
1100WayneAvenue,Suite 1100 _'_ _,,_ ._ -_.





SAND94-0012 Distribution

Unlimited Release Category UC- 122
Printed August 1994

EFFECTIVE-STRESS-LAW BEHAVIOR OF
AUSTIN CHALK ROCKS FOR

DEFORMATION AND FRACTURE CONDUCTIVITY

N. R. Warpinski

Advanced Geophysical Technology Department

L. W. Teufel

Geomechanics Department

Sandia National Laboratories

Albuquerque, NM 87185-5800

ABSTRACT

Austinchalk core hasbeen tested to determinetheeffective law for deformationof the matrix
materialand the stress-sensitiveconductivityof the natural fractures. For deformation behavior,
two samples provideddata on the variations of the poroelastic parameter,_, for Austin chalk,
givingvalues around 0.4. The effective-stress-lawbehavior of a Saratoga limestone sample was
also measuredfor the purpose of obtaininga comparisonwith a somewhat moreporous carbonate
rock. ct for this rockwas found to be near 0.9. The low cx for the Austin chalk suggests that
stresses in the reservoir,or around the wellbore,will not change much with changes in pore
press,_are,as the contributionof the fluid pressureis small.

Threenaturalfractures from the Austin chalk weretested, but two of the fractureswere verytight
and probablydo not contribute much to production. The third samplewas highlyconductive and
showed some stresssensitivity with a factor of three reductionin conductivity over a net stress
increaseof 3000 psi. Natural fracturesalso showed a propensityfor permanent damage when net
stressedexceeded about 3000 psi. This damagewas irreversibleand significantlyaffected
conductivity, ot was difficult to determineand most tests were inconclusive, although the results

from one samplesuggested that {x was near unity. MASfER
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INTRODUCTION

The results hlcluded m this report are one part of a joint project be. _ .en ORYX Energy Company and
Sandia National Laboratories. The objective of this project was to perform a study of some important
rock and reservoir properties that influence the production of hydrocarbons from naturally fractured
reservoirs,,with particular emphasis on reservoirs currently being completed with horizontal wells. The
focus of this study is the Austin chalk, in Texas, where large numbers of horizontal wells have
significantly increased production and reserves. However, the rapid draw down of many of these wells
and the success of techniques such as large-volume water frac stimulations suggest that many important
details of the behavior of this reservoir are not understood.

This study is concerned vdth the effective-stress-law behavior of the reservoir, in terms of the
deformation of the matrix and the conductivity of the natural fractures. Of particular importance is the
understanding of the behavior of the matrix rock and the natural fractures with draw down of the

reservoir. Draw down changes the effective stress, the total stress, and the deviatoric stress within the
reservoir. The amount of change is strongly influenced by the effective-stress law of deformation for the
matrix material (the chalk). The changes in .stress, in turn, affect the closure and, thus, conductivity of
the natural fractures. This type of behavior has never been examined for the chalk.

During the course of this study, the deformation effective-stress-law behavior of two Au.cdncha_ matrix
samples were analyzed in great detail. Because of unexpected fmdings for this low-porosity material, a
higher porosity limestone, from the Saratoga formation, was also tested to determine its properties
relative to the Austin chalk. In addition, three Austin chalk natural fractures were tested for their
conductivity properties. The results from all six samples are included in this report.



BACKGROUND

The behavior of rocks under the combined effects of confining stress and pore pressure is an important
issue for any in situ petroleum process. For reservoir and near-weilbore behavior, the important issues
are permeability, porosity, deformation, and failure. For reasons given below, only aspects of
permeability and deformation are addressed here.

In orderto simplify the difficulties in dealing with two independentparameters, it is customary to
introduce an effective-stress law which relates a net, or effective, stress to some combination of confining
stress and pore pressure. This law is usually given as

aeff= o- ap, (1)

where o is the stress, p is the pore pressure, and a is a parameteror function that may depend upon both
stress and pressure. The classical effective-stress law, given by

aeff = a - p, (2)

is a simplification of equation 1 that is usually applied to soil mechanics and certain rock mechanic
properties. For example, Robin I shows theoretically that pore volume compressibility of normal
reservoir rocks essentially follows the classical effective-stress law, and Comet and Fairhurst2
summarize empirical data showing that failure of rocks also follows the classical effective stress law.
The remainm"g two importantissues, permeability and deformation, have only been slightly studied.

The advantag_ to using effective stress laws are two-fold. First, assuming that the effective-stress law is
known, the material behavior can be measured at one pore pressure (often zero) and subsenuenfly
predicted for any other pore pressure. There is no needto measure behavior at all combination::of stress
and pore pressure. Secoml, calculations of rock deformationbehavior, for example, must be conducted
in the effective-stress space, as some fraction of the pore pressure is a neutral stress that offsets the stress
in the solid component of the rock. As an example, wellbore stability calculations using the elasticity
equations must be calmlated using the effective stresses, not the total stresses, or the results will be

seriously in error. The application of the effective-stress law can be circumvented by using the full pore-
elastic equations, but the pmameters defining the effect of pore pressure must still be determined, and, in

, fact, are determined directly from the effective-stress law, as measured here..

The major difficulty with application of pore-elasticity or other uses of an effective-stress law is
obtaining an accurate model for the materialbehavior, as recks are often heterogeneous, nonlinear and
anisotropic. Furthermore, RobinI has demonstratedthat the effective-stress law is dependeritupon the
particular property or process that is active (e.g., failure, deformation, permeability), so that different
laws will be requiredfor each. Deformation and fracture conductivity are, thus, treated separately.



Deformation

In this study, deformation of rocks under the influence of both stress and fluid pressure, often called
pore-elasticity, is one of the concerns. Important developments in poroelasticity include works by Biot3,

Biot and WiUis4 and Rice and Cleary,5 to name a few. An effective-stress-law model for deformation
has been developed by Nur and Byerlee, ° although this model requires an isotropic, homogeneous, single-
component material with fully interconnected pore space to be valid. For this model, a is given as

a = 1- K/K s , (3)

where K is the bulk modulus of the rock and Ks is the bulk modulus of the skeletal material (only the
solid component). Carroll7 has developed a model for anisotropic materials, but the formulation is highly
complex requiting a multitude of material constants.

An approach often taken for deformation behavior is to assume the Nur and Byedee model is correct and
determine both K and Ks in the laboratory, thus arriving at a calculated value of a. The primary
uncertainty with this approach is an unknown accuracy and/or range of validity of this model for real
rocks. This study presents some initial laboratory data that quantifies the error found in using the Nur and
Byerlee model.

Permeability _d C0nductivit¥

There is no good theory for the effective-stress law for permeability of rocks, primarily :because there is

no good law for permeability as a function of rock properties and cham_ristics. Thus, permeability
behavior must be determinedempirically. In any study of the Austin Chalk reservoirs, permeability of
the matrix rock is very low, so while the matrix may contribute to reservoir volume, it is not important
for production. Natural fiactures are the dominant production mechanism and they are the focus of this
study.

Several theories 8-12 exist to model closure and flow in natural fractures based on asperity contacts
opposing surfaces. While these models are idealized, ignore mineralization and clays, and

cannot be used in a predictive s,?,ase,they do form a framework under which laboratory or field data can
be analyzed. For example, Walsh's model9 for conductivity in a fracture, Kin, of the form

4"

Kf n = A + BIn[o-ap] (4)

has been useful for correlating both lab9 and field13 data, where A and B are constants. The exponent,

n, is 1/3 according to Walsh's theory. Important questions concern the amount of conductivity reduction

(essentially the constant B) and the value (including stress and pore pressure dependence) of, a, the
effective-stress-law parameter.



Walsh9 examineddataby Kranzet al.14for flow throughtensionfracturesandpolishedsurfaces,
estimating(x= 0.56 forthe ten_ionfracturesand(z = 0.9 for the polished surfaces. Kranzet al.
measuredpermeability reductionsof 1-2orders of magnitude with applied stress. Engelderand Schoiz15
also measured1-2ordersof magnitudedropsin permeabilitywithapplied stress. Inboth of these
studies, the important effects of hysteresis in loading, as well as other path dependencies,were
recognized. Liquidswere the test fluids in both cases.

Boitnott and Scholzl6 developedan ingenious method fordetermining the effective-stress-lawbehavior
of fracturesin impermeablematerialswhile avoidinghysteresiseffects. In glass fractures,they obtained
ot valuesthatdecreasedfrom 1.0 to about 0.85 as pore pressurewas increased. However,there is
considerableuncertaintyusing theirmethodfor porousmaterials. They also tacitly assume that the
effective-stress-law for closure of the fracture is the same as forpermeability of the fracture.

In this study,the effective-stress-lawbehaviorof two Austin Chalk natural fractures is measured. Such
behavioris extremelyimportantfor calculating the change in reservoirproduction with drawdown of the
reservoir.

Turbulence

Whilethereis no intentionto makea studyof turbulencein Austin chalkfiaetures, highlypermeable
fractureswill often exhibita significantdegreeof inertial/turbulenceeffects. It thus becomesnecessary
to determineturbulencecorrectionfactors forextractingan appropriateintrinsic permeability that can be
comparedfromtest to test.

Turbulencehas been thoroughlystudied for flow tlu'oughrough parallel plates or open:fractures (e.g.,
Huitt,17WhanandRothfus,18 Rothfuset al,19 andlwai20), with transitionto turbulenceoccurringat
Reynoid'snumbers(Re) near2000. BelowRe = 2000, laminarflow conditionsare generallypredicted
by

f= 24/Re, (5)



where f is a frictionfactor,givenby

f=Ap w
pv 2 L (6)

AP is the pressuredrop across the fracturelength,L, p is the fluid density,v is the fluidvelocity,andw
is the fra_re width. Ixmfize21 andLouis,22 however,show thatroughfractureshavemorecomplicated
behavior, with roughnesseffects increasingthe frictionfactorwhentheroughnessis greaterthan a
critical fra_on of thewidth. To use this classical approach,however,thewidthmustbe knownat all
times. Unfortunately,aperturesof naturalfracturesare not parametersthatcan readilybedetermined.

Turbulenceinporousmediahas also beenwell studied(e.g., Geertsma23 andRiepeet al.24), butthe
transitiooRcynold'snumberhasbeendefineddifferentlydependingon theauthor. UsingtheForchheimer
cciuaOon,

1

Ap= + (7)
GeertsnmdefinedtheReynold'snumberas

I

Re = [Spvki (8)
tt

Inthese equations,tt is theviscosity, k. is an intrinsicpermeabilityof the porousmedium,and[3is called
the "turbulencefactor"or "betafactor,t Note thatpk. is a _ristic widthdimensionof theporous
medium. The intrinsicpermeability,k..,is definedby ]Equation4 whenthevelocityis verysmall. Taking

| ! !
Equation 5 forthe definitionof the_Id s number,transitionto turbulencebeginsat Reynolds
numbersof about0. I to 1.0.

Inmany naturalfractures,theasperitycontactsarenumerousenoughthatthenaturalfracturecan more
readilybe envisionedas a 2-D porousmediumthanan open fi-actum.If mineralizationis sparse,the
fractureflow shouldtendtowardthematrixporous-mediumflow inthe limitas net confiningstress

. becoates large. Van Golf-Racht25 discusses theapplicationof the porous-mediumapproachto turbulent
flow in a f_m. Forthis work,theporous-mediumapproachwas used forturbulenceanalyses,
primarilybecause of the h_ility to determinea widthof the fractureunderthedifferentstress andpore
pressureconditions.



EXPERIMENTAL PROCEDURE

Dc,fo_, "on

Theexperimontalprocx_ure26,27fordeformationconsistsofmeasuringthevolmnetric-strainresponse
ofarocksubjectedtoacompressioncomposedofvaryinghydrostatic-confining-stressandpore-pressure
n,eels. An 8-in long Austin-c,h_ core sample,whichwas providedby ORYX fromtheBurtonO George
No.Iwell(ZavalaCounty)atadepthof7093It,waspluggedinthreemutuallyperpendiculardirections,
labeledA,B andC.PlugB wasorientedalongtheholeaxis;theorientationsofplugsA andC relative
totheverti_tlaretmknown,buttheybothareperpendiculartotheholeaxis.CoreLabsmeasureda
porosityof3.8%andagraindensityof2.70gm/ccatthisdepth.

The Saratogalimestonesamplewasprovideby ORYX fromthe SonatMinerals,Inc.No. I well
(vertical) fium SabineParish,Louisiana. Thedepthof thechosen samplewas 2737/_ Core Labstesting
yieldedporosity of about 11%,graindensityof about2.71, andair permeabilityof 0.1-0.7 md. The
sample is approximately85-95%calcite,withaboutequalamountsof clayandquartz. A one-inch
diameterhorizontalplugwas takenfium thesampleandinstrumentedwith straingages in axial and
circumferentialconfigurations.

All four sampleswere straingauged,emplacedin neoprenejackets,and insertedin a modifiedoverburden
core,holder. The overburdencorehoideruses hydraulicfluidto apply confiningstress,whilenitrogen
suppliesthepore pressure. Feedthroughson one endcapallow for strain-gagewiresto exitthe
core,holder. Figure I shows a schematicof theapparatus.

Samples are loadedandunloadedseveraltimes("seasoning")with hydrostaticconfiningstress aloneuntil
rockbehavioris stabilized(i.e., repeatableresultsareachievedon successivecycles), andthe effects of
relaxationmicrocmd_ are dim_shed. The samplesarethensaturatedwith the test fluidand
measurementsaremadeat variousstressandpore-pressurelevels, with caretakento avoidhysteresisand
equilibrationeffects. To minimizepore-pressure-equilibrationtimes,datawere takenat constantpore
pressurethnmghbothloadingandunloadingcycles in theconfiningstress.

Sample A was testedfirst, but the jacketfailedimmediately,resultingin hydraulicfluidcontamination.
SamplesB andC were,thentested,withgood results. Finallythe Saratogalimestonesamplewas
successfully tested.

p

DetailedTest Plan

1. Seasoningcycle to close microcracks,beddingrelief,and eliminateothernonlinearfeatures. Cycle
up to 8000 psi in 1000 psi steps,thenbackto 0 psi.

2. Seasoningcycle numbertwo, to confirmthe results of cycle 1; if cycle 2 overlayscycle l, no
furtherseasoningis needed. Inbothof thesesamples,the2 cycles were identicalandno fiirther
seasoning wasneeded.



3. Load sample to 2000 psi, apply 1000 psi inlet nitrogen pressure and let sample sit and equilibrate
until gas flow through the sample raises outlet pressure to 1000 psi. However, at an outlet pressure
of 500 psi, make a rough measurementof the permeability by measuring the flow rate.

4. When nitrogen pore pressure has equilibrated at 1000 psi, measure the volumetric strain at
confining stresses of 2000 - 8000 psi in increments of 1000 psi.

5. Increase the confming stress to 3000 psi, and apply 2000 psi inlet nitrogen pressure to sample.

Let equilibrate until outlet pressure is also 2000 psi.

6. When nitrogen pore pressure has equilibrated at 2000 psi, measure the volumetric strain at
confining stresses of 3000 - 8000 psi in increments of 1000 psi.

7. Increase the confining stress to 4000 psi, and apply 3000 psi inlet nitrogen pressure to sample.
Let equilibrate until outlet pressure is also 3000 psi.

8. When nitrogen pore pressure has equilibrated at 3000 psi, measure the volumetric strain at
confining stresses of 4000 - 8000 psi in increments of 1000 psi.

9. Increase the confining stress to 5000 psi, and apply 4000 psi inlet nitrogen pressure to sample.
Let equilibrate until outlet pressure is also 4000 psi.

10. When nitrogen pore pressure has equilibrated at 4000 psi, measure the volumetric strain at
confining stresses of 5000 - 8000 psi in increments of 1000 psi.

At this point, the measurement cycle is usually finished. However, these samples were so tight (K< 0. llx
d) that it was decided to also conduct a decreasing pore-pressure cycle to check the results. This
consisted of the following steps.

11. Reduce inlet and outlet nitrogen pressure to 3000 psi, reduce confining stress to 4000 psi, and let
equilibrate.

12. Measure tb._volumetric strain at confining stresses of 4000-8000 psi in increments of 1000 psi.

13. Reduce inlet and outlet nitrogen pressure to 2000 psi, reduce confining stress to 3000 psi, and let
equilibrate.

14. Measure the volumetric strain at confining stresses of 3000-8000 psi in increments of 1000 psi.

15. Reduce inlet and outlet nitrogen pressure to 1000 psi, reduce confining stress to 2000 psi, and let
equilibrate.

16. Measure the volumetric strain at confining stresses of 2000-8000 psi in increments of 1000 psi.

17. Reduce inlet and outlet nitrogen pressure to 0 psi, reduce confining stress to 1000 psi, and let
" equilibrate.

18. Measure the volumetric strain at confining stresses of 1000-8000 psi in increments of 1000 psi.

The end result of these procedures is a set of data consisting of volumetric strain vs stress at several
values of pore pressure. Figure 2 shows the test design schematically. These data are then analyzed to
extract the effective-stress information.



Conductivity

The apparatususedfor conductivitytests is the sameone employedfordeformation.Itconsists simply
of an overburdencordmlder(pressurevessel), outputflowmeters, input,output anddifferential-pressure
transducers,a high-pressurenitrogensource(upto 5000 psi), anda high-pressurehydraulic-fluidpump
(up to 10,000 psi). In the first two samples, the test fluid was nitrogen,in orderto avoidchemicaland
capillarypressureeffectsandto improvepressureequilibriumbetweenthe fractureandthe matrix. In
the last sample,the test fluidwas KCIwater;waterwas used in an attemptto avoidturbulence
corrections. Permeabilitymeasurementsweremadeusing the steady-statetechnique,a necessity to insure
fra_re-matrix equilibration.Exceptduringseasoningcycles, porepressuresof thenitrogentests were
keptabove 500 psi so thatKlinkenbergcorrectionswould not be needed. Pressuredropsacross the
naturalfracturesvariedfrom5-300 psi dependingon the type of test.

Throedifferentnaturalfra_res were chosen. These includeda haid_ne,slightly mineralizedfracture,
andtwo smooth,poorlymatednaturalfractures. The samples were preparedby:

1. breakingapartthehairline,partiallymineralizedfracture (theothertwo were alreadyseparated;

2. epoxyingthe fracturesback together;

3. takinga plugalong the strikeof the fia_res; and

4. dissdving theepoxy.

The samplewas then insertedin an overburdencore holderand testedwith nitrogenor KCIwater.

Plug sampleswere allowedto equilibrateat each stress/pressureconditionand then permeabilitydata
were takenevery5 secondsovera 5 minuteperiod. These resultswere examined for any long-term
trends (e.g., still equilibrating)and tests were rerun if not stabilized. Data were averagedover the
5-minutetestperiod.

Priorto testing all of the sampleswereput througha "seasoning process"by cycling up to maximum
stress (determinedby conductivitybehavioron the first seasoning cycle) and back to low stress several
times.Plug permeabilitywas measuredduring these cycles,andthefracturewasconsidered"seasoned"
when permeabilitieswere identicalon several successive cycles. Had the samplesnot been seasoned,
then no effective-stresslaw correlations couldhave been made, as the natural fracturewouldbe changing
with each test.

. As in the deformationmeasurements,testswere run at constant po_-pressure cycles, both through
loadingandunloadingin orderto minimizeequilibrationtimeandto avoidhaving
pore-pressure-hysteresiseffects embeddedwithinstress-hysteresis effects. Loadingdata were analyzed
as one set and unloading data as a second, separateset.

Fractureconductivity,Kf, is measuredby determiningthe plug permeability, kp, and recognizingthat
nearly all of the flowis through the fracture so that



_d 2
(9)

Kfh = kp 4

In this relation, d is the plug diameter and h is the fracture height (across the diameter of the plug),
measured as the average height at both plug fees. For the samples used in this study, h is approximately
equal to the diameter, d. The maximum volmnmic flow through the matrix rock is calculated to be no
more than 1% of the total flow for all three samples. This amount was considered negligible, and all gas

or liquid flow was taken to be through the fracture.



ANALYSIS PROCEDURE

The analysis procedure26,27 for both deformation and conductivity uses a statistical technique whereby an
empirical response surface of either volumetric strain or conductivity is mathematically generated. 28 To do
this, the volumetric strains or conductivities are (1) power-law transformed and (2) fit in a least-squares

sense by a quadratic surface in both a and p. The resultant mathematical form of the response surface is
given by

07"= xI + x2cr+ x3P+ X4O'2 + XsOp+ x6p2 (10)
or

Kf 7"= Yl + Y2s + YsP + Y4s2 + YssP + Y6P 2 (11)

where 0 is the volumetric strain, Kf is the conductivity, and the xi and Yiare fitting parameters to be fit.
The power law (Z) employed is determined through a maximum-likelihood approach. 28 Given this

empirical function, of the form O(a,p) or Kf(O,p), Bernabe's formula for the tangent a 29 can be employed
as

Ot=- _- or ,A =- Op / Oct (12)

Additionally, standard statistical tcelmiqucs can be used to determine confidence limits, regression

eocfliei_ts, and other indicators of the quality of the fit and the variability of the data.

The attractive feature of this technique is that there is noa priori need to assume a model for the rock
behavior, as is the case when a _stic model is fit to the data. This avoids any possibility of biasing
the fit. However, such an approach does not provide any information on mechanisms.

10



RESULTS

Permeability of the Matrix Rock for Sample B

The permeability of sample B could only be roughly measured. To get a measurable flow rate, it was
necessary to apply a Ap of 1000 psi across the uanple. Such a large Ap can often cause large differences
in rock properties across the sample, so the data should not be considered any0_g more than an estimate
of the permeability. The measured value was 0.015 pd, with a measurement standard deviation of
0.004 pd for 50 measurement values.

Poroelastic Behavior, Increasing Pore Pressure. Sample B

The poroelastic response was determined by measuring tLhevolumetric-grain behavior as a function of
confining stress at five different pore pressures. The results were then analyzed to determine the relative
effects of confining stress and pore pressure on the strain behavior. 1 Figure 3 shows an example of the
volmnotfic-strain response for each of the different pore pressures under loading conditions. Actual raw
strain data _se given in Tables 1-5. By loading conditions, we refer to increasingconfiningstressat some
constant pore pressure. ,As can be seen from the figure, the material is very linear and very stiff, with a
bulk modulus of about 6.8 x 106 psi. Pure calcite, for comparison, has a bulk modulus of about 10 x
106 psi.

/.

Figure 4 shows the entire set of loading data, and the surface that was statistically fit to the data. These
plots were derived from the volumetric strain data given in Table 6. The lines on the surface are constant
stress and constant pore pressure (the lines of constant pore pressure are the actual pore pressures at
which data were takvn). As can be seen in the figure, the data are well fit by the statistical surface, which

is very flat. The value of a given on the figure (CZl)is the value at low stress and low pore pressure (a
first order approximation).

The equation of the statistical surface can then be interrogated to yield the value of czat any point on the
surface,. Figure 5 shows the actual ot surface. It is very flat because the volumetric strain surface is flat.
ctvaries from about 0.35 at 500 psi confining stress and zero pore pressure to about 0.43 at 8000 psi
confining stress and 4000 psi pore pressure, ot increases with increasing confining stress and is relatively
independent of pore pressure.

j.

Similarly, the unloading volumetric strains at each pore pressure are shown in Figure 6, based on the raw
strain data in Tables 7-11. Again, the rock behavior is very linear with about 0.12% maximum strain
under these test conditions. The resultant fit of the volumetric strains is shown in Figure 7 (based on data
from Table 12) and the unloading ot is given in Figure 8. Unloading refers to a decreasing confining

stress at a constant pore pressure. The unloading (x is about 0.46 at 500 psi confining stress and zero
pore pressure, and about 0.39 at 8000 psi confining stress and 4000 psi pore pressure. The unloading (z
shows an increasing value with increasing confining stress and a decreasing value with increasing pore
pressure. This is somewhat different than the loading behavior and demonstrates the importance of the
path on all rock properties.
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PoroolasticBehavior, DecreasingPore Pressure,Sample.B

Because the rock is so tight, there was some concern that the low values ofct might be a result of a
non-equilibrated pore pressure within the sample. To chock this possibility, the same test matrix was run
again, except in decreasing pore-pressure steps. If equilibration was a problem, higher pore pressures

should be trapped within the sample for this case, yielding a different behavior pattern for cc

The volumetric-grain response and o_surface for loading conditions are shown in Figures 9 and 10. The

unloading results for strain and czare shown in Figures 11 and 12, All of the raw strain data and the

volumetric strain data are given in Tables 13-24. As can be seen in Figures 10 and 12, the value era is
between about 0.35 and 0.45 for both cases, essentially the same number as seen with increasi,3gpore
pressure stops. Thus, pore-pressure equilibration has not affected the results in this test.

PoroclasticBehavior,IncreasingPore P|_ssure,Sample..C

Sample C had material behavior very similarto sample B, thus confirming the accuracy, of the results.
The volumetric strains at each pore pressure during the loading cycle are shown in Figure 13. As in
sample B, the material is very linear with a largo bulk modulus (6.8-7.1 x 106 psi). The statistical fit
(the response surface) is shown in Figure 14 and the variation of a is given in Figure 15. The variability
of czwith respect to pore pressure is considerably greater for this sample than for sample B, but the
average value of ¢zover the data domain is approximately the same. Differences between the pore-
pressure response sample B and C are statistically significant, so the slightly different behavior is likely
due to rock fabric, such as bedding. The value ofct varies from about 0.21 at low stress and pressure to
about 0.43 at high stress and pressure. Strain data for the loading results are shown in Tables 25-30.

The unloading volumetric strains for each pore pressure are given in Figure 16, while the response

surface are shown in Figure 17, and the (x variabifity is plotted in Figure 18. The effect of pore pressure
on unloading behavior is similar to that of loading behavior. The value of c_varies between 0.29 and
0.39 over the data domain. Actual data are given in Tables 31-36.
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PoroelasticBfhavior, Mreasing PorePres_re. SampleC

To chock if the low permeabilityof the rockwas affecting pore-pressureequilibrationand skewingthe
results, additionalmeasurementswere made in pressure unloading,but forthis sample, these
measurementswereonly made at 2000 psi and 0 psi. These data were essentiallythe same as the
pressureincreasingcycle andno furtheranalysiswas perfommd.

Poroel;qsticBehavior,IncreasingPorePrgssure-SaratogaLimestone

The volumetricstrains as a functionof stressforeach of the five porepressuresare shown in Figure 19
for theloading cycle. In loading,the luneston¢shows nearly iine_ behavior,except at low stressvalues.
The bulkmodulusof this materialvaries fi-omabout 2.4-3.3 xl0 ° psi overthe rangeof stress and
pressurestested. The responsesurfacefor loadingis shown in Figure20 and the variation of cxis given
in Figure 21. The value of_xin loading is relativelyinsensitiveto eitherstressor pressure, varying from
about 0.82 to 87 over the data domain. All data for the loadingresponseare given in Tables 37-42.

The volumetricstrainsforeac,h of the porepressuresduringthe unloadingcycle are shown in Figure 22.
The behaviorin unloadingis distinctlydifferent0ess linear)thanthe loadingbehavior,but thebulk
modulusis nearlythe same, varyingfrom 2.1-3.4 x 106 psi. The responsesurfaceis shownin Figure23
andtheczvariationis givenin Figure 24. Inunloading,thereis slightlymorevariabilityin cz,with the
value rangingfrom0.9 to 1.03. StrainresultsaretabulatedinTables 43-48.

PoroelasticBehavior.Mn_ing PorePressure,._ Limestone

To check the results,thedeformationbehaviorwas also measuredduringcycles of decreasingpore
pressure. The responsesurface for loadingis shownin Figure25 and the czvariationis givenin Figure
26. There is littledifferencebetweentheseresultsandthose shown inFigures 17 and 18. Strains
obtainedduringpressureunloadingaregiveninTables 49-60.

Response-SqrfaceParametersfor Deformation_Tzstts

The responsesurfaceparmnetersof all of the deformationtests aregivenin Table 61. Includedinthis
- table are the valuesof thevariousxi andthe power-lawvariable, _,. Caremust be takennot to

extrapolateany resultsoutsideof the domainof thedata. Thedatadomaincan be determinedby
examiningthemaximumandminimumstressesandpressuresineither the figuresor thetables.

FractureConductivityfor Fracture1
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The first fracture tested, labeled fracture 1, was a hairline natural fracture with sparse mineralization on
the surface of the fracture. This fracture was taken from the Burton O. George No. 1 core. The first set
oftests run were seasoning cycles to try to stabilize rock behavior and provide reproducible rock
conductivities on each successive run. The seasoning is usually performed by starting at some nominal
confining stress (1000 psi) and pore pressure (500 psi), and increasing the confining stress in increments

up to the maximum test value. Conductivity is measured at each increment through both loading and
unloading cycles (back down to the original level). With most tight rocks, only one or two seasoning
cycles are required. With this sample, 6000 psi was chosen as a maximum confining stress value, but the

rock behavior could not be stabilized. With each cycle the conductivity of the sample continued to
decrease, and the loading was pennmmatly damaging the sample.

The sample was taken out of the core holder and examined, and several areas exhibited crushed calcite

residues. These were clearly the high points on the fracture and therefore experienced the greatest stress

levels. These areas were thoroughly cleaned, the fracture was remated, and the sample was again
inserted into the apparatus. This time the maximum confining-stress test value was 2000 psi, and the
sample behavior was easily stabilized.

The test matrix shown in Figure 27 was then run on the sample to determine the effective-stress law for
fracture conductivity. The confining stresses were intentionally kept low to avoid any permanent damage
to the fracture. The conductivity results are shown in the 3-D plot of Figure 28 and are given in Table
52. While the conductivity is quite low, this fracture still has a permeability ranging from about 0.1 to
0.3 md, but the width is extremely narrow.

A plot of a versus stress and pore pressure is shown in Figure 29. While this plot appears to show large

variations in the otbehavior, the confidence limits on ct are only about :L-0.3at the 95% level. Thus, all
that can be said about these results is that the value of ¢zfor this Austin Chalk fracture is near unity over
the range tested. The poor confidence limits are due to two f.aetors, the low conductivity of the fracture
and the limited test range. Higher permeability fractures should provide better information (but not too

high, or turbulence will cause problems).

After completing the effective-stress-law matrix, the sample was reloaded several times in order to
determine at what stress level permanent deformation begins. The first tests of this sample had used
loading cycles up to 2000 and 6000 psi, and the results were reversibility and permanent damage
respectively; this is shown in Figure 30. To better define the point at which damage begins to occur,
loading cycles were run up to 3500 psi, and then 5000 psi. The 3500 psi cycles possibly showed a small

amount of continuing damage, but it was very small and difficult to consistently measure. The 5000 psi
" cycles showed a considerable amount of continuing, permanent damage. Since the pore pressure for

these tests was 500 psi, this fracture can only sustain a net normal stress of about 2500-3000 psi before
it begins to irreversibly lose its conductivity.

Fracture.Conductivity_for Fracture 2

Fracture sample number 2 was also a natural fracture taken from the Burton O. George No. 1 core, but
its characteristics were entirely different. This fracture had a smooth appearance, with no mineralization,
and only a trace ofplumose structure. However, the structure that could be seen indicated that the

fracture was natural and not induced by the coring.
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Thefracturewasfirstrunthroughseasoningcyclestostabilizebehavior.Carewastakentonotletthe
net stress (stress minuspore r,ressurc)exceed3000 psi, the maximumthatcouldbe sustainedon the
previoussamplewithoutinducingpemmnentdamage. Seasoningwas successfullyachieved in four
cyc.les.

This samplewas foundto have wry highpe_ility, and inertial/turbulenc©effect_were large.
Attemptswere madeto account forthe turbulence,but the resultantdataset acquiredlargemeasurement
errorsduringthecorrectionprocess. As a result,theconductivityof the samplecouldnot be used to
deducethee_v_-strms law for this fracture. Nevertheless,the conductivitydataare still usefulfor
showingthe stresssmmitivityof this type of fracture. Figure 31 shows the conductivityplot andthe
responsesurfaceandTable 53 gives theconductivitydatathat makeup this graph. The responsesurface
is shown to highlighttrends in thedata, butit couldnot be used for estimatesof a becauseof theerrors,
which resultedin confidencelimits of :!:1.0at the95%level. This large valueis obviously unacceptable.

The fractureexhibitsa drop in conductivityof approximately2.5 witha net stress level increasingfrom
500 psi to 3500 psi, so there approximatelythe samestress sensitivity to this type of fractureas seenin
othertests.30 However,most of the conductivitychangeoccurs withinthe first 1000 psi, an amountless
thantic iniual effectivestressonthefracturesin thereservoir.Thus,changesincond,_ctivitywithinthe
reservoirarelikelyto besmall. If thesefracturesarcimportantpiecesof theproductionmechanism,then
thissmallsensitivityunderreservoirconditionsmayexplainwhyAustinchalkproductiondoesnotdrop
off faster.

To circumventthe difficulties causedby inertial-turbulenceeffects, an attemptwas made to re-measure
this samplewith KCl-wateras the test fluid. However,in the processof initialtesting with water,the
samplebeganto show signs of pennazcntdmnase. While this changecouldhavebeen dueto chemical
effects of the water,an examinationof the fractureshowedthatsmallchips were flakingoff theedgeof
the fracture,andthecreationof fines andchangesin thecontactarea are most likelyresponsibleforthe
apparentdamage. This samplecouldnot be testedfurther.

Turbulencedatafor _re 2

Since a large amountof turbulencedata wereobtained duringthecourseof testing of this fracture,the
dataarealso reportedhere. Table 54 gives all of thedatafor each nominalstress andpore pressure
level, and Figures 32-66 show the turbulenceplots. The y intercept of these plots, the intrinsic
conductivi;yat the given stress and pressure level, is value reported in Table53 as the conductivity. The
13factors, which are related to the slope of the curve, aregiven in Table 55. 13factors range from 2.24-
6.01 x 106 ft"1.

FractureConductivity for Fracture 3

Sample 3 was taken from the same natural fracture as sample 2, butshowed considerably different
response. In this ease the test fluid was KCI water The fracture took 11 cycles before it appeared
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seasoned, and the conductiviW of the fracture was about three orders of magnitude lower tha_tsample 2.
These initial results show that fracture conductivity varies widely over the surface of a fracture and a

single measurm_ent of the conductivity may not be sufficient to interpret the conductivity of the fracture.

Similar to sample 2, the results were not suitable to obtain accurate data on the effective-stress law, but
the stress sensitivity was measured. Figure 67 shows the conductivity as a function of stress and
pressure. The data for this plot are taken from Table 56. There is about a factor of three decrease in
conductivity as net stress is increased from 500 m 3500 psi. Most of the decrease occurs with the first
500 psi additional stress.
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DISCUSSION

Deformation

This se_es of tests has providedthefirstaccuratemeasurementsof theeffective-stresslaw for
deformationof Austinchalkmatrixrocks. Inaddition,theeffective-stresslaw fora Saratogalimestone
has also beenmeasured. When theseresu_ are integratedwithpreviousmeasurementsof a in other
carbonates,a generaltrendbeginsto emerge.

Figure68 shows themeasuredvalueof a at a selectedcondition(5000 psi stress, 2000 psi porepressure)
as a functionof porosity. The unloadingdataarepresentedhere because theyare consideredto he the
most accuratemeasureofa. Thevaluegiven by Equation3 (theory)is also shown. The theoretical
value rangesfrom about 15-30%lowerthanthemeasuredvalue.

Figure69 shows the measured andtheoreticalvalues of a as a functionof permeability. Although the
data arcplottedon a log scale, the measureddata show a more consistentmonotonicrelationshipbetween
a and permeabilitythan betweena andporosity(Figure 68). This figure is only valid for one stressand
pressureconditionandthereis somevariabilityof a with stressand pressure, butthe results shown in
Figures68 and 69 are representativeof the gatcml behaviorthroughoutthe data domain.

Sincethemeasurementof a is a time-oomuming,difficultprocess, itwouldbe helpfulif results froma
few carbonatesamples couldbe usedto estimatea forothercarbonates. If the matrixrockmaterialis
the same for all samples (calcite, inthis case), then it is reasonableto assume that the poreand grain
structuresare the primary influenceon theeffective-stresslaw. Such structureswould likely represent
themselves in both the porosityandthepermeabilityof the material,and cross plots of a as a functionof
these parameterscould show behaviortrends.Figures68 and 69 arc the beginning of such a correlation,
although considerablymore workremainsto provethat a general trendfor carbonatesexists.

The resultsshownin Figures 68 and¢_9illustratethatthe theoreticalvalue of a is not alwaysa good
approximationto theactualvalue. RiceandClea_ havearguedthatEquation3 is notappropriate,as it
assumes that the skeletalmaterialis laxnogenmus,that thereis no unconnectedporosity,that thereareno
inhomogeneitiesor discontinuities,etc. in, herwords,the theory only holds for a perfect rock. Forthe
AustinChalk sample,K is about6.8 x 10° psi andKs is about 9.1 x 106 psi. Thus, the theoretical
value of a is about 0.25, or about25%less than measured.

The errorin the theory is not surprisingconsideringthe severeassumptions that were required.These
assumptionsincludelinear,homogeneousand isotmpicbehavior,a single-componentmaterial,andfully
interconnectedpore space. Nevertheless,for the carbonate rocksstudied here, many of these
assumptions are acceptable. For example,these rocks are primarily a single component, many are
relatively homogeneous, some exhibit very linearbehavior, and many have nearly fully interconnected
pore spaces, as measured by the unjaeketedbulkmodulus relative to pure calcite's bulk modulus. The
primary assumption that cannot bemet in most of these rocks is isotropy, and this is likely to be the
primary source of model error. Carroll7 provides a theoretical derivation for an anisotropic material,

17



although the equations are complex even for the simplest case of transverse anisotropy. Such a model
should be considered in the future.

The unloading data provide the best estimate ofcz because relaxation microcracks26 have the smallest
effect on material properties under unloading conditions. During loading conditions, relaxation
microcracks that are already open require considerably greater pressures to reclose. In this study, the
values of ¢xin loading are slightly lower than the unloading values. This behavior suggests that the in

situ value of a may be _ greater than these lab measurements show, as decreasing microcrack

activity appears to increase oz. R is impossible to entirely eliminate the effects of relaxation microcracks

in laboratory tests, but they can be minimized by seasoning the sample and using unloading data.

F_reC_-onductiviw

Although it was not possible to obtain high quality information on the effective-stress law for fracture

conductivity, the limited data available suggest that vt for this process is not far from unity. This is
consistent with previous measurements30 of natural fractures in other lithologies. The largest difficulty
in making accurate conductivity measurements appears to be the propensity of the rock to crush with
loading, and thus change the properties of the fracture during the testing. Of course, any analysis of
effective-stress-law behavior is suspect if the fracture conditions are changing. Such damage can be

minimized by performing the analysis over a very limited stress range, but then the statistical significance
decreases as the range decreases. The best results are obtained when data are obtained over wide ranges

: of stress and pressure.

Data from the three fractures show that the conductivity is stress sensitive, but most of the sensitivity
occurs within the first 1000 psi of loading. Natural fractures in the reservoir already have a higher
loading on them, so additional stress effects, as would occur during draw down, will not be large. Thus,
production would not be likely to suffer much with moderate draw down. However, with large
drawdowns (>3000 psi), the aspects of permanent damage become important and reservoir conductivity
is likely to suffer irreversible declines. Under such conditions, remedial treatments, such as water fracs,

are likely to clear out fines and provide better production until additional damage occurs.

The large differences in cxaaluctivities found m samples 2 and 3, which are taken from the same natural
fracture less thmtan inch apart, shows that a single measurement of fracture conductivity may not have
much significance. There certainly is a scale effect and the size of the plugs in this test were insufficient
to capture the true overall fracture conductivity, if such a property even exists. Nevertheless, the amount

" of conductivity reduction with net stress was very similar for all fractures.
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CONCLUSIONS

We havecompletedan initialseries of laboratorymeasurementsof thedeformationporoelasticresponse
of AustinChalkcore. The sample tested was fromthe BurtonO. George# 1well, at a measureddepthof
7093 it. The poroelasticparameter,a, in theeffective-stresslaw,aeff= atota1 - ¢zp, is foundto havea
value near0.4 (at reservoirconditions)for deformation,muchlowerthanany otherrocksthatwe have
tested, a is slightly dependeuton stress andpressure,.

These presentresultshave importantimplicationsfor the mechanicalbehaviorof the wellboreandthe
naturalfractures. Since¢xis low, thereis initiallya veryhigheffective stresswithinthereservoir.
However,with drawdown,the effectivestresseswill not increasevery much. Thus, wellborestability
will not changemuchwithdrawdown.

These results also showthatthevalueofcz derivedfromequation3 can be considerablyin error.
Measuredvalues of ¢xare 0.1-0.2 greaterthanpredictedfor all samplestested,giving a 15-30%
discrepancy.

Forcarbonates,there appearsto be a trendof decreasing_ withdecreasingpermeabilityandporosity. This
is not unexpectedsince decreasingpermeabilityandporosityindicatean increasingvolumeof grainmaterial
relativeto porespace, which will increaseK in Equation2.

Theexperimentalprocedureandstatisticalanalysisused herecan provideaccuratedataon a for
deformationof this rock. The 95%confidencelimitson ix, basedon the least-squaresfit of theresponse
surfaceforeach sample,are i-0.03 fortheAustinchalk, andi-0.06 for the Saratogalimestoneoverthe
rangeof experimentalconditions.

Naturalfiactures in Austinchalkshowa factor-of-threereductionin conductivitywith increasingstress
up to a net stress of about3000 psi. Above thisvalue,permanentdamagebeginsto occurand
irreversibledamagesignificantlydecreasesfiactureflow characteristics.

It was not possible to obtainan accuratemeasurementof theeffective-stress-lawbehaviorof Austin
chalkfractures,althoughsome datasuggest that¢zis not farfromunity.
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MODIFIED FACTORIAL- MATRIX TEST DESIGN
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AUSTIN CHALK SAMPLE B LOADING

, i

cc1 = 0.Z45
l---
Z
L.,.J0.144 ' i ,
C.) 1
o::: 0.12
i,i

. cuOl 0 ........................

z 008 ....................
<( •

_- 006 .....O0 •

O__004. ..........
rY
p-

0.02 ....

ooo
" I ' ' I

O 0 2000 4000 6000 8000

> STRESS (PSI)

Figure 4 Response surface, sample B, loading



AUSTIN CHALK SAMPLE B LOADING

Figure5 a surface,sampleB, loading
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AUSTIN CHALK SAMPLE B UNLOADING
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Figure 7 Response surface, sample B, unloading
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Figure10 a surface,sampleB, stressloading,pore pressureunloading
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AUSTIN CHALK SAMPLE C LOADING

I--
Z
uJ 0.12 i ,
0

c_ 0.10 ...............
I,I
13_

0.08
Z
<(
n_ 0.06
I--
Or)

°,

0.04 .....
..

or"

0.02 ..... _00^

D 0.00 ZOoo•-.-J i i i'

0 0 2000 4000 6000 8000
STRESS (PSI)

Figure 14 Response surface, sample C, loading



AUSTIN CHALK SAMPLE C LOADING

Figure 15 a surface,sample C, loading
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AUSTIN CHALK SAMPLE C UNLOADING
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Figure17 Responsesurface,sampleC, unloading



AUSTIN CHALK SAMPLE C UNLOADING

Figure18 ¢zsurface,sampleC, unloading
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Figure20 Responsesurface,Saratogalimestone,loading
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SARATOGA LIMESTONE UNLOADING
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Figure 23 Response surface, Saratoga limestone, unloading
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SARATOGA LIMESTONE LOADING P UNLOADING

Figure26 czsurface,Saratogalimestone,stressloading,pore pressureunloading
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AUSTIN CHALK FRACTURE, SAMPLE 2, LOADING TURB. COR.

Figure 31 Response surface, fracture 2, loading
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Table 1 Raw strain data for sample B, loading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

500.000 o.000 o.007 o.069
' 1'0'00.000 0.00"0' ' 0.046 0.115

15oo.ooo o. ooo o. 092...... O.167
2'000. 000 O. 000 O. 137 ...... 0.217
3000.000 0.000 "' O. 224' ...... 0.'3i7
4000.000 0.000 0.319 0.420
5000.'"000 ' '0.000 0.414" '" 0.524

6000. 000 0'. 000 O. 508 .... 0.631
7000'000'' 0'.000 ' 0.613 " 0.743
8000.00() 0.000 0.707 0.843

Table 2 Raw strain data for sample B, loading

STRESS PRESSURE EPS'-AXIAL EPS-CIRC.

1351. 000 849. 000 -0. 046 O. 122
2005. 000 847.0"00 0.108 0.191
2997. 000 845. 000 ..... 0.197 0.291
3996. 000 848. 000 O. 288 0.'391
5000. 000 849. 000 ..... O. 378 0.'494
6003. 000 " "849.0"00 ....... 0". 471 O. 597
6988. 000 .... 849.000 0.561 0 698
79'28. 000 849. 000 O. 652 0.797

,,, ,, ,, ,

Table 3 Raw strain data for sample B, loading

.... STRRSS PRESSURE EPS-AXIAL EPS-CIRC.
,

2506. 000 2019. 000 O. 120 O. 195
2954.006 2019.000 0.152 0.236
3968.000 2019.000 0.253 0.341
5017. 000 2019. 000 O. 346 0.441

6014. 000 2019. 000 0.437 0.545

69'97. 000 2019.000 0. 522 .... 0. 648

7945. 000 2020.000 0.614 0.748
,L...... L,
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Table 4 Raw strain data for sample B, loading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

3511.860 3083.210 0.166 0.253
4049'030 3084.090 0.212 0.306

5021.710 3083.920 0.291 0.409
5997.950 3083.710 0.380- 0.500

7072.080 3084.790 0.479 0.516

7968.920 3084.990 0.561 0.711
,, , ,

Table 5 Raw strain data for sample B, loading

'sTREsS ' PREssuRE EPS-AXIAL EPS-CIRC.

4515.860 4021.040 0.223 0.319
4999;720 4022.510 0.262 ......0.363
6'029.290 4022.510 0.347 O. _,73
6987. 000 4022. 130 O. 435 0. 565

I I "'
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Table 6 Volumetric strain data for sample B, loading

STRESS PRESSURE VOL STRN

500 0 0.OO555

1000 0 0.0121

1500 0 0.0196

2000 0 0.02685
3000 0 0.0412
4000 0 O. 05625

,.,

5000 0 0.0714
6000 0 0.0868
7000 0 0.10325
8000 0 0.11795

,

1351 849 0.0128

2005 847 0.0228
2997 845 0.03725
3996 848 0.0518

5000 849 0.0666 t
6003 849 0. 08155

6988 849 0.09615
7928 849 0.1106 ....

2505 2019 0.0238

2954 2019 0.0295

"3968 20i9 0.04505

5017 2'019 0.0597

6014 2019 0.07465

6997 2019 0.0892

7945 2020 0.1038

3512 3083 0. 03189

4049 3084 0.03952

5022 3084 0.05369

5998 3084 0.06731

7072 3085 0.08384
, . ,

7969 3085 0.097435

4516 4021 ' 0.041355
5000 4023 0.04768
6029 4023 0.062885
6987 4022 0.076585

. 7988 4022 0.091765
....

• .
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Table 7 Raw strain data for sample B, unloading

STRESS PRESSURE EPS-AXIAI_ EPS-CIRC.

500.000 0.000 0.009 0.072
1000.000 0.000 0.056 0.123

1500.000 0.000 0.102 0.175

2000.000 0.000 0.151 0.228

3000.000 0.000 0.256 0.342

4000.000 0.000 0.348 0.444

5000.000 0.000 0.439 0.540

6000.0'00 0.000 0.539 0.648

7000.000 0.000 0.631 0.750

8000.000 0.000 0.707 0 843

Table 8 Raw strain data for sample B, unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

1353.000 849.000 ! 0.050 0.122

2003.000 849.000 I 0.108 0.189

3010.000 849.000 0.200 0.292

4013.000 849.000 0.294 0.396

5010.000 847.000 0.386 0.496

6010.000 849.000 0.483 0.597

7025.000 849.000 0.575 0.702

7928.000 849.000 00652 0 797

Table 9 Raw strain data for sample B, unloading

STRESS PRESSURE EPS-AXIAL F.PS-CIRC.

2505.000 2019. 000 O. 125 0. 198

3023. 000 2018. 000 O. 169 O. 250

3998 .000 2018 .000 O. 263 O. 349

4951. 000 2019 .000 O. 337 0. 442

6004. 000 2018. 000 O. 443 O. 547

7007. 000 2019. 000 O. 537 0. 647

7944. 000 2020. 000 O. 614 0. 748
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Table I0 Raw strain data for sample B, unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

3480. 800 3085. 780 0. 158 0. 250

3999.6i0 3084.090 0.213 0.301

4978.040 3083.870 0.296 0.401
6007.4'10 3'084.290 0.394 0.504
6967. 280 3084. 880 0.477 0. 600

7968.920 3084.990 0.561' 0.711

Table II Raw strain data for sample B, unloading

STRESS PRESSURE EPS-AXIAL EPS'CIRC.

'4502.030 4022.250 0.'221 0.3i5
5019.870 4022.i30 0.270 0.370

5996.270 4021.650 0.358 0.464
6985. 690 4022. 850 O. 448 O. 566
...."7988.100 4022'. 170 ....... O. 526 O. 672

,,,, , ,,, , .....
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Table 12 Volumetric strain data for sa,_le B, unloading

STRESS PRESSURE V0L STRN

5oo o 0.00595
1000 0 0.0134

1500 0 0.0209

2000 o 0.02855
3000 0 0.0453
4000 0 0.06'O'1

sooo 0........ 0.07425
, , ,,

6000 0 0.09005

7000 0 0.10485

8000 O' 0.11795
,,

.... 1353 ..... 8'4'9 0'013
2003 849 0.0226

3010 .... 849 0.0375

4013 849 0.0526

5010 847 0.0672
6010 849 0.08215

7025 849 0.09725
.. ,,,,,,

7928 849 0.1106

2505 2019 0.02435

3023 2018 0.03175
3998 2018 0.04635

4951 ..... 2019 6.05935

6oo4 2018 0.07515
7007 2019 0.08985

7944 202'0 0.i038
............. J

3481 3086 0.03118

4000 3084 0.03903

4978 3084 0.053165
6007 3084 0.06841

'6967 3085 0.0'82'195
7969 3085 0.097435

,, , ,

4502 "" 4022 0.04089
5020 4022 0.04878
5996 4022 0.062'595
6986 4023 0.077295

. 7988 4022 0.091765
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Table 13 Raw strain data for sample B, loading,
pressure unloading

STRESS ....PRESSURE EPS-AXIAL EPS-CIRC.

540. 000 0.000 6 007 0.062 .........
891.090 0,'000 0.053 0.113

1963. 960 " 0.000 0 132 0.209
2946. 160 0.000 0.223 0.299
3989."550 ......0.000 0.320 .... '0.411
5016.330 0.000 0.407 0.513
6013.440 0.000 0.502 0.614
6950,840 0.000 0.581 0.716
7970. i00 0. 000 O. 683 0. 814

Table 14 Raw strain data for sample B, loading,
pressure unloading

STRESS PRESStaUEPS-I  PS-CIRC.
1504.510 1041.270 0.072 0.116

1981. 490 1040.540 O. I00 0. 169

2974. 480 1040. 240" 0. 187 O. 272

3973.340 1040.420 0.288 0.371
4985.240 1040.550 0.379 0.470
6017.920 1040.130 0.458 0.578

7025.050 1040.980 0.559 0.683

7991.740 1040.900 0.645 0.785
,

Table 15 Raw strain data for sample B, loading,
pressure unloading

STRESS PRESSURE EPS-AXfAL EPS-CIRC.

25i7.600 1998. 730 0.121 ' 0.181
2967.470 i999. 160 0.155 0.228
3994.090 1998.700 0.234 0.332

4981.050 1999. 190 0.328 0.436

5991.780 1999.490 0.417 0.543

7012.730 1999.870 0.513 0.647
......

7962.920 1999.960 0.606 0.736
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Table 16 Raw strain data for sample B, loading,
pressure unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

356i.880 3069.900 0.i66 0.248
4011. 780 3070. 090 O. 199 O. 300
4997.990 3069.930 0 288 -0.390
6013.780 3069'.540 0.384 0.498
7'164.500 3070.010 0.482 0.618
8047.030 3069.930 0.570 0.711

I _ I I ' ' ' ' """ '" '"

Table 17 Raw strain data for sample B, loading,
pressure unloading

STRESS PRESSURE EPS-AXIAL EPs-cIRc.
4',515". 860 '4021.0'40 ....0'. 2'23 .... 0.319
4999.720 4022 510 0.262 0.363 ........
6029.290 "4022. 510 0.347 0.473

6987. 000 4022. 130 0". 435 .....0.565
7988. 100 4022. 170 O. 526 O. 672

,,, ,, ....
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Table 18 Volumetric strain data for sample B, loading
pressure unloading

STRESS PRESSURE VOL STRN

540 0 0.00484
891 0 0.01225
1964 o o.o258
2946 0 0.039355

b

3990"' 0 .... 0.055395
5016 0 0.069925
6013 "" 0 0.08'476
6951 0 0.098925
7970 o 0.113885

1505 1041 0.013475

i981 1041 0.02021
2974 16'40 0.034835
3973 1040 0.04973
4985 1041 0.064235
6018 1040 0.07898
7025 1041 0.094505
7992 1041 0.109075

i..... 2518 1999 O. 022505
2967 19'99 0.02883
3994 1999 0.04326
4981 1999 0.05835
5992 1999 0.07348
7013 2000 0.088665

7963 2000 0.i02245
,,,

3562 3070 0.031395
'" 4012 3070 0.0382i

4998 3070 0.05173
6014 3070 0.06233
7165 3070 0.0841'5
8047 3070 0.097875

....... 4516 4621 0.041355
.

5000 4023 0.04768

6029 4023 0.062885

6987 4022 0.076585

. 7988 4022 O. 091765
.....

, , _ ,, ,,, : ,
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Table 19 Raw strain data for sample B, unloading,
pressure unloading

i,ii iii I

STRESS PRESSURF. '°EPS-AXIAL EPS'CIRC....................

495.210 0.000 0.007 0'060
993. 640 O. 0'00 ' 0.'052 O. 108

2024. 180 ....O. 000 O. 142 0.212
3004L996 .... 0.000 0 233 ..... 0'3i8
4003.050 ................0.000 0.333 0.421
4990.200 .........0.000 ..... 0.422 0.510

b, , , ,,, ,

5998. 700 0.000 0.512 0.619
69'89. 400 ......... O. 000 O. 605 O. 722
7970". 100 O. 000 ..... O. 683 0.814

, ,, ..... ,,, , , ,

Table 20 Raw strain data for sample B, unloading,
pressure unloading

STRESS !PRESSURE EPS-AXIAL EPS-CIRC.
1507.410 1040. 000 0.058 0.117

.....

2033.330 1040.150 0.099 0.181
3009.710 1040.500 0.189 0.268
4004.070 1040.680 :" 0'.'288 = 0'373
5005.440 1040.490 0.385 0,478
6012. 090 1041. 010 0'. 483 0.581
69'57. 490 1040. 820 0. 562 O. 672
7991.740 1040.900 0.645 0.785

' i,

Table 21 Raw strain data for sample B, unloading,
pressure unloading

STRESS' .... PRESSURE EPS-AXIAL EPs-cIRC.
25'05.490 '1997.860 0.110 0.189

,,,,,

3002.940 1998.190 0.159 0.238
4025.200 '1998.600 0.251 0.336
5602.420 19'99'350 0.340! 0.435
6003.000 1999.000 0.431 0.534
6977.490 2000.200 0.519 0.635
7962 920 1999.960 0_606 0.736

,j.

p
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Table 22 Raw strain data for sample B, unloading,
pressure unloading

.... !I i i ill HI i

STRESS PRESSURE EPs-AxIAL EPS-CIRC.
3511' 600 3069.140 O, 157 ....... 0.247
4017. 370 3069.780 0.213 0._93
5009. 500 3070. 320 O. 297 0.395
5929.650 307'0.940 ......... b.385 _ 0.489
6987.340i 3069.630 0.480 0.597
8047' 03"0; "306';9. 930 0 'o57"0 ....... 0.711
lii i HN , , = ,n H = am= III

Table 23 Raw strain data for sample B, unloading,

pressure unloading

•STRESS iPRESSURE EPS-AXIAL EPS-CIRC.

4502.030 4022.250 0.221 0.315

5019. 870 4022.130 0.270 O.370

5996.270 4021.650! 0.358 0.464

6985.690 4022.850 0.448 0.566

7988..1.00 4022'. 170 0.526 0.672
i' ii ili_ I' i , ........ ii
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Table 24 Volumetrlc straln data for sample B, unloadlng,
pressure unloading

STRESS .....,,PRESSUR E .......VOL STRN
495 0 0.00466
"9'94 b 0.01172

202'4 0 .... 0.02661
3005 0 0.041695
4003 0 0.05705
'4990 ...... 0 .... 0.070'38
5999 0 O. 08581
6989 0 ..... 0.100775

7970 .... 0 0.113885,

1507 i'040 ......0.012935
2033 i040 0.02i36
3oi0 " 1041 0.03454
4004 1041 0.05002
5oo5..... zo4o 0.065355
6012 1041 0.080535
6957 ..... 104i "0.0936

"799,2 1041 0.109075

2505 1998 0.0227
3003 1998 0.03003

4025 1'999 0.044455
5002 1999 0.05884
6003 1999 0.07325
6977 2000 " 0.08774
7963 2000 0 102245, •

3512 3069 0.030905
4017 3070 0.038225
5010 3070 0.052685
5930 3071 0.06645
6987 3070 0.082025
8047 3070 0.097875

,,,,

4502 4022 0.04089
5020 4022 0.04878
5996 4022 0.062595
6986 4023 0.077295_

- 7988, 4022 0.091765
i,,1111
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Table 25 Raw strain data for sample C, loading

p......ss _s AX_ ...........'sTREss RE URE EPS-CIRC.

507_'o0o o.033 .............o.019
" 1003' 000 .....0.000 .... O. 07"/" 0.063
-z99s.ooo o. 000 " o. z68 " o, lS'7

....2975.000 - 0.'000 ' 0".255 ....... 0.255.....

3970.000 O. 000 O. 342 O. 357
S_z6.ooo 0.ooo .......0.4'46..... 0,468
5988. 000 O. 000 O. 518 O. 567
6944. 000 O. 000 ' O. 598" O. 662
7949. 000 O. 000 O. 682 0.765

Table 26 Raw strain data for sample C, loading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.
I I IIH

1530. 000 1031. 000 O. 092 O. 108

2006.000 i030,000 0.132 .....O.154
3002. 000 1030. 000 0.:219 0.253
3949.00'0 i030. 000 0.300 .... 0.346
5007 .bOO 1030. 000 0.388 O. 449
6o23.ooo lO30.0oo o_478.... o. ss3
6988. 000 i030.000 0.552 0.647

,,

7886. 000 1030. 000 O. 627 0.738..................

Table 27 Raw strain data for sample C, loading

STRESS PRESSURE EPS'-AXIAL EPS£CIRC.
'I

2498. 000 2006. 000 O. i48 0.171

2986.000 2006,'000 0.188 0.217
3941.000 '2006.00'0 O. 2"/0 0.314
5'060,000 '2006.000 0.362 0,422
5986.000 2006.O00 0.438 0.512

- 6974.000 2006.000 0.521 0.612
8010.000 2006.000 0.606 0.715

- Table 28 Raw strain data for sample C, loading

sTREss IPRE.S_uRE......IEPS-AXZ_IEPS-CIRC,
35'2"8 ' 0'00 3007. 000 O. 207 0.12_40
3983.000 3006.000 0.240 0.288

4967. 000 3006. 000 0.321 0.385

5962, 000 3006. 000 .... O. 404 ....... O. 483
69'34. 000 3006. 000 O. 484 O. 578

7923. 000 3006. 000 O. 567 ....... O, 677
i " , ....
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Table 29 Raw strain data for sample C, loading

iiiiii

STRESS_ PRESSURE EPS-AXIAL JEPS-CIRC.
451 , 000 4082.000 0.257 0.296

5035. 000 4082. 000 0. 290 0. 351

5950. 000 4082. 000 0. 364 0. 442L

7047. 000 4081. 000 0. 455 0. 549

7929. 000 4081. 000 O. 528 0. 637i
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Table 30 Volumetric strain data for sample C, loading

STRV.SS Pi_EssuRv.VOL S_I_'_
507 ' o 0.00355

1oo3 o 0.01015
1995 0 0.0241
2975 0 .... O. 03825
3970 ..... 0 0.0528
8o16 o o.o688
5988 0 0.0826
6944 0 0.0961

7949 0 O. 1106
.,. ,,,,.,,

- 153o lO3i_ " o.ois4
2006 1030 0.022
3002 1030 0.03625
3949 1030 0.0496
5007 1030 O. 0642
6023 1030 0.0792
6988 'ic30 "I 0.0923
7886 1030 O. i0515

....,

2498 2006 0.0245
2986 2006 0.0311
3961 2006 0.0449
5o6o 2006 0.0603
5986 2006 0.0731
6974 2006 0.08725
8010 ..... 200_5 0.1018

,,,

3528 3007 0.03435
.'_ 3983 3006 0.0408

4967 .......... 3006 0.05455
5962 3006 0.0685

, , ,,, ,=

6934 3006 0.082
7923 .... 3006 0.09605

4516 .... 4082 0.04245
,.

5033 4082 0 0496
..... ,.

5950 4082 0.0624
7047 4081 0.07765
7929 4081 0.0901

., _ ....

p
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Table 31 Raw strain data for sample C, unloading

STRESS PR'ESSURE EPS-AXIAL EPS-CIRC.

5 0,060 0.000 o.o s 0.031
1019.000 0.000 0.08i 0.076
204'3.000 0.000 0.171 0.i76

3030.000 0o000 " 0.262 0.276

3986.000 0.000 0.347 0.275

4990.000 0.000 6.440 0._ 6
6034.000 ..... 0.000 0.532 0.578

6974.000 0.000 0.611 0.669
7949.000 0.00b 0.682 0.765

Table 32 Raw strain data for sample C, unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRc.

1525. 000 1030. 000 O. 089 O. i13
2051.000 I030.000 0.133 0. i63

3046.000 i030. 000 0.218 0.263......

3992. 000i 1030.000 0.300! 0.355

5022.000 1030.000 0.390i 0.454

6027.000 i030.000i 0.4801 0.551

699'6. 000 1030.000i 0.560i 0.647

7886. 000 1030. 000! 0. 627 0'.738
- ..

Table 33 Raw strain data for sample C, unloading

STRESS PRESSURE ....EPS-AX'IALF_PS-CIRC.

251i.000 2006.000 0.144 0.170
3034.000 2006.000 0.188 0.221
4025.000 2006.000 0.274 0.321

5018.000 ' 2006.000 0.362 0.417

6002.000 2006.000 0.449 0.513

6980.000 2006.000 0.532 0.612
[ 8010.000 2006.006 0.606 0.715

" Table 34 Raw strain data for sample C, unloading

STRESS IPRESSURE ....IEpS-AXIALI.EPS-CIRC.
351i.000 3006.000 0.201 0.240
4037.000 3006.000 0.247 0'.291

5025.000 3006.000 0.334 0.385

6029.000 3006.000 0.421 0.485

6953.000 ....3006.000 0.496 0.575

7923.000 3006.000 0.567 0":677
,, ,H
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Table 35 Raw strain data for sample C, unloading

STRESS PRESSURE EPS_AXIALEPS-CIRC.
|

4638.000 4081.000 0.266 0.309

5033.000 4081.000 0.299 0.346

6019.000 ....4081.000 0.383 0.443
6994.06'0 4081.000 0.462 ..... 0.540

7929.000 4081.00'0 .... 0.528 0.637
.... , , ,,
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Table 36 Volumetric strain data for sample C, unlcading

STRESS PRESSURE VOL STRN

510 0 0.00485

1019 0 0.01165

2043 0 0.02615

3030 0 0.0407

3986 0 0.05485

4990 0 0.0696

6034 0 0.0844

6974 0 0.09745
7949 0 0.1106

1525 1030 0.01575
2051 1030 0.02295
3046 1030 0.0372
3992 1030 0.0505
5022 1030 0.0649
6027 1030 0.0791
6996 103'0 0.0927
7886 1030 0.10515

2511 2006 0.0242
3034 2006 0.0315
4025 2006 0.045'8
5018 2006 0.0598
6002 2006 0.07375
6980 2006 0.0878
8010 2006 0.1018

3511 3006 0.03405
4037 3006 0.04145
5025 3006 0.0552
6029 3006 0.06955
6953 3006 0.0823
7923 3006 0.09605

4638 4081 0.0442
50'33 40'81 0.04955
6019 4081 0.06345
6994 4081 0.0771

7929 4081 0.0901
p
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Table 37 Raw strain data for Saratoga limestone, loading

STRESS' PRESSURE" EP'S-/%x"iAL EPS'IciRC.
' I , . , ,,,

500.940 0.000 0.114 0.091

"998 000 0.000" 0.224 0.201
• 1990.050 0.000 0.481 ' 0.438!
3009.450 0'.000 0.764 0.722

4030.73(_ 0.000 i.075 ....1.028

5'032.840 0.000 ..... 1.'328 ....1.311
i ,,, ,

6040. 420 O. 000 1. 609 1. 617=
7'0'18. 160 .... O. 000 1. 868 " 1". 882:
7996.500 " 0.000 2. 123 2.151

l ,, R ,,-- L

Table 38 Raw strain data for Saratoga limestone, loading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

- 149-6.910 1011.210 ....... 0.145 ' O.11S
2002 ."880 1011. 350 .... 0.250 0 _'235
2992. 210 1010. 820 O. 499 0.477

3987. 620 I011" 400 0.775 0.757

5006.5'00 1dii.940 .... 1.055 1.057

5998.490 1611.880 1.334 1.348
7010. 340' 1012. 320 .... 1.617 i.642
8032.140 I012". 620 1.894 ......1.937

, ,

Table 39 Raw strain data for Saratoga limestone, loading

STRESS PRESSURE ]EPS-AXIAL IEPS-CIRC.
2507.990 i999.600 0.220 0.181

2985. 920 1999. 250 ....... 0.'308 _ 0.295
401i.040 1999.470 0.561i 0.558

5026.730 2000.340 0.839 0.848
6025.390 .........2001.330 1.1'20 "1.i34
7022.770 2001.740 1.4091 1.421

8019.880 ....2002.410 1.6701 '1.701
,._, ::

. Table 40 Raw strain data for Saratoga limestone, loading

STRESS ....PRESSURE ..........EPS-AXIAL IEPS-CIRc.
35"03.630 ....2998..560 0.258 O. 2.-31

3989. 460 2999. 800 0. 354 .... 0. 337

5030.030 3000. 520 0.590 0.605

602i. 420 3002. 720 0.864 0.881

"7013.860 3004.i90 1.142 1.i71
8009.480 3005.740 1.419 1.454
_
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Table 41 Raw strain data for Saratoga limestone, loading

............ Axi''EPS ......STRESS PRESSURE EPS- AL -CIRC.

4503.990 4004.810 0"3i0 0.292
5003. 180 4006. 150 ....0.40S" O. 406

5995. 690 .....4007 .'340 O. 637'_ ...... O. 65.5
' 7"032.910 4007.8'20 0.9:i3 0.946
8027. 580 4008. 590 I. 199 i. 232

, , ,, ilnnl lllm__
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Table 42 Volumetric strain data for Saratoga limestone, loading

sTR . S 'pRF.ssUv. voL s'rmJ
........

501 0 0.01486
998 0 O' 03131.....

1990 0 0.067815
3009 0 6.110385
4031 0 .... 0 . 15661
5033 0 0.1975'25
6040 0 .... O. 2421":35
7018' 0 O. 2816'05

.....7996.5 "0 .... (). 321i85
,, ,, , ,,, ,,,,,

1497 '10il 0.01903
2003 1011 0.03605
2992 i011 0.07'2595
3988 1011 0.11442

5006.5 10i2 O. 158465
5998.5 1012 0.201505

7010 1012 0.245065
8032 1013 0.28837

2508 2000 0.029115
2986' 1'999 O. 044865
4011 19'99.5'0.083855

.... 5027 2000 O. 12'6745
6025 2001 0.16942
7023 20()2 0.212495
8020 206'2 0.25355

,.,.

3504 '...... 2'999 0.03;6025
3989.5 30C)0 0.051335

5030 3000.5 0.09
6021 30()3 0.131315
7014 3004 0.17423

8009.5 3006 0.21635
.......

.....4504 4005 0.044645

.... 5003 ..... 4006 0 06085
5996 4 0(_'7 "0.09735
7033 400'8 0.14'028
8028 " 4009 '0. 183095
.,,, ....

p
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Table 43 Raw strain data for Saratoga limestone, unloading

sTRESS PRESSURE EPs-AXIAL _-CIRc'

486.220 o. 000 o. 142 o. 115
977.310 0.000 0.300 0.240

2001.280 0.000 0.631 0.561
3'O03.510 0.000 0.934 0.858
3980.400 0.000 1.216-- --i.i43
4982. 760 0.000 1.48,_ -1.410

_

5976. 710 0.000 1.724 1.673

6981. 660 O. 000 ......... 1.935 1.922
7996.500 0.000 2.123 ......... 2'151

,, , ,,,,,,,, , ,,

Table 44 Raw strain data for Saratoga limestone, unloading

STRESS PREssURE EPS AXIAL- EPS-CIRC.

1482. 350 1009.650 o.148 o.i19
2'000.940 1010.340 0.327 .... 0.266

r

2982 . 020 1011. 190 0. 637 0.576
3997. 170 1011.240 0.948 0.873

4985". 350 1011.610 1.'218 - 1". 153
" 5975.856 1012.070 1.470 1.42i
" 695,C.480 lO12.01o .... 1.697 -1.685

8032.140 1012.620 1.894 1.937
-- II __

Table 45 Raw strain data for Saratoga limestone, unloading

-STRESS ....'" PRESSUI_E EPS-_XAL ]_PS.:-CIRC.

2501. 630 1997.810 0.214 0.. 176i
3006.870 1997.790 ..... 0.363 0.314
3982.920 1999.290 0.675 0-604 _

4975.780 1999.690 0.970 0.904
5947.010 2000.590 1.225 1.176
6933.050 2001.i70 1. 461 1.4474
8019. 880 2002. 410 1. 670 1'701;

,,,

- Table 46 Raw strain data for Saratoga limestone, unloading

STRESS 1pRESSURE IEPS-AXIAL IEPS-CIRC.
• 0 i'!3500 180 3000.240 0.256 .227

4004.590 3001.220 .....0.401 0.358
4985 686 3001.770 0.699 0.648
5994.650 3002.750 0.980 0.931
69'91.030 3004.480 1.214 " 1-205

.... --

8009.480 3005.740 1.419 1.454
._. . .. . .
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Table 47 Raw strain data for Saratoga limestone, unloading

STRESS ...... PRESSURE EPS'-AXLAL EPs-CiRC'
- i

4493.050 4001.900 0.303 0.284

5015.890 4002.480 0.442 0.412

6003.500 4004.820 0.730 0.692

7023.490 4006.7701 0.980 0.973

8027.580 4008.5901 1.199 1.232
IlUll I I III I
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Table 48 Volumetric strain data for Saratoga limestone, unloading :

sTREss P_ESSU_E VOLST_
486 ' 0 0.01859'5
977 0 O. 039005

2001 0 o.087585
3004 ' o 0, 132465
3980 0 0.175085
4982 ....... 0 0.215225
5977 0 0.253505
6982 0 0.288975

7997" 0 0.321185
,,, , , , • ,,,, , ,, _

i482 ..... 1010 .... 0.019275
2001 ....... 1010 O. 04296
2982 1011 ..... O. 089'415
3997' 1011 6.13473
4955" 1()'11 0. 176185
5'976 1012 0.21562
6958 1012 0. 25336

8032 .... 1013 O. 28837
,,,, _ , , ,, ,,,,, ,,,,

,,,

2502 1998 0.02831

3007 1998 O. 049'575
_ _ , , ,

3983 1999 0.094185
4976 2000 0.13896

5947 2001 ' 0.17'8895

6933 2001 ' 0.217'785

8020 2002 0.25355......

3500 3000 0.03546

4005 3OOl o.05578
4986 ..... 3002 ...... 0.099745
5995 3003 ......O. 142105

6991 3004 0.181195

8009 3006 0.21635
,,, ,,,,,,

4493 ..... 4002 0.043525
50'16 4002 0.06325
6004 4005 0. I0571

7023 "" 4007 0.14(528

8028 4009 O. 1_83095
.,_ ,, ,,,,

p
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Table 49 Raw strain data for Saratoga limestone, loading,
pressure unloading

STRESS PRESSmU  .PS-AXI U re'S-CIRC.
5o7.4oo oo0o 0.068 , 0.074
987.140 0.000 0.195 0.200

1988. 100 O. 000 O. 468 O. 4_65
3021. 840 O. 000 0.766 0.761

3991. 950 O. 000 1. 046 1. 054

5000. 580 O. 000 1. :329 1. 352

5997. 140 O. 000 1. 602 1. 644
6991.510 0.000 1.860 1.918
";998. 300 " 0.000 .... 2. 135 2. 209

' i •

Table 50 Raw strain data for Saratoga limestone, loading,
pressure unloading

STRESS iPRESSURE EPS-AXIAL EPS-cIRC.
I IIIIIII I II I

1504.320 997.170 0.175 0.173

1999.270 997.250 0.278" 0.288

2989.660 997.870 0.547 0.533
4016.320 998.410 0.815 0.822

.....5023. 200 998. 9501 ' 1.089 1.112
7001. 440 999. 090i 1. 635 1. 681 '
6981.960 999.350 1.646 1.689

......

8003 .800 999. 530 1. 900 1. 949

Table 51 Raw strain data for Saratoga limestone, loading,
pressure unloading

" '. " " IIII

STRESS PREssuRE EPS-AXIAL EPs-CIRc.
I I ......

2501. 150 1997. 620 O. 214 0. 201
2986.3901 1998. 210 0.3i7 .....0.313
3993.190 199§.070 .... 0.567 0.5751
5019. 190 1998. 590 O. 832 0". 8551
5982. 130 1999. '710 .... 1. 128 1. 147

.......

7017. 820 2000. 250 i. 392 I. 423J

8078 .850 2000. 750 i. 683 1 .728
..........
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Table 52 Raw strain data for Saratoga limestone, loading,
pressure unloading

STREss PRESSURE EPS-AXIAL EPs-cIRC.

3508.460' 3001.630 .... 0.276 0.24'4
* 401'2.590 3002. 060 G. 3'79 O. 363

499'1. 710 3003.980 0.597 0"605
6003.370 3003.990 0.865 0.883
7")41.400 ....3004.9i0 1..152 1.175

i%Cz4.25o 3005.590 1.4'25 1.4'57,I ii

Table 53 Raw strain data for Saratoga limestone, loading,
pressure unloading

STRES S ' IPRESSURE EPS-AXIAL EPS-CIRC.
4503.990 4004.8i0 0.310 0.292
500'3.180! 4006. 150 .... 0.405 0.406
5995. 690 4007.340 0.637 O' 655
7032.910j 4007.820 0.913 0.946
8027.580 4008.590 1.199 1.232

ii ii I 'I I I I
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Table 54 Volumetric strain data for Saratoga limestone, loading,
pressure unloading

STRESS PRESSURE VOL STRN
.,

507 0 0.01076

987 0 0.02978

1988 .... 0 O. 069885
3022 0 0.11442
3992 0 6.15771

5001 0 0.201625
5997 0 ...... 0.24452
, ,,

6992 0 0.28473
799'8 0 0.32763

1504 997 0.026065
11

1999 997 0.042735
2990 998 0_08061
4016 998 0.12291
5023 999 0.16564
7001 999 0.249865
6982 999 0.251135
8004 1000 0.28986

2501 i998 0.0308
2986 i998 0.647'14
3993 1999 0.08586
5019 1999 0.127085
5982 2000 0.17108
7018 2000 0.21188

8079 2001 0.2569

3508 3002 0.038225

4013 3002 0.05522

4992 3004 0.090325

6003 3004 0.13156
7041 3005 0.175165
8024 3005 0.21691

4504 4005 0.044645

5003 4006 0.06085
5996 4007 6.09735
7033 4008 0.14028

. 8028 400'9 j 0_'183095r, ,, ,
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Table 55 Raw strain data for Saratoga limestone, unloading,
pressure unloading

STRESS PRESSURE EPS-AXIALiEPS-CIRC.

503.770 0.000 0.162' 0.156

1009.540 0.000 0.322 0.299

2015.560 0.000 0.647i 0.609

30'09.860 0.000 0.943 0.911
3972.640 0.000 1.190 ....1.158

5011.020 0.000 1.4891 1.458

6009.040 0.000 1.739! 1.725
6990.960 0.000 1.948 1.969

7998.300 0.000 2.135 2.209

Table 56 Raw strain data for Saratoga limestone, unloading,
pressure unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRC'.

 s09.73099g.370 0.177 0. 66
2021. 780 993.330 0.327 0.302
3001.970 996.190 0.654 0.606

3993.990 997.480 0.951 0.904
4988.380 9'98.040 1.226 1.186

5996. 660 998.'750 1.480 1.450
.... .

6981.770 998. 360 1.702 1.714
...... ,,,

8003.800 999.5'30 1.900 1.949
• ,,

Table 57 Raw strain data for Saratoga limestone, unloading,
pressure unloading

, ,

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

2495.830 1998.600 0.221 0.206

.....3006.200 1998.320 0.366 0.3:32
4009.420 J' 1997.'760 0.667 0.624
5003.440 1998.960 0.968 0.918
6005.770 1999.860 1.2'35 1.196

7020.97'0 2000.090 ......1.466 1.461
8078.850 2000.750 1.683 1.728

P
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Table 58 Raw strain data for Saratoga limestone, unloading,
pressure unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

3496. 990 2999. 310 0. 263 0. 235

3998.630 2999.810 0.401 ! 0_369

5006 .7"40 3000. 520 ..... 0 .703 0 •645

6003.460 3002.460 0.979 0.933

6964.470 3004.070 1.2i'0 1.197
,

8024.250 3005.590 1.425 1.457

Table 59 Raw strain data for Saratoga limestone, unloading,
pressure unloading

STRESS PRESSURE EPS-AXIAL EPS-CIRC.

4493.050 4001.900 0.303 0.284

5015.890 4002.4'80 ...... 0.442 0.412

6003.500 4004.820 0.730 0.692

7023. 490 4006.770 0. 980 0. 973

8027.580 4008.590 1.1991 1.232
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Table 60 Volumetric strain data for Saratoga limestone, unloading,
pressure unloading

.....

STRESS PRESSURE VOL STRN

504 0 0. 02367

I010 0.... 0 o04599

2016 0 ' o. 093275
3010 ....0 ..... o. 138295
3973 0 0.175335

5011 0 0.22023
6009 0 ...... 0.25949
6991 0 0.29435

,,,,

7998 0 0.32763

1510 996 O. 025405

2022 ..... 996 0.046545
3002 996 0.0933

3994 997 .... 0.137955
4988 998 0.17985
5997 999 O. 21,8965

6982 938 ...... 0.256505
8004 1000 ...... O. 28986

,

2496 1999 0'. 031655
3006 19'98 0. 051505

4009 1998 ...... 0. 09572
5003 1999 0.14022

6006 2000 0'18137

7021 2000 0.210375
8079 ..... 2001 ....... 0,2569

3497 29"99 0.03666

3999 30"00 0.0569

5007 3001 O. 09965
,,,

6003 3002 0.14223
6964 ' ' ' 30--04 0.180235

.,

8024 3006 0.21691

4493 40-02 - 0.043525

5016 40-02 0. 06325
6004 4oo5 o. 10571
7023 40-07 O. 14628

8028 4009 O. 183095
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Table 61 Parameters of the response surface for all deformation tests

SAMPLE CYCLE ;L x1 _ _ _ _

B LOADING 1.0__._.. -0.00184 0.1417E-4 -0.4886E-5 0.1010E-9 -0.2307E-9 0.4627E-10

B UNLOADING 1.03 -0.00217 0.1414E-4 -0.6484E.5 0.4572E-11 -0.1204E-9 0.2589E-0

B-DEC._ LOADING 0.95 -0.0011._..__._..440.1643. E.4 -0.6567E-_...SL-014015E.1_ 0.3685E.1....__..__...0_00.6128E-10

. B-DEC. P UNLOADING 1.0 -0.00292 0.1489E-4 -0.6309E-5 -0.1625E-10 -0.1027E-10 0.1538E-9

C LOADING.__.... 1.03 -0.00389 0.1298E-_.__4 -0.2593E-5 0.6817E-10 -0.1763E-9 -0.2119E-9

C UNLOADING 1.0.__._.__4 -0.0030_ 0.1284E-4 -0.3734E-5 0.4129E-10 -0.8566E-10 -0.9527E-10

,-, SARATOGA LOADING 0.9 -0.00326 0.4762E-4 -0.3883E-4 -0.2158E-9 0.6818E-10 0.3020E-9

o,, SARATOGA UNLOADIN.__GG 1.22 -0.01205 0.3255E-4._.__ -0.2885E-4 0.8444E-10 -0.7683E-9 0.7809E-9

SAN-DEC. P LOADING -0.00825 0.4005E-..__..__.....__4-0.3009E-._...4 0.2876E-.__.._....._L9-0.1147E-8 0.3343E.9

SAN-DEC. P _UNLOADING -0.00607 0.3424E-4 -0.3239E-4 0.7382E.10 -0.8601E-9 0.1232E-8
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