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ABSTRACT

This paper cvalustes the corrclation botween values of
minimum principal 11 sifu stress derived from two different
madels which use data obtained from triaxdal core tests and
coefficient for earth at rest correlations. Both models use
triaxial laboratory tests with different confining pressures.
The first method uscs a vorified £it to the Mohr failure
eavelope a8 a function of average rock grain size, which
was obtained from detailed microscopic analyses. The
second method uses the Mohr«Coulomb failure enterion.
Both approaches give an angle of intemal friction which 1s
used to calculate the coefTicient for earth at rost which gives
the minimum principal in situ stress. The minimum
principal in sifu stress is then compared to actual . field
mini-frac tast data which accurately determine the minimum
principal fn sfru stress and are used to verify the accuracy
of the correlutivns. The cores and the mini-frac stross tost
were obtaincd from two wells, thc Gas Roscarch Institute's
(GRI's) Staged Field Experiment (SFE) #1 well through the
Travis Peak Formation in the East Texas Basin, and the
Department of Energy's (DOE's) Multiwell Experiment
(MWX) wells located west-southwest of the town of Rifle,
Colorado, ncar the Rulison gas ficld. Results from this
study indicate that the calculated minimum principal in #iftu
stross values obtained by utilizing the rock failure eavelope
as a function of avernge rock grain size correlation are in
botter agroement with the measured stress values ( from

mini-frac tests) than those obtained utilizing the Mohr-
Coulomb failure criterion,

INTRODUCTION

‘I'here are many available techniques for measuring /n sifu
stress at depth in & wellbore, but all of the methods suffer
disadvantages. Core-based methods, including anelastic
strain rocovery, differentinl strain curvc analysis, shear
acoustic anisotropy, acoustic emissions and others, all
require the taking of core and detailed analysis. Furthermore,
problems with core quality, rock fabric, and other factors
may dograde the accuracy of the siress estimate. Direct
mcasuroments using small volume hydraulic fracturcs have
fewer analysis problems, but they are expensive and may not
be compatible with the well completion scheme, particularly
if measurements will be made in layers above the pay zone.

The ideal situation would be to mcasure stress directly from
logs or drilling data. Attempts to use sonic logs have yielded
poor results, primarily because of the questionable
assumption of elastic, unizxial-xtrain behavior and an
unceruain poro-clastic parameter. However, this particular
failuro docs not ncccssarily mean that otler techuiques
cannot or will not be developed. One altemate hypothesis is
to assume that all rocks are in an incipient failure state! and
to calculate the minimum stress that would be obtained for
any overburden stress at such a condition.Such a hypothesls
could be applicd to cither log, core or drilling data. The
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primary difficulty is relating the fuilure criterion to  some
measurable log, corc or drilling propertics. This work
investigates the accuracy of predicting minimum principal in
8itu stress magnitide from two failure madels and compares
;ir\:cml;ulu o the minimura principal in s1tu stress from mini-

DIS 1

Labontory triaxial test dats are used by both modasls to
prad.ict the minimum principal in situ stress. The angle of
internal friction is calculated from thesc two approaches.
Tl§o _ooeﬁicient of carth at rest and, thus, the minimum
Pnnctpal in situ stress, are obtained from the angle of
intemal friction.

3

I 0 a
of Aversge Rock Grain Sise

‘The Narmalized Rock Failure Envelope method utilizes a
normalized form of Mohr failure envelope? which can be
obtained fram the following nurmmlized cquution fit o
different lithologics:

where
¢ = confined compressive strength, psi
o, = unconfinod compressive strength, pai
P = coafining pressure, psi
a,b = cmpirically determined constants

The normalizad correlation was obtained in an earlier work?
on SFE #1, In this work the coefficient ‘a’ was obtained as a
function of mean gruin sizc:

a =10u'948+"009‘V)...........................(2)

where

= mean rock grain size, mm
Coefficient '3' was obtained as a function of coefficient 'a'
from the following equation:

1982-14°
prepoll982=14%loga) . ......(3)
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The rock compressivs strength @ from i
equation (1) has
aﬂicrtfcmxhownmnmch!hcrockuiuinlmpmaive
mum_Princi itu_Stress, Angle of Intcrnal
The uncoaflinad ruck comprussive strength values were
obtdn:d&auuiaxifl'mmpoﬂndfortchFB-‘ud
MWX welll The minimum principal in situ stress using
Mohr failureenvelope theary is given by the following
equation:

O =Ko(d‘ob-P’,)+Pp .................... erenene (4)
where
a, = minimum principal 1 sify stress, psi
0,y = overburden stress, psi
P, = porc pressure, psi
K, = cepefficient of earth at rest,

dimensionless
Forlhcmdanmswdidawaymuit«t th
interval, the value of poro pressure and overburden m:f is
available from published date$. The process of finding the
correct value of K, is shown below. Relationships for K,
determined for rock at failure, were obtained experimentally
by diffcrent investigators™® as follows:

For sandstone

Ko - l—Siuﬂ....u-....u-....-...n....uu.... n...(s)

and for shale

K, =0.9(1- Sinf)eseessenesesssssscansrsssesisnnss( 6)

where
f = the angle of intemal friction at failure, degrees

Equation (6) for the minimum principal fn st stress
roquires the value of K, which is based va f. The eyuation
for obtaining the angle of intemal friction, B, is given by

0, ~0,

p=mnm(m}....................(7)
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where
The value of the cosfficients a and b aro detormined from
—bP equations (2) and (3). Angle of internal friction, f is then
o, -0.+(l-¢ -—A)...(g) mlmhmdﬁnmqmﬁon (1)
gy=0, +(1..e-bf’-u)...........................(9) Step 4:
wd Tho value of B from step 3 is used in cquations (5) or (6)
(depeading on lithology) and a value of K, is caloulated.
A = arbitrary small value of pressure,psi This value of K, is then used in equation (4) to calculate 0,
P,is Pos= In sty confining pressures at small Step S:
values A about a nominal confining  The value of 0, obtained from stcp 4 is then compared to the
pressure, psi initial guess. Tho caloulated valuc is then input as the gucss
Mohr-Coulomb Failure Model: for the mext iteration. The process is repeated until

To obtain the value of the coefficient for earth at rest, K, the
Mohr-Coulomb failure model uses the same equations as the
normaliced rock fuilure envelope s u functivn of averuge
rock grain sizc corrclation. This mcthod uscs the avorage
value of angle of intemal friction obtained for different
triaxial tests. The equation for B is the same onc used for
the normalized rock failure envelope approach except that
the values of o are those cbtained from triaxial tests. ‘IThe
average value of § obtained using different compressive
strengths is used in the equations (S) or (6) (depending on
lithology) to obtain K, which is thea used in cquation (4) to
obtain th¢ minimum principal in sifu stross.

Tns all the minimum principal in tifu strean calculationg, the
poroelastic parameter (commonly denoted o) multiplying the
pore pressure is assumed to be unity, which is in good

- agrocnwat with lab measured values'®,

i nimum Principal In Sifu
Stress
The minimum principal 1 situ stross is obtained from
cquation (4) utilizing the following procedurc:

Step 1:
An initial guess for G, Is assumed.
Step 2:
The values of P,,,, P, , are calculated as the difference
between the value of the initial guess for 0, and the pore
pressure, Pp

P'.,, = 0;, 'P’ ............................................. (lo)
Step 3:

successive values of 0, converge.
SULT
t Experi N

A listing of measured and computed minimum principal in
situ sresses for SFE #1 {s given in Table 2. The measured
stress valucs for the dopth intcrvals are taken from published
data’, Figurcs | and 2 show a comparison of measured and
caleulated stress values for SFE #1. The calculated values
using normalized rock failure envelnpe approach for
sandstone match the stress tests (Figure 1). For the shales,
two of three data points agroe reasonably with the measurcd
valucs, This is bolicved to be because pore pressuro in
shales is very difficult to measure and must be assumed.
The calculated values for minimum principal in situ stress
using the Mohr-Coulomb fallure criterion are not as
accurule in the sandstones s the normalized rock failure
cavelope ss a function of sverage rock grain sizc spproach.
The shale values are also off for the Mohr-Coulomb
approach as in the case of Normalized Rock failure
Envelope as a function of average rock grain size approach.

Multi Well Experiment

Stress calculstions based on data obtained from the
Multiwell Experiment wells!!12 do not provide any insight in
choosing the best method. Table 2 gives a lisiing of
measurod and computed in situ stresses for the MWX wells.
Figuros 3 and 4 show o comparison of the stress values
obtained from mini-frac tests as well as caleulation using
Normalized rock failure approach and Mohr-Coulombd
approach. Both approaches under-predict the minimum
principal in situ stross valucs for sandstoncs. For the shale
data, both approaches are off.

DISCUSSION
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Results for the MWX wells indicate that the calculated
stress values are much leys  than tho measured stress
valuca, Although the rcasons for the under-prediction of
calculated stress values are not known soourutely, the
probable causes could be the following:

1. One main reason for the unceriainty in stress values is
duo to to the unccrtainty in mcasured porc pressure values.
This is especially true for shaly formations.

2. The stress test data is from laboratory measurements
performed on cores.  For the measurements 0 be
mcaningful, considerable carc and ¢ffort should bo expouded
to ingure that the i sifu wettability is preserved during
coring, surfacing, storage, and measurement operations.
Failure 1o preserve native wettability will cause the
measured values of stress 10 be of little use for analysis,

3. In both approachos the poroslastic constant, «, is
assumed o be 1. This is not always the case and a reduction
in o will actually worsen our predictions. But in conjunction
with points 1, 2. 4 and S in the discussion the two results
might be reasonable.

4. Laboratory triaxial test data are obtained under much
higher strain rates than those that would be found under
natural compaction of rocks. ‘Therefore, the lahoratary
values of stress would be much higher than the actual
values, This might be the reason for the large diffkrencs in
measurcd and calculated stress valucs for MWX wells.

5. The MWYX wells are located in the valley of the Colorado
river, This factor is not accounted for while measuring the
overburden stroys,  Clark!?  has yhown (hut the wpography
of the MWX wells could increasc the stress valucs by an
average of $00 - 1500 psi. Figures § and 6 show the
modified stress values which have been increased by an
average 800 psi. As can be seen, the values of sandstones
are now in agreement with the measured values, Both
approachos secin to give approximatcly the samc answor.

CONCLUSIONS
Based on this study the following conclusions can be drawn:

1. The process of calculating the Minimum Principal In Sit
Stress is more suitable for sandstone lithology thaa for shale.
This is believed to be due to the uncertainty in the pore
pressure values obtained for shale.

2. An analysis of the results for the MWX wells indicato
that the addition of & constant tarm in the strees equation to
account for the topography brings the calculated values close
to the measured values. An earlier work! on this aspect

found that the addition of 800 pai to the stress values to
account for topographical effects would bring the calculated
stress values cloxc to the measured values. Thus. equation
(2) oan bo modificd to include a constant term, T as

a":Ka(o"-P').;.P'*T. .................... (9)

From an analysis of the calculated values of in sifu stresscs
for shalcs, it was found that the valuc of T would vary from
500 to 1500 psi to match the stress test data. As shown in
figures S and 6 an idea! value for 7 would be 800 psi.

3. Of the two approaches used in obtaining the minimum
principal in situ  stress, the normalized rock failure
cavclope as a function of average rock grain sizc approach
gives better results than those obtained by using the Mohr-
Coulomb approach.
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