6.9 
14.9-15.5 2-2 9.7 7.6 5.4 23.4 7.6 5.4 
16.7-17.3 2-1 12.1 6.2 16.9 6~2 

Average* 22.3 7.6 5.7 
±1.9 ±0.5 ± 0. 7 

* given with 90% confidence levels for means 
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