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ABSTRACT L, — L T T

1'his report discusses hydraulic fracture work in G Tunnel, Nevada Test
Site, performed to obtain the in-situ stress state. Field equipment and
procedures are described; analysis is developed to relate the hydraulic
fracture pressures to the in-situ stress state. Pressure data are ana-
lyzed to provide estimates of the stress state at a number of locations
in the tunnel complex. A uniquce featurc of thc work ia the mincback--a
mining process in which the rock is cut away to reveal the actual plane
of the fracture. Advantages, limitations, and problem areas. associated
with extracting in-situ stress fields from hydraulic fracture pressure
records are discussed in detail.
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., IN-SITU STRESS FROM HYDRAULIC FRACTURE
MEASUREMENTS IN G TUNNEL, NEVADA TEST SITE

Introduction

- This report discusses estimates of in-situ stresses in G Tunnel, Rainier
Mesa, Nevada Test Site (NTS), obtained with hydraulic fracture (hydrofrac) tech-
niques. This stress state is related to containment of underground .nuclear
detonations. Gases that escape L[rom a cavity formed by a nuclear explosion will
pressurize accessible drifts and, with sufficient amplitude, will fracture the
surrounding rock. An example is the radioactive fracture that was caused in the
DEEP WELL drift by the pressure from escaped gases of the decoupled RED HOT event.
Knowledge of in-situ stresses will allow prediction of both the direction of these
fractures and the approximate value of the pressures necessary to drive the frac-
tures. In-situ stress data may also be useful for siting future nuclear events.
If, for example, a zone of anomalous stress was encountered, the site probably
would be avoided unless the source of the anomaly was understood.

Hydrofrac work in G Tunnel began in 1974; the early results have been sum-
marized.l Since then, equipment has been improved, and better techniques of analy-
sis have been developed. This report includes descriptions of this improved equip-
ment,. field procedures used, techniques of analysis, and definition of several
problem areas encountered during the course of the work. Estimates are provided of
the stress state at several locations in the tunnel complex. First, the background
on hydrofrac techniqqes is summarized, and the geologic setting is presented.

Then, details of the equipment, the operating procedures, and the process of uncov-
ering the fractures (mineback) are given. The mineback process is unique in that
it allows tracing of the fracture plane away from the hydrofrac hole and investiga-
tion of its behavior. A series of selected hydrofrac operations is described, and
the data obtained are presented. Next, the determination of in-situ stresses by
analyzing hydrofrac measurements is explained. Limitations and problem areas are
discussed. Then, éhalysis is applied to selected hydrofrac data. Finally, a sum-
mary section includes a map of in-situ stresses in G Tunnel, a discussion of how
these stresses relate to the surrounding topography, a comparison of stresses
obtained with hydrofrac techniques with those obtained with overcore techniques,
and a discussion of general problems encountered when determining in-situ stresses
from hydrofrac data.
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For record purposes, Appendix A provides a tabulation of G-Tunnel hydrofrac
holes and their status. Appendix B contains the derivation of the complete stress
and displacement fields in an unbounded elastic media containing an infinitely-long
pressurized cylindrical cavity with a general stress state at infinity. In Appen-
dix C, these stresses at infinity are related to the principal stresses through

Euler's angles. Appendix D analyzes overburden stresses under an inclined terrain.

Background

Hydraulic Fracture and In~-Situ Stress

For many years, the process of hydraulic fracturing has been used to enhance
recovery from oil and gas wells.2 In general, the process provides flow paths
in the 0il- or gas-bearing geologic formation by creating a fracture of large
extent in the formation. 1In practice, a section of the well is sealed off by
packers and pressurized with a fluid until fracture of the borehole occurs. Con-
tinued pumping of the fluid after fracture drives the sinéle fracture plane out
into the formation, the fracturc plane orienting itself normal to the minimum
principal in-situ’ stress. A propping agent such as sand is often added to the
fracture fluid to keep the crack faces separated after pumping has stopped and oil

and gas recovery is resumed.

In 1957, Hubert and Willis3 recognized that, under certain conditions, the
hagnitude of some components of the in-situ stress field could be estimated from
pumping pressure records obtained during the hydrofracAoperation. This idea has
been pursued by several other researchers, including Scheidegger,4 Kehle,5 and
Faifhurst,6 who describe the advantages of this procedure relative to other estab-
lished techniques. Basically, the hydrofrac technique offers the unique possibil-
ity of directly measuring both the magnitude and the direction of the minimum
principal stress. Haimson performed extensive laboratory experiments that he
described in his thesis.7 An overview of the subject has been given by Haimson and
E‘airhurst.8

The classical hydrofrac operation involves fracturing a vertical borehole at
a point sufficiently deep into the formation so that the overburden or vertical
stress can be considered a principal stress parallel to the borehole and greater in
magnitude than at least one of the horizontal principal stresses. .Under these
conditions, the fracture plane is vertical and normal to the minimum principal
stress. The borehole lies in the fracture plane and the stress analysis for this
classical situation is clementary. A tracture begins at the wall of a4 drill hole
when fluid pressure exceeds the in-situ stress loading in the hole added to the
tensile strength of the rock. The fracture propagates parallel to the axis of the
hole when the axis is perpendicular to the minimum principal stress (Figure 1).
For isotropic rock with low permeability ana negligible pore pressure, the break-
down pressure (Pc) is related to the two principal stresses (°m and ¢_. ) by

ax min

P. = 30min - Omax * T (1



Borehole I

Fracture
Plane

Figure 1. Geometry of Vertical Drill Hole Aligned Parallel to Principal Stress

where compressive stresses are positive-and T is the tensile strength of the rock.
The minimum principal stress is obtained from the pumping record in the following
manner: If the borehole-fracturing fluid system is isolated ("shut in") at the
moment the‘pump is turned off, the equilibrium pressure in the system is equal to
the stress that loads the fracture. ' Since the fracture opens against the smallest
of the in-situ stresses, this shut-in pressure (Psi) is assumed to be the minimum
in-situ stress. Knowing the value .of the tensile strength of the rock, two of the
three principal in-situ stresses can thus be obtained. If the ground surface is
relatively level, if the geology consists of horizontal beds, and if there is
little horizontal tectonic stress, then one principal stress is vertical and the
other two principal stresses are in the horizontal plane. Fractures will then be
vertical in the plane of the borehole and propagate in the direction of the maximum
horizontal stress and perpendicular to the minimum stress. The classic hydrofrac
pressure record is shown in Figure 2. The shut-in pressure is equal to the minimum
in-situ stress, and the maximum horizontal stress is calculated with Eg. (1). The
third principal stress, the vertical or overburden stress, is usually estimated by

considering the density and thickness of the rock above the packed-off interval.

This elementary analysis for vertical holes has been used extensively Lo

estimate in-situ stress. A fault system in the Rangley oil field has been exam-

incd,g’lO ac have been strecces along a line perpendicular to the €an Andrcas

11
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Pressure

time

Flow

time
Figure 2. Classical Hydrofrac Fracturing Pressure-Time and Flow-Time Charts

fault.11 In generél, the results correspond with other indicators and with mea-
surements of in-situ stress obtained, "for example, from earthquake-fault mechanisms
and overcoring techniques. Recently, Terra Tek, Inc., has attempted to analyze
hydraulic fractures by using a fracture-mechanics approach.12 The oil and gas
industries have vigorously pursued the hydrofrac technique as a stimulation

tool, and extensive literature exists on their efforts.13 Los Alamos National
Scientific Laboratory has used the technique to induce a fracture in deeply buried

granite for its hot dry rock geothermal energy'experiments.14

In some situations, none of the principal stresces may be vertical. This may
happen, for example, if the ground surface is not level. Also, if one usés hori-
zontal drill holes, they may not be parallel to a stress component. In such cases,
more analysis is needed to calculate in-situ stresses from the hydrofrac measure-
ments. This analysis is provided in "Stress Analysis" and in the Appendices
B and C.

Hydrofrac techniques have been used previously to obtain in-gsitu stress
values at Rainier Mesa. In N, E, and T Tunnels, the United States Geological
Survey (USGS) performed a series of hydrofracs whose results agreed well with

15 No stress directions were ob-

results obtained using overcoring techniques.
tained. B. C. Haimson and Terra Tek, Inc.,16 performed a series of hydrofracs in
N-Tunnel and in a hole extending from the mesa surface downward almost to the
N-Tunnel level. Extracted in-situ stress showed an increase with depth, as

expected. At the level of the tunnel, the stresses were

e Vertical 70 bars (1015 1b/in2)
*» Horizontal maximum 88 bars (1276 lb/inz)
e Horizontal minimum 35 bars (508 lb/inz) .



where the vertical stress was calculated from the overburden density and the depth.
An- impression packer showed the fractures to be vertical and aligned N35°E--the
direction of the horizontal maximum stress. These values agree well with earlier,
in-tunnel, Bureau of Mines overcoring.17 An. example of an in-situ stress state
where no component is vertical is seen from the overcoring results from E Tunnel.18
While the minimum principal stress is essentially horizontal, indicating a vertical
fracture plane, the other two principal stresses are 50° and 40° from the vertical.
If a vertical principal stress had been assumed and the classical hydrofrac analy-

sis of Eg. (1) used, the results would be in considerable error.

The first Sandia work in G Tunnel has been described by Tyler and
Vollendorf.l One hole was drilled vertically from the top of the'mesa, and 15
holes were drilled horizontally and vertically from drifts in the tunnel complex.
Fractures in two horizontal holes and at the bottom of the vertical hole from the
mesa were examined with a mineback technique described later in this report. At
-tunnel level and under the cap of the mesa, vertical fractures were observed, and
the following stresses* were obtained from pressure measurement in the vertical
hole.

« Maximum horizontal 123 bars (1788 lb/inz)

« Minimum horizontal 70 bars (1015 lb/inz)

. Vertical 82 bars (1183 1b/in?)

The azimuth of the maximum horizontal stress was N50°E. Fracture planes under the
sloping portion of the mesa deviated from vertical, and hydrofrac-determined stress

levels were less than those under the flat mesa cap.

Geologic Setting

Rainier Mesa consists of an approximately 1500-foot-thick series of thin-to-
massive, bedded calc-alkaline and peralkaline ash-fall tuff, reworked tuff, and
tuffaceous sandstone, capped by a massive welded ash-flow tuff unit. These tuff

units unconformably overlie massive Paleozoic and older rocks.

The rock in which the hydrofrac tests were conducted consists of medium-to-
massive bedded ash-fall tuff with occasional thin beds of peralkaline and reworked
tuff. The bedded tuff units are light to reddish brown, fine- to medium-grained
calc-alkaline tuff, with reworked tuffaceous sandstone beds in some places. The
beds are generally zeolitized. The beds dip generally ~10° to the west, although
local variations of 0° to ~25° exist. A normal fault with ~l0-foot displacement
occurs approximately 200 feet from HF 20 and the overcore area. Also, a deposi-
tional synclinal structure is located between the hydrofrac hole HF 20 and holes
HFS 13, 14, and 15.

Typical physical properties of the tuff in which the experiments were con-

ducted - are

«.Specific Gravity - 1.95
+ Porosity - 33%

(3
Later in this report, slightly different values are shown for the stresses at
this location because additional data were used.

13
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+ Water saturation - 97% ) -

+ Permeability - 0.1 mD

+ Compressive strength - 3500 1b/in2

. Tensile strength - 150 lb/in?

» Poisson's ratio - 0.25

+ Compressional sonic velocity - 8300 ft/s
»+ Shear velocity - 4500 ft/s

Equipment and Field Techniques

For hydrofracturing in the tunnel complex, a pumping system employing dual-
action, air-driven Haskell pumps (Figure 3) is used. This system was first used
for HF20; previous hydrofracs were pertormed with a system described in Reference
1. 1rwu pumps will Jdeliver up to 10 gual/min at pregsurae nﬁ iy 2R00 1h/in2. 1f
pressures exceed this level, another pump, capable 6f 5000 lb/in2 but with a

. smaller flow rate, "kicks" in., The compartment tank, shown at the left end, holds

300 gallons of water to which various colored dyes are added to "mark" the
fracture. A blue dye obtained from American Cyanamid Chemical Co. is the most
successful because it remains in the fracture and is readily observed in the
red-to-yellow tuff rock. A piston-type, positive-displacement meter measures flow
at the input to the pump, and a turbine-type meter measures flow at the collar of
the hole.

Pumping pressure is measured at the collar of the hole and, recently, also at
the packer assembly. No hydrostatic head is involved because work is usually done
in nearly-horizontal holes, 50 to 200 feet long. Similar pressures are recorded
from both transducer locations for the usual quasi-static load conditions. Tran-
sient pressures, however, such as those occurring at breakdown, are recorded in
sharper detail from the transducer located in the packer assembly.

The full-straddle packer assembly consists of two Lynes packers, Model
300.01; these packers are 66 inches -long and designed for 4-inch-diameter holes.
The packer assembly is the long cylindrical object in front of the pumping system
(Figure 3); the complete assembly is 16 feet long. Spacing between the packers is
controlled by a pipe; currently, the straddled length is 59 inches. Fluid passes
through the packer nearest the hole collar and out through holes in the spacing
pipe. The assembly is inserted into the hole on AQ drill pipe. A single packer is
sometimes used when pressurizing the end of a hole.

Taped to the pipe is an electrical cable for the pressure transducer and a

'small-diameter hose which carries water to inflate and pressurize the packers.

After the packer assembly has been inserted to the desired position, the packers
are pumped to the desired pressure; a pressure which 1s about equal to the expected

breakdown pressure.*

*On mineback, fractures were observed in the vicinity of the packers, suggest-
ing that the packers themselves may have fractured the rock. A recent analysis by
Warren20 supports this possibility.
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Figure 3.

Hydrofrac Pumping System
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Pumping is initiated, and the flow rate, usually 5 gal/min, is held constant.
The pumping rate and pressure are recorded on a tape recorder and on an oscillo-
graph. The oscillograph allows immediate access to the data, and the tape record-
ing allows later processing of the data. After breakdown (Pc, Figure 2), we pump 5
to 10 gallons of fracture fluid and observe the fracture-driving pressure (Pf). A
quarter-turn valve is used to isolate (shut-in) the pumping system from the frac-
ture system; the shut-in pressure (Psi) in the fracture system is assumed to be the
pressure needed to hold the fracture open and is of fundamental interest because it
relates directly to the minimum in-situ stress. Figure 2 shows the classic be-
havior of Psi' Often, however, the pressure does not follow classic behavior but
decays rapidly and does not show an inflection point on the curve. This behavior
requires a judgment selection of the Psi point and contributes to uncertainties in
Pbi'

More than 50 fractures have been examined with a "mineback" process which
utilizes the Alpine Miner, a continuous mining machine with a rotary head that
"chews" the soft rock. This type of mineback allows a nearly continuous examina-
tion of the fractures and other features. The normal procedure is to mine a hori-
zontal drift about 10 feet wide and 10 feet high, keeping the fractured hole at the
center of the face. Approximately 1 to 2 feet at a time is mined; fractures on the
face and other features are mapped in detail and photographed. Subsequently, face,
plan, and vertical section maps are drawn from the field maps and photographs.

Selective Data

This section presents data obtained trom selected hydrotractured boreholes in
G Tunnel. These selected data are typical of all hydrofrac operations conducted to
date. Field observations are described, and Table 1 summarizes the pressure magni-
tudes necessary to determine the in-situ stresses. Physical properties of Lhe
ash-fall tuff for regions of G Tunnel near the selected data points are listed,
where available, in Table 2.

Data from HFS 7, 8, and 9 (1974)

HFS 7, 8, and 9 were an approximately orthogonal array of holes, 100 feet
deep, located near Construction Station (CS) 8 + 45 feet (845 feet), under the
slope of the mesa with 1000 to 1100 feet of overburden.

HFS 7, in which a single packer was used at 1200 1h/in2, was vertical and was
fractured in the zone from 65 to 71.5 feet, its maximum depth. Maximum pressure
(Pc) reached was 440 1b/in2 with rounded peak, a driving pressure (Pf) of 350
lb/inz, and an instantaneous shut-in pressure (Psi) of 340 lb/inz. The signatures
of Pc and Psi were not clear; probably the rounded trace of Pc represented a pre-
existing natural fracture.

HFS 8 was a horizontal hole at CS 8 + 49 feet; it was fractured in two zones:
from 37 to 43 feet with a straddle packer and from 65 to 105 feet, its maximum
length, with a single packer. An attempt was made to fracture the 37-to-43-foot



Hole No. (Orientation) Overburden

Table 1

Hydrofracture Data

Breakdown

Frac/Driving Inst. Shut-In

Zone (ft) (£t) P (1b/in?) Pe (1b/in?) P (1b/in?)
HFS 7 (V) 1100
65 - 71.5 440 rounded 350 340
HFS 8 (H) N34°w 1050
37 - 43 860 700 475
65 - 105 (TD) 750 . 650-700 450
Single packer
HFS 9 (H) N60°E 1050
38 - 44 750 450 300
52 - 58 800 500 Not recorded
71 - 101 (TD) 1250 550 : 425
Single packer
HFS 10 (H) N26°E 1380
37 - 43 1125 975 900
6l - 67 1150 875 875
87 - 93 1100 900 875
HFS 11 (H) S62°E 1380
28 - 34 1250 875 850
47 - 53 1600 1000 900
85.5 - 91.5 1400 1200-1300 1000
HFS 12 (V) . '
20 --26 1400 675 700 ’ 675
35 - 41 1420 700 700 700
54 - 60 1435 875 800 675
74 - 80 1455 1375 1150 1050
HF 20 (H) N71°E 1435 )
4.5 - 11.5 800 280 200
22.5 - 29.5 1100 730 650
42.5 - 49.5 1160 1000 800
62.5 - 69,5 1520 950 750
HF 39 (H) S19°E 1450 :
17.5 - 22.5 1794 835 680
42.5 - 47.5 1670 812 698
72.5 - 77.5 1607 1025 750
HF 40 (H) N19°w 1435
40 - 45 1674 767 719
50 - 55 1756 761 710
HF 45 (H) N52°W 1400
31 - 41.5 (TD) ’ 337+ 116%*
Single packer ' 1220 1050
HF 46 (H) N15°E 1400
' 18 - 22 1610 1300-1500 1200
30 - 37.5 (TD) 1702* 1175* ' 1078

Single packer

*Related to explosive cavity

17
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Table 2

12g Tuff Physical Properties Laboratory Tests

Sample Location

Bulk Density (g/cm3)
As received
Dry
Grain

Porosity (%)

Moisture Content (%)
Natural state basis
Dry state basis

Unconfined Compressive
Strength (1lb/in?)

Tensile Strength (lb/in?)

HFS 7,8,9

1.99(1.94-2.12)
1.67(1.59-1.82)
2.50(2.44-2.57)

32.7(28.7-35.9)

16.1(11.4-19.3)
19.2(12.9-23.9)

3623(2000-4500)
190(29-324)

HFS 10,11,12

1.94(1.84-2.01)
1.59(2.38-2.57)
2.50(2.38-2.57)

35.5(30.4-39.1)

17.8(15.3-21.4)
21.7(18.4-27.3)

2840(1470-6300)
122(37-178)

Poisson's Ratio 0.25(0.196-0.292)

0.01; for HFS 9
only, as received

0.24(0.145=0.317)

0.18;
Oven Dry

Permeability (mD)

gonic Velocity (ft/s)

Compressional 8325(7900-9100) 8300(7960-10000)
Shear 4465(4180-5060) 4628(4214-5281)
NOTE: 1. No data from HF 20,39,40,45,46.

2. Numbers in parentheses représent range.

zone with a packer set at 500 and 800 lb/inz, but water leaked by the packer. When
1250 lb/in2 was used in the packer, Pc was 860 lb/in2, Pf was 700 lb/inz, and Ps
was approximately 475 lb/inz. The single packer was set'at 65 feet using 1450
lb/inz. The P was 750 lb/ina, P was approximately 650 to 700 lb/inz, and P ; was
approximately 450 lb/inz.

i

HFS 9, a horizontal hole, wag fractured in three zones:
52 to 58 feet, and 71 to 101 feet total depth (TD). Packers were set with 1350 to
1450 1b/in2. The 38- to 44-foot zone showed a PC of 750 lb/inz, a Pf of 450
1b/in®, and a P_, of 300 1b/in®. The 52- to 58-foot zone showed a P_ of 800 lb/in’
£ of 500 1b/in2; Psi In the 71- to 10l1-foot zone, a
single packer was set at 1450 lb/inz; P, was 1250 lb/inz; P 550 1b/in2; and L
425 1b/in?.

Lrom 38 to 44 feet,

and a P was not recorded.

f’ i'

HFS 9 was conventionally mined out along its length, and the trend of the
fractures is N10°E to N15°E; the dip, 59°E to 64°E, with an average of N12°E, 60°E.
The fractures crossed the hole axis at 50°, as a straight planeé which formed an
elliptical pattern at the hole surface, with no apparent turning of the fracture
attitude away from the hole. The attitude of the fractures in all zones was con-
sistent although, at the deepest zone, a single mechanicgl packer was used, and the
several tractures seém to initiate at the packer. Fractures in all zones wcre
approximately symmetrical around the hole; they extended up, down, and to both
sides of the hole, commonly beyond the limits of mining. This is described further

in Reference 1.



Data from HFS 10, 11, and 12 (1974)

The holes 10, 11, and 12 were an approximately orthogonal array of holes 100
feet deep, located near CS 27 + 35 feet, under the caprock of the mesa, with 1380
to 1450 feet of overburden.

HF 10 was a horizontal hole fractured in three zonee: 37 to 43 feet, 61 to
67 feet, and 87 to 93 feet by using a straddle packer set with a.pressure of 1500
to 1900 1b/in%. The 37- to 43- foot zone had a P_ of 1125 lb/in?, a P, of 975
lb/inz,-and a P si of 900 lb/1n . The P record showed a rounded curve rather than
a sharp break. The 61- to 67- foot zone showed a P of 1150 lb/inz, a Pf of 875
lb/inz, and a Psi of 875 lb/1n that had a very low decay rate. The packer setting
was 1900 lb/inz. The 87- to 93 foot zone showed a P of 1100 lb/iﬁz, a Pf of 900
lb/in2, and a Psi of 875 lb/1n that had a very low decay rate. The packer setting
was 1800 lb/inz. Three pumpings were done; 'the last one leaked back into the

tunnel,

HFS 10 was also conventionally mined out, and the fractures from the three
zones trend consistently N44°E to N47°E, dip from 75°SE to 88°SE, with an average
of N45°E, 85°SE. The fractures appeared to cross the hole in an elliptical path
with no evidence that they changed direction away from the hole. The fractures in
all zones extend up, down, and to both sides of the hole. The horizontal extent of
the fractures was from 25 to 50 feet, but the observed vertical extent was limited
to the approximately ll-foot tunnel height. 1Indications are, however, that frac-
tures may not extend very far above or below the tunnel openings and are elongated

in a horizontal direction.

Hydraulic fractures commonly intersected natural fractures aﬁd, in general,
were not affected. However, at one location near the end of the green-dyed hydrau-
lic fracture, where a natural fracture which was approximately perpendicular to the
hydraulic fracture was encountered, the green dye followed along the natural frac-
ture for approximately 4 inches then continued its original direction for several
more feet. 1In two of the dyed hydraulic fractures, a nondyed extension of the

fracture continued for several feet beyond the end of the visible dye.

HFS 11 was a horizontal hole fractured in three zones with a straddle packer
set at 1800 lb/inz. The 28- to 34-foot zone showed a P of 1250‘lb/in2, a Pf of
875 lb/inz, and a Psi of 850 lb/1n . The 47- to 53- foot zone showed a P, of 1600
lb/ih2 with a sharp break, a Pf of 1000 lb/1n , and a Psi of 900 lb/1n2
smooth but moderate pressure decay. Of three pumpings, the first had a leaky

w1th a

swivel, and the second shawed a small leak into the tunnel. The first pump in the
85.5~- to 91. 5 foot zone showed the P as a level trace at 1300 lb/in2 with a blip
to 1400 lb/1n y Q Pf of from 1200 to 1300 lb/ln , and a Psi of approximately 1000
lb/ln . Five pumpings were done because the pump was operating erratically.
However, most of the data are consistent.

HFS 12 was a vertical hole fractured in 4 zones with a packer pressure of
1800 lb/1n . The record of the 20- to 26 foot zone showed the P as a rounded

plateau of 675 lb/1n which increased on further pumping to a P, of 700 lb/1n and

,
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aP si of 675 lb/inz. The 35- to 41- foot zone was similar; the P had a rounded
plateau of 700 lb/ln » a P of 700 lb/1n ’ and a P of 700 lb/ln . The 54- to
60-foot zone had a Pc of 875 lb/1n , a Pf of 800 lb/1n2, and a Psi of 675 lb/inz.
In the lowest zone, from 74 to 80 feet, with 1455 feet of overburden, the P_ was
1375 1b/in®, the P_ was 1150 1b/in®, and the P_, was selected as 1050 1b/in’, which
was considerably higher than the upper zones although reasonably consistent with
the other two holes in this array, HFS 10 and 1l1l.

Data from HF 20 (1977), HF 39, 40 (1978)

HF 20, 39, and 40 were collared near each other although all are approxi-
mately horizontal and do not form an orthogonal array. In HF 20, the new Sandia
hydrofrac pumping system was first used. HF 20 was fractured in four zones. The
zone from 4.5 to 11.5 feet had a packer setting of 1820 1b/in®, a P_ of 800 1b/in?,
a Pf of 280 1b/1n , and a P .of 200 lb/ln . Only one pumping was done because
fluid was leaking from a fracture near the collar. The zone from 22.5 to 29.5 feet
had a packer setting of 1680 lb/in2, a Pc of 1100 lb/inz, a Pf of 730 1b/in2, and a
PSi of 650 lb/inz. Two pumping cycles were made, but the pump did not always
operate properly. The zone from 42.5 to 49.5 feet had a packer setting of 1470
1b/in?, a P_ of 1160 1b/in®, a P, of 1000 1b/in’, and a P_; of 800 lb/in’. The last
zone, from 62 to 69 feet, had a packer setting of 1690 1lb/in?, a P, of 1520 1b/in?

a P, of 950 1b/in%, and a P, of 750 1b/in?.

’

HF 20 was mined out along the:hole, and the trend of the fractures was N35°E
to N42°E, with a dip from 87°SE to 90°. The dyed fractures extend 10 and 25 feet
inside the tunnel, crossing the hole at approximately 30° with no detectable change
of direction away from the hole. The fractures extend a short distance below the
hole, less than 1 foot, but continue upward 5 to 6 feet into the back of the tun-
nel. Commonly, the fracture shows several strands, usually with a zone width of less
than 0.1 foot.

HF 39 was a hole in the HF 20 drift. It was fractured in a number of zones,
but only three will be reported on because of their proximity to HF 20 and HF 40.
Packer pressures ranged from 920 lb/in2 to 1000 lb/inz. The.17.5- to 22.5-foot
zone showed a P of 1794 lb/inz, a Pf of 835 lb/inz, and a P of 680 lb/inz. The
42.5- to 47. S—foot zone showed a P_ of 1670 1b/in®, a P OF 812 1b/in?, and a Py
of 698 lb/1n . The 72.5- to 77.5- foot zone showed a P of 1607 lb/1n2, a Pf of
1025 lb/ln » and a P, of 750 lb/ln

HF 40 was also a horizontal hole in the HF 20 drift and was fractured in two
zones as part ot a hydrotrac-seismic experiment, Hacker pressure was set at 1000

lb/inz. The 40- to 45-foot zone had a P of 1674 lb/1n , a Pf of 767 lb/in2, and a

Psi of 719 lb/1n The 50- to 55-foot zone showed a P of 1756 lb/inz, a Pf 761

lb/1n2, and a Psi of 710 lb/ln .

Data from HF 45 and 46 (1978)

HF 45 and HF 46 were horizontal drill holes, both in the same vicinity and
drilled for residual stress explosive experiments.



HF 45 was fractured in one zone, from 31 to 41.5 feet, with a single packer
at 31 feet pressurized to about 1000 lb/inz. The fracture broke out of the drill
hole and into the ex1st1ng explosively formed cavity w1th a P of 33f lb/inz, an
£ of 116 lb/ln , which increased to 1220 lb/ln after the cavity was
filled, and a Psi of 1050 lb/1n .  Thus these values are related to the residual

stress from the explosion and are not representative of the in-situ stress state.

initial P

HF 46 was fractured in two zones. In the zone from 18 to 22 feet, believed
to be far enough from the explosive cavity to be the "normal” in-situ stress field,
a straddle packer pressurized to 1100 lb/in2 was used; the P was 1610 lb/inz, the
Pf ranged from 1300 to 1500 lb/inz, and the P si was 1200 lb/ln . In the region of
the explosive cavity, from 30 to 37.5 feet (TD), a single packer set at 1100 lb/1n
was used. This zone showed a Pc of 1702 lb/1n2, a Pf of 1175 lb/1n2, and a Psi of
1078 1b/in2.

In the mineback of HF 46, the 18-~ to 22-foot zoné was far enough from the
explosive event so that the fracture would be governed by the in-situ stress field.
Since the azimuth of the fracture was expected to be about 30° from the hole azi-
muth, it was desired to see how the azimuth of the fracture changed as a function
of distance from the hole. A modified mineback procedure was used in which a shelf
was initially cut 23 inches above the hole, the intercepted fracture mapped, and
then the shelf progressively lowered first to 10, 7, and 4 inches above the hole,
then to 6.5 and 10.5 inches below‘it. Figure 4 shows a cross-sectional view of the
technique. Figure 5 shows a composite of these shelf maps at various distances
above and below the center line of the drill hole. The figure shows the axis of
the drill hole, the edge of the face below the shelf, the observed fractures, and
selected strikes (azimuths). Well away from the hole, the fracture azimuth is
N60°E, which is most likely controlled by the in-situ stress. Closer to the hole,
it is N35°E at 23 inches away and, finally, N20°E at 4 inches from the center line
of the hole. Note also the numerous stranding of the'fracture.
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HF 46
Mineback Drift
Vertical Section

— 4" grill hole
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Figure 4. Mineback Procedure for HF 46 Fracture
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Figure 5. Top Views of Turning Fracture Observed on HF 46 Mineback
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Stress Analysis

In Appendix B, expressions are derived for the stress and displacement fields
in an infinite, linearly-elastic body containing an infinitely-long circular cylin-
drical cavity of radius Ro‘ The surface of the cavity is subjected to a uniform
pressure, P, while a general uniform stress state prevails at infinity. 1In
Appendix C, the uniform stress state at infinity is represented in terms of the
three principal stresses at infinity through use of Euler's angles and the usual
tensor transformations. Thus, the stress field at the surface of the cavity is
determined in terms of the principal stresses at infinity and the angles which

these stresses make in relation to the axis of the cavity.

Interest here is not on the direct problem of determining borehole stresses
due to internal pressure and known in-situ stresses, but rather on the inverse
problem. That is, given some information about the state of stress at the bore-
hole, what are the in-situ stresses? Information available from hydrofrac tests is
not sufficient to provide a unique solution to this inverse problem, even in the
case of fracturing three mutually-orthogonal boreholes. As pointed out earlier,
pressure data from a fracturing test provide only two pieces of information: a

critical or breakdown pressure, Pc; at which the fluid pressure fractures the

borehole, and the shut-in pressure, P at which the fracture closes after fluid

is no longer pumped into the open fraziure. Depending on how the fracture surface
is orientated with respect to the borehole, this shut-in pressure is equal to or
slightly greater than the minimum principal in-situ stress, which is the stress
normal to the fracture surface. It is generally assumed to be equal to the minimum
principal in-situ stress. The breakdown pressure, P, depends on the principal
stresses and their directions as well as on the tensile strength of the formation.
And this accounts for the basic difficulty in trying to solve the inverse problem.
Any number of combinations of principal stress magnitudes and directions can lead
to the same Pc’ and the critical point on the borehole surface where fracture
initiates cannot be determined. A postfracture investigation of the borehole
surface will reveal the final fracture line but will not indicate at what point and
in what direction fracture initiated. The presence of the borehole itself alters
the uniform stress field enough so that this fracture line is virtually useless in
predicting fracture direction in the general case. Thus, even hydrofracing three
mutually-orthogonal boreholcs produces only four pieces of information at that
point: three breakdown pressures and one shut-in pressure (generally taken as the
average of the three shut-in pressures). While the magnitude of the minimum prin-
cipal stress is obtained, its direction is not and little can be determined about
the two remaining principal stresses and their directions. Because of these diffi-
culties, the idea of hydrofracing a spherical cavity, which has no a priori orien-
tation bias, rather than a cylindrical cavity has been advanced.19 Analysis shows
that the spherical cavity will fracture along a plane oriented normal to the mini-
mum principal stress direction, and a postfracture investigation will determine the
direction of this stress. The shut-in pressure will determine the magnitude of
this minimum principal stress, and the breakdown pressure provides a relation
between the magnitudes of the two other principal stresses which lie in the frac-
ture plane. Other. advantages in estimating in-situ stressés-which are associated

with the fracture of spherical cavities are detailed in Reference 19.
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Another difficulty that arises when attempting to estimate in-situ stresses
from hydrofrac pressure data is the effect on the stress field of the packers used
to seal off the borehole interval. An analysis of these packer-induced stresses
has recently been completed,20 and these stresses are found to be tensile and
proportional to the difference between the packer pressure and the hydraulic frac-
turing pressure. For typiéal packers, these stresses can become great enough to
fracture the borehole under the effect of packer pressure alone before any hydrau-
lic fracturing pressure is applied. When this occurs, a breakdown pressure may not
be observed. 1If the initial packer pressure is not great enough to fracture the
borehole, the packer-induced stresses will result in a measured breakdown pressure
which is less than that predicted by analysis which ignores these stresses. 1In the
fracture operations performed in G Tunnel, and reported on here, only the initial
packer pressure was recorded, and, since this can differ significantly from the
packer pressure at fracture, the analysis presented here ignores these packer-
induced stresses. -

1n view uf Lhe analylical problems involwod in utilizing pressnre data from
hydraulically-fractured cylindrical boreholes in the general case which we have
delineated above, some assumptions or additional information are needed to estimate
in-situ stresses. A usual assumption is that one of the principal stresses is
vertical and equal to the overburden, that is, the weight of the geologic formation
above the point where the in-situ stresses are to be determined. This assumption
implies that the fracture plane will be either horizontal or vertical, depending on
whether or not the overburden is the minimum principal stress. $ince the hydrauli-
cally-fractured boreholes under discussion here are either vertical or horizontal,
the assumption of a vertical principal stress implies that this stress is either
parallel or normal to the borehole. Both situations allow a simplification of the
stress expressions around the borehole., For a vertical borehole, this principal
stress is parallel to the borehole, and the elementary expressions of Eg. (1) hold.
The relevant equation for a horizontal borehole is developed in the subsec¢tion
immediately following.

Additional information may also be obtained from postfracture observations.
One example of this is to mineback along the borehole to the area ot the frac¢ture
and determine the orientation of the fracture plane and thus the direction of the
minimum principal stress. Several hydraulically-fractured boreholes in G Tunnel
have been examined with mineback (Appendix A). The use of this information in
estimating in-situ stresses is recorded in the results section of this report. 1In
general, fracture planes at points in G Tunnel which lie under the level portions
of the mesa are essentially vertical, indicating that the minimum principal stress
is horizontal and that the assumption of a vertical principal stress in this region
may be quite realistic. At points which lie under the sloping portion of the mesa,
however, the fracture planes are inclined from the vertical, this inclination being
away from the topography gradient and consistent in general trend with the theoret-
ical analysis of overburden stress under inclined terrain (Appendix D). While
consistent in general trend, the actual angular displacement of the fracture plane
from the vertical is observed to be considerably greater than the analysis of
Appendix D predicts. This is realistic since other in-situ effects besides over-

burden are certainly operating in this situation.



Stresses at a Horizontal Borehole with One Principal Stress Vertical

The level of generality of the borehole stresses presented in Appendices B
and C makes them difficult to work with, so here attention is restricted to the
usual situation in G Tunnel where the borehole is horizontal and one principal
stress is vertical, i.e., normal to the axis of the borehole. In the notation of
Appendix C, with the borehole directed along the z' axis, this vertical prinéipal
stress is denoted as Oyx in the direction x. Then, in 'the transformation A of

Eq. (C2), take '
$=0,% =0 (2)
and, denoting the principal stresses of Eq. (C6) by

g =0 g = 0 ., O = O (3)

KX 1 ' vy 2 ' zz 3’
obtain
c_’xx=ol '6xy=0'6XZ=0'
ayy = 02 cosza + 03 sin2a .
Byz = -(9, - 03)Sin @ cos @,
EZZ‘= o, sinza + 0, cos?a . . (4)

The geometry under discussion is shown in Figure 6. Measuring the angle 0O around
the borehole from the vertical x = x' axis, Eq. (B25) with Eq. (4) gives the non-

zero borehole surface stresses

Opg = -P + oy + 0, cosza + 03 sinza - 2(01 - 02 0052“ - “3 sinz“)cos 20 ,
.2 2 2 .2
= - - - 0
L o, sin”a + 03 cos“a 2\>(01 02 cos“Qa 03 sin“d)cos 20 ,
Oz = —2(02 —_03)s1n o cos @ cos O . (5)

If the minimum principal stress is the vertical stress 0, Eq. (5) shows that the
minimum stress at the borehole surface is %gp at ® = W/2, and the resulting frac-
ture plane will be. horizontal, or normal to 01. This situation is of little
interest in G Tunnel, so it is now assumed that <ﬁ is not the minimum principal
stress and, without loss of generality, the minimum stress is denoted as (5, that

is
(6)

and the.angle 0.is the angle of this stress direction with respect to the borehole
axis. That is, © is the angle of the normal to the fracture plane from the axis of
the harehnle. From Fq. (B28), the pressure P required to provide a ®min ~ -T,
where T is the tensile strength of the formation, at any point © around the bore-

hole is given by



Fracture Plane

YI
z
ZI
Flgure 6. Geumetry of Burehole with One Principal Gtress Normal
(T - (1 + v)C cos 201 + 2(C + 0, - 0,)(C + 0, - 0)(1 + cos 20)
. —[02+o3—01+c+(1-v)cCosZO]2
P = - (7)
[T—ol+02+03+c—2chosze]
where
PEP—GI-GZ‘—HJ,
C =0, -0, cos’a - o, sin’a . (8)
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This relationship gives the P required to establish Omin = -T at any angle © around

the borehole. Now, it is necessary to find the minimum P on the interval 0 < @ <

T/2. Differentiating P gives

av2c3 cos? 20 - avc? cos 20(T - o, + 0, + oy + C)
+ C(T - 0. + 0, + 0_ + c)2
1 2 3
sin 20
1 9p _ -(c+c3-ol)(c+02—ol) [(1+2v)C+’I‘—ol+ 02+o3] )
4 99 [T - 0, + 0, + 05+ C - 2vC cos 20]2

This expression goes to zero at @ = 0, w/2, which indicates that fracture of the
borehole will initiate at one of these points. There is a theoretical possibility
of fracture initiating at some other point defined by the zeros of the bracketed
term in Eqg. (9) but the numerical results which have been carried out indicate that
under conditions for which this will occur, the minimum P is very close to the P
required for fracture to initiate at @ = 0 or 0 = 7/2. Figuge 7 shows values of
the minimum stress, Cmins at points around the borehole, 0 < @ < =n/2, for several
values of the borehole orientation angle a. ' Each of these curves is for the mini-
mum pressure P required to provide a maxihum tensile stress T of 300 lb/inz to pro-

duce fracture at some point around the borehole.*

The in-situ principal stresses for the example of Figure 7 are vy = 1100
1b/in®, 0, = 1700 1b/in?, and o,
in G Tunnel near the triad of boreholes HFS 10, 11, and 12. Also shown in Figure 7

= 900 1b/in2, which are approximately those found

is the angle Y, given by Eq. (B27), which the minimum stress surface makes with the
axis of the borehole (Figure Bl). It can be observed that the location of the
point on the borehole where Smin = -T shifts from e = 71/2 to e = 0 occurs at an
orientation angle ¢ of ¢« = 55°. From the plot of y versus @ it can be seen that
when %min = -T at @ = n/2, y = 0, which indicates that fractures initiating at this
point would be expected to run parallel to the borehole axis. On the other hand,
when Smin = -T at @ = 0, y # 0, and these fractures are expected to have some angle
less than (90° - o) from the borehole axis. In either case, the fracture at the
borehole initiates at an angle different from the angle at which the final fracture
surface grows away from the borehole which is normal to o3 and given by (90° - a).
Thus, the fracture twists as it grows out into the formation from the borehole.
This effect is substantiated by the mineback observations of HF 46, shown in Figure

5, and is discussed in more detail in the results section of this report.

*A value of 300 lb/in2 is used in this report as the effective tensile
strength of the tuff when subjected to internal pressurization. The values shown
in Table 2 are from uniazial Lleuslle tests and are aboit one-half the above value.
Preliminary work to measure T gave values ranging from 100 to 700 lb/inz. The low
values were associated with natural fracturee; thc high values came from pressur-
izations on the tunnel ribs where the tuff had not been fully relieved from the
in-situ stress. Tuff samples that had been relieved on three sides and were free
from natural fractures gave values in the 250 to 350 1b/in’ range. Terra 7Tek has
measured a T value by pressurizing cylindrical samples from N Tunnel, Area 12, and
found an average tensile strength value of 435 1b/in”.
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Figure 7. Plot of Omin Versus Position © around Borehole for Several Angles a

The minimum pressure P required to provide a Oin = ~-T at some point on the
borehole surface is the critical or breakdown pressure Pc, and for the example of
Figure 7, this pressure is shown as a function of borehole orientation angle a in
Figure 8. Note that the same critical pressure,PC, occurs for two different orien-
tation angles, a, and thus demonstrates one of the difficulties, discussed earlier,
which ére assocjated with the inverse problem of determining in-situ stresses from
hydrofrac pressure data. While it is true that fracture initiates at different
points around the borehole for each of these two angles, a postfracture investiga-
tion of the borehole will reveal only a completely fractured surface, the point of
initiation being lost. Clearly, other combinations of Opr Oys Og, and a could
result in the same P, of Eq. (7).

If the fracture initiates at @ = n/2, then the minimum pressure P, is given
by

P =T+ 20, + C , (10)



and the angle y of the fracture from the borehole axis shown in Figure Bl (Appen-~
dix B), is vy = 0. If the fracture initiates at @ = 0, the minimum pressure P_ is
given by
23 T T T T T
l

P x107°
C

30
Figure 8.

45

P
c

1 - 3C -
and the angle y of the fracture is

~

Critical Pressure Pc versus Borehole Orientation Angle a
.2

4cos”a sin“a(o, -

= T + 20

12
03)
[E+ (1 - 2v)C] ,

(02 - g,)sin 2a
tan y = 3

[E + (1 - 2v)C]
where

(11)

.

E=T - %1 + 9, +

(12)
o5 -

(13)

Eguation (12) shows the complex relation that éxists between the fracture angle y

and the principal stress direction a and provides another example of the difficulty
of estimating the in-situ stress field from the pressure data alone.
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Results

In this section, the analysis of the previous section and Appendices B and C
is applied to the selected hydrofrac pressure data to obtain estimates of the
in-situ stresses at these selected locations. A summary of the in-situ stresses in
G Tunnel, as determined from.analysis of all hydrofrac tests performed, is included

in the Summary section.

Analysis of HFS 7, 8, and 9

This triad of boreholes is located under the slope of the mesa, east of the
top edge. As shown in Appendix D, the theoretical fracture plane for this area is
not vertical but inclined up and to the west. The three boreholes are approximate-
Mineback of HFS 9 shows that the fracture plane 1s inclinéd at 3U* from the verti-
cal in essentially a westerly direction, and the geographic orientation of a hori-=
zontal line on the fracture plane is N14°E. Wwhile the angle of inclination is
considerably greater than that predicted (Appendix D), the inclination is in the
proper direction, and the horizontal geographic orientation is approximately per-

pendicular to the mesa gradient as expected.

The direction of the fracture plane defines the direction of the minimum
principle in-situ stress since this stress is perpendicular to the fracture plane.
With the direction of this stress known, two of the three Euler angles are deter-
mined, and the orientation of this minimum stress with respect to the axis of the
three boreholes is known. The importance of knowing the direction of the fracture
plane in order to determine the in-situ stresses should be emphasized. The magni-
tude of the minimum principal stress is approximately equal to the shut-in pres-
sure, and, for this triad of boreholes, an average is used from the three shut-in
pressures, which gives dmin = 4’70 1b/in7. I'né rémaining two principal stresses
must lie in the plane of the fracture.

For Lhis inclined fracture plane, none of thc borcholee are aligned normal to
any of the three principal stresses, $0 the entire analysis of Appendix C must be
used. A consistent set of principal stresses is obtained if it is assumed that
one of the stresses in the fracture plane is horizontal, the other is then perpen-
dicular to it. With this assumption, the following calculations are made for each

of the three boreholes.

1. For the vertical borehole HFS 7, a = 60°, ¢ = ¢ = 0, and ¢' =90, ¢' =
XX 2 Yy

Izz.=’03 = 470 1b/in2 in Eq. (C5) to get the uniform stress field

referred to the cylindrical coordinates of the borehole. Equations (B25)
and (D28), with D = 550 1b/in%, v = 1/4, and T = 300 1h/in2, pravide a

G0 0

relation between 01 and 02.



v

‘2. For the horizontal borehole HFS 8, whose axis has direction N34°W, a =

o - .AQ° - 1 - ] Tt = — 2
-60°, ¢ = -48°, ¥ = 0, and © x = 02, o] vy 1’ g 2z o3 = 470 1b/in

in Eq. (C5), then the coordinates and stresses are relabeled such that x

=0

+ 2z, Yy *X, z*y toget the uniform stress field referred to the cylin-
drical coordinates of the borehole. Equations (B25) and (B28), with P =
775 lb/inz, v =1/4, and T = 300 lb/inz, then provide a second relation

o .
between 1 and 02

3. For the horizontal borehole HFS 9, whose axis is directed N60°E, a =
° - o - ] —_ 1 = t [ - . 2 .
-60°, ¢ = 46°, ¥V = 0, and © xx = 990 O vy Opr 0'yp = 03 = 470 1b/in“ in
Eq. (CS5), the coordinates and stresses are relabeled such that x > z, y =
X, Z > y to get the uniform stress field referred to the cylindrical
coordinates of the borehole. Eguations (B25) and (B28), with P = 788
lb/inz, V =1/4, and T = 300 lb/inz, then provide a third relation be-
o g, : '
tween 1 and 9
Because of the unreliable and incomplete results from the pressure data of
HFS 7, the most reliable results will be obtained from the stress relations for HFS
.8 and 9. Results of this analysis indicate that a consistent in-situ stress field

can be obtained which is

01 = 1283 lb/in2 ¢ O, = 800 lb/in2 ¢ Oy = 470 lb/in2 . (14)

where 01 lies in the vertical plane intersected by the fracture plane, 02 lieg in
the horizontal plane intersected by the fracture plane, and 03 is normal to the
fracture plane. The orientation of these stresses with respect to.the fracture

plane is shown in Figure-9.

S

Figure 9. Orientation of Fracture Plane and Principal Stresses, HFS 7, 8, and 9

Using these stresses in the analysis for HFS 7 shows that a breakdown pres-

sure P = 550 lb/in2 is required to provide the maximum tensile stress of 300 lb/in2

to fracture the borchule.
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The slope of the mesa directly above this triad of boreholes is approximately
35° up and to the west (see Figure 13). Using this angle, an average density of p
= 1.99 g/cm3 énd an average depth of 1060 feet, the vertical uniaxial strain analy-
ses of Appendix D, Case 2, Egq. (Dll), provide

1173 1b/in® ,

Q
—

]

Q

]

max
6, = @ = 284 1b/in?
3 min 4
- _ . 2
o, = vle, + o;) = 364 1b/in® . (15)

The angle of inclination of o, from the vertical |y| is obtained from Eq. (Dl12) and
found to be

bel = L7.5e . (16)

The vertical component of the normal stress, L associated with the principal
stress sysiem ul Rg. (14) io ¢, = 1080 Ih/inz, while the vertical component dgn.p
associated with the overburden stress system of Eq. (15) is 9yoB = 1093 1lb/inZ.
Thus, while the simple overburden theory of Appendix D provides a relatively close
approximation to the vertical component of the normal stress, O, and the shifted .
overburden stress, Gy the other two principal stresgses and the angle of inclina-

tion, y, of the shifted overburden stress are considerably different.

Analysis of HFS 10, 11, and 12

These three boreholes are located well under the flat portion of Lhe mesa and
are approximately orthoyunal Lo each othcr, HFS 10 and 11 heing horizontal and HFS
12 vertical. The fracture plane is expected to be essentially vertical, and
minebacking of HFS 10 verifies this. The geographic orientation of the vertical
tractute plane ls W46"E, and thc minimum principal st¥ess is hurlzuutal with dirco-
tion N44°W. From the average shut-in-pressure for these three boreholes, %nin -
860 1b/in is obtained.

The remaining Lwo principal stresses lie in the fracture plane, and a reason-
able assumption is that one is vertical and the othcr horizontal. Thus, willi this
assumption, one principal stress is normal to the horizontal boreholes H¥s 10 and
11, and both can be analyzed with the simplified eyuatiuns of the precvious section,
Since the vertical stress is parallel to the vertical borehole and the maximum
principal stress is normal to it, the elementary relation of Ey. (1) is applicable
to the analysis of HFS 12 whilch pruvides

oy, = =P_ + 303 + T . (17)

Using ¥_ = 990 lb/in®, o, = 810 lb/in, T = 300 1h/in?,

3

o, = 1740 1b/in? .



The axis of the horizontal borehole HFS 10 is directed N26°E. From the shut-in-
Apressure data, gy = 860 lb/in2 and taking

a = =70° , p_ ='1125 1b/in® , v = 1/4 , T = 300 1b/in’ ,

in Eq. 5, it is found that the maximum stress occurs at @ = 0. A relationship
between ol'and o, then gives

o) = 172 {(3012 + 2.2350,)

6 3 211/2

- [2.456 x 10" - 5.36402 x 107 + 5.65302 . (18)

and, at g, = 1740 1b/in®, this provides

¢, = 1850 1b/in® ,

which is an unrealistic number. The relation for 9, is relatively insensitive to
values of o, because of the small angle, 20°, between the borehole and the fracture
plane. For example, 9y changes from 1825 lb/in2 to 1850 1b/in2 as o, changes from
1200 lb/in2 to 1800 lb/inz. The pressure data of Table 1 for the three hydrofracs
performed in this borehole is very consistent and must be considered reliable. It
is felt that packer-induced stresses are responsible for this unrealistic value of
cl_since the packers in this borehole were initiaily pressurized to 1800 to 1900
lb/inz, which is very high. This unrealistic value of o, has been ignored.

The axis of horizontal borehole HFS 11 is directed S62°E. From the pressure
data, oy = 860 lb/in2 and taking

a = 18° , Pc = 1425 lb/in2 , v ="1/4 , T = 300 lb/in2

in Eq. (5), it is found that the maximum stress occurs at © = n/2. The relation
between o, and ¢, becomes

30; - 9040, = 1207 1b/in® , (19)
_ .2 . . /
and, a; o, = 1740 1b/in” , this provides
= 927 1b/in?
. 9 .

Thus, a consistent set of in-situ stresses for this triad of boreholes is found to

be*

N = 860 1b/in® , (20)

= 930 1b/in® , ¢, = 1740 1b/in? , o5

*
Using the analysis in Reference 20 for packer-induced stresses, the following
set of stress values is arrived at.

dl = 1000 lb/in2 10, = 1080 lb/inz, and g4 = 860 lb/in2 .
with directions the same as given above.
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where 9 is directed vertically, is directed horizontally in the plane of the

4
2
fracture, N46°E, and o3 is directed horizontally and normal to the fracture plane
N44°W. The orientation of these stresses with respect to the fracture plane is

shown in Figure 10.

Using an average density of 1.94 g/cm2 from Table 2 and an overburden depth
of 1380 feet, the vertical overburden stress gop 2t this point is found to be dob =
1160 lb/inz, which differs by 25% from the calculated vertical principal in-situ
stress g.

Vert.

Figure 10. Orientation of Fracture Plane and Principal Stresses,
ues 10, 11, and 12

Analycic of HF 20, 39 and 40

These three boreholes are all horizontal, HF 39 and 40 bcing cegentially
parallel to each other and orthogonal to HF 20. HF 39 is more than 200 feet long,
and nine successful hydrofracs were performed along its length. Here, only data
from the three hydrofracs which were closest to HF 20 and 40 are considered since
this data was consistent with thé fracture dala of HF 40. An analysis of all nine

fractures of HF 39 has been reportcd in a memo.23

These three boreholes are located under the flat portion of the mesa at a
depth of 1435 feet. Under these conditions, the fracture plane is expected to.,be
vertical, and this has been verified by the mineback of HF 20. Results of the
mineback show the fracture plane to be vertical and oriented N42°E. The averagé
shut-in-pressure for these three boreholes gives the minimum in-situ stress of %nin
= 720 lb/inz, which 1is normal to the fracture plane and thus horizontal with orien-
tation N48°W. The axis of HF 20 is N71°E. Assuming g, to be a vertical and oy @
horizontal stress normal to o3 and putting

« = 61° , P_ = 1300 1b/in® , v = 174 , T = 300 1b/in?



in Eq. (5), the maximum stress in HF 20 is found to occur at o = 0. At this point,

the relation between 9y and 9, becomes -
oy = 1/2 §(2143 «+ 2.46902)
- 13.68 x 10° - 6.510, x 10% + 6.8702211/2 . (21)

A second relation between o4 and o, is obtained from the results of HF 39 and 40.

2
The axis of HF 39 and 40 are both N19°W. Setting
' 2 .2
a = -29° , P_ = 1700 1b/in® , v = 1/4 , T = 300 1b/in

in Eq. (5), the maximum stress again occurs at © = 0. At this point, the relation

between 9y and vy becomes

o, = 1/2 (977 + 3.5302)

6 . 14.13¢, x 10

- [10.61 x 10 L 6.8802211/2 ; (22)

Simultaneous solution of Egs. (21) and (22) gives the vertical stress oy < 1292
2 = 975 lb/inz. The in-situ stresses in the
neighborhood of HF 20, 39, and 40 are

lb/in2 and the horizontal stress o

= 1292 1b/in? , o, = 975 1b/in? , oy = 720 1b/in® , (23)

%1
where oy is directed vertically, gy is directed horizontally in- the plane of the

fracture N42°E, and v, is directed horizontally and normal to the fracture plane

3
N48°W. The orientation of these stresses with respect to the fracture plane is

shown in Figure 1l.

This region is located approximately 200 feet from the triad of holes HFS 10,
11, and 12, and using the average density for these as listed in Table 2 and an
overburden depth of 1435 feet gives a vertical overburden stress at this point of
o = 1206 lb/inz. This vertical overburden stress is within 7% of the calculated

oB

vertical principal in-situ stress o).

Analysis of HF 45 and 46

These two boreholes are horizontal and were utilized in conjunction with the
high-explosive (HE) shots RS 5 and 6. The end of the HF 45 borehole is about 15
inches below the RS 5 cavity, and the end of the HF 46 borehole is 2 to 3 feet
below the RC 6 cavibty. The residual compressive stress cade around the two cavi-
ties resulting from the HE shots alters the in-situ stress field considerably at
the ends of HF 45 and 46 so the pressure data from the hydraulic fracture opera-
tions performed at the ends of these boreholes do not relate to the far-field
uniform in-situ stresses in any meaningful way. Thé fracturing operation performed
in the interval 17.6 to 22.4 feet in HF 46 is probably far enough away from both
the RS 5 and RS 6 cavities that this region is not affected by the residual
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Vert

Figure 1l1. Orientation of Fracture Plane and Principal Stresses,
HF 20, 39, and 40 '
compressive stress cage set up around the cavitieg. The pressure=time record for
this test is shown in Figure 12 and demonstrdtes Lhe type of anomalous bohavior
which can occur during hydraulic fracturing operations. Wwhile this pressure data
provides unrealistic values for the in-situ stress field, observations made during
mineback provide some interesting information about the fracturé propagation from

the horehole and about the effects of packer-induced stresses.

Theoretical analyses.of borehole stresses indicate that the direction of the
initial fracture at thé>borehole surface will not be the same as the direction of
the fracture in the far field. Thus, the fracture plane is expected to change
direction as ‘the fracture grows away from the borehole. This reorientation is
localized since the borehole induced stresses decay as (Ro/r)z, as shown in Egs.
(Bl6) to (B2l) of Appendix B. To verify this twisting of the fracture plane, HF 46
was mined back in such a Qay as to observe any changes in fracture direction. In
the pressurized region 17.5 to 22.4 feel into the borehole, horlzountal culs abtwut 2
feet deep were made, starting 23 inches above the borehole center line, and the
fracture direction on each of the horizontal faces was observed. Figure 5 shows
how the fracture plane projected on these faces twists as it grows vertically from
the borehole, the cracks initiating at an angle of 5° to 25° from the axis of the
borehole, finally redching an angle of 45° (N60°E) at distances several borehole
radii from the center line. The following analysis indicates that for the assumed
in-situ stress field in this neighborhood, fractures should initiate at the top and
bottom of the borehole in a direction 33° from the axis, the fracture direction

twisting as it grows'vertical;y, finally reaching 45° in the far field.

"'A second important ‘effect, -mainly that of fracture initiation at the packer,

was observed during mineback. The face shown in Figure 5 is at 16.1 feet into the



borehole which is under the packer and about 1.5 feet from the packer end at 17.6
feet. The pressure-time record for this fracture operation (éigure 12), along with
observations at mineback, indicate that the initial fracture started at the packer
and grew siightly, probably moving under the packer but unable to continue in that
direction at the pressure of initial fracture. Subsequent increases in the hy-
draulic fracturing pressure then propagated the crack in the usual way. This
effect is consistent with the effect of packer-induced stresses which have been
investigated by warren, 2 the results of which have been incorporated into the
following stress analysis of HF 46. \ ’

T T ) L] ] L{ T 4 1 ] T T 7 L] T L T v T
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@ 300 4
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v ¥ L T T T ] T Ll 1 T Ll [ § ¥ T T L T T
1500
~ 1200
[}
&
° 900
=
600
w0
o
n, 300
0
1 I 1 1 1 L 1 1 1 1 1 1 1 1 L 1 i
time - 10 seconds between marks
- (b) Pressure #2 (at packer)
Figure 12. Pressure-Time Record for HF 46, Zone R8 -- 22 Feet

In the absence of other information, principal strésses are taken to be

1200 lb/in2 vertical

0, = ;
o, = 1600 lb/in2 horizontal N60°E
o3 = 900 lb/in2 horizontal N30°W , ' (24)
which are consistent with other results in this area of G Tunnel. The axis of HF
46 is horizontal with direction N15°E. Taking a = -45° in Eq. (4) gives the uni-

. form stress field with respect to the borehole axis z as
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- 2
o] = =
0 2x Orx 1200 1b/in“ ,
0® =5, =0,
xy Xy
c® =737 =0,
Xz XZ
‘ ¢® =5 = 1250 1b/in® ,
vy vy
6° =5 = 350 1b/in?
vz Yz . ’
6° = 5.z = 1250 1b/inZ . (25)
zZ . b4

For this analysis, the effect of packer-induced stresses are to be considered, and

Reference 20 shows that these stresses are dependent upon P = P° - PH’ where P° is
the packer inflation pressure and PH i1s the hydraulic fracturing procgure, and are
such that
2 2
’ RO : RO
= - = =0.65 —_ .
%@ r2 on(AP) v 9, 0.6 no(AP) r2 (26)

Superimposing these stresses onto the stresses of Fgs. (B16) to (B21) gives

R02

0 = T 2~

(P + o (AP)) + 1225(1 + RoZ/r?)
r .

+ 25(1 + 3 Roq/r4) cos 206 ,

o = 1250 1 25 B¢ 4oc 20 -0.680 (AP)RAZ/r? .
Tzz 2 o

r
- 2,2
o] = 350 (1 + Ro“/r“) cos O, (27)
0z
Ro> 2, 2
o = —g— P + 1225(1 - Ro“/r”)
rr r
- 25 {1 - 4 Ro?/r? + 3 RO%/E%) cos 20,
0o = 25 (1 + 2 Roz/r2 -3 Ro4/r4) sin 20 ,
_ 2,20 .
Orz 350 (1 Ro“/rc) sin 0,

and on the borehole surface r = Ro,

Ogg = -P - oo(Ap) + 2450 + 100 cos 20 ,



Q
n

1250 - 0.650 (AP) -+ 25 cos 29 , (28)
zZ o]

.

o
Oz

700 cos O ,

~

where 0 is measured from the vertical axis. The minimum stress on the borehole
surface occurs at © = 0, and for fracture to occur at the measured pressure of

P = 1610 lb/inz, the packer-induced stresses must be
o (AP) = =780 1lb/in? . (29)

From the analysis of Reference 20, this induced stress level requires AP = 1000
lb/inz, which is consistent with the initial packer pressures for this fracture
operation as indicated in the data Section IV. 1In the vertical direction, 0 = 0,

the stresses of Eq. (27) are

2
Ggp = ~2390 RO w1225 (1 + RoZ/r2) + 25(1 + 3 RoY/rY) ,
r
_ _ 2,2 |
0,, = 1250 - 482 Ro%/r’ ,
¢ = 350 (1 + Ro?/r?) . (30)
Oz :

The angle Yy of the maximum stress in the horizontal plane a vertical distance r

from the borehole center line is obtained from Eqg. (B27), and it is found that

53 (1 + Roz/rz)

R02 (1 -0.11 Ro?/r?)

Tan 2Y = -1.025 (31)

which shows that the angle of the fracture plane twists as the fracture grows away
from the borehole. Table 3 shows the theoretical fracture angle as a function of
L/Ro and also the observed fracture angle measured during mineback. The observed
twist is considerably greater than the theoretical, the fracture actually having
broken out of the borehole in a direction essentially parallel to its axis. Mea-
surements of fracture direction at the borehole surface will obviously not indicate

far-field fracture-plane orientations.

From Table 3, it is seen that the angle of the fracture Y at the borehole is
33.27° from the axis of the borehole. Assuming that the packer inflation pressure
changes with P such that AP remains constant and, hence, the packer-induced

stresses remain constant, the shut-in pressure, P required to just open the

si’
crack at the angle y is obtained from the relation

ZoY = —(PSi - 2538) - (Psi - 1002) cos 2y - 1400 sin 2v , (32)

where OY is now set equal to zero. Solving Eq. (32) for Py with v = 33.27° gives
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_ .2
Py = 1182 1b/in“ , (33)

which is very close to the observed shut-in pressure for this fracture. Note the
effect of both the packer-induced stresses and the angle of fracture Y at the
borehole being different from the far-field angle on the shut-in pressure as it
relates to the minimum principal stress o0y = 200 lb/inz.

If fracture had initiated at the borehole surface in the direction of the
far-field fracture, that is, ¥ = 45°, the shut-in pressure from Eq. .(43) with 0o_ =

Y
0 at ¥ = 45° gives

. 2 .
* = .
Py 1138 1b/in”“ . (34)
The effect of the fluid pressure in the crack makes this analysis quantitatively
invalid, and thc actual shut-in pressure will he close to the minimum in-situ

stress 0,, that is, Py = 9w lb/ih2. puer, qualitatlvely, Lecvause Lhe divection of

3!
fracture at the borehole is not normal to 0,, a measured shut-in pressure which is

higher than o3 will result, that is, the fracture will close at the borehole at a
higher pressure than that required to keep the fracture open in the far field.
Comparison of Eqs. (33) and (34) indicate that, for this example, the difference in
pressure is Psi - Psi* = 44 lb/inz, and a measured shut-in pressure of Psi = 944

lb/in2 rather than the 900 lb/in2 associated with o, would be expected.

3

Table 3

Angle of Minimum Stress Y with

Distance r/Ro from the Borehole

Theoretical ¥ Measured ¥

r/Rﬂ Eq. (31) Fig. 11
1.0 33.3°

1.5 37.0°

2.0 39.6° 5°
2.5 41.2°

3.0 42.2°

3.25 42.6° (13°)*
3.5 42.9° 10°
4.0 43.4°

5.0 43.9° 10°
5.25 44.0° (30°)*
11.5 44.8° 20°

w 45.0° 45°

* () Indicates measurements made below the borehole.



Summary ) -

This report describes the activities in G Tunnel, NTS, which have been in-
volved with estimating in-~situ stresses from hydrofrac measurements. Following a
description of the field-test equipment and procedures, selected data are presented
which are considered to be representative of the more than 100 fracturing opera-
tions conducted to date. Estimates of the in-situ stresses are then obtained by
using this selected data and theoretical analysis. Data from other hydraulically
fractured boreholes in G Tunnelbare similarly analyzed and included as a part of

" this summary.

Figure 13 shows the dips of induced fractures on a vertical section through
the G Tunnel. Under the cap of the mesa, the fracture plahes are within 5° of
vertical. Toward the edge of the mesa, the fractures begin to tilt. Beneath the
mesa edge, the HF 47 fracture is tilted 30° from vertical. The tilt of the frac-
tures continues to increase farther under the sloping portion of the mesa, sug-

gesting that the tilt is related to topography.

Figure 14 shows the azimuths of the fractures plotted on a map of G Tunnel.
(The long dashed~1ine with the two bends shows the location of the vertical section
shown in Figure 13.) Under the mesa éap, azimuths range from N35°E to N60°E, and,
under the ﬁesa edge, about N30°E. The two fractures under the sloping portion show
azimuths of N12°E and N, that of the N fracture being a calculated value. In this

region the fractures appear  parallel with contour lines.

Thus, we see reasonably consistent behavior of fracture planes and the direc-
tion of minimum in-situ stress which is normal to the planes. The figures show
vertical fractures under 1400 feet 6f overburden with a level surface, as well as
tilted fractures under a.sloping surface with azimuths that parallel contour lines

on the sloping surface.

In-situ stresses have been estimated for one point in G Tunnel by using an
overcoring technique. Table 4 shows the overcore results compared with those of
HFS 13, 14 and 15 that lie 150 feet west and HF 30 that lies 50 feet east of the

vvercore (rigure L4); details of the overcore operation are presented in Reference 22.

Table 4

Overcore and Hydrofrac Tests Compared

In-Situ Stress

(Orientation) . Overcore HFS 13-15 - -HF 30
Magnitude Magnitude - Magnitude
(1b/in?) orient. ___  (In/in’)  oriemt. (1n/in?) orient.
Miniium (Horiz.) 374 N68°W:; 450 NS52°W 410- N51°W;
7° below Horiz. 7° helow Horiz.
Maximum (Horig.) 1233 N22°E 1080 N38°E —— N40°E ~
(Vertical) 986 7° from Vert. 1194 Vert. 915 7.° from Vert.
N83°W N51°W
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Figure 13. Vertical Section through G Tunnel, showing Dilrection of Induced Fracﬁ'ul'es
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Table 4 shows that the values of the minimum stresses agree reasonably well
and all are horizontal. The maximum horizontal and vertical values in all cases
except HF 30 differ by only 200 lb/inz. The azimuths of all horizontal stresses
differ by about 20°, and those of vertical stress are within 7° of vertical.
Despite the uncertainties of obtaining in-situ stress values from hydrofracturing
and the uncertainties of overcoring caused by strain measurements and variations in
elastic moduli and in Poisson's ratio, reasonable agreement between the two tech-

niques is found.

As a final part of this summary, certain problems in estimating in-situ
stresses from hydrofrac pressure data will be pointed out. These problems have
been encountered during field operations and while analyzing data from over 100
fracturing operations in G Tunnel. Some of these have been mentioned in detail

elsewhere in this report and are repeated here for emphasis.

First, the inverse problem of obtaining principal stress magnitudes and
directions from hydrofrac tests on cylindrical boreholes poses formidable diffi-
culties, not the least being that the stress field is not unique. On the other
hand, hydrofrac does offer the possibility of obtaining at least two pieces of
information, not directly measurable by other methods, with great accuracy: the
magnitude and the direction of the minimum principal stress. The magnitude of the
minimum stress is approximately equal to the instantaneous shut-in pressure (Psi)'
that is, the pressure the hydrofrac system drops to immediately after the pumps are

shut off (Figure 2). Theoretically, P is slightly greater than the magnitude of

the minimum principal stress, this difzérence usually being small, increasing as
the angle of the fracture plane increases with respect to the borehole axis. But
in a number of cases, a well-defined Psi was not observed, and the pressure con-
tinued to drop essentially exponentially after the pump was shut down. The reasons
for this behavior are not clear. Perhaps, if a fixed percentage of\the stabiiized‘
flow-pressure (Pf) is used, a reasonably accurate estimate of the Psi under these
conditions could be made, but this idea must be more thoroughly studied. 1If the
problem is primarily absorption of the fluid into the rock--not likely in the
ash-fall tuff environment of G Tunnel--chemical additives to the fracturing fluid
might retard absorption long enough for a defini@e pP_; to be obtained. - In short,
inability to measure Psi effectively eliminates one of the two important pieces of

information that can be obtained from hydrofrac pressure records.

Hydrofracturing creates a crack which eventually propagates in a plane that
is perpendicular to the minimum principal stress. This is the second observable or
measurable quantity unique to hydrofrac methods for estimating in-situ stresses,
that is, the direction of the minimum principal stress. Unfortunately, unless the
axis of the cylindrical borehole lies in the fracture plane, the direction of
fracture at the borehole may not be the same as the direction in the far field.

24 also discusses this effect,) This effect was detailed in the results

(Daneshy
section where the fracture was mapped after mineback, showing that the fracture
twisted as it left the borehole surface. Observation of the fractured borehole
after a test, either with impression packers or down-hole cameras, may reveal a

fracture plane that has no relation to that of the [ar=[field fracture. In effect,

45



46

the cylindrical borehole itself introduces a geometrical bias into any effort to
determine the far-field fracture plane. To circumvent this geometrical complica-
tion, the idea of hydrofracing a spherical cavity, which has no orientation bias,
has been advanced.19 Analysis shows that the spherical cavity will fracture along
a plane perpendicular to that of the minimum principal stress, and post-fracture
examination will determine the orientation of this plane. The Poy will determine
the magnitude of this minimum principal stress, and the P provides a relation
between the magnitudes of the two other principal stresses which lie in the frac-
ture plane. Other advantages of hydrofracing spherical cavities are detailed in
Reference 19. '

Other methods for determining the far-field fracture plane should be explored
since knowing the orientation of this plane is crucial for estimating in-situ
stresses. The orientations of most fracture planes in G Tunnel have been deter-
mined by mineBacking around the fractured borehole. This method is not only ex-
tremely expensive but physically impossible under most practical conditions.

Another significant problem is the effect that packer-induced étresses have
on the borehole. These stresses have been analyzed by W. E. Warren20 who shows
that, for a given packer, these induced stresses depend on the difference between
packer and hydrofrac pressures and can be significant. To minimize packer-induced
stresses, this pressure difference should be kept as low as possible durihg the
entiré fracturing operation. These packer-induced stresses are localized around
the packer at the borehole and will have negligib}e effect on measured Psi values
and on orientation of the fracture plane in the far field. However, the breakdown
pressure (Pc), which provides additional information about the in-situ stress field
may be considerably affected by packer-induced stresses. For a given in-situ
stress field, ignoring the packer~induced stresses leads to a higher predicted P
than will actually be necessary to initiate fracture. Working backwards, the
measured P will hot give an accurate reclationship between the existing in-situ
stresses.

The importance of these packer-induced stresses seems quite evident from
observations made during mineback of the fractures in G Tunnel. A number of the
fractures initiated at or near the packer. To account accurately for pac¢ker-
induced stresses in the analysis, the pressure in the packer should be recorded
during fracturing, at lé¢ast up to the time breakdown of the formation occurs.

Finally, there is the problem of determining the effective tensile strength
of theé tormation under conditions of a pressurized borehole. The tensile strength
of brittle materials is strongly dependent upon the distribution of flaws and
imperfections in the material which create stress concentrations and enhance frac-
ture initiation and growth. Under the conditions of é uniaxial tension test, the
entire specimen is subjected to a uniform tensile stress so that flaws and imper-
fections throughout the entire test specimen become candidates for fracture initia-
tion points. Thus, the tensile strength obtained from a uniaxial tensile test is a
measure of the strength of the weakest point anywhere in the entire specimen. On

the other hand, the stress field associated with a pressurized cylindrical borehole



exhibits maximum tension at the borehole surface and decreases rapidly with dis-
tance into the material. Thus, only those flaws and imperfections in a narrow
region around the borehole are subjected to the maximum tensile stress, and the
stress levels required to initiate fracture at the borehole can be expected to be
considerably higher than the stress levels required to initiate fracture in the
uniaxial tensile test. For Coeur d'Alene Revett Quartzite, Haimson21 finds the
effective tensile strength at a pressurized borehole to be about 2 or 3 times the
uniaxial tensile strength. In this report, an effective tensile strength of T =
300 psi is used, which is about twice the uniaxial tensile strength as listed in
Table 2. This value of T has not'bgen experimentally verified. Hydrofracing a
spherical cavity rather than a cylindrical borehole,19 with subsequent repressuri-
zation after initial fracturing, offers a direct measurement of the effective

tensile strength of the formation under this loading condition.

4’
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APPENDIX A

Hydrofrac Hole List (Ul2G)

Name Fractured Mineback
HFS 1 Yes No
HFS 2 Yes No
HFS 3 Yes No
HFS 4 Yes No
HFS 5 Yes No
HFS 6 Yes No
HFS 7 Yes No
HFS 8 Yes No
HFS 9 i Yes Yes
HFS 10 Yes Yes
HFS 11 Yes No
HFS 12 Yes No
HFS 13 Yes No
HFS 14 Yes Yes
HFS 15 Yes Yes
HFS 16 No No
HFS 17 Yes Yes
HFS 18 Yes Yes
HFS 19 Yes Yes
HF 20 Yes Ooct 77
HFS 21 No No
HFS 22 No No
HFS 23 Dec 77 Jan 78
EV 5-2 Jan 78 .Feb 78
HFS 24 Summer 77 Summer 77
HFS 25 Summer 77 No
HFS 26/27/28
HFS 29 Feb 79 No
HFS 30 oct 78/ Fall 79
Feb 79
HFS 31 Aug 77 ?
HF 32 March 78 No
HF 33 March 78 Summer 78
HF 34 March 78 No
HF 35 March 78 Summer 78
P 36 - -
HF 37 June 78 Fall 78
HF 38 June 78 ' Fall 78
HF 39 Sept 78 No

Location or Associated Work

Horizontal hole at CS 1400 M.D.

Horizontal hole at CS 1060 M.D. -

Vertical hole at CS 1060 M.D.

Series of 2 horizontal (5&6) and one
vertical (4) holes at CS 580 M.D.B.P.

Series of 2 horizontal (8&9)
and one vertical (7) holes at
CS 8 + 50 M.D.B.P.

Series of 2 horizontal (10&ll)
and oﬁe vertical (12> holes at
CS 27 + 38 M.D.B.P.

CS 22 + 38 - Series of 3 holes at
bend in M.D.B.P. - 13 and 14
horizontal, 15 vertical

CS 28 + 34 M.D.B.P.

CS 31 + 27 M.D.B.P.

CS 30 + 30 M.D.B.P.
CS 29 + 28 M.D.B.P.
CS-25 + 20 M.D.B.P.
CS 31 + 60 M.D.B.P.
CS 31 + 60 M.D.B.P.

CS 3 + 66 VDH #5 Eval. Drift

CS 2 + 30 VDH #5 Eval. Drift

Collar in Eval. Drift No. 3 Associated
Collar in EFH No. 2 Titgugﬁfgx
Unassigned names

CS 14 + 24 M.D.B.P.

CS 16 + 15 M.D.B.P. Now GSAC Test Area

In Ev #10 Drift - Now Multifrac Test
Area

Holes in right rib of Puff 'n Tuff
Drift - Associated with RS 1 & 2

Puff 'n Tuff Drift --
Associated with RS4 |
Right Rib of HFS 20 Drift
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Name
HF 40
HF 41/42
HF 43/44
HF 45
HF 46
HF = 47

Hydrofrac Hole List (U12G)

Fractured Mineback
Sept 78 No

Sept 78 Oct 78
Sept 78 Oct 78
Feb 80 March 80

Location or Associated Work

Frac Hole } Seismic/Hydrofrac
Exper iment in HFS 20
Geophone Holes Drift

Geophone Holes Drift

Associated with RSS Hole collars in
Associated with RS6 HFS 19 Drift

In DNEX Alcove at CS 13 + 50 M.D.B.P.



APPENDIX B

Complete Stress and Displacement Fields

For completeness of the analysis of this report, stress and displacement
fields around an infinitely-long cylindrical cavity imbedded in an infinite,
linearly-elastic media are calculated in this Appendix. The cavity is subjected to
a uniform pressure P aleng its entire length and a uniform stress system exists in
the far field. Classical linear elasticity theory is used, defining displacements
in the usual way, tenéile stresses being positive. A simple change of sign in the
stress tensor then gives results in the form needed in the body of this report for

determining in-situ stresses.

In a Cartesian coordinate system (x,y,z), the uniform stress field is ob-
tained from the displacement field

(c° val va o)
_ Oyx T y V922 o o
2u ux (l+\)) x+quy+qxz z .
( ° vao °)
g - = vo
o v XX z2
2u “y o xy X + T+ 57 y + Syz z
62, - °)
_ o o Ozz ~ VIxx T VOyy
2w, Ty, xtag, v+ T z , (B1)

where ;,, vy are the material shear modulus and Poisson's ratio, respectively. With

aux au auz
dilatation = X, Xy 2 iven b
b7 ax 3y | sz O Y
-1 =-2) o o o
2\1 A = (l + \)) (Oxx + Oyy + UZZ) ’ (Bz)
this displacement field gives the uniform stress field
_ o - _© - 0
Ox  9%xx ' %yy  C%yy " %zz ~ %zz
.o _ 0 _ 0
9%z  %xz %yz ~ %99z  %xy  %xy ° (B3)
In cylindrical coordinates (r,e,z),
u. =cospg u +sing uy
= -sin + cos
ue sine u c ) uy
u, = uz ’ (B4)
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the cylindrical components of the displacement field (Bl), using (B4), become

2uu_ =02 r c0520 +0° ¢ sin20 + 20° r cos @ sin ©
r XX vy Xy
v [o} o [o} [o} [o] .
- ]
T+ V)(OXX + oyy + °zz )r + (cxz cos O + oyz sin 0)z
2u ug = —(00 - ¢° Jr cos @ sin © + o©° r(c0520 - sinze)
xX Yy Xy
o . o
- - [¢]
(o,, sin 0 Gyz cos 0)z
o o (n;é = un:x - Uﬂ;y)
= Q@ + ¢ i €]
2u u, (ous cos ye sin O0)r + T+ 9 z , (BS)
and the cylindrical components of stress become
o = ¢° c0920 + o° sin20 + 202 cos 0 sin @
rr XX Yy Xy
%00 = g” 51n2U + g° c0520 - 26° cos 6 sin 0
XX vy Xy .
g = Uo
z2zZ zZ
o - o
= - Q0 - [¢]
%, (o, sin oyz cos 9)
o4 - o° cos 0 + 6 sin @
rz Xy yz
o o = -(0% - 6% )cos @ sin @ + 0° .(cos?e - sin0) (B6)
ro XX vy Xy ‘ )

This stress field can be readily shown to satisfy the equilibrium equations.Bl

On the surface of the infinitely-long cylindrical bhorehnle defined hy r = R,
the boundary stresses are prescribed as

- (4 =-P ,0 =0 =0, onr =R (B7)
where P is the applied borehole pressure. Stress and displacement fields vanishing
at r * ® will now be obtained, which, when superimposed with the uniform stress
field of Eg. (B6) satisfy the conditions of Eg. (B7). Consider the antiplane

displacement field

u . =0, u =0, u, = W(r,e) . ) (B8)



The stress field is

Opy = 0. Ogg = 0. Op2 = 0 Org = 0
1, _Llaw 1. _2w
v %z T T 30’ 1%z = 3r . (B9)

This stress field satisfies equilibrium if

2

1 3 ( aw) - 2. _
=2 (r &)+ = L2 =v%w = 0. (B10)
r dr or r2.562
Now take
Ri o o -
W= > (00 ese 0+ o, oin 6) (rR11)
in Eq. (B9) to get
A 0
20, = —/ (0xz cos 0 + Oy, Sin e) .
Ry o 0
Ogp = - ;5 (ze sin 6 - cyz cos 6) ,
’ Ri o o
o, = - ;5 (0, cos 6 + o, sin 0) . (B12)

This stress field vanishes for large r like r_z, and on r = Ro’ annihilates the Oy

stress from the uniform stress field of Eq. (B6).

To eliminate the cylindrical surface stresses O and cre at the surface R =
RO and apply the uniform pressure Opr = -P on this surface, use is made of the

plane strain solution

2

R
- _© 1 ] o

2y u, =% [P + 3 (Uxx + oyy)]

+ 4(1 - ) Ri - E:: l (o'n - 2] ) 20 + o <3 24

v T r3 3 X% ny cOs ny sin
2u u, = -|2(1 - 2v) EZ + E; 1 (6° - ¢° )sin 20 - 0° cos 26
6 r r3 2 XX YY Xy

2y u, = 0o . (B13)
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With the dilatation A given by

2
R
- _ _ o{l ,o _ o o ;
2u A = -4(1 2v) ;5 [2 (oxx 6 _)cos 20 + cxy sin 20] . (R14)

the stresses associated with this displacement are given by

Ri 1 o o
orr=.-r_2.[124'7(0xx+a )]
Rg Rg 1 o ] o
- |4 - - 3 =z (o - o _)cos 286 + ¢ sin 20
r N XX vy Xy
2
R
_ o 1 [} o
990 = ;5 l% + 3 (oxx + o )}
t
Rgl o o o
-3 = |5 (o - d__)cos 20 + o__ sin 20
r4 2 XX Yy Xy
2
Ro 1 o o o
o = -4v — |= (o - o )cos 20 + ¢ sin 20
zz r2 2 XX Yy Xy
Rg Rg 1 o o o :
o =-1]2—=-3 —]||5 (¢ - o )sin 20 - o cos 20
ro r2 r4 2 XX 02 % Xy
%9y = Ipp = 0 - (B15)

This stress field vanishes for large r like r2 and hence has no effect at infinity
on the uniform stress field. This stress field satisfies the equilibrium equations
of Reference Bl. The total stresses from the uniform field of Eq. (B6) and the two
solutions used to satisfy boundary conditions on r = R given by Egs. (Bl2) and
(B15) become

2 2
R R
[} 1 o [e) [}
g =— P+ 5 (¢ + o )1 + ——)
00 r2 2 XX ( r2
Rg 1 o o o
- {1+ 3 ;Z [5 (axx - g_. )cos 20 + gy Sin 20] , (B16)
o Ri 1 [ o o
Oy = gy 4v ;5 [5 (oxx - oyy)cos 20 + ny sin 201 , ' (B17)
2
o o Ro ’
= - 1 - + —
% (oxz sin © Uyz cos 0)(1 r2 , (B18)
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These stress results

field is the sum of
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N m——"
Q
o}
+
Q
(o]

XX
r r

Ri Rg 1 o o o

+ (1 - 4 ;5 + 3 ;Z [5 (°xx - ayy)cos 20 + °xy sin 2@] , (B19)
Rg Rg 1 o o o

- {1 + 2 ;5 -3 ;Z [5 (qxx - ayy)sin 20 - Oy cos 29] (B20)
R\, o o ‘

1 - ;5'(°xz cos 0 + oy, Sin 8) . (B21)

have also been obtained by Leéman.B2 The total displacement
the displacement fields given by Egs. (B5), (Bl12), and (Bl13).

These displacements are
Up Ro l, o "o r Ro v o o r
2u gm = Pt oy, oyy)(i_ M2 Bl 6 G (ogx * vy * o) ®C
(o} o o
r Ro Rg 1 o o
+ gt 4(1 - v) — - -3 [5 (°xx - 6. )cos 20+ ¢ sin 20]
) r
o o . z
+ + —_—
(o , COS © °yz sin ©) Ry (B22)
Yo r Ro Rz 1 o o
2u R_ = - R_ + 2(1 - 2\)) l'— + ‘—3 i (oxx - 0 )51n 2(') - O cos 20]
o o} r
o) . o z :
(o z Sin © Oy cos ©) Ry (B23)
[o) o
u R (o - vo - vo
_Z = o o i xr _° zz XX Yy 2z_
2y 5 (ze cos 0 + vz sin 9)(R + 2 e ) + T+ 3) o (B24)
o (] o
The nonzero stresses on the surface of the borehole r = R° are
[o} o 1 [o} [o} o _.
%0 P + Opx + ayy -4 [2 (°xx qyy)cos 29 + ?xy sin 2%]
= O _ 1,0 _ o o :
Oy = Opp 4v [2 (cxx cyy)cos 20 + gy sin 20]
= -9(.0 ; _ o
002 = =2 O s sin © oyz cos 0)
Opr = —E . (B2Y)
The plane erlement at the borehole surface is shown in Figure Bl. The stresses on

the face inclined an

g = % (o, . + o _) + % (o

angle y measured from the z axis are given by

00 = azz)cos 2y + oy, sin 2y



= - x - . '
T L= -3 (°ee ozz)51n 2y + ¢ cos 2y . (B26)

Y 0z

The normal stress 9y maximizes or minimizes at the angle

~ Zcez
tan 2y = +—m———— , (B27)

(GOO - azz)

and the maximum or minimum values of UY are given by

' [1
(000 + czz) * s (000 - ozz) + QGz : (B28)

Qa
1}
N=

max
min

Figure Dl. Gtress SyslLem at Burehvle Surface
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APPENDIX C

Uniform Stress Field Referred to Principal Stresses

This appendix considers the stresses on an element of material rotated from
the principal stress directions to the directions of the coordinates of the cylin-

drical cavity. The general Euler angles shown in Figure Cl are used.

z

£

Figure Cl. General Euler Angles
The transformation which takes (x,y,z) = X into (x',y',z') = X' is
X' = 1A X, (c1)
where A is given by Eq. (4-46) in Reference Cl with @ + a. This gives

(cos ¢ cos ¢ - cos a sin ¢ sin y) x

x' =
+ (cos ¢y sin ¢ + cos a cos § sin y) y + sin y sin o 2z
y' = -(sin y cos ¢ + cos a sin ¢ cos y¢) X
+ (-sin y sin ¢ + cos a cos ¢ cos y) y + cos y sin o 2
8' = gin o cin ¢ X = €in g cns 4 ¥y +ans’ a2 (c2)
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The .inverse transformation A-l =

43

aT is immediately obtained as

=a X' (c3)

Now take the X = (x,y,z) as the coordinates for the principal stresses and

transform these principal stresses to the X' system. The principal stresses will

be denoted by %iir and the transform stcesses in the X' space will be denoted by

... The transformations provide finally

o1

Ql
[

xx (cos ¥ cos ¢ - cos a« sin ¢

+ (cos V¥ sin ¢ + cos a cos ¢

1 ain2 v sin2 & 4
zZ

a
H

- {(cos cos - c a sin
xy ( b ¢ os

- (¢cos V¥ sin ¢ + cos a cos

. 2
+ sin ¢ cos ¢ sin” a %z

Ql
[

xz = sin @ sin ¢ (cos ¥ cos ¢ -

- sin @ cos ¢ (cos ¥ sin ¢ +

+ sin & cos @ sin ¥ o
ZZ

ayy = (sin ¢ cos ¢ + cos a sin ¢

+ (sin ¥ sin ¢ - cns a cns ¢

] .2
+ c052 Yy sin a O
22

ayz = - gin o sin ¢ (sin ¢ cos ¢

+ ain o cos ¢ (sin ¢ sin ¢

+ si1 8 cos 9 cus ¢ U
zz

= .2 2 .2
ozz = sin® @ sin® ¢ Gxx + sin” a
The aij stresses of Eq. (C4) are

dinate system of Figure Cl and are the

. Appendix B where z' is the axis of the

.¢ sin ¥)(sin y sin ¢ - cos u cos ¢ cos y)a

sin w)z O ex

. 2
sin y) cyy

¢ sin v)(sin. ¢ cos ¢ + cos « sin ¢ cos ‘p)oxx

Yy

cos a sin sin y)o
¢ vlo o

cos '@ cos ¢ sin y) o
YY

g
cos V) %%

cos m)znm
Yy

+ cos @ sin cos (4
¢ Vo

- cos o Coy . v
Oy cos ¢ cos ¢) vy

2 ’ 2

o + o .
cos” ¢ yy Feos @, (ca)
the uniform stresses in the (x',y',z') coor-
stresses to be used in the analysis of’

cylindrical borehole. This provides the

borehole stresses in terms of the three principal stresses in (x,y,z) and the three

directions defined by the Euler angles.




The inverse transform gives

. .. 2
Y = (co y - cos a sin - o !
XX »( s Vcos ¢ s sin ¢ sin 'y) wx
, . 2 '
+ (sin V¥ cos ¢ + cos @ sin ¢ cos V) cyy
L2 2
+ sin® o gin® ¢ ©
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7 2
- sin” @ sin ¢ cos ¢ ©
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zz
4 = (cos ¥ sin ¢ + cos a cos ¢ sin W)zo !
YY XX
. . 2 '
+ (sin V¥ sin ¢ - cos a cos ¢ cos ¥)“o s
, vy
.2 2
+ 3in® « coo” ¢ 4
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g = sin @ sin ¥ v si + a i v)yo
vz sin sin (cos sin ¢ cos cos ¢ sin V) Xx
- sin o cos V (sin ¥ sin ¢ - cos & cos ¢ cos w)oyy'
- cos @ sin @ cos ¢ ©
zz
.2 .2 . . 2 2 2
] = a o '+ n° a o '+ a o ' 5
2z sin sin® ¥ o __ si cos“y vy cos 2z (cs)
where °xxl' Oyyl' °zz' are principal stresses referred to the X' coordinates.

-

The oij stresses of Ey. (C5) are the uniform stresses in the (x,y,z) coor-
dinate system of Figure Cl and can also be used in the analysis of Appendix B where
z is now the axis of the cylindrical borehole. 1In a particular application, some
information about the magnitude of the principal stress and directions may be
available, and it may be more convenient to use one or the other of Egs. (C4) and
(C5), depending on what angles or stresses are known. Either one provides the
borehole stresses of Appendix B in terms of the three principal stresses and the

Euler angles.

63



64

Note that the last rotation in A, that is, the y rotation, is simply a
rotation about the cylindrical axis z' and can be designated as a 90 in the (r,9,2z)
coordinates. Taking V¥ = 0, the transformed stresses of Eq. (C4) become '

G = cos2 $ o + sin2 $ o

XX XX Yy

o = - i -0

Xy cos @& cos ¢ sin ¢ (oxx yy)
K] = si i - O

Xz sin @ cos ¢ sin ¢ (cxx yy)
= 2 2 2 : 2 .2

G = a g g a o

vy cos sin® ¢ xx -+ cos” @ cos ¢ vy + sin® 22
- ) . .2 .2 )

6 = - sin @ cos & [sin® ¢ 0+ cos” ¢ 0 = o ]

¥a . XX Yy 2
- . 2 2 2 2 2

= [+ o .

L sin® a sin® ¢ xx T sin® o cos ¢ oyy + cos” a 0 (ce)

While Eq. (C6) is somewhat simpler in form than 1ca), the angle BU in the cylindral

coordinate system is still unknown, so no more information is available.

It is often'useful to rotate the coordina£e system about the cylindrical
borehole axis z or z'. Transformed stresses due to this rotation are recorded
here. Neither the original nor the rotated coordinate system is assumed to be
oriented along the principal stress directions. The transformation from ¥ to X"

for a rotation about the z-axis through an angle .© is given by X" = DX, where
cos © sin © O
D =|-sin © cos © © , (c7)
o 0 1

and the stresses oij" in X" in terms of the stresses aij in X are given by

o " = cos2 90 + sin2 0 ¢ + 2 cos @ sin 9 o

XX XX vy Xy

g " = - cos 9 sin © (¢ -c ) + (cos2 0 - sin? 0)c
Xy XX Yy Xy
g " = Qo + i [CI]

<z cos xa sin -

2 2 .

o " = gj © o + cos” 0 o - 2 s8in © cns 9 @

yy - %R xx Yy %

[¢] v o= - i [SI) [SIN

vz sin xz * COS vz
g "= g .

z2 zz (c8)
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APPENDIX D

Overburden Stress under an Inclined Geologic Surface

In this appendix, several possible states of stress arising from the over-
burden of an indlined geologic surface are considered. Classical linear elasticity
is used with a positive normal stress defining a tensile stress, and a simple
change of sign of the atress tensor then provides the results needed in the body of
this report. The geologic formation is assumed to be an isotropic, homogeneous,
linearly-elastic half plane under conditions of plane strain and subjected to a
vertical gravitational body force (pg), where p is the rock density and g is the
gravitational acceleration. The surface of the half plane is inclined at an angle

a from the horizontal x-axis, measured as shown in Figureé UlL.

y

X

Y X

Figure Dl. Cross-Sectional Diagram of Inclined Geologic¢al Frormatiun

v

From the polynomial solutions for a body force,Dl

o, = C3 X +dyy

qy = az X + b3 y + Pgy

xy = “by x - c3 Y

9, = Vv (oA + qy) ’ (D1)
and

ex = il_%_li [(1 - V) ox -V %J
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_ 0+ v)
EY_T[(l-v) cy-vox].

_2(1 + v) z

Yxy = E Xy . (D2)

where E, v are the formation elastic modules and Poisson's ratio, respectively,Dl

the normal stress on the plane inclined at angle «, as shown in Figure D1, is

A

_ ‘ L2 2
o, = [c3 X + dy y] sin® a + [a3 X + (b3 + pg) y] cos” a
+ 2 [b3 x + ¢y y] sin a cos a , (D3)
and the shear stress is given by
T, = [(c3 - 53) x + (43 - by - pg) y] sin a cos a

+ (b3 X + cg y)(cos2 a - sin2 o) . (L4)

Now, regardless of what other conditions are put on the strains in the

material, there must be On = Tn = 0 on the plane
Yy = tan @ x . . (D5)

Substituting Eq. (D5) into Eqs. (D3) and (D4) gives two relations for the
coefficients which must be satisfied for all x. These become

53 cos3 &+ 3 by cos2 @ sin a + 3 cy cos a sin2 a
.3 _ . 2
+ d3 sin” a = «~ pg sin u cos” & (be)
] 2 . 2 . 2
-a, cos” a sin a + b3 cos a (cos® a - 2 sin® a)
. 2 . 2 L2 . 2
+ €, sin a{2 cos® a - sin® a) + d3 cos a sin® a = pg cos a sin® o . (D7)

Some possible deformation conditions are now considered.

1. Case l -- Uniaxial Vertical Stress
For this case, 0 = txy =0 far all ¥, y.
Then b3 = Cy = d3 =0,
a; = - Pg tan a,

and

g
Yy

pg (y - x tan «) . (D8)

This solution represents a direct overburden with no containing strésses in the

horizontal direction.



2. Case 2 -- Uniaxial Vertical Strain

For this case, Ey = 0 for all x, y, and Eq. (D2) then pfovides the two

additional equations

=0

(1 -v) c3 - v a, .

(1 -v)dy-v (by+pg) =0. ‘ " (D9)
Equations (D6), (D7), and (D9) give

a, = - 'K sin a cos a

o2
n

A K sin2
3 T =) ¢

- _ v .
Cg— -(l———vTKSlnaCOSQ

&
]

Y KC052
3 (1 _\’5 a ’

where

K = »9
[cos2 a - v sin2 al
(1T -v) !

and the stresses become

pgv cos o (sina x - cos a y)

X Z - 2 v .2
. (1-v) [cos® a - T =57 sin al
s = -09 co; a (sin 3 X - co; a y) (D10)
Y [cos” a - T =7 sin «
. _ . P sing (singa x - cos a y)
Xy (1 -v) 2 _ N . 2 :
[COS a -(TT\J_)_ sin q]
The maximum and minimum principal stresses are
- pg (sing X - cos o YY) COS a P
min 2(1 - v) [c052 _ v sin2 ],f
max o 1 -v) @
{1 * JQl - 2v)2 + 4v2 Tan2 o } , (D11)
and theee will orcnr on planes at an angle y from the vertical given by
2\) AN
tan 2y = - —(T-—2\)T tan a . (D12)
The angle y 1is shown on an element of material in Figure Dl. This is an interest-

ing result in the sense that the angle y is constant throughout the material. 1In

particular, the free surface of the material is not a principal stress direction.
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The significance of the angle a = @ such that cos2 e, = (v/(1 - v)) sin2 ay is

.not obvious.

3. Case 3 -- Uniaxial Strain Normal to Inclined Surface

For this case, €y = 0 for all x, y and Eq. (D2) provides

_ 1+ v { _ i . }_
?n = 5B (1 2v)(cx + oy) + (cx oy) c05.2a + 2 Txy sin 2ap;= 0 . (D13)

Substitution from (Dl) gives the two equations

(1 —A2v)(c3 + a3) + (c3 - a3)(cos2 a - sin2 a) -~ 4 b3 sin a cos a =0 (D14)

. 4
y . .. 2
(r - 2v)(d3 by va) + {d3 -h, = pg}(cou2 o 3in” u)
- 4 ¢, sin uwucos a = Q . (D15)

3

Jolving myg, (Le). (n/), (MA), and (D15) gives

- p : 2 -
ay TT—:EUT sin a cos a [cos® a (2 v)]

- _ P .2 .2 _
by = T —vy Sin" « (sin® « v)

_ p . .2 _A
C3 = -(1—_—37)- sln a CcCOs a (Sln a V)

4 = Tr—f‘gv) COSz uw (b‘illz a - \)) .

2
n

The stresses, from Eq. (Dl). bhecome

_ p .2 _ . _
o, = T - 5y ©°s o (sin® «a v)(sin a X - ¢cos a ¥y)
_ P .2 .
oy = - -y ¢°s ¢ [sin® a + (1 - v)] (sin a X - cos a y)
. . {
_ p . .2 _ . _
Txy = TT_:EGT sin a (sin® o - v)(sin a x cos a y)
o, = - Tflgﬂ;T cos a (sin a x - cos a y) (D16) B

“he maximum principal stresses are

_ pe . o2 . a L ) ]
Yoin X G [cos a J(l 2v)® + (3 - 4v) sin” «
max

x(sin a x - cos a y) , (D17)

and these occur at an angle Y such that : <




2 (sin2 a - v) tan a

Tan 2Y = 5
[2 sin© a + (1 - 2v)]

(Dp18)

As in Case 2, the angle Y is constant thtoughout the material, and the free surface

is not a principal stress direction.

Other material restraints could be considered, but the three cases discussed
would appear to be the most logical. Of these, Case 2, which restricts the defor-
mation to uniaxial vertical strain, seems most realistic and predicts a maximum
principal stress and‘fracture plane inclined from the vertical through the angle y
in the direction of the terrain gradient. This general effect has been observed
through minebacking in G Tunnel although the angle of inclination is greater than
predicted by Eq. (D12). This is to be expected since other in-situ effects in
addition to overburden are operating here. For level terrain, for example, with a
= 0, Eq. (Dl0) provides O =9, = TT§UT cy, which is the classical uniaxial

vertical strain overburden which is not verified by experimental results.

Reference

DlS. Timoshenko and J. N. Goodier, Theory of Elasticity, 2nd ed (New York:
McGraw-Hill Inc, 1951), p 30. :
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