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Quarterly Report
Cctober 1, 1980 - Decenber 31, 1980

In Situ Hydraulic Fracturing Experiments (M neback)
A, Formation Interface Fracture Experinment

The final activity associated with the Hole #6 Formation
Interface Fracture Experiment-is the determ nation of the vertica
distribution of the mininumprincipal in situ stress. These
results will be inportant for determning the extent to which
the in situ stresses affected fracture growth. In situ stress
measurenents were made using small volume hydraulic fractures
(minifracs) to provide an instantaneous shut-in pressure (ISIP)
which is equivalent to the mninmumprincipal in situ stress.
These were conduct ed bK isolating a short section of an open
hole wi th straddl e packers, punE|ng a small volune of water to-
break down the formation, and shutting the zone in to obtain the
pressure decline. Accuracy is usually 20 psi although different
areas may vary consi derably.

Mnifracs were conducted in two of the exploratory core holes
whi ch were cored to |ocate the extent of the Hole #6 fractures.
Fourteen zones were fractured in EV6-24 at | ocations from 30 ft
below the interface to 250 below the interface in the ash-fal
tuff. Seven zones were fractured in EV6-29 at two |locations in
the wel ded tuff above the interface and five others above the
-wel ded zone to a point about 130 ft above the interface. Data'
fromthese tests are shown in Figure 1.

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 noment its
geologic history. Essentially, the mesa consists of tens or even
hundreds of ash-fall tuff |ayers of var¥ing t hi ckness and properties
with two thin, high-nmodulus, welded tuff strata at w dely separated
locations. At the present point in geologic time, the layers are
stacked, well-bonded and predom nantly gravity-| oaded. is results
in a conpressional |oading.of the layers and effectively tries to
squeeze the tuffs out the sides of the nmesa. The ash-fall tuff,
whi ch has a very |ow Younﬁ's modul us and a high Poisson's ratio
is squeezed out much farther than higher nodulus rocks. Since the
strata are wel| bonded, the ash-fall tuff drags the narrow wel ded
tuff layer out with it resulting in a decreased conpressional state
or even tensional state of stress in the high nmodul us, |ow Poisson's
ratio, weded tuff. This also explains why the welded tuff is so
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uniformy fractured. O course, the geologic history, such as
cool i ng phenonena of the tuffs, erosional relief of the nesa, altera-
tion, and other factors will affect the local structure of the
stresses and specific magnitudes and orientations. Also, factors
such as creep and the limted effect of tectonics may have affected
the stress state in the welded tuff since the tine it was fractured
and, effectively, relieved. Neverthel ess, the general stress

state can be easily explained by this sinple nodel, and finite.

el ement calculations by J. Cark (Sandia) have shown this. This
woul d suggest that the high stress regions below the interface

in Figure 1 are probably the result of stratigraphy, although this
has not been confirned.

It appears the stress peak at 50 ft below the interface correlates
well with the point of termnation of the |ower tiP of the first
fracture. The stress peak at 180 ft correlates well with the point
of termnation of the second fracture. It appears that the in situ
stress state was the ﬁredoninant factor cpntrollin? the overal
fracture geometry. The |low stress state in the welded tuff may
explain why the first fracture propagated so readily into this rock.
One woul d suspect that with the much higher nmodulus it would require
si?nificantly hi gher pressures than in the ash-fall tuffs to open
a fracture to the necessary wdths for injectin? grout, even wth
the natural fracture system Perhaps the much Tower stress state
conpensates for this. ~The end result appears to be that in an
experinent to test fracture behavior at a geologic interface, the
In situ stresses had a nuch nore significant effect.

A final report on this experinment is now being prepared. It

wi Il include results of mneback, coring, and in situ stress neasure-
ment s.

B. Fluid Mechanics/Proppant Transport Experinents

The initial phase of this programis an experiment to neasure
the width and pressure in a propagating hydraulic fracture. This
test is Eresently inthe fielding stage. ~ A horizontal experinent
hol e, PTE-3, has been drilled to 55 ft and cased to 40 ft. A
-seven foot open hole zone was fractured in Cctober with 30 gal of
dyed water. It was expected that this would result in a fracture
of at least 20 ft radius.

After conpletion of the initial dyed water fracture, a coring
programwas initiated to |ocate the fracture. This is shown in
the-plan view in Figure 2. The design was such that six coreholes
were to be drilled and these would be used for instrunentation
packages containing pressure transducers and LvDT's for measuring
the wdth of the fracture. Another corehole would contain _a device
for detectinP the fracture when it passes that location. These
packages would be grouted in place across the fracture using a
tuff-matching cenent system  The proposed |ocation of these holes

in a vertical cross section through the experinent hole is shown
in Figure 3.
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Results from several of these coreholes show that the fracture
was much smaller than expected, possibly because of a much higher
fluid leakoff than was anticipated. In order to rectify this, the
experiment was refractured in Decenber. In order to nonitor the
fracture's progress, the three coreholes at 10 ft fromthe center
of the fracture zone were packed-off, filled with water, and
monitored with pressure guages during fracturing. The hole at 20 ft
above the packed-off zone was |eft open for observation of fluid
|l oss.  The experinent hole was then refractured with 135 gal of
dyed water at 10-13 gpm A pressure increase was observed in the
| oner corehole after only about 5 gal of fluid was injected, and a
simlar signal was obtained in the corehole which was situated
10 ft laterally outward after about 25 gal. However, the fracture
was never observed in the two corehol es above the experinment hole.
There is good reason to believe that this is due to a high stress
region about 5 ft above the experinent hole. There is a soft,
apparently | ow nodulus tuff [ayer beginninq at this point and stress
nagnltudes in the mesa often correlate well wth nodulus (low
modul us | ayers have high stress).

This does not overwhel mngly affect the experinment as |ong as
the principal directions of fracture growth are known. The revised
corehole | ocations are shown in side viewin Figure 4. It is
expected that nost of the future fracture growth will be horizonta
and downward. If the overlying layer is nore highly stressed, it
shoul d continue to contain the fracture. Two of the old corehol es
will be grouted up and two others left open for observation. SiX
new coreholes will be situated as shown in Figure 4 and instrunenta-
tion packages will be grouted in these. The actual experinment to
record pressure and width should take place next quarter.

C  In Situ Stress Measurenents by Hydraulic Fracturing Through
Perforations

The nost feasible technique for obtaining in situ stress neasure-
ments at depth in a wellbore is by fracturing through perforations
and recording the instantaneous shut-in pressure (ISIP) which is
equivalent to the minimumprincipal in situ stress. However, it
has never been shown that this technique yields reliable stress
values, In order to be certain that performng these tests through
perforations will yield accurate, reproducible data, an experiment

I's being conducted in Gtunnel to conpare this method with fracturing
openhol e.

As shown in Figure 5, two cased holes have previously been
perforated and fractured (one of which the data is suspect because
of a poor cement job which resulted in |eaks around the casing)
and in situ stress data were obtained. In Cctober, five zones were
fractured in PERF-2 which is an uncased hole about 6 ft fromthe
cased holes. The in situ stress data from conparable zones in
the three holes is shown in Table 1. Fracturing pressures in the
zones with two perforations are much higher than in the open hole
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TABLE 1

MnimmPrincipal In Situ Stress Data
for the Perforation Experinents

_ PERF 1A PERF 2

Cased (poc: cewuent | 0b) Cased Open- Hol e

Zone # 07 v ISIP one # of P ISIP Zone P_. ISIP
(ft) Perfs (23I) (PSI) (ft) Perfs (P§I) (PSI) (ft) ngl) (PSL)
60 4 1150 1000 60 4 1235 930 71 1100 935
50 L. 2160  a--- 50 2 2350 1100 58 1100 910
40 p; ———— e 40 2 2840 1100 48 1100 910
30 2 —— 30 4 1845 1100 38 1125 845
20 2 - ——— 20 4 2270 1050 28 975 845

zones . |It, appears that the shut-in pressures obtained through these

perforations are about 200 psi too high.

The fractures initiated through perforations and in the open
hol e wzse then mined back, [ncludln% detail ed observation of fracture
ini ciation near the perforations. he penetration of the perfs

var.2@ crom just barely into the grout annulus to about 4 in into
the asi -Zall tuff. Al perforations penetrated through the casing,
leaving a hole of about 0.5 in dianeter. In general, when perfora-

tic ai peazcrated the rock, hydraulic fractures appeared to emanate
directly fromthe perf into the tuff. \ere the perforations

te rminz zad in the grout, the fractures were initially confined to
the o 2.t annulus Of the grout-tuff interface. Eventually these
annulus rractures propagated into the rock, but frequently at
distancas ranging froma few inches to several feet fromthe perfora-
tions. Fractures typically initiated parallel to the borehole but
c.2*n zurned somewhat to align with the in situ stress orientation

~waich was 20-30 “dffferent fromthe borehole.

Thexe are two major, unresolved questions about the results of
w25 e axpariments, y were the fracturing pressures so high and.
why wara the shut-in ﬁressures about 200 psi above that neasured In
the cpwn nole? The high fracturing pressures were clearly not due
tc =he size of the perforation in the casing. Perforations neasuring
o.5 inin diameter Provide a sizable flow path for the rates used
here {(¢«-5 gpm). Also, no clear correlation could be nmade with
numb ez of _serfs or depth of penetration. Conplicating this further
wa s to fact that many of the perfs were partially to conpletely
packea with crushed rock particles. The high shut-in pressures may
| pa-7 b2 due to the turning of the fractures after enmnating

aral .=l to the borehole. Thus the 1ISIP observed may have been
ue to closure Of the borehole which reflects a stress state greater

[OTRL 6]
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than the mnimm  Secondly, IsIP's were difficult to determ ne
due to a lack of a well defined "knee" in the pressure decay curve.
This problem may be due in part to the high fracturing pressures.

At the end of the quarter the mineback data was still being
anal yzed to correlate the fracturing results with observable fracture
behavior. A plan is presently being fornulated to repeat the experi-
ment, possibly w thout mneback, under nmore controlled conditions.
This proposed test should clarify many of the probl ens observed here.

D.  Nature of In Situ Stress Variations Affecting Hydraulic
Fracture Propagation

The results of mineback experinents showed that a high peak
in the mninmum horizontal stress within a |ow Young's nodul us
ash-fall tuff termnated the vertical propagation of hydraulic
fractures. However, an overlying, high Young's nodul us, wel ded
tuff was not a containment feature. At that tine, it was unclear
why the stress peak existed. W have since conducted petrologic
studies in conjunction mﬁth_analgtical and experimental rock
mechanics studies to determne the nature and explain the cause
of the stress peak which had such a profound effect upon hydraulic
fracture propagation. Results indicate that elastic nmoduli changes
wthin the ash-fall tuff are the dom nant control of the stress
peak and these changes reflect post-depositional geochem cal
alteration of the tuff as well as depositional inhonogeneities.

It is thought that simlar geochem cal processes may also affect
sandstone reservoirs.

Mineback of a small volune hydraulic fracture (0.5m°) initiated
in ash-fall tuff 0.25 m below a high nodulus welded tuff (Young's
modul us, E = 28 Gpra, Poisson's ratio v = 0.21), reveal ed that the
hydraulic fracture termnated in the ash-fall_tuff, but propagated
upwar ds through the overlying welded tuff. The wall of the mine-
back tunnel is perpendicular to the plane of the fracture and,
therefore, parallel to the orientation of the m ninmum horizonta
in situ stress. Three overcoring strain relief measurenments of
the mninum horizontal in situ stress were done at each of three

-horizons on the tunnel wall. The average values for elastic noduli
and cal cul ated stresses are given in Table 2. Stresses determ ned
within a single horizon varied by less than 10 percent. Near the
contact with the welded tuff the ash-fall tuff is highly anisotropic
with Young's nodulus in the vertical direction alnpbst tw ce that
in the horizontal direction. Farther below the welded tuff, the
material becones |ess anisotropic wth a nuch |ower Young's nodul us.
Ani sotropy near the welded tuff interface appears to be related to
a strong horizontal planar fabric that becomes nmuch |ess distinct
at increased distances fromthe contact. The horizontal stresses
calculated fromthe neasured strains increased by 2.5 MPa over a
di stance of only one neter (see Table 2). Maxinum stress occurs
at the location of fracture termnation, in the region of |owest
Young' s nmodul us and hi ghest Poisson's ratio.



TABLE 2

Results of Overcoring Strain Relief Masurenments

Di stance Below Young's Modulus(GPa) Poisson's Horizontal Predicted

Wl ded Tuff Vertical Horizontal Rati o Stress Hori zontal Stress

(m) Ev Eh \Y, (MPa) (MPa)

-0.20 28 0.21 Not determ ned 2.02

0.15 6.73 3.51 0.18 1.05 0.87

0. 45 3.11 2. 27 0.24 1.59 1.75

0. 85 1.84 1.58 0.34 3.44 3.36

1.05 58.1 0.15 Not Determ ned 1.34

This relationship between elastic noduli and stress suggests
a unj axial strain boundary condition. Stress predictions froma
sinple calculation, assumng uniaxial strain, an|sotrop¥, and 7.6 Mpa
overburden stress, fit the measurenments very well (see Table 2).
However, this success mght well be fortuitous because the effect
of the tunnel upon the stress distribution was not included. A
three-dimensional finite elenent calculation with appropriate
tunnel geometry and ani sotropic nmoduli variations is now underway.

Approximately 0.2 m bel ow the stress peak is a nparrow horizon

that has elastic properties even greater than the wel ded tuff

(E = 58.1 Gpa, v = 0.15). Strain relief neasurenents in this |ayer
are planned. Simlar horizons are not unconmon in the ash-fal

tuff. These layers vary in thickness from approxinately 1" to

6, are laterally continuous, and occur at regular intervals bel ow
the contact between the ash-fall tuff and wel ded tuffs. Sanples
were taken within, and adjacent to, these |ayers for exam nation

by optical mcroscopy, scanning electron n1croscopY and x-ray
diffraction. Petrographic results indicate that elastic noduli
-changes are due to Intense diagenetic alterations of the ash-fal
tuff. Specifically, the altered |ayers are characterized b% gromkh
of large euhedral, authigenic crystals of zeolite and potash feldspar.
El sewhere, the ashfall tuff has a predom nantly glassy appearance
with relatively few phenocrysts and | ess intense authigenic re-
crystallization. It is thought that the distribution of the altered

layers is related to spatial and tenporal changes in the |ocation
of "the water table.

The primary difference in diagenetic alteration of the tuff
appears to be that, within the altered layers, the authigenic
crystals are larger and tend to occur as a pore-filling cenent:
el sewhere, authigenic recrystallization_is much finer-grained and
nore dispersed throughout the matrix. Therefore, these observations ,
suggest that in rocks of honbgeneous conposition, the node of authigenes
can cause significant changes in mechanical properties.



The hydraulic fracture termnated in the | owest Young's
modul us material because of a high mnimm horizontal stress, but
the fracture propagated through the highest Young's nodul us
material with the lowest stress state. Mterial noduli changes
caused stress changes of at |least 2.5 MPa over a one neter distance
and such.stress changes, resulting in fracture containnent, may also
occur in gas reservoirs where nodul us changes are common. Few
data exist on mininumin situ stress variations as a function of
depth in Pas reservoirs. However, a recent paper (Wnman, Holditch
and Randol'ph, JPT,32,1621, Septenber, 1980), presents data showi ng
variations of 35 MPa over 3 m Furthernore, geochemical alteration
of reservoir formations, precipitation of quartz or calcite b
groundwater, and fornmation of authigenic clays may greatly affect
elastic noduli, altering the in situ stress state caused sub-
sequent stress changes such as increased overburden. Geochem cal
alteration of gas reservoirs may thus result in inportant stress

containment features as well as greatly affect perneability or
gas evol ution,

. Rock Mechanics Investigations
A, Rock Mechanics Laboratory Experinents

No work was performed this quarter because the physical
facilities were noved to a new | ocation and the fracturing sgstem.
IS being upgraded. A new | oad frame which can produce a 20,000 ps
overburden stress on our 8-in sanples has been nade avail abl e.

Tests on the present system and the new load frame will resune in
January.

B. Strain Relaxation Method for Predicting Hydraulic Fracture
Azinmuth from Oiented Core

In order to predict the azinuthal direction of a hydraulic

fracture, it is necessary to know the direction of the m ninmm

hori zontal conpressive stress, since a hydraulic fracture propagates
perpendicular to this stress direction. In this study a strain
.relaxation technique for oriented core is presented as a sinple

and effective method to determine the direction of the maximm

and m ni num horizontal stresses and thus predict the fracture
orientation. The essential idea for the technique is that when

the ambient, in situ stress that exists at depth is reduced
aPpreciabI by coring a section of rock, there will be a relaxation
of the locked-in strains.. The total strain relaxation will consist
of two parts: (1) an instantaneous recovery of elastic strain, and
(2) a continued time-dependent relaxation of the rock core that wll
tend asynptotically to a final, permanent strain. These relaxations,
measured al ong known directions of an oriented core, are then used
to calculate the principal directions of strain relief. If the

rock behavior is linearly viscoelastic, then the strain relief along
principal strain (stress) directions wll be uniformwth tinme,

and the directions of the principal strain relief determned for a
given tine interval of strain relaxation will correspond to initia
elastic strain relief and the in situ stress orientation.



The procedure for this nethod consists of two parts. First,
field strain relaxation nmeasurements are nade on sealed, oriented
core imediately after the core is extracted fromthe borehole.

A set of disc gages (devel oped bK K. Schul er at Sandia National
Laboratories) are used to nmake the strain relaxati on measurenents.

A set of disc gages are used rather than strain gage rosettes since

t hey-can be nore easily placed on the core within a considerably
shorter tine span (10 mnutes), and nore inportantly measur e changes
in strain across the entire core instead of the small surface area
beneath the strain ?age_rosettes. Seal ed core is used to greatly
reduce the effect of noisture evaporation. The second step is to
determne if the core material is linearly viscoelastic by conducting
strain relaxation experiments on the rock in the |aboratory.

The nethod has been successfully tested on oriented core of
ash-fall tuff from Gtunnel at the Nevada Test Site where the in
situ stress directions and correspondin% initial elastic strain
relief directions were determned from hydraulic fracture tests
and in situ overcoring strain measurenents. A single horizon of
ash-fall tuff was instrunented with strain gage rosettes for three
in situ overcoring strain neasurenents. I nmedi ately after overcoring,
di sc gages were nounted on the extracted cores. Tinme-dependent
strain relaxation of the three cores occurred for 38 hours. Cal-
culations of the mnimmprincipal strain direction using the total
ti me-dependent strain relaxation, as well as, individual, 3 hour
strain relaxation time increments were consistently within 7° of
the initial, mnimm elastic strain relief direction determ ned
fron1overcor|nﬂ and the hydraulic fracture azimth. These results
suggest that the strain relief method nmay be reliable in the pre-
diction of a hydraulic fracture azimuth fromoriented core, provided
the rock is linear viscoelastic and with a relaxation period
sufficiently long for measurenents '(probably 24 hours for deep
wells). The method is presently being applied to tight gas sands
in the Geen R ver Basin.

[Il.  Fluid Mechanics Mdel of Fracturing

. A prelimnary nodel of the fluid nechanics of fracturing is
under devel opment. This nodel considers one-dinensional flow of
flow through a fracture, but a "conplete" width equation (the
width is determned for any arbitrary pressure distribution) is
enpl oyed and transient and convective terms in the continuity and
monment um equations are not discarded. Although the nodel in its
essence works, there are two major problens which nust be resol ved
to nake the nodel applicable for any arbitrary conditions. The
first problemis to develop an efficient method to handle the
equations at the crack tip. Since conditions change very rapid
over a short distance, the calculations of the tip can control the
converPence of the system of equations. A second problemis the
overal I convergence of the system of equations. They do not readily
converge to a solution matrix and techni ques nust be enployed to



force convergence. Finding a technique which efficiently does
this has been a nmjor obstacle. Wrk on these Two problem areas
i s continuing.

V.  Geochem stry and Petrol ogy

A guantitative study of a set of forty thin sections of the
Mesaver de sandstone from the Church Buttes field, Wom ng has
been initiated.,. The significance of these sanples is that they are
the first set we have obtained that represent a core containing
several fairly well-defined sand | enses. Thus far, the petrographic
exam nation of one of these |enses has been nearly conpleted and
the results are described herein. In general, the paraneters of
Interest are grain size, shape, sorting, detrital and authigenic
m neral ogy, and cenentation (amount, conposition, and distribution).

A co fete m neral ogi cal characterization of these sanples is given
in Table 3.

The abundance of quartz and rock fragments and the scarcity of
detrital feldspars indicates the classification of this lens as
a lithic arenite. Overall, these conpositions are in;good agree-
ment with a mneral ogical study conducted by the USGS™ from sanples
coll ected el sehwere In the Piceance Creek Basin. For exanple, the
chert:quartz ratios of 0.2-0.4 we have found support their interpre-
tation of a supracrustal provenance for these sands. In addition
our identification of silicified mcrofossils (including coral),
simlar to observations made by the USGS, indicates the presence of
re-worked earlier Cretaceous sedinments. The conposition diagram
(Figure 6a) shows that, wth the exception of one sanple, al
conpositions based on the interrelationship of quartz, carbonate,
and voids (pores) fall into one group. The exception is a sanple
t aken close to the sandstone-shale contact at the top of this lens.
However, if chert is substituted for the quartz conponent (Figure 6b),
t he sanpl es naﬁ be considered to fall into two groups. This grouping
al so divides the sanples into the upper and |ower portions of the
| ens, suggesting that silica diagenesis is a significant _parameter
in distinguishing particular areas of lens nmineralogy. The quartz
-grain measurenents su%gest a fining-upward cycle, consistent with
that expected for a channel sand..

One of the nore significant observations pertains to the
m neral ogy of the sandstone immediately adjacent to the lithologic
contacts Wi th over- or underlying shales. ~ Wile the Mesaverde
sands are domnantly cenmented with calcite and/or dolomte (and
| ess comonly, siderite or ankerite), sandstone adjacent to these

1I-Iansley, P. L., and Johnson, R C., Prelimnary results of mneralogic
and diagenetic studies of |ow perneability sandstones of |ate
Cretaceous age, Piceance Creek Basin, northwestern Colorado.

USGS Open-File Report 79-1702, 1979.
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TABLE 3

M ner al ogi cal Anal yses (%)*

Sanpl e No ** .oguartz Chert Carbonate O ays O ganics Rock Frags. Voids
7B 48.7 13.3 19.3 0.7 2.3 0.7 15
7c 56. 2 21.8 12 4 0.6 1.2 4.2
7D 59.7 12.3 13 0.7 5.0 0.0 9.3
7E 62.7 16. 3' 5.3 3.3 0.3 0.7 11.3
7F 48. 5 22.5 7.5 8.5 1.5 2 9
G 58 17 6 4 5 1 9
7H 55.7 11.7 4.7 4.3 2.3 11.3 9.7

*Average of 200-300 point-counts/thin-section
**Depths from8e684' to 8704
shale contacts is frequently heavily silica-cemented, commonly wth

-within a basin varies slightly,

thick overgrowths on the quartz grains. This observation appears
to confirmthe hypothesis that the shales nmay act as perneability
barriers to the nmovement of interstitial waters over geologic tine,
resulting in marked silica diagenesis at the boundaries. n-
sequently, deposition of silica at these interfaces may have a
significant erfect on fracture behavior.

On Decenber 2 and 3, 1980, Sandia hosted a workshop on the
geol ogy and norphol ogy of lenticular sands. Conversations wth
menbers of the USGS who attended suggest that the mneral ogy of
t he Mesaverde sands may vary widely, based on prelimnary observa-
tions of sanples fromthe Geen River, Unta, and Piceance Creek
Basins, but the dom nant mineral conponents are simlar. In par-
ticular, it was of interest to note that mneral ogi cal conposition

suggesting localized diagenetic

effects determned by differences in interstitial water conpositions.
Sﬂecifically, the occasional presence of barite and anhydrite inplies
the localized incursion of nore saline waters. This workshop
enphasi zed the inmportance of studying the sedinentol ogical aspects
of lenticular sands and several avenues of research along these
lines are currently being-expl ored.
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