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The Formation Interface Fracturing Experiment: An In Situ Investigation

of Hydraulic Fracture Behavior Near a Material Property Interface

Finai Report

N. R. Warpinski, D. A. Northrop, R. A. Schmidt,
W. C. Vollendor£ and S. J. Finley

ABSTRACT

Hydraulic fracture experiments have been conducted to examine

fracture behavior at a formation interface. These experiments are be-

ing conducted near an existing tunnel complex and mineback through the .

region allows for the direct observation and characterization of the
I

fracture system. Two hydraulic fractures were created, one above and

one below an ash-fall tuff - welded tuff formation interface. These

formations, respectively, Qave significant differences in their Young's

moduli (0.5 x 106 , 5.0 x 106 psi), Poisson's ratios (0.30, 0.21) and

porosities (45, 13%). Sufficient cement was injected into each zone

to create vertical fractures of 600 ft total length if the height was

restricted to 50 ft; 256 and 117 bbls were injected at 6 bbls/min

into the ash-fall tuff and welded tuff zones, respectively.

Mineback along the interface has revealed a total fracture length

of 150 ft; coring has shown that the heights of the fractures are

about 100 ft for the fracture initiated in the ash-fall tuff and 200 ft

for the welded tuff fracture. The fracture which was initiated in the

low modulus ash-fall tuff propagated upwards into the higher modulus

welded tuff. No containment was observed. The results from the frac-

ture subsequently initiated in the welded tuff are obscured because it

propagated alongside the lower fracture and thus provided no definitive

information on behavior at the interface. Widths in both the ash-fall
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and welded tuffs are consistent with design calculations. The in situ

stresses were found to have the greatest effect on fracture behavior

and geometry. Variations in the minimum principal in situ stress

controlled the direction of fracture propagation and the final height

of the fracture. The low stress measured in the welded tuff probably

aided the propagation of the fracture into that region. Natural frac­

tures in the welded tuff caused significant offsets in the induced

fractures and resulted in filling of some of the natural fractures

with grout and severe fluid leakoff.

These experiments show that material property interfaces should

not, in general, be considered containment features. A more likely

factor in controlling fracture height is in situ stress differences.
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The frequent failure of stimulation techniques such as massive

hydraulic, dendritic, foam, gas, and chemical explosive fracturing has

usually been attributed to either inadequate reservoir characterization

or unfavorable and unexpected fracture behavior. The latter result

includes many different possible phenomena, none of which are readily

observed from the well bore. In situ examination of hydraulic fractures

through mineback techniques, however, offers an ideal method of conducting

fracture research and observing firsthand the effects of faults, fractures,

geologic interfaces, and variations in in situ stresses, elastic moduli,

and other important parameters. Such observations, together with com­

plete pumping schedules, pressure records, geologic structure, material

properties and in situ stress measurements, should be sufficient to

characterize the fracture, compare the end result with ~hat predicted

by models and hopefully offer insight into the phenomena of fracture

propagation.

Mineback experiments are controlled in situ evaluations of hydraulic,

explosive and other stimulation techniques by physical mining of the rock

mass in the vicinity of the test area and direct observation of the

results. These tests are presently being conducted using existing

tunnel facilities and m~ning capabilities at the Nevada Test Site, Nye

County, Nevada. Fractures, which are created in Rainier Mesa under

1200 - 1400 ft of overburden, are mined back with a rotating drum mining

machine which provides a clean face cut for easy fracture identification.

A detailed physical description can be obtained directly by observation

and documented with photography and field mapping and can be correlated

with important geophysical parameters. Supportive rock and fluid

mechanics laboratory and modeling work must be performed to aid in the

interpretation. The mineback also provides the opportunity for the

calibration of instrumentation techniques under known conditions.

..- .-



Thus, mineback testing provides significantly more information than

the evaluation of a commercial stimulation which is based primarily

upon gas production.

The location of previous experiments is indicated in Figure 1,

which shows the geophysical experiment area of G tunnel. The Hole #3

experimentl was a mineback of two grout-filled fractures that were

propagated in ash-fall tuff from two separate zones at different depths

in the same hole. The Hole #5 experiment2,3 was an examination of the

extremely co~plex fracture behavior observed in a region of abundant

natural fractures, faults' and bedding·planes. Puff 'n Tuff4 was a

study of the rock mass behavio~ induced by the release of post-detonation

high pressure gases from a spherical, high-explosive charge.

The Formation In~erface Fracture Experiment is an examination of

the behavior of hydraulic Jfractures at a geologic formation interface.

Fractures were created both above and below a geologic formation inter-

face consisting of a welded volcanic ash flow tuff underlain by a much

lower modulus bedded ash-fall tuff. Mineback of these fractures provided

direct observation of fracture behavior at the interface. Previous

reports have detailed the geology, rock properties, fracture design

and treatment operations5 and the initial mineback results. 6 This

report contains the final mineback results, results of an exploratory

coring program to locate the extremities of the fracture, in situ stress

data and a final analysis of the experiment.

FRACTURE BEHAVIOR AT A FORMATION INTERFACE

A hydraulic fracture is usually designed to be contained within

the pay zone where it was initiated. Failure to do this results in an

effective loss of the expensive fluid and proppant used to fracture the

unproductive strata or other deleterious effects should the fracture

penetrate a water-bearing zone. Present design calculations assume

that the hydraulic fracture is bounded and·this results in a vertical,
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in the fracturing pressure necessary to continue propagating a fracture

wedge-shaped fracture of constant height. Initially, it was hypothe-

sized that the thickness of the boundary shale strata controlled fracture

growth. 7 It was recognized, however, that the mechanical properties

of the different reservoir rocks and the in situ stresses would influence

the shape of the hydraulic fracture. 7- 9 These effects cannot be

quantitatively used for fracture design due to our present lack of

understanding.

studies to date have inves~igated the properties and conditions of

the different strata and the interface between them. DaneshylO

investigated the strength of the interface in laboratory fracturing

experiments and found that a fracture would propagate across a well-

bonded interface between dissimilar rocks. However, a weak interface,

or an unbonded one, would arrest crack growth; an excellent example is

the fracture termination at a "clean" coal seam/shale interface observed

during fracturing to promote methane drainage of the seam prior to

mining. 11

Teufel12 and Hanson et al. 13,14 performed laboratory experiments

to study crack growth near both bonded and unbonded interfaces. They

showed that, for unbonded interfaces, the stress normal to the interface

(thus the friction along the interface and the ability to transmit

shear) was the determining parameter for crack arrest or continued pro­

pagation. In experiments with bonded interfaces, Hanson et al. 13 ,14

determined that the strength of the two materials relative to the

strength o~ the interface is important for crack propagation.

simonson et al. 15 studied the effect that in situ stress varia-

tions have on fracture propagation. They showed that a layer of greater

in situ stress would provide an effective barrier because of the increase

J
in this layer. The effectiveness of the barrier would, of course,

depend on the difference in stress in the two regions. They also showed

that the upward or downward migration of the fractures can be influenced

7
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by the hydrostatic gradient of the frac fluid relative to the vertical

gradient of the minimum horizontal in situ stress. Clearyl6 suggested

that an effective stress differential between the porous reservoir rock

and the impermeable barrier can be obtained by drawing down the reservoir.

This results in a reduced pore pressure and a reduced lateral confining

stress so that the fracture would preferentially propagate in the lower

stress reservoir rock.

Brechtel et al. l ? found significant differences in in situ stress

between the Benson sandstone and adjacent shale layers, and they sugges-

ted treatment parameters to utilize this difference to control fracture

height. Jones et al. 18 found considerable stress differences between

8

various Devonian shale layers which might act as significant barriers.

Hanson et al. 19 calculated an idealized stress field around lenses of

different material properties from the surrounding formation and found

that sizeable differences in in situ stresses should be expected under

these conditions.

The problem of a fracture propagating in a brittle material such

as rock has been analyzed using the concepts of linear elastic fracture

mechanics. ~e success of this approach lies in the fact that for a

single isotropic material the entire stress field near a crack tip can

be described by a single parameter, K, known as the stress intensity

factor. Since the mechanisms that govern fracture propagation behavior

occur near the crack tip, it is easy to understand why K is the parameter

that governs crack growth. The fracture criterion is simply that crack

growth will occur when K reaches a critical value, KIc. Since K depends

on the loading and crack geometry, this criterion says that a certain

combination of load and crack size is required to cause crack growth.

The simplicity of a single parameter description of the crack tip

stress field is lost when one considers a crack whose tip rests at a

material interface. If the elastic moduli of the materials on either

side of the interface differ, then the description of the stress field
;'



requires two parameters. This situation is likely to require a more

complex fracture criterion.

Many stress analyses have been performed on the problem of a crack

approaching, reaching and passing through a material interface. 20- 24

The stress analysis, however, is only part of the answer since without

a fracture criterion one cannot predict when the crack will grow. The

most obvious approach is to ignore the case of a crack whose tip rests

at the interface and to examine the value of K as the crack tip approaches

the interface and assume that crack growth simply requires a value of K

equal to KIc •15 ,20,25 This simplified approach leads directly to the

prediction that a crack will be arrested in one material and will not

even reach the interface if the se'cond material has a higher modulus

than the first. This"results from the fact that for even a slight

modulus increase the stress" intensity factor goes to zero as the crack

tip approaches the interface. In the opposite case, the fracture will

cross the interface from a high modulus to a low modulus material, but

immediately upon crossing it the stress intensity factor again goes to

zero and fracture growth is terminated. Thus, in either case, fractures

will not cross a material property interface. Obviously, the problem

has been oversimplified since much experimental evidence, particularly

for composite materials, refute these predictions.

One principal difficulty with these analyses is that the fracture

criterion relies solely on the value of the stress intensity factor. K

is defined as the strength of the square-root singularity in stress at

the crack tip, but the nature of this singularity changes as an interface

is approached. When the crack reaches the interface, the singularity

is no longer square-root and K goes to zero; but the stresses remain

singular ,(infinite). Other singularities now dominate the fracture

growth.

In addition, the existing analyses do not include a model for the

crack tip process zone. A model tha~ describes the microcrack zone at

9
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a crack tip is available26 and could be used along with the stress

analysis and a realistic fracture criterion. This might provide a

more realistic assessment of the actual effect that material interfaces

have on fracture growth.

While all of these theoretical studies and laboratory experiments

offer insight to the problem of containment, it is clear that such

idealized results are not easily applied directly. Direct evidence of

fracture behavior under in situ conditions is necessary if the effects

of the various possible controlling parameters are ever to be sorted

out. Such information is necessary for both input into the modeling

and analysis process and as a test of their predictive ability. Thus

the intent of this study was to examine hydraulic fracture behavior

near a material property interface where the results could be directly

observed by mining. The observed results, correlated with the geological

properties and physical parameters of the test would provide the necessary

data to aid the modeling and analysis. Although the various volcanic

tuffs in which these fractures are propagated are not the sandstones

and shales usually encountered in gas reservoirs, proper application

of rock mechanics principles allows the extrapolation of these results

to gas well conditions.

DESIGN, DRILLING AND FRACTURING

The basic design of the experiment was to initiate fractures above

and below a welded ash-flow tuff/ash-fall tuff interface and observe

the behavior of the fractures at the interface by mineback. Using

conventional fracture design calculations (i.e., ref. 27), a treatment

was formulated with a sufficient volume of fluid so that fractures

with an assumed height of 50 ft would have 300 ft wings. This is

enough fluid volume so that the fractures would propagate to and "inter­

act" with the interface. The frac fluid was a low water-loss class "A"

cement so that the fractures would retain a large fraction of their



(
propagation width after pumping stopped and the cement set up. To

allow for easy identification during mineback, different colored cements

were used in each fracture. Calculated widths at the wellbore were

0.4 in in the ash-fall tuff and 0.15 in in the welded tuff.

Hole #6, with a collar elevation of 7555 ft was drilled to a total

depth (TD) of 1455 ft. The entire hole was cored and a suite of logs

was run. An ash flow unit, designated the Grouse Canyon Member of the

Belted Range Tuff, was encountered from 1300 to 1352 ft. This member

is comprised of an upper transition zone from 1300 to 1310 ft, a densely

welded zone from 1310 to 1336 ft, and a lower transition zone from

1336 to 1346 ft. Below the ash flow unit is a peralkaline ash-fall

tuff designated Tunnel Bed 5. This experiment utilizes the contact

between Tunnel Bed 5 and the dense welded zone of the Grouse Canyon

Member for the interface: however, the interface is not discrete since

the variation in properties occurs over a transition zone which is

several feet wide. All interfaces are well bonded. A general strati-

graphic description of the experiment region is shown in Table 1. The

lower transition zone is shown in particular detail because the principal

property differences which were exploited for this experiment occur

there. In general, the densely welded and vitric zones of the ash-flow

are hard, high modulus rocks whereas the ash-fall tuffs and the matrix

of the rubble flow zone are soft, low modulus materials. The basal zone

of the ash-flow is intermediate and variable. Other information on

geology, material properties and in situ stresses is given in Reference 5.

The physical properties of eight core samples from this region of

Hole #6 are shown in Table 2. The density, tensile strength, elastic

moduli and acoustic velocities of the welded tuff are much larger than
~

the respective properties of the ash fall tuff and the porosity is con-

sidera~ly less. Physical properties were also calculated from the 3-dim-

ensional velocity log. These results are plotted in Figures 2 and 3

11
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and are compared with the laboratory results. Only Poisson's ratio

shows a poor correlation.

The treatment in the ash fall tuff, which is below the interface,

was performed in August 1977. As shown in Figure 4, pea gravel was

spotted to 1358 ft and an inflatable packer was situated with the

bottom of the element at 1352 ft. The 6 ft open zone was fractured

through NQ tubing (2 3/8 in ID) at 6 bbl/min with 5000 gal of green

grout followed by 4000 gal of black grout. The complete pumping schedule

is shown in Table 3. Bottom hole pressure and flow rate were recorded,

but a wellhead pressure transducer malfunctioned. The flow rate, bottom

hole pressure and seismic data are shown in Figure 5. As seen in Fig­

ure 5, several shut-in periods during fracturing were required because

of leaks and equipment malfunctions.

The welded tuff zone was treated in October because of delays due

to lost pipe. At that time the hole had been reamed from 4 to 6 1/4 in

and TD was tagged at 1368 ft. As shown in Figure 6, the hole was back­

filled with pea gravel to 1331 ft and the packer was set at 1324.5 ft.

The formation was broken down with 30 bbl of water, shut in for a quiet

period for acoustic signal detection, and treated with 5000 gal of blue­

gray grout at 6 bbl/min through HQ tubing (2 7/8 in ID). The flow

rate, well head pressure and bottom hole pressure from an Amerada bomb

and a Hewlett-Packard (HP) quartz crystal oscillator transducer were

recorded for both breakdown and the treatment. The data from this

fracture are shown in Figures 7 and 8.

Mineback Results

The mineback of the fractures was conducted intermittently be­

tween September, 1977 and July, 1978. The overall mineback area of the

Hole *6 fractures is shown in Figure 9. The mining between points A

and B was an access drift up to the level of the interface and occurred

between September and November. Several coreholes were drilled from
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TABLE 3

Treatment Schedule

Fluid: Nevada "A" Cement @ 15.4 lb/gal

Viscosity: 128 cp (n' = 0.86, K' = 0.0031 lb-secn ' /ft2 )

(~ = 0.07 lbm/ft-sec, T y = 0.23 lb/ft2

Flow rate: 6 bbls/min

ASH FALL TUFF

l8

Breakdown

Stage 1

Stage 2

Displacement

Breakdown

Fracturing

Displacement

WELDED TUFF

1260 gal Water

5000 gal Green Cement

4000 gal Black Cement

420 gal \'later

1260 gal Water

5000 gal Blue Cement

420 gal Water
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WI RE LINE TO H. P.
TRANSDUCER AND
PRESSURE BOMB

DATA CABLE TRANSDUCER

TOP OF MESA

- TO PUMPS

ELEVATION 7555

6 1/4 INCH UNCASED HOLE

H. P. TRANSDUCER AND
AMERADA PRESSURE BOMB

1455

1318

1336

1346

ASH FALL TUFF

ASH FALL TUFF

DENSELY
WELDED

TUFF

TRANSITION REGION

~!lo" 1368

DOWNHOLE TRANS DUCER,...--KI

INFLATABLE PACKER --I

t=TT=-t 1324. 5
6.5 FOOT OPEN ZONE--~I

.........".=4 1331

Figure 6. Welded Tuff Hydraulic Fracturing Zone
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point B to locate the fractures and then mineback proceeded to uncover

the entire extent of the fractures at the level of the interfaces.

Geologists performed detailed mapping and photographing of the induced

fractures and important geological features throughout this entire

region.

The fracture was first observed at 425.4 ft into the mineback

which corresponds to 91 ft to the NE of the borehole. This location

is 2-4 ft past the tip of the fracture on this wing. As shown in the

photograph and mining face map of Figure 10, the fracture has about a

60° NW dip at this point, trends N600E, and has a width of < 1 mm at

the top and ~3 mm at the bottom of the face. The cement is entirely

green at this location. At the top left-hand corner of the figure, the

fracture can be seen crossing the interface which is marked by a fairly

continuous iron stained band. Throughout the mineback region, the inter­

face strikes N45-600E and dips 5-13° NW. The propagation of the fracture

through the interface resulted in no apparent change in orientation or

character other than a decrease in fracture width. Several en echelon

fracture stra~ds can be seen at the top and bottom. Parallel strands

and en echelon features are common in nearly all fractures conducted

in G-tunnel.

At the 436.5 ft location or 78 ft from the borehole, the green

fracture is as shown in Figure 11. The width of the fracture is 1-2

mm near the back (roof), 3-4 rom in the center and 4-5 mm near the invert

(floor) of the mineback. At this location the fracture dip~ about 65° NW

and trends N65°E •. Near the upper left of the photo the fracture can be

seen crossing the interface. The apparent offset of the fracture (in

the photograph) is due to an irregular rock slab which was disjointed,

upsetting the surface continuity. In fact, the fracture is continuous.

Figure 12 shows the fracture at 449.9 ft or 66.5 ft from the

borehole. The photograph shows a close up at the interface. At this

point the fracture dips 62° W near the back and 72° W near the invert
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425.4 FT.

FRACTURE

figure 10. Photograph and ~ace Map at 425.4 ft in Mineback

25

to\"~ .



N CT
I

~'l
'l

"\

'4
'1

;
'.

,
;
,

,•
1 1

'.'"
'I

!.:
.~
.;
,t
,
"
,

t
..

I
S

L
'

FR
AC

TU
RE

.-\
.

o
1

2
F

T
.

,
,

.
4

3
6

.5
FT

.

AS
H

FA
LL

TU
FF

I', j. I I'

F
i
9
u
~
e

1
1

.
P
h
o
~
o
h
r
a
p
h

a
n

d
F

a
c
e

M
ap

a
t

4
3

6
.5

f
t

in
M

in
eb

a
ck



~

4
4

9
.9

FT
.

o
1

2
F

T
.

,
,

I

FR
AC

TU
RE

-
\

AS
H

FA
LL

TU
FF

,
"

/,
...:'" '1~:~
- .:.-'-

'I
;-
~ ~: ;\:t
::l

>;
;,

,~

["
'l
~

~} ~::
:':

~\
;

";
1-

:~-
J:,

:

~,
~

':,
",

\:
.\
~

~~ ....
~"r

l

:';'
1

:~
-iI

""
I

:+
~.. /?l >~
..'

·"
,1

::~
j

~~
~~

~J

~;
:..

:i
~;
:1

:X
".';

·
:,,<

:
,".

'
'1' ~i:~ .'

F
ig

u
re

1
2

.
P

h
o

to
g

ra
p

h
an

d
F

ac
e

M
ap

a
t

4
4

9
.9

f
t

in
M

in
eb

ac
k

N --.
J

j J
_



28

and strikes N50oE. The width ranges from ~3 mm above to 5-6 rom below

the interface. The fracture is predominantly green with some black,

but both colors of grout appear as separate streaks. It appears as if

the green grout had partially solidified before the black cement reached

this point.

At the 461.2 ft location or 53 ft from the borehole the fracture has

a strike of N55°E and a dip of 73°NW. It is becoming more vertical closer

to the borehole. As shown in Figure 13 a relatively greater portion of

the ash-flow tuff was exposed as the mining progressed. At this location

the fracture changes character considerably at the lowest unit in the

ash-flow tuff. However, it appears that the induced,fracture joined a

natural fracture in this layer. Several more of these small natural

fractures appear to the right of the induced fracture. The hydraulic

fracture is mostly green with about 20% black grout and some apparent

mixing to dark, grayish green. The thickness varies from 3-6 rom above

the interface to an average of 5 rom in the ash-fall tuff with variations

of from 4-10 mm.

The fracture at 479.5 ft or 35 ft NE of the borehole is shown in

Figure 14. The fracture stikes N55°E and dips 79°NW. Fracture width

varies from 4-5 rom above the interface to 4-10 rom below with an average

of 5 mm below. The fracture is about 60% black with some apparent mixing

of green and black cement. The fracture readily crosses the interface

but its course is disrupted at this location by a hard lithic about 18 in

above the interface. The fracture apparently approached the lithic from

below, intercepted.it and veered around it continuing upward. This would

seem to indicate that the fracture propagated upward through the interface

at this location rather than through both layers simultaneously, outward

from the wellbore.

At 494.4 ft or 20 ft from the wellbore, the fracture has divided

into three strands as shown in Figure 15. This appears to be a fairly

common, yet local, phenomenon and separate strands may exist for only

· ,'. - -- .' " -,
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461.2 FT.

ASH FALL TUFF

Figure 13. Photograph and Face Map at 461.2 ft in Mineback
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a few inches or for several feet. The strand on the left appears to

be the "main" fracture and it has a dip of 85°NW and trends N55°E. The

fracture is mostly green near the back and mostly black in the ash-fall

tuff with some green and gray. The gray cement is from the fracture

initiated in the welded tuff about two months after the green and black

fracture treatment was conducted. (Apparently this grout is gray because

there was insufficient blue dye added. Occasionally the gray cement has

a blue tint). The main fracture width averages 5-6 rnrn above the interface

and 10 rnrn below. The other strands are each 2-3 rnrn wide with mostly gray

grout. At this location, fracture behavior in the rubble flow zone is

inconsistent. As shown in Figure 16, the fracture may either intersect

a lithic or meander around them. The interaction with the lithics

appears to be random.

Figure 17 shows the fracture at 512.9 ft or 1.5 ft from the bore­

hole. Here the entire transition zone is exposed: the ash-fall tuff is

at the very bottom and the densely welded tuff is at the top of the photo.

The fracture readily breaks through the entire transition zone and into

the welded tuff which has at least a factor of ten increase in modulus

over the ash-fall tuff. The fracture dips 88°SE with a trend of about

N45°E. The fracture is -filled with about 70% black cement, mostly in

the center with ~10% green near the walls and the rest gray. The width

varies from 1-10 rnrn with an average of about 7 rnrn. There appears to be

a natural fracture in the vitric layer which the fracture intercepted

and propagated through.

The borehole is shown in Figure 18. This is a photograph looking

up at the borehole in the welded tuff. It should be remembered that

after the first fracture was conducted, the hole was reamed from 4 in

to 6.25 in in order to recover some lost tools. Afterward the hole

was backfilled with pea gravel to a point about 10-15 ft above this

photo. When the second fracture was conducted, the grey grout seeped­

through the gravel and what is seen now is gravel and cement fill from



:Figure 16. photograph of :Fracture Behavior Near Hard Lithics
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Figure 18. Photograph of Fracture Initiating from Borehole in Welded
Tuff
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the second fracture. Although the green and black fracture apparently

intersects the hole here, it would have only barely intersected the

original 4 in hole, if at all. Since this is above the packers, one

would have expected some indication in the, annulus during the treatment

if grout was by passing the packer, but none was seen. The day after

this treatment there was also no trouble lowering tools to the depth of

the welded tuff so very little grout filled the hole. It is very possible

that the fracture did not intersect the wellbore at this elevation. At

this location (about 20 ft above the open hole zone where this frac

initiated) the width is 2-7 rom, averaging about 5 rom. It is mostly

black with some green and very little, if any, gray.

Nearly every location where the fracture crosses a natural fracture

the induced fracture is offset. Offsets greater than one foot have been

observed in the welded tuff. In general, the welded tuff is uniformly

highly fractured although some less fractured areas have been observed.

The overall transition zone is occasionally fractured, but in several

locations the hard vitric unit is 'highly fractured. The ash-fall tuff

is very competent.

Figure 19 shows the fracture at 516.1 ft or 1.5 ft past (SW of)

the borehole. The borehole can be seen near the back where it appears

as an ellipse because of the curved mineback surface. The fracture here

is approximately vertical and trends N53°E. The grout is mostly green

and black. The dark vitric unit near the lower center of the photograph

is highly fractured at this location as is obvious in the photo. Fracture

widths varies from'l-2 rom in the ash fall tuff at the very bottom, 3-5 rom

in the vitric unit and, surprisingly, 8-10 rom in the welded tuff. It is

not clear why the width in the welded tuff is so large at this location.

The open-hole zone where the first fracture was initiated is 15-20 ft

below the invert at this location.

At 523.8 ft or about 9 ft SW of the borehole the fracture consists

of several strands as seen in Figure 20. The prominent fracture on the
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:Figure 20. Photograph and Face Map at 523.8 ft in Mineback



left has a dip of 68°SE near the bottom and 82°NW near the top with a

strike varying from N500-600E. The thickness varies from 1-2 rom in

the lower hard vitric zone to 5-7 rom in the soft rubble zone. This

fracture is mostly green and black with black on the inside. The small

fracture just slightly to the right is mostly green and it terminates

in the l~rge, light-colored lithic at the top left. The fracture in the

left center is mostly gray grout with some green on the outside, having

a width of 1-3 rom. A hairline fracture in the center splits a dark

hard, lithic in half.

The fracture at 535.9 ft or 21.5 ft past the borehole is shown in

Figure 21. The photograph shows only the top, left-hand corner of the

mineback face. Of particular interest is the behavior of the fracture

in the highly fractured welded tuff. The fracture is often offset

several inches by the natural fractures which cross its path. Here the

upper fracture strand is 3-5 rom thick and is filled with green grout.

The lower frac strand is 5-10 rom wide and is mostly black grout with a

trace of green. The fracture dips 77-84°NW.

Figure 22 shows the fracture at the 549.5 ft location or 35 ft

past the borehole. At this point the entire transition region can

again be seen with the ash-fall tuff at the bottom and the welded tuff

just above the'rubble zone. The fracture has an orientation of N600E,

90° and contains green and black grout which is 3-8 rom wide. Some gray

grout is seen in the hairline secondary fractures. This is one of the

few locations where natural fractures in the transition zone were seen

penetrating into the ash fall tuff. The fracture intersected one of

these natural fractures creating an apparent slight offset just above

the interface at the bottom of the photo.

At 567 ft or 52.5 ft past the borehole and 7 ft from the tip, the .

fracture narrowed to a width of 2-3 rom filled with green and gray grout.

As shown in Figure 23, the exposed fracture also extends from the ash-

fall tuff, through the interface and into the welded tuff. In two
I
I
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locations in the center of the photo, the green grout is seen coating

some natural cross fractures with a green halo. The fracture is approxi­

mately vertical here.

After the mineback along the interface was completed, a mineback

raise was conducted at the borehole, using drilling and blasting tech­

niques, to observe the fracture behavior near the borehole in the densely

welded tuff. The raise was constructed through the elevation where the

upper fracture was initiated. Figure 24 shows the raise at the 6225.1

elevation or 21.5 ft.above the mineback grade. This point is just below

the open-hole zone where the upper fracture was initiated. It is clear

that the natural fracture system has a large effect on the hydraulic

fracture by offsetting fracture growth. In many locations in the welded

tuff the distance that the fractures travel along natural fracture planes

is roughly the same as the distance they propagate through competent

rock. Undoubtedly, a large percentage of the grout was lost into these

natural fractures throughout the entire welded tuff zone. It appears

that all of the grout at this location is black and green even though

the blue (or gray) fracture was initiated just above this location.

Generally, fracture widths are 3-7 rom. The fracture again intersects

the borehole off center so it is possible that it never intersected the

original 4 in borehole at this point.

The invert was also lowered a few feet to reveal the borehole near

the location where the lower fracture was initiated. This is shown in

Figure 25. At this point the hole diameter is six inches (recall that

the hole was reamed to recover lost tools after the first fracture).

A single fracture, greater than 10 rom in width originates from the NE

side of the borehole. A number of strands initiate simultaneously

from the other side of the borehole and coalesce into a main fracture

and a secondary strand.

A plan view of the entire mineback is shown in Figure 26. The

variation in the dip and strike of the fracture over the 150 ft length
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Figure 24. photograph and Face Map of Raise at 21.5 ft Above Grade
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­ ,

is shown in the plan view. The average trend of the fractures (N53°E)

is consistent with the direction of the maximum principal stress typically

observed in G-tunnel. The two drifts to the SE of the fractures were

excavated for future coring to locate the extent of the fracture above

and below the mined region. A longitudinal cross-section of the mineback

region is shown in Figure 27 along with the stratigraphy and the location

of the borehole. Fractures were observed everywhere in this mineback

area except the far left-hand top corner where it had pinched out.

The total width of the fractures (green, black and gray) at various

locations along the mineback in the ash-fall tuff is shown in Figure 28.

The width of only the green and black fracture along the mineback is

shown in Figure 29. Although the fracture is, plainly wider in the

center and thins sharply near the tips, there are large variations in

the center, particularly on the short wing. In determining the width,

the sum of the strands at any location was used and this may account

for the discrepancy. However, it was felt this was necessary because

the main frac was often thinner when there were several secondary

strands.

EXPLORATORY CORING RESULTS

In order to understand the behavior of a fracture at one point,

say the interface, it is certainly helpful and may be necessary to

understand it in the context of the entire fracture, its growth charac-

teristics and overall geometry. Since it is only feasible to mineback

a small percentage of a fracture this size «5%), an exploratory coring

program was started to locate the fracture at many locations remote

from the mineback. The number of strands, thickness of the fracture,

fracture orientation relative to the core and the color of the grout

were determined at the core intercepts so that estimates of fracture

extent and width contours could be made.
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(
A total of 29 exploratory core holes were drilled intermittently,

as other tunnel experiment commitments allowed, between August, 1978

and March, 1980. Figure 30 shows a side view of the exploratory coring

results with respect to the mineback region. These results show where

one or both of the fractures was intercepted by the core hole. Inter-

cept locations, fracture widths and grout colors are given in Table 4.

The green and black grout are combined for the width data because it

was difficult to separate them due to mixing. From this data it was

found that the green and black fracture was limited to a region from

about 50 ft below the interface to the top of the combined fractures.

Only gray grout was found farther than about 50 ft below the interface

and almost none above. This is shown in Figures 31 and 32 which show

width contours for the combined fractures and for the green and black

fracture respectively. As seen in Figure 32, the green and black

fracture, which was conducted first, is essentially a penny-shaped

fracture and is not affected by the high modulus layer above. On the

other hand, most of the gray grout was forced downward into the ash-

fall tuff far below the interface even though this fracture was initiated

in the welded tuff. The width contours shown in Figures 31 and 32, as

well as the indicated fracture boundaries should not be considered

rigorous since there are not very many data points except through the

mineback section, A-A'. This is obvious when one compares the steep

gradients at the tips along A-A' compared to the relatively slow narrowing

elsewhere. This is a result of the. smoothing of the contour routine.

Again, fracture widths given here are for the sum of all strands. The

fracture width observed at the wellbore is con~istent with that calculated

by the design codes.

One problem with these results is that they account for about 40%

and 60% of the first (green and black) and second (gray) injected volumes

respectively. It is expected that 20-30% of this loss can be accounted

for by water loss from the grout slurry both during and after fracturing.
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Figure 30. Side View of Results of Exploratory Coring Program
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Figure 31. Side View Showing Width Contours of Combined Grout Fractures
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However, 30-40% of the green and black fracture cannot be accounted for

except as leakoff into natural fractures, mostly in the welded tuff.

During mineback some evidence of this was seen in the welded tuff near

the borehole. Further evidence can be gained from the results of the

coring program as seen in the results in Table 4. Up in the welded

tuff, coreholes EV6-4, 5, 14 and 15 show several intercepts of green

or black grout. These are plotted in Figure 33 in plan view and cross

section. It appears from these data, together with mineback information,

that the numerous strands are due to the extensive natural fracture

system. Apparently the fracture would intercept a nearly perpendicular

natural fracture, follow it for as much as 10 to 20 ft, and then initiate

several more strands (possibly in other perpendicular natural frac­

tures) which in turn will intercept other natural fractures. In this

wayan extensive network of grout filled fractures exists in the welded

tuff and this may account for the remaining cement.

It is interesting to note that wherever the two fractures were

found in the same region, they were usually side by side. Apparently

the gray fracture, which was initiated in the high modulus welded tuff,

essentially propagated alongside the first fracture. Results of the

first fracture are valid; results from the second are obscured. Thus

little useful information was obtained for fracture behavior at an

interface should the fracture approach a low modulus material from a

high modulus material.

IN SITU STRESS MEASUREMENTS

Two different sets of in situ stress data were obtained to deter­

mine what affect the stresses may have had on fracture behavior. In situ

stress measurements are made using small volume hydraulic fractures 28

(minifracs) to provide an instantaneous shut-in pressure (ISIP) which is

equivalent to the minimum principle in situ stress. These are conducted

by isolating a short section of an open hole with straddle packers,
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pumping a small volume of water to break down the formation, and shutting

the zone in to obtain the pressure decline. Accuracy is usually +20 psi

although in different areas the accuracy may vary considerably.

The first stress measurements were conducted in November 1977 before

the mineback reached the fractures. Three coreholes were drilled from

a point about 200 ft from the borehole to attempt to locate the grout

fractures so the mineback could proceed in the most direct way. After-

wards, minifracs were conducted in several zones of two holes as shown

in Figure 34, to determine the horizontal distribution of stress in

this region. The data from EV6-l and EV6-2, which were essentially

horizontal in the ash-fall tuff, are given in Figure 34 and in Table 5.

The stress distribution along EV6-l is plotted in Figure 35 and it can

be seen that there is a definite structure to the stress magnitude.

What is interesting about this is that the location of the Hole #6

fracture is at the minimum of one of these structures. Although the

fracture does not intercept EV6-2, a projection of the fracture direction

would also intersect a minimum point as shown in Figure 36. What this

indicates is, that not only does the fracture propagate perpendicular

to the minimum principal in situ stress, but it also follows any minimum

in the contours of the minimum principal in situ stress. In short, it

follows the path of least resistance even with respect to variations in

the minimum stress.

No breakdowns were seen in any of the 22 zones conducted in these

two holes, yet the core from these holes showed that the rock was very

competent with few~ if any, fractures. From the orientation of the

induced fractures, it is known that these two nearly horizontal coreholes

are closely aligned with the maximum principal stress direction. To

determine the stress concentration at the borehole for this geometry,

the two principal stresses acting perpendicular to the borehole axis

are the minimum principal horizontal in situ stress which is 350 psi

and the overburden stress which is 1300 ps~. One can see then that



o
',

5
0

F
E

E
T

I
I

I '.i ",
4

~~~
.

"
-,

:;;~
~~"

t"
':
~~ !~~: ~f::
'.

\~
~)

;
.l

~"

.\
... :~ 1,
~i

,'
.

:'
., ~. ~:
~~

:~
'T

;.

{~
:: ::~!
~. ~tj ;~~
~~l

~~
i~ ~t ~.
{-

~~
'.
~:

,-
';

:~
~~

,t\
\>

1'-
" ~~~
:!~
.

'I'
"

"
'

',
~

1

t. N I
O

B
S

E
R

V
E

D
F

R
A

C
T

U
R

E

.
\

H
O

L
E

'
6

--..
...

a6
'o

a&
&

aa
,

,
E

V
6

#
1

a c9a
~'
s:

a,
O

-t.
~

6'a
~
a

-t
.~
Oo

~<
9

'it
.

.
~6

'

-+
--

F
R

A
C

T
U

R
E

IN
T

E
R

V
A

L
M

IN
IM

U
M

IN
S

IT
U

S
T

R
E

S
S

(p
si

)

,---
-,

0
\

I-
'

F
ig

u
re

3
4

.
R

e
su

lt
s

o
f

In
S

it
u

S
tr

e
ss

M
ea

su
re

m
en

ts
in

EV
6

#1
an

d
EV

6
#2

C
o

n
d

u
ct

ed
B

e
fo

re
M

in
eb

ac
k



62

TABLE 5

In Situ Stress Data: EV6-1 and EV6-2

HOLE DEPTH # OF PUMPS AVG VOLUME Pc Pf ISIP
(ft) (gal) (PSI) (PSI) (PSI)

EV6-1 214 4 6 425 331

204 4 7 440 355

189 2 6.5 430 360

167 4 7 500 411

151 4 8 630 354

146.5 4 6 390 300

138 2 5.5 320 278

129 2 4.5 395 310

114 2 7 520 415

104 2 6 450 383

64 5 8 520 466

50 2 7.5 555 448

45 2 6 465 400

29 4 5 500 423

24 2 6 525 463

EV6-2 124 2 4 900 633

98 2 7 780 500

78 2 5 880 540

55 2 5 685 428

42 2 3.2 570 370

24.5 2 3.3 445 330

13 2 3 525 403

- ," - ~-~--"~--:--:-.. """-
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the minimum compressive stress at the borehole wall, which is 3amin

amax, is -250 psi, which is tension. For this weak material the

borehole has probably broken down just by drilling the borehole. At

worst it would require another 200-300 psi more to break down the most

competent tuff and this is still below the minimum principal in situ

stress. Thus, one should not expect to see any breakdown with this

combination of stresses and hole alignment.

NO data is shown from EV6-3 b~cause this hole was drilled upward

into the welded tuff at +7 0 and many difficulties were encountered at-

tempting to fracture this rock. .Some data, which were obtained in three

zones, were difficult to interpret and no reasonably accurate measure-

ments could be made. However, it did appear that the ISIPs or the mini-

mum principal in situ stresses were exceptionally low; they were prob-

ably less than 200 psi and possibly less than 100 psi.

A detailed study of the vertical distribution of the in situ stres-

ses was made in September 1980. Two of the exploratory coreholes,

EV6-24 which was drilled 81 0 down to a TD of 302 ft and EV6-29, which

was drilled 58 0 up to a TD of 150 ft., were fractured in several zones,

each using the standard minifrac technique. Essentially these measure-

ments were made along the Hole #6 borehole although EV6-29 does deviate

somewhat to the NW•. The ISIP or minimum principal in situ stress data

is shown in Figure 37 and Table 6. It can be seen that there are large

and quite rapid changes of stresses throughout the 350 ft of section

studied. Also, the stress in the densely welded tuff is quite low.

This distribution of stresses can be explained qualitatively if one

considers the mesa in its present condition and forgets for the moment

its geologic history. Essentially, the mesa consists of tens or even

hundreds of ash-fall tuff layers of varying thickness and properties.

with two thin, high-modulus, welded tuff strata at widely separated

locations. At the present point in geologic time, the layers are stacked,

well-bonded and predominantly gravity-loaded. This results in a com-
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( .
pressional loading of the layers and effectively tries to squeeze the

tuffs out the sides of the'mesa. The ash-fall tuff, which has a very

low Young's modulus and a high Poisson's ratio is squeezed out much

farther than higher modulus rocks. Since the strata are well bonded,

the ash-fall tuff drags the narrow welded tuff layer out with it result-

ing in a decreased compressional state or even tensional state of stress

in the high modulus, low Poisson's ratio, welded tuff. This also explains

why the welded tuff is so uniformly fractured. Of course, the geologic

history, such as cooling phenomena of the tuffs, erosional relief of the

mesa, alteration, and other factors will affect the local structure of

the stresses and specific magnitudes and orientations. Also, factors

such as creep and the limited effect of tectonics may have affected the

stress state in the welded tuff since the time it was fractured and,

effectively, relieved. Nevertheless, the general stress state can be

easily explained by this simple model and finite element calculations

by Clark29 have shown this. This would suggest that the high stress

regions below the interface 'in Figure 37 are probably the result of

stratigraphy, although this has not been confirmed.

If one now examines the coring results with respect to the in situ

stresses, it appears the stress peak at 50 ft below the interface

correlates well with the point of termination of the lower tip of the

first fracture. The stress peak at 180 ft correlates well with the

point of termination of the second fracture. It appears that the in situ

stress state was the predominant factor controllin~ the overall fracture

geometry. The low' stress state in the welded tuff may explain why the

first fracture propagated so readily into this rock. One would suspect

that with the much higher modulus it would require significantly higher

pressures than in the ash-fall tuffs to open a fracture to the necessary

widths for injecting grout, even with the natural fracture system. Per-

haps the much lower stress state compensates for this. The end result

appears to be that in an experiment to test fracture behavior at a geo-
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logic interface, the in situ stresses had a much more significant effect

than the material property differences.

DISCUSSION

The principal objective of this e~periment was to test fracture

behavior at a geologic interface between rock strata of considerably

different material properties to determine if similar situations in

the field (say, a shale/sandstone interface) would contain a hydraulic

fracture by terminating or impeding growth. The entire extent of the

fractures at the interface was mined back and it was found that the

lower green and black fracture was essentially penny-shaped with a

radius varying from 50-100 ft. It propagated upward through the inter­

face into the welded tuff as far as it propagated downward. There was

no apparent effect due to the higher modulus layer. The fracture did

not extend any farther horizontally in the ash-fall tuff than it did

in the welded tuff. It did not appear to change orientation or character

as it crossed the interfaces through the transition zone into the welded

tuff. The only observed differences were somewhat smaller widths in

the welded tuff, as one would expect because of the much higher modulus.

These results do not agree with models of fracture behavior at an

interface. They are, however, consistent with laboratory experiments

which also show that fractures will cross a material property inter­

face. lO ,12,13,14 The problem apparently lies in modeling the behavior

at the interface using only the stress intensity factor, K, at the tip

of the crack for the failure criterion. The concept of K as the strength

of the square-root singularity in stress at the crack tip was developed

for a crack in a homogeneous body. It is not clear how to extend this

concept to the bimaterial interface. Although K may go to zero as the

interface is approached, the entire nature and physical meaning of the

singularity changes and other singularities now dominate fracture

behavior. This should be apparent by observing the stresses. Although

- -. -- ,=- ." -~ -.



( K goes to zero as the interface is approached, the stresses remain

infinite and it is, after all, stresses which break the rock. One

possible method of avoiding this problem is to use a fracture criterion

based on average stress in some region around the crack tip as discussed

by Schmidt. 26 Such a criterion would say that fracture growth would oc­

cur when the crack tip stress averaged over a meaningful distance reach­

es a critical value. The critical value would be some applicable

strength property of the rock. The meaningful distance could possibly

be set using the microcrack model suggested by Schmidt. 26 An average

stress calculated in such a way would be directly proportional to the

stress intensity factor in a single material. Near a material inter­

face, however, it would incorporate the contributions from all stress

singularities. Thus, this criterion would continue to function when

the stress intensity approach collapses. An attempt was made during

this experiment to measure the size of the process zone near the frac­

ture by making thin sections across the fracture~ however, no microcrack

zone could be observed.

It is interesting that there is no obvious indication in the pres­

sure records that the fracture broke through the interface. However,

there were several shut downs which may have obscured any such signs.

It should also be noted that the fracturing pressures are so low that

the weight of the column of grout or water was sufficient to fracture,

although possibly not to break down the formation. The breakdown pres­

sure was about 735 psi in the ash-fall tuff and about 1400 psi in the

welded tuff. Hydraulic head was 610 psi with water and about 1000 psi

with the grout.

The effect that natural fractures can have on fracture behavior was

seen quite clearly in the mineback and coring results of the green and

black lower fracture. As often as not, when the induced fractures in­

tersected a natural fracture, the induced one was offset by a distance

ranging from an inch to'several feet. In mapy cases several grout-filled
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fractures initiated from the natural fracture afterwards. Many of

these natural fractures were filled with grout to distances of 10 ft

and others showed green or black halos which indicated there was a large

water loss into these fracture systems which resulted in some of the dye

being carried out. Apparently, the large amount' of cement which was

needed to propagate all of the induced strands and to fill the many nat­

ural fractures, in addition to the high water-loss rate in this region,

accounts for the missing volume from the green and black fracture.

These results show that fracturing in naturally fractured reservoirs

is probably considerably less efficient (more leakoff) than in non­

fractured reservoirs. It suggests that there are many pitfalls which

may hinder treatment of reservoirs such as the Devonian shales or other

highly fractured systems. With large treatments there may be many offsets

of the hydraulic fracture due to oblique natural fracture systems which

may induce several parallel strands. Not only does this pose a problem

for fluid, loss and resultant fracture length, but proppant transport

may be severly restricted by reduced width (if there are several strands)

and sharp corners. As a rule, one should expect lower productivity

increases as a result of fracture treatments in such formations.

The effects of the in situ stresses can be seen in many aspects of

the fracture behavior. For example, the change in dip of the fracture

on the NE tip is undoubtedly a reflection of the change in orientation

of the minimum principal in situ stress in the region. Except for this

area, the fracture is essentially vertical. The slight changes in strike

of the fracture may be a result of the fracture following a path along

the minimum in the minimum principal stress.

Apparently the fracture propagated readily into the high modulus

welded tuff because of the reduced stress state in this stratum. In

general, one would expect that it would be more difficult fracturing in

a high modulus material because the reduced fracture width would cause

large pressure drops in the fracture, resulting in much higher fracturing



( pressures. From this argument alone, the fracture should prefer to

remain in the much lower modulus ash-fall tuff. However, the much re-

duced stLess state in the welded tuff apparently compensates for this and

possibly even results in a lower fracturing pressure in the welded'tuff

than in the ash-fall tuff.

The in situ stresses also appear to be responsible for the resul-

tant height of the green and black fracture, rather than modulus varia-

tions at an interface as originally anticipated. The lower fracture,

which was initiated in the ash-fall tuff below the interface, propagated

down to a high stress region (300 psi greater) about 50 ft below the

interface and not much below. Upwards, it propagated into the low­

stress, welded-tuff layer but did, not propagate above into ,the higher

stress ash-fall tuff.

The importance of the in situ stress in controlling fracture

azimuth and overall geometry has critical implications for fracturing

technology. Vertical fracture propagation out of zone (containment)

is probably principally controlled by the in situ stress differences

between the adjacent layers. Knowledge of the stress'difference and

practical criteria for use in design calculations should be of utmost

~nterest for realistic design of fracture treatments. Development of

in situ stress measurement tools and predictive ability should be a

prime area of research effort. The effect of horizontal variations in

in situ stress is less obvious but significant changes, as may occur

across faults, could terminate lateral extension or reorient the azimuth.

The width appeared to be close to that predicted by design codes.

Maximum width of the lower fracture was about 0.4 in near the borehole.

It appears that the fracture may have held most of its propagation width

as it was designed to do with the low-water-Ioss cement mixture. Most

of the observed variation in width occurs at the tip. On the average,

the width throughout the center of fracture is constant, although many
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local variations in width occur. Except for these local variations,

the width distribution appears to be similar to an elliptic one.

The upper blue or gray fracture is much more difficult to under­

stand. This fracture initiated alongside the first fracture and in

many locations propagated along with it. However, for the most part

the second fracture propagated downward far below the first one. Very

little of the gray grout was found in the welded tuff, which is surpris­

ing because the other fracture was found all through this region. This

may be due in part to the first fracture, which had previously propa­

gated into this region, filling all the near-wellbore natural fractures

as well as initiating many small strands itself. Thus, all the easy

fracturing paths had already been cemented closed. Further opening of

these fractures in the very high modulus tuffs may have required very

high pressures, whereas propagation downward into the low-modulus, mod­

erately-stressed ash-fall tuff may have been the path of least resis­

tance. Essentially, this fracture also had only one wing - on the SW

side of the borehole. The results from this fracture were not used for

any of the conclusions about fracture behavior due to material property

interfaces and in situ stress differences because of these complica­

tions, particularly the effect of the first fracture.

CONCLUSIONS

Mineback experiments have been shown to be a valuable technique for

investigating hydraulic fracture behavior. It is the only experimenta­

tion technique now, available for studying fracture behavior with respect

to detailed knowledge of reservoir rock properties, geologic conditions

(fractures, stratigraphy, etc.) and in situ stresses as well as treat­

ment parameters such as pressure and flow rate. These experiments are

conducted in an in situ environment so that there are no size or bound­

ary effects, large scale geologic factors such as fracture systems are

effective, and the rock is under in situ conditions.

-, .



( The results of these fracture experiments conducted in ash-fall and

welded tuff formations near a geologic, material-property interface show

that high modulus rock layers bounding a lower modulus fracture interval

will not prevent fractures from penetrating the interface. In this

case, the bounding welded tuff formation had a factor of 5 to 15 higher

modulus than the ash-fall tuff, yet the fracture which initiated below

the interface in the ash-fall tuff readily propagated across the interface.

This is in direct disagreement with present fracture mechanics analyses

which predict containment under these conditions. The discrepancy is

apparently due to the use of the stress-intensity factor failure criterion

which does not hold at a bimaterial interface. The use of an average

stress condition instead is suggested. The average stress does not

go to zero as the interace is approached and, hence, propagation through

the interface would be predicted, although this may be dependent upon

other conditions.

Thein situ stresses were found to directly control the behavior

and geometry of the fracture 'created in the ash-fall tuff. Results of

the minifracs indicate that the minimum principal in situ stress has

distinct variability of magnitude, in effect showing "highs and lows"

over short distances. Apparently, the fracture responded to these

variations by not only propagating perpendicular to the minimum principal

stress but also propagating along an irregular path following the "lows"

or along the minimum in the minimum principal stress. A region of 300 psi

greater in situ stress also terminated the downward growth of the fracture

at a point about 50 ft below the interface. The complete propagation

of the fracture into the much higher modulus welded tuff is attributed

to the much lower stress state found in that stratum compared to the ash­

fall tuff. Thus, the in situ stresses appear to have dominated every

aspect of fracture growth.

The widths observed in the mineback and exploratory coring are con­

sistent with those predicted by fracture design codes. The overall
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width distribution is approximately elliptical with the thickness taper­

ing rapidly at the tips.

Natural fracture systems in the welded tuff had an important effect

on the overall fracture behavior. These systems absorbed a large volume

of cement, which resulted in many fracture strands propagating parallel

to each other at the same time. They were also effective in offsetting

the induced fracture a large percentage of the time. The ability to

account for only half of the injected volume is attributed in large part

to the effect of the natural fracture system.

The upper fracture, which was initiated in the welded tuff, pro­

duced few useful results because it initiated and propagated alongside

the lower fracture, which had been created at a much earlier time.
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