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Symposium held in Edinburgh, Scotland, May 25-Z0& most recognized. Often we find that it is substitufor

the effective stress coefficient in effective stréaws

for other rock properties such as S and P velacitiée

ABSTRACT will show that in many cases this may not be
appropriate, and can lead to erroneous estimat@s of

Effective stress laws and their application arem®#,  situ stress, pore pressure, wellbore stability, and

but are often overlooked or mis-applied. As weepbs  permeability.

in deepwater GoM Lower Tertiary (LT) sands, the

effective stress coefficient deviates significanfitgm  INTRODUCTION

one and can be quite different for different rock

properties of interest. The intent of this paper is to draw attention te th
potential impact of very high pore pressures on

As petrophysicists, log and core analysts, we ned@®  petrophysical measurements and interpretationstheor

aware that pore pressure can have a significanadinp Lower Tertiary Paleogene play in the ultra deepewat

on reservoir properties in ways not easily describe (water depths > 5,000 feet) Gulf of Mexico, the leel

using a simple effective stress law. These effeatst are drilled to depths in excess of 25,000 feet (R

be taken into account when applying measurementSome wells have set near depth records of about

made in the laboratory for calibration of reservoir33,000ft (TVD). Pore pressures can exceed 20,020 ps

engineering models and calculation of rock meclanic (138MPa). These wells are very expensive to dnt a

properties from acoustic logs. complete, with costs up to about $100 million pedlw
Production scenarios require large pore pressure

An effective stress law is a means to convert twodepletions. Thus it is very important to quantifyck

variables, external stress)(and pore pressurePinto  strength, pore compressibility, and changes in

one equivalent variableo{s.civd. One such expression permeability during large pore pressure depletions.

would beOgsecive = 0 — & Pp, where a is the “effective ) ) )
stress coefficient”. The very high pore pressures in the Lower Tertiary

Paleogene of the ultra deep water Gulf of Mexicosea
Every rock property; e.g. permeability, compredijhi ~ unique challenges for rock and fluid property
and acoustic Ve|ocitieS, has its own effective sstre measurements. Routine core measurements used to
coefficient. This coefficient is found to be l¢han 1.0 ~ calibrate logs and constrain reservoir simulatians
for many rock properties, is commonly thought to becommonly made at low pore pressures. To mimic
1.0 for strength and static elastic constants, camibe reservoir conditions, the tests are performed dticed
greater than 1.0 for permeability. Typically, the external stresses, so as to compensate for th@doe
magnitude of the effective stress coefficient ispressures. It is common practice to choose a net
dependent on the stiffness of the rock. Rocks favineffective stress that is thought to result in itetrock
higher bulk compressibility tend to be charactatipg ~ Properties. In this paper we will discuss the claiton
effective stress coefficients closer to a valua.6ffor a  Of net effective stress for compaction, permeahiand
wider range of properties_ However, when ones and P elastic wave velocities. We will show ttha¢
combines stiff rock with very high pore pressuras, t0 a variety of pore pressure phenomena, the net
we observe in LT sands, the effective stress adeffts  effective stress for each property is differentisTis
for many properties can be quite different from, a6d  true even for a material that behaves as a linear

can be variable for different properties of intéres poroelastic material, and is a direct result of thet
that pore pressure and external stresses actferetit

ways via fundamentally different deformations. This




SPWLA 49" Annual Logging Symposium, May 25-28, 2008

leads to the conclusion that the “effective stregsduld ¢, =R./K, ; R=PR.—-aP, ;a=1-K/K, (1)

not be thought of as an equivalent state of striegs,

rather as a means to relate different states e¢stihat where ¢, is the volumetric strain, ;Pis the effective
lead to similar properties. It also points out tlk@e  pressure, Kis the bulk modulus of the rock, ang I
must be very careful in applying core analysis datghe bulk modulus of the solid grains. The parametisr
through models that properly account for a potélgtia commonly referred to as the effective stress coiefit.
wide variety of pore pressure effects. Failure ¢0sd  The temptation is to assume that the “effective
can lead to potentially significant errors. For @xée,  pressure” P defines an equivalent stress that, when
laboratory measurement of brine permeability as applied to a rock in the absence of pore presseselts
function of confining stress and pore pressureg@td  in an equivalent physical state (thus removing pore
that for these LT rocks, the routine core permégbil pressure as a variable). In fact howeveiisBittle more
measurements at close to zero pore pressure Mapan a functional relationship betweep @hd R that
underestimate the in-situ rock permeability by 2@% yields identical bulk volume for the case of artiispic,
50%. linear elastic, porous solid.

EFFECTIVE STRESS LAWS FOR RESERVOIR  To illustrate some issues in applying the concept o

DEPLETION effective stress to reservoir studies, it is hdlpfubegin

o _ ) by analyzing the predictions of linear poroelasfi¢or
One general application where effective stressessu gxj-symmetric loading:

become important is in modeling the effects of pore

pressure depletion on compaction and the reSU|ti”Qa=[(oa-Pp)—Zv(cr-Pp)]/E + RJ(3Ky) )
compaction induced changes in reservoir properttes. . _ [(0-P) —v(0s+0,-2P)/E + PJ(3Ky) 3)
is commonly assumed that during pore pressure’ P amree

?hepliat;on Im ? reservorr, the ma:rlxtdtlaforms Sm‘:}tt . Whereg, is the axial straing, is the radial straing, is
€ lateral strain remains constant. In geomecsaniCGy,, oyiernal axial stressy, is the external radial

testing, this loading path is referred to as umibgirain. (confining) stress, and,Rs the pore pressure. For the
case of a homogeneous isotropic poroelastic stilil,
dnaterial is characterized by 3 elastic constant& t
(g)ulk elastic constants (E amj and the bulk modulus

Pé the solid grains (. Let us now compare the pore
pressure depletion and constant pressure uniaxaihs
load paths discussed previously. For the case of
P,=const with increasing, and constan¢, , equations
);2) and (3) lead to the familiar stress trajectofya
uniaxial strain compaction test:

Uniaxial strain during pore pressure depletion is
rather complicated test to perform and analyzis ot
uncommon for geomechanics testing to be perfornhed
constant pore pressure. In this case pore pressu
depletion is simulated by increasing axial stredtxad
pore pressure while maintaining radial strain camist
(e.g. no change in radial strain). In designinghsiaests,
the concept of simple effective stress is commonl
evoked, e.g. by assuming that an increaseojnat
constant P (pore pressure) and constant radial strain is
equivalent to a decrease in, Rt constanto, and
constant radial strain.

00,/00, |Pp:const: V/(1-v)

For the (unphysical) case of,K- O but finite E and/ ,

While this is true under some limited conditionsg(e the pore pressure depletion load path is idenfiead.

linear poroelasticity with incompressible grain)js W€ /S0 find thad(0-Py)/0(0aPo)lsazconst = V/(1v) ],
dangerous to assume this equivalence for the patic 2nd the deformation can be compactly written via
case of many deepwater GOM sands of interest. It ig€finition of effective stresses, = 0P, andoye = o;-
also erroneous to assume that the two loading aths e However, for the case of finitegkthe pore pressure
be made equivalent through the concept of an éftect depletion load path follows a systematically diéfetr

stress coefficient (e.g. by replacing all exterstaésses Path. This difference results from the fact that in
G with G-aPy). addition to responding to changes @3, o, has to

change with decreasing, B counteract the dilation of
To illustrate some points, let us first examine tase  the grains that results from the reduction jre?g. the
of linear poroelasticity. This problem was studied P¥/(3Ko) term in equation 3]. The stress trajectory now
detail in the classic works of Biot [1956,1962] andPecomes:
others, and leads to the now familiar effectivessrlaw
for hydrostatic volume compressibility, equatioi). (1 3(016)/0(0adloa=cons= VI(LV)+E/(1V)/(3Kg) = 1-a(1-2)/(1v)  (4)
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Figure 1:The loading protocol used to examine the diffeeehetween pore pressure depletion
constant pore pressure uniaxial strain and théitioa to effective stress.

This extra pore pressure effect leads to highé?, and  pore pressure depletion and the other using aeaser
lower o0, for a given effective pore pressure depletionin axial load at constant pore pressure. One common
0+P,. error is to assume that tleefrom (1) can be applied to

this loading path as well. Another common errotois
An important point to make here is that the diff® assume thatx derived for bulk volume can be applied
between the two loading paths is a function of theto other properties (even properties which seeectir
elastic constants of the rock and the bulk modaius related, like pore volume). This is simply not treeen
the grains. The question now arises as to the Iplessi for identical loading paths, a point that is easliéyived
implications of the differences between the twoanidl  for the simple case of linear poroelasticity (sebiR
strain loading paths, and whether the concept 0f1973] and Zimmerman [2000]).
effective stress can be used to “correct” expertmen We use our sandstone experiment to illustrate abeam
using constant pore pressure for applications inmgl  of these points.
pore pressure depletion.

Volumetric Srain Due to Hydrostatic Sresses.  Biot's
To help illustrate some issues, we performed artlassic work leads to the prediction of an effestiv
experiment on a homogeneous sandstone plug in pressure P= P, —a B, wherea = 1-K,/K,  Using our
standard rock mechanics test frame. The sample waxample sandstone experiment, we fing=¥0 GPa,
jacketed in copper foil and instrumented with stedd K =45 GPa, and thus=0.78. Plotting volumetric strain
foil strain gages. Corrections were applied fogidi  versus B=P.- 0.78P,, we get the result in Figure 2. This
pressure effects on the strain gages. The 19% iporos confirms the usefulness of the effective stressceph
sample was saturated with a mixture of brine and 0i for this case.
The stress history of the experiment is shown gufé
1. The initial part of the experiment was designed Volumetric Strain Due to Uniaxial Strain Loading:
measure K (by changing Pat constant |} and K;(by  Through examination of Equations 2 and 3, one can
changing B and B equally), and thus illustrates how show that for uniaxial strain, the derived from
one can constrain and experimentally confirm thenydrostatic loading should apply to the mean stusss
concept of a simple effective stress relation & it yolumetric strain relationship for uniaxial strain
simplest form. Plotting volumetric strain versysofP,,  |oading. This is confirmed in our experiment (Fig®),
we find good agreement between data and poroelastifdicating that this sandstone appears to be alikeg
theory (Figure 2).

The second portion of the experiment involves two
successive uniaxial strain loading cycles, one gisin

3
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Figure 2: Volumetric strain versug PR, and R—aP, for the hydrostatic portion of the experiment sh
in Figure 1.
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Figure 3: A plot of volumetric strain vers@easPp andomeasP, using the value of alpha determi
from the hydrostatic portion of the experiment ($igeire 2). The results indicate that the samp
behaving as a isotropic, linear poroelastic mdteria
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simple isotropic, linear poroelastic material. Hoee
it should be noted that this will only be true far
sample that is linear elastic and isotropic. Inlitga
rocks such as these can demonstrate both intramgic
stress induced changes in elastic constants, atlease
requires and” (or set ofa’s) that becomes a function
of both loading path and stress.

from that effect alone, we should expegjs to be
slightly greater tharl.0. Experimentally we observe
Oys to be slightly less than 1.0, a fact that we fisel
likely caused by fluid viscosity and compressililit
stiffening of G causingdVg/0Py|pc.p, t0 be positive.
These same effects would also affegf, reducingay,
from that predicted by equations 5 and 6. It isaten
of debate as to whethemy,<1l at seismic and/or

Velocity: Itis common to want to apply the concept of pqrenole acoustic frequencies, where fluid effeatS;
effective stress to properties other than elasthnay be negligible.

deformation. For example, in the case of seismic

velocities, one can define an effective stressfmeft  aAnother important point concerning both compresaion
(avp) for compressional wave velocity (Vas: and shear velocities is that both are sensitivetrtess

induced anisotropy. While we observe in Figuresd a
5 that theOmearQvpPp aNdGmeartivsP, dO a reasonable

®)
- _job of defining relationships between mean effextiv
Measurements of P and S velocities were made duringyress and yand \, for the entire load history, it is

the course of our example sandstone experimentn Frocjear that during each of the uniaxial strain logd] the
the hydrostatic portion, we find tha}, 6 best fit by an  ye|qcities are non-linear functions of,.., This results
effective stress relation based on mean stress Wlthlom the fact that there are other combinationshef

vp = 1= [0V AP, beppl OV P pp].

oyp~0.72 (Figure 4).

A common error is to assume thay, is the same as
from equation 1. Despite the similarity in value, i
should be pointed out that the physical origin tuf t
oyp, is quite different than that for Biot'sx. For
example, much of the effect on compressional vejoci
is predicted by yet another of Biot’s theories  theing
the theory for wave propagation in a poroelastigdso
with finite pore fluid compressibility (Biot [1958]
That theory predicts that

Vp = sart[(Ke+4Ge/3)lp]

where Ky = Ky+(1-Ky/K ) ?/[ @K +(19)/K -Kp/K ]
and G=G.

Vs =sart[@p]  (6)

The dependence of bothyEndp on K; leads to a finite

stresses that are influencing the velocities, drebd
relationships are different for\and \4.

Velocity Anisotropy: For the case of comparing the pore
pressure depletion and constant pore pressurenipadi
paths, we find that further considerations are irtgrt
for reservoir properties that are influenced by the
differential axial stress,-o;. While V, and \; provide
examples where thidependence leads to complications
in applying effective stress concepts, velocity
anisotropy provides a particularly striking caskttihg
VoV versuso,-P, for our sandstone experiment
(Figure 6a), we find that under hydrostatic loatie
value of B has no measurable effect on velocity
anisotropy in this rock. However, for uniaxial #fra
velocity anisotropy changes with.-P, In the case of
V, anisotropy, the change is different for the two
uniaxial strain loading paths. In the case of V

value ofdV /0P, |rc.pp and thus a pore pressure effectanisotropy, it is not (Figure 6b). This illustratihe fact
that can be approximated by an effective pressurehat the effects of the differences between poesgrre

relation. Other effects such as changing viscasiky/or
fluid compressibility on @(not included in Equation 6)

depletion and constant pore pressure uniaxial rstrai
paths may not always be intuitive. In this casg, V

may also play a role, but are not analyzed her@ Thanisotropy is a strong function af-o, , which is

important point to make is that althougy, may be
coincidentally close tar for bulk volume, the twa’s
reflect very different physical mechanisms.

It is also noted that the effective stress coedfitifor
shear wave velocity ¥is notably different from that of
V,. From our data, we find that,s~0.95 (Figure 5).
Here, the physical meaning of,s can be understood
when one considers V= sqrt{G/p] and applying
equation 5 but substituting,With V. The dependence
of p on R leads to a finite value afVg0Py|pc.pp, but

different for a givero.-P, depending on whether, or

P, are being held constant. In contrast, anisotropy
appears to be a function of a different combinatién
stresses that happens to be less variable between t
two loading paths.
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Figure 4: a) A plot of Y versus B ) for the hydrostatic portion of the expenhé? value of ay,

of 0.72 is determined by application of equatior(t§. A plot of V, versusone.+0.72R is shown for th
entire experiment, indicating how the effective gaure relation determined from hydrostatic pol
applies to the uniaxial strain data. Globally fihés reasonable, but farach of the uniaxial strain loadi

Vp is a different nonlinear function of tige,-0.72R.
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Figure 5: a) A plot of ¥ versus B for the hydrostatic portion of the experiment. &ue of ays
of 0.9t is determined by application of equatior(tg. A plot of Vs versusonear0.95R is shown for th
entire experiment, indicating how the effective gsire relation determined from hydrostatic pol
applies to the uniaxial strain data. Globally fités reasonable, but for each of the uniaxiahistioading

paths, \£ is a nonlinear function of th&ye,-0.95R.
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Figure 6: P and S velocity anisotropy versys,. Ph and Pv refer to the horizontal and verticat®aty.
Shv refers to the vertically polarized horizontaéar velocity, and Sv refers to the vertical shedocity.

Aditional Measurements of Sress Path and  The results are compiled in Table 1. For each stued
Deformation: A series of uniaxial-strain compaction average results of the tests with constant porsspre
experiments was also performed on a set of corare used to predict the ‘stress path’ for a tegh wi
samples from a deepwater GoM field. Tests wereonstant axial stres§(o,-P,)/d(-P,). The second row
performed on samples from three different sandsunit for each sand lists the results directly measuredhe
each unit characterized by porosity in the rang# 22 test with constant axial stress. The predicticomfr
25%. For each sand, several samples were tested Byn. 4 is close, but does not exactly match the
increasing the axial stress with pore pressure helegheasurement. This is likely due to the fact tha t
constant at 500 psi. Then, for each sand, a newlsa samples are responding somewhat non-linearly and
was tested by holding axial stress constant anacieg ~ with some degree of permanent deformation. In
pore pressure from ~8000 psi to near zero. Camditi addition, the samples are spaced many feet apart, s
of uniaxial-strain were maintained in all casesheT each sample is slightly different.
change in lateral stress was measured during each
loading step, as was the sample axial strain. Also included in Table 1 are the measurements of
sample bulk volume compressibility. For conditiafs
For all tests, a value of Biot's alpha was caledat uniaxial-strain this is equal td(e,)/0(c,) for constant
using Eqn 1, assuming a grain compressibility 6E1.  pore pressure and equald(e.)/d(-P,) for constant axial
07 1/psi and using the equivalent hydrostatic bulkstress. The the case of linear poroelasticty, téne
compressibility measured on the sample, defined agyantities are theoretically related e)/O(-P,) =
volume strain divided by change in mean eﬁectivea[a(sa)/a(oa)] (see Zimmerman 2000).
stress (converted to conditions of constant poesqure
if necessary). Poisson’s ratio was extracted fld®)  from the tests with constant pore pressure, anctagbe
measured change in lateral stress. From thetsesil lue of d(e)/d(-P,) is calculated. Just as for the

. e a
the tests with constant pore pressure, an ‘expecte agnitudes of lateral stress change, it is seentliea
magnitude of lateral stress change for the case

ial b lculated using & alues predicted from poroelastic equations dojnde
constant axial stress can be calculated using £qn. match the values directly measured using constdat a
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stress with changing pore pressure, but that lineasf .-, ando,-P,, it should be expected that the onset
poroelasticity does a reasonable job of explairtimg  of inelastic deformation will occur at different
differences between these two loading paths. “effective pore pressure depletions” for the twdanial
strain loading paths (Figure 7b). Thus, the chaé€e
While simple theory can explain elastic deformation loading path can have fundamental impact on regervo
we use this data to illustrate a potential issigufe 7a  engineering decisions. It is issues like these wher
plots the measured change @-B,) vs. 0.-0,) for each  direct experimentation is required to understand th
of the two test types and for each of the thre@lsant  sensitivity of phenomena such as inelastic defaomat
is clearly seen that the change in lateral effectiress and pore collapse to the differences in these toadi
is less when the pore pressure is held constanpaths. If the differences are found to be smallr dkie
compared to the more realistic case of changing@ porrange of stresses expected, then constant porsupees
pressure. This results in a different stress path. testing can be used as a substitute for pore peessu
depletion. If not, then the pore pressure depletion
In some deepwater sands and/or depletion scenamos, loading protocol should be used to assure thatrtbst
observe the onset of nonlinear compressibility thue appropriate loading path is used for constraining
pore collapse at high depletior&nce most commonly reservoir models.
employed failure criteria can be expressed as étifum

Table 1: Results of uniaxial-strain tests usirfgrint loading protocols.

Sand [ Hedd [#samples| o | 8(6,-P,)d(a.) | 8(0-Py)/a(-P,) | (en)/a(an) | d(en)/a(-Py)
constant: (Ups) | (Ups)
A Py 4 .861 .193 .305 5.35E-0Y 4.62E-07
A O, 1 870 280 4.79E-07
B Py 6 876 173 275 5.82E-07 _ 5.10E-07
B 0, 1 875 327 5.47E-07
C P, 2 .842 113 254 4.13E-0Y 3.48E-07
C O, 1 837 246 3.27E-07
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Figure 7a: Measured stress paths with differergxial-strain loading protocols, example GoM core.
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Figure 7b:lllustration of the potential impact of uniaxidran loading path on predictions of deple
induced inelastic deformation. The two paths ieersthe “failure” critéon at different effectiv
depletions §,-P,) 9
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EFFECTIVE STRESSFOR PERMEABILITY tests #2 & #3 (protocol 2).

In contrast to many other properties, the effecsitress  To illustrate the effect of pore pressure on pebiliga

coefficient for permeability is commonly reportexiie  for deepwater GoM LT sandstones, we present here th

one or greater. Thus with increasing pore presatiee  results of a scoping study on three core plugs with

constant net confining stress, the permeability mayominal permeabilities of 0.1, 1, and 10 mD. The

actually increase (e.g. Al-Wardy & Zimmerman, 2004 permeability data for the ~10 md sample using muaito

& Warpinski & Teufel, 1992). The rational for this  #1 is presented in Table 2.

that at high pore pressures, grains that are natgfa

the load bearing frame work are compressed by thén the first set of three permeability measurements

pore pressure, thus effectively increasing the diam Tests #1, the net or differential stresg-Pf) hereafter

of the pore throats and thereby the permeabililgufe  referred to as NCS is held constant while the pore

8. pressure was increased whereby the brine permgabili
increased by 18% (Table 1 and Figure 9). In these

It is very difficult to obtain measurement of traasse  set of three permeability measurements, Tests 2, t

permeability on a vertical plug during a true umx pore pressure is held constant while the confining

pore pressure depletion. Therefore for this scopingpressure was increased whereby the brine permigabili

study we have determined the effective stresslecreased by 9%. Using this combination of twe set

coefficient during a hydrostatic compaction. Brine of measurements, Protocol #1 results i, of 2.48

saturated samples were mounted in a hydrostatie coas shown in equation (9) and in Figure 9.

holder and the brine permeability was measured by

flowing brine at a constant flow rate. Permeability Operm= 1-(OKIOP,)|pd (Ok/OPy) |p=2.48 9)
measurements were conducted after 2 to 3 houwscht e
new pore pressure or confining stress. where k is the permeability ang B P.-P, In Table 2,

. the aperm Value of 2.48 is used to calculate an “effective
There are three possible sets of measurementsidy st stress” and is plotted versus brine permeabilitio ri

effective stress and brine permeability. Figure 10. This figure also contains a plot of
o ) permeability ratio versus.P; illustrating how theperm
Test#1. Constant () with increasing p of 2.48 collapses the data to a smooth function.

Test #2. Constant,Rvith increasing P

Test #3. ConstantcRvith decreasing P(pore pressure  The permeability for this plug at any combinatioh o
depletion). pore pressure and confining stress can now be

] o expressed by equation (10).
In order to calculate an effective stress coeffitifor

permeability, one needs to conduct at least twe 8Bt =1 02*EXP(-1.4E-05*(R2.48*P,)) (10)
these tests, preferably on the same sample. ahibe :

ESC =1-(2.29/-1.545) = 2.48

1.3 | |
1.2y = 2.290E-05x + 9.763E-01
R? = 9.668E-01
1.1 1
2 —@ v = -1.545E-05x + 1.042E+00
T 1] ‘/< R? = 9.911E-01
2 W
® 0.9
=4
o & Constant NCS, Increasing Pp
0.8 +—
m Constant Pp, Increasing NCS
0.7 ] ] : ]
0 2000 4000 6000 8000 10000 12000

Pore Pressure or NCS (psig)

Figure 8: Cross-section of pore throat

Figure 9: Permeability results using protocol éd$ample #1 with Kair > 10 mD.
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Figure 10: Effective Stress Law for Perm for sanifle

Table 2: Effective Stress Law for Permeability

Net Confining Stres]  Confining Stress Pore Pressure "Effective Stress” Perm
psig psig psig Operm = 2.48 ratio
2,500 3,000 500 1,760 1.00
2,500 7,500 5,000 -4,900 1.07
2,500 12,500 10,000 -12,300 1.18
2,500 3,000 500 1,760 1.00
6,500 7,000 500 5,760 0.94

10,000 10,500 500 9,260 0.91
Table 3: Predicted Permeability for Pore Presswgpl@&ion
Confining Stress Pore Pressure “Effective Stress” Perm ratio Perm ratio

psig psig Operm = 2.48 #1 #2

22500 20000 -27100 1.48 1.00
22500 18000 -22140 1.38 0.93
22500 16000 -17180 1.29 0.87
22500 14000 -12220 1.20 0.81
22500 12000 -7260 1.12 0.76
22500 10000 -2300 1.05 0.71
22500 8000 2660 0.98 0.66
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pressure depletion test at constant confining steesl  confining stress. Thus now there are two mechasism
decreasing pore pressure (Test #3 of the threabp@ss that will result in lower permeability during pore
combinations of pore pressure and confining stresspressure depletion: (1) increasing net confinimgsstes
Predictions are shown in Table 3 and in Figure 11. (reducing pore throat size) and (2) decreasing por
pressure (increasing volume of grains within pares)
Equation (10) predicts that maintaining a constanfrom the results shown in Figures 11 to 13 the
differential stress of 2500 psi while increasing ffore  decreasing pore pressure has a greater impact on
pressure from 10,000 psi to 20,000 psi will inceeiee  permeability than the increasing differential sttes
initial permeability ratio from 1.18 to 1.48 (Pematio
#1, where the ratio is normalized to 1.0 @t&=R,500 psi  Currently most US core analysis services compaanes
and B = 500 psi). In Table 3, the column Perm Rationot equipped to measure transverse permeabilitp on
#2 is the permeability normalized to the initiabgicted  vertical core plug during uniaxial compaction,
permeability at P=2,500 psi and = 22, 500 psi. simulating reservoir stress-strain at reservoirdétbmms
of stresses, pore pressures, and temperature. fotere
Figures 12 and 13 provide similar plots as Figurddt  we are unable to obtain these data directly. Arothe
samples in other permeability ranged/e have found issues that is raised is that if high pore pressure
with brine permeability measurements on core sampleenhances the absolute brine permeability, what dinpa
that the permeability increase is an exponentiattion  will high pore pressure have on relative-permespbili
of the pore pressure, thus with pore pressurestiiess and capillary pressure?
5,000 psi the increase is less than 5% and would be
considered within the noise/uncertainty of theProtocol Comments: We need to be careful of how
permeability measurement. At a pore pressure ohysteresis (permanent permeability loss or change)
10,000 psi the % increase in permeability over #tat could alter the test results and conclusions.
500 psi, has increased by 5% to 25% with a projecte
increase by 20,000 psi of 10 to 50%. We feel that it is preferable to start with Testi#id to
combine all three possible tests, Test #1, Testa#g,
What is the impact of this effect of pore pressare Test #3 into one testing sequence as the following.
permeability? The main permeability characteromati
of reservoir rock is based on the air permeabilityl -2-2-3 or 1-3-3-2
measured on the core plugs at one per foot. Thiese
permeability measurements are conducted at low por&he reason for repeating the middle load sequesice i
pressures (usually 10’s to a few 100’s psi meare porthat the second load sequence could cause some
pressure). Even when brine permeabilities are obthi permanent change to the permeability. But fronnthe
to compare with air permeability, they are typigall on everything should be repeatable. So the thid a
done at low backpressure (e.g. less than 1000 ps®. fourth sequences can then be directly compared;hwhi
pore pressure used in oil perm at connate watewhen combined with the #1 loading gives more
saturation may depend on whether live or deadsoil icomplete information on the behavior of the sanapld
used, but typically the pore pressures would betlesn on the effective stress law, not to mention data
5,000 psi if only for sake of convenience. Thusddll redundancy.
these permeability measurements are likely to
significantly  understate the in-situ  reservoir The following loading sequence 1-3-3-2 shown in
permeability when pore pressures are in the 20,30+ Figure 14 is currently under investigation , haviregn
range. chosen because Test #1 brings the sample pretti muc
back to in situ conditions, and Test #3 is a direct
The bias of routine core analysis air permeabiitgff-  simulation of what will happen when the reservaistf
set by the fact that as the reservoir is being pred, sees pressure depletion occurring. Therefore #te d
the pore pressure decreases, which will resulowet  become even more applicable to field planning.
permeabilties because of the effective stress laigo
pore pressure depletion will result in a permespili
reduction simply because of the increase in the net

12
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Figure 11: Predicted effect of increasing strespermeability for Sample #1

Legend for Figures11 - 13

Curve: Constant Pc = Pore Pressure Depleti
(color = magenta)

Initial Hydrostatic conditions: Pc = 22,250 psi
Pp = 20,000 psi

Pp is decreased by 12,000 psi;

perm ratio basis is initial perm at initial
conditions, Pp = 20,000psi

Curve: Constant Pc (Abs) = Pore Pressure
Depletion (color = green)

Initial Hydrostatic conditions: Pc = 22,250 psi
Pp = 20,000 psi

Pp is decreased by 12,000 psi;

perm ratio basis is initial perm at Pp = 500 ps

Curve: Constant Pp = Constant Pore Pressur
(color = navy blue)

Initial Hydrostatic conditions: Pc = 3,000 psi;
Pp =500 psi

Pc is increased by 10,000 psi;

perm ratio basis is initial perm at Pp = 500 ps

14,000

15 [ ‘ === Constant Pp
. 1.4 | === Constant Pc
13 Constant Pc: Abs
2 12 - i :
S
% 1.1 ~ |
g t——
o 0.9
f=4
‘= 0.8
7]
0.7 1
0.6 T T T
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000
Increase in NCS (psig)

Figure 12: Sample #2 with Kair > 1 mD & < 10 mD amg,,, = 2.58

=== Constant Pp
== Constant Pc

Brine Perm Ratio .

Constant Pc:

:Abs

0 2,000

4,000

6,000

8,000 10,000

Increase in NCS (psig)

12,000

14,000

Figure 13: Sample #3 withd{< 1 mD andiper = 1.16

12,000

10,000 +
8,000 -
6,000 -
4,000 +

Stress or pressure (f

2,000 +—

15
Event #

20

e \CS === Confining

Pore ‘

Figure 14: Pore pressure and confining stressrfitopol 1-3-3-2

13

25




SPWLA 49" Annual Logging Symposium, May 25-28, 2008

Katahara, K., 2005, “Selecting which stress to umse
CONCLUSIONS velocity stress models for pressure estimation”GSE
Conference in Houston , 4p.
» Stress-strain paths for constant pore pressure and
pore pressure depletion are potentially differéntst Keaney, G., Meredith, P., Murrell, S., and Barker,
complicating mapping effective stress to poreDetermination of the Effective Strss Laws for

pressure depletion response. Permeability and Specific Storage in a low Porosity
« Effective stress coefficients can be (and usuaig) a Sandstone, Gulf Rocks 2004, the Proc. 6th North
different for different properties. America Rock Mechanics Symposium (NARMS),
« The effective stress should not be considered as alne 5 - 9, 2004 , Houston, Texas #ARMA/NARMS
equivalent state of stress. 04-534
* Whenever possible, true pore pressure depletids tes
are preferred. Klimentos, T., Harouaka, A., Mtawaa, B., and Sanar,

- Routine core analysis permeability measurements at-» 1998, ”Expgrimer}tal_Dett—_zrminatioq of the Biot
low pore pressure may significantly underestimateEIaSt_'C Constgnt. Applications in Formation Evaioat
permeability at reservoir pore pressures. (Sonic Porosity, Rock Strength, Earth Stresses, and

» Transverse permeability measured during uniaxiaPanding Predictions)SPE Res. Eval & Eng., Feb,

pore volume compressibility tests at constant poré)p57'63'

pressures may underestimate permeability reduction B .

during pore pressure depletion tests. Mese, A, 2905, Pore' Pre'ssure Effect on Mechanical
» Core analysis and rock mechanics service compan ndecoust!c HProptertleZ in Shale and Sand” SEG

laboratories should acquire capability to conduct onterence in Houston , =p.

tests at reservoir pressures and stresses. . !
P Robin, P., 1973, “Note on Effective Pressure, Jr. o

ACKNOWLEDGEMENTS: Geophysical Research, 78, #14, pp2434-2437.

; hafer, J. and Fate, T., 2007, “Coring and Core
We thank Reservoir Management Group, NER, andS . L ’
Chevron for their support and approval to publisis t Analy5|s: C"Zhallenge; of Oﬁshorg Ultra Deep Water
-’geservows , International Symposium of the Socigfty

paper. We thank James Noel for assistance i
performing the example sandstone experiment, an ggiséga_‘gfts' Calgary, Canada, September 08-13,

Craig Bovberg for assistance with the field-core

uniaxial-strain tests. Skomedal, E., Jostad,H., and Hettema, M., 2002,

“Effective of pore pressue and strsss path on rock
REFERENCES mechanical properties for HPHT Application”
Al-wardy, W. and Zimmerman, RW., 2004, “The SPE/ISRM 78152, Rock Mechanics Conference, Irving,

Effective stress law for the permeability of claghr Texax, Oct. 20-23, p 10.
sandstones”, J. of Geophy. Res., 109, B04203, 19\/ S
arpinski,

pages. N.R., and Teufel, LW, 1992,

“Determination of the Effective Stress Law for
Biot, M.A. 1956, Theory of propagation of elastic Permeability and Deformation in Low-Permeability

waves propagation in a fluid saturated porous sblid Rocks,” SPE Formation Evaluation, June, 123-131.

Ii(g)\iv frequency Range, J. Acoust. Soc. Am., 28, 168'Worthington, Paul F., Daines, Jeremy M., Bratli,fRo

K., and Nicolaysen, Rune, 1997, “Comparative
Evaluation of Core Compaction Corrections for Gtast

Biot, M. A. 1962, Mechanics of deformation » The Log Analyst, Sept-Oct, 19-29.

andacoustic propagation in porous media, J. ApplREServor

Phys., 33, 1482-1498. Zimmerman, R., 2000, Implications of Static

2005 Poroelasticity for Reservoir Compaction, Proc" 4
" North  Amer. Rock Mech. Symp., A.A. Balkema,
Rotterdam, pp. 169-72.

Hofmann, r., Xiaoxia, X., and Batzle, M.,
“Effective pressure or what is the effect of presSuy
The Leading Edge, Dec., 1256-1260.

14



SPWLA 49" Annual Logging Symposium, May 25-28, 2008

ABOUT THE AUTHORS

John L. Shafer has been a consultant to Reservoir
Management Group for the past nine years since
retiring from Exxon after 19 nineteen years. Foe th
past five years he has been a consultant to Devon
Energy’s Gulf Division. Quantification of reservoir
quality with low field NMR, core image analysis,dan
petrology has been the focus of his research. He is
past President of the Society of Core Analysts (5@A
chapter of SPWLA. John obtained a B.S. in Chemistr
from Allegheny College in 1963, his Ph.D. in chetnyis
from University of California, Berkeley in 1970, &
M.S. degree in petroleum engineering from the
University of Houston in 1992.

Greg N. Boitnott is Vice President of New England
Research Inc. He specializes in core measuremadts a
analysis with an emphasis on the development of
physical models. Areas of current interest include
petrophysical upscaling and core to log integration
Greg received a B.S. in Geology from Beloit College
and a Ph.D. in Rock Mechanics from Columbia
University in New York.

Russell T. Ewy is a Senior Staff Research Scientitt
Chevron Energy Technology Co., where he performs
research and technical service in the areas ofvaise
and wellbore geomechanics. Prior to joining Chavro
in 1996 he was with Exxon Production Research Co.
for seven years. Russ has served on the Boarthand
Executive Committee of the American Rock Mechanics
Association, and is currently a review chair foe ®PE
Journal. Russ has a B.S. and M. Eng. in Mineral
Engineering, and a Ph.D. in Rock Mechanics, alinfro
the University of California at Berkeley.

15



