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ABSTRACT

Determination of stress-induced anisotropy of reservoir mechanical pespisrtessential
for a number of areas that can be collectively termed as drilling risk redactiboptimization of well and
reservoir productivity. Borehole stability, well completions, hydraulic frafpiand production operations
require correct analysis of deformational behavior under a general s#es®; > 0, = 03). Current
attempts to capture the effect of stress state on rock deformational charestiyscally consist of
conventional triaxial testing of core samples. However, there still remainbsence of experimental
results on stress-induced anisotropy of deformational properties performedruede@axial stress state.
Such stress conditions allow for independent manipulation of three principal Staesseonsequently,
studying of the stress-induced anisotropy of static deformation, acoustic elac#ies, permeability,

resistivity, and other anisotropic properties under a variety of stress states and magnitudes

A novel true triaxial testing apparatus was designed and built by Dr. KMieéde of Geomechanics
Engineering and Research, PLLC, and has been loaned to UNGI to conduct measurementdisinder rea
in-situ reservoir conditions using cylindrical core samples. This study wasped to capture the true
triaxial stress effects on the deformational and flow behavior of reseoabis.rThe apparatus has been
calibrated and used to study the influence of realistic stress anisotretatiomeformation, acoustic wave
velocity, and permeability in sandstone core samples. Through shear stressatydirigusb parameter
values and octahedral normal stresses, it was determined that stress-induced aissatfopgtion of
closing and opening of microfractures oriented normally to increasingsesre€hanges in the
nondimensional stress paramelersignifying the relative magnitude of intermediate principal stress to
maximum and minimum stresses, influence the mechanical behavior of rock dmpattd water-saturated
conditions. Permeability measurements in the axial direction also display a depgeodenagnitude and

state of stress.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

With development of more complex oil and gas projects in the recent yearsidapoeservoir rock
testing has been gaining importance in petroleum engineering research. Assprojelsting higher
formation stresses, performed in increasingly unconventional fields, are bgctivai norm, core-scale
geomechanical analysis remains an important source of insight for such ventiliiag. tBrough highly
anisotropic formation rocks and regions with overpressure or high overburden, borehaly, shioil
hydraulic fracture stimulation require knowledge of in-situ stress stat®elkdeformation characteristics.
Unconventional petroleum resources are one such area in which large-scaliaimal extremely
difficult, making laboratory core-scale data crucial to our understandingidfffow and deformation
processes.

The Unconventional Natural Gas and Oil Institute at the Colorado School of Minesmedoupled
geomechanics research involving core-scale experiments with uniaxial and converdixiahtonditions.
Investigatory work on permeability and deformation using ultrasonic wayagation at elevated pore
pressures has been performed. The Institute has also recently obtained a novel pro¢diygeal testing
apparatus on a temporary loan. However, the potential of the true triaxial tggtiagtus had not been
fully explored. While the prototype is on a temporary loan to UNGI, its pedctipplication has to be
established as correlating to the theoretical capabilities includesidestgn. This includes the controlled
generation of three independent principal stresses in a cylindrical coyg@esgpore pressure, and

measurements of wave velocity, static deformation, permeability, and resistivity in a rock specimen.



The combination of the availability of a true triaxial apparatus and the pofentiavel laboratory
geomechanical research, accompanied with the accessible resources at UNGd rénsl@pportunity

into a viable Master’s thesis project.

1.2 Purpose of the Study

This study aims to investigate the influence of true triaxial stresstampy on deformation and
permeability of sandstones, determine the relationship between laboratory deriedrstatlynamic
moduli, and demonstrate the capabilities of the UNGI true triaxial apparatusngsrable to those of

conventional triaxial testing devices most commonly used in petroleum engineering research.

The experimental work is concentrated on true triaxial testing of cylindridalBgrea sandstone
samples. The reasons that caused this sedimentary rock to be selecteddoareskireefold. Firstly, Buff
Berea sandstone exhibits a relatively low degree of intrinsic anisotropy, &dmagsversely isotropic
material, and is therefore a more appropriate choice to study stress-induced anisithraytythe added
effects of fractures and large laminations, such as would be the case withatesstSecondlymillidarcy-
scale permeability of Berea allows for short periods of saturation aedppessure equilibration in the
sample, effectively simplifying the testing procedure and allowing tomedlibration of the apparatus and
associated measurements. Lastly, the lack of high clay content in the quarried sandgitaseadiaws for
application of pore pressure effects with minimum fluid-rock interactitvas tould influence the

deformation of rock under anisotropic stress conditions.

Most of the compressional testing of reservoir rock samples has been limitemventional
triaxial apparatuses, in which two of the principal stresses are égjual o, = 03 Or gy = g, > 03).
Moreover, the bulk of previously published works on true triaxial testingsefrvoir rocks involves failure
testing with devices limited by some of the common issues, such as loadingieitgeblank loading

corners, and restrictions in sample deformation.



Owing to the novel design and laboratory calibration work, the tiaddar apparatus that serves
as the basis of this study incorporates no such issues. The results of this stungly@anthe understanding
of stress-induced anisotropy of deformation under unrestricted, general streis®@gi > o, > g3),
and allow for comparisons to be drawn with more limited conventional triaxiahdgesthe effect of
intermediate principal stressy, on permeability anisotropy, wave propagation, as well as static and
dynamic elastic moduli, will be explored to gain insight on the importance of tabptaue triaxial testing

in petroleum engineering applications.

1.3 Rock Properties of Buff Berea Sandstone

Buff Berea is a finge-medium grained Lower Mississippian sandstone. It should be noted for
clarity that different Berea sandstones may show different properties, awiing widespread deposition
area of the Bedford-Berea sedimentary sequence that stretches from Pennsyldaniaidky, and the
associated changes in lithology of the formation. The samples used in this study are quarried fiom Kipt
Lorain county, mid-north Ohio. They are well-sorted and light-brown with presdmiaeker-brown quartz
minerals. While variations in lithology may exist for different Berea dands, the samples of Buff Berea
exhibit a porosity of 23%, water permeability in the 80-120 mD rand&hnis common among other

Berea sandstones. Grain density of Buff Berea samples used in this study is 2364 g/cm

According to Lo et al., the mineral composition of Berea sandstone is mainlg qudrininor
amounts of feldspars, kaolinite, and carbonate materials (1986). Lene and Owen (1969¢dexfguartz-
grain orientation study on Berea sandstone and suggested that most quastargraimented with long
axes parallel to the plane of bedding. Berea sandstone is defined as a trgnsadreplc material, for
which the main cause of anisotropy is the weakly preferred orientation &s@aad flat pores. In many
rocks, transverse isotropy and other types of elastic anisotropy are observed thousggic aelocity

changes under stress (Lo et al. 1986; Takahashi and Koide 1989; Thosuwan et al. 2009).



CHAPTER 2

LITERATURE REVIEW

2.1 Rock Deformation Principles

Before investigating the effects of stress state on deformation anisatrigpyecessary to consider
a specific definition of deformation. For homogeneous and isotropic rocks, thefeuargypes of
constitutive laws governing rock deformation: elastic, poroelastic, elastoeplastl viscoelastic laws
(Zoback 2007). For linearly elastic materials, stress and strain are propottionak another and
deformation is reversible. For elastic media, the deformation associated withglégadiully recovered
during unloading (Amadei 1983). However, rocks rarely show perfect linear-ddabiwior because of
complex processes of rock deformation owing to heterogeneity and anisotropy. Temcexisf
microcracks, pore space, and irregularities in rock microfabric often causeseandlasticity up to a
yield point, after which plastic deformation is dominant. Typically, rocks @iefbrm non-linearly in
response to applied stress, which is signified by microfracture closures. Afterwards, the behavior becomes
more linear elastic until failure stress is reached. A suitable examplelisficeack deformation was
illustrated by Jaeger et al. (2007) in a complete stress-strain diagram for rock under uniaxi®digtness
2.1). The closure of microfractures in the rock is seen in region OA withtavpamirvature, followed by
a nearly linear elastic deformation in region AB. The region BC is wireneersible strain occurs in the
rock, leading to a gradual decrease in the slope of the curve and a final failure okthepwint C. Upon
reaching point P on the BC curve, the stress is unloaded to zero, but smesstains in the rock, shown
asey. In addition, a hysteretic behavior is demonstrated when deformation during loading andhgnloadi
follows different stress-strain curves. Further loading would result imgio the original stress-strain
curve at point R, corresponding to a higher stress and strain than point P. Differences lbatfiegand

unloading stress-strain curves are associated to energy loss in the factioof along grain boundaries



and microfracture faces (Jaeger et al. 2007). While post-failure defomin the rock is possible within a
larger rock mass, it cannot be measured in core-scale laboratory testing due to loss of amyicat@s

specimens.

Another factor in deformation is poroelasticity, which takes place iodhmpression of pore space
of rock saturated with fluid. The pore fluid pressure counteracts the stress created in a rockeldssert
the poroelastic behavior is largely influenced by the rate of applied stress, arfteteach of stiffness in
undrained and drained rocks is an example of such behavior. If the rate of applied stress is greater than the
rate of fluid being exerted out of pore space, the fluid tends to stiffen the raekriping part of the total
stress. Similar to poroelasticity, viscoelasticity of a rock descriteeddformation with respect to stress as
rate-dependent. Overall, the coupled physics of such relationships between stresfustriow, and

viscosity, are used to describe the deformational behavior of rocks.

¢!

Stress, o

(0]

“0 Strain, &

Figure 21: Stress-strain diagram of a rock under uni
stress (Jaeger et al. 2007

In studying deformation, elastic moduli are used to describe the deformation caused ¢y appli
stress. An overview of the three types of strain and their relation taceta=duli is shown in Figure 2.2.

These elastic moduli describe the deformation of rock when subjected tdyjeseof stress: uniaxial



stress, shear stress, and hydrostatic stress. However, they are commoitydeseribing deformation

under conventional triaxial stress state.

An important characteristic of the linear-elasticity model for homogeneous armpisabck is
that it requires only two elastic moduli to describe its deformationaviieh However, for most rocks,
there exists a degree of elasticity anisotropy, meaning that rock stiffness depends ontitve idingbich

the stress is applied.
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Figure 2.2: lllustration of Strain, Stress, and Elastic Moduli in Idedl2zeformation Measureme

(Zoback 2007).

Elasticity anisotropy can be described with the stseas: formulation known as the generalized Hooke’s

law in Equation 2.1.,

Sij = Cijkl * €1

(2.1)



wherec;jy,; is a fourth-rank tensor with 81 constants, which can be reduced to 21 constants based on

symmetry and other assumptions.

For most rocks, the characterization of anisotropy only requires five constants due hera hig
degree of symmetry. Such rocks are known as transversely isotropic, meaningttdraneasurements in
one direction, usually vertical, in these rocks are different from measurementsedhbitaiany other
direction (Anderson et al. 1994). Calculations involving this concept are usually pesifarsing

directional wave velocities measured to investigate wave propagation anisotropy.
2.2 Stress-Induced Anisotropy

Anisotropy in rock properties is known to be a result of depositional environméméral
microstructure, fracture alignment, and other complex physical and chemical praxfasaasportation,
compaction, and cementation (Al-Tahini and Abousleiman 2010). However, anisotropy cancalso oc
under large stress variations in different periods of reservoir exmoitauch as after drilling, hydraulic
fracturing, production related formation subsidence, and pore-pressure deplégamsually known as

stress-induced anisotropy.

In this section, the relationship between a stress environment in a rock argbitiogit properties

is discussed, with an emphasis on anisotropy of rock deformation, permeability, and elasticity.
2.2.1 Wave Propagation in Anisotropic Rocks

Elastic wave propagation has long been viewed as a significant source of ildormatetermine
properties of petroleum reservoirs in the form of borehole acoustic measuresméntaboratory
measurements of core plugs. Elastic waves are known as mechanical disturbances dgnpaatiete
movement that causes energy to propagate through a material without displadeimematerial itself
(Eitzenberger 2012). They take the form of compressional (longitudinal, andPshear (transverse, o) S-

waves. The direction of particle movement is parallel to the directiarave propagation in P-waves and



perpendicular in S-waves, respectively. Since particle vibration in S-waves takeopla plane normal
to the propagation direction, the direction of vibration on that plane can vary and is known zatmmari

S-waves are usually divided into vertically (SV) and horizontally (SH) polarized components.

Wave propagation through intact rock depends on both the intrinsic propertiesarfiktzend the
external factors, such as stress state and magnitude, as well as fluid type and saturation. Howeger, due t
differing nature of propagation, P- and S- waves react differentlyesetfiactors. Wave velocity is
influenced by factors like rock texture, density, porosity, and intrinsic anisotropy. Consolidateditbcks w
densely packed grains generally result in higher P- and S- wave velocdiesinhonsolidated soils.
Similarly, rocks with lower porosity lead to higher wave velocity due to arease in grain density. The
effects of mineral composition had also been previously explored (Ramana and Venkatanarayana 1972
where wave velocity trends had been noted with increasing content of certain minenads¢bnitlusive

statements were made.

Anisotropic properties of rocks, such as bedding, presence of microfracturesfeoential grain
orientation, influence wave propagation. Since most rocks are anisotropic in natute dligned
microfractures, minerals, large-scale fractures and faults, as well as amopiisetress field, wave
propagation is often used to study elasticity anisotropy and progressive damage of the instarkas, it
was previously established that elastic wave velocities decrease with forraatiorevolution of

microfractures (Sayers and Kachanov 1995).

2.2.2 Elasticity Anisotropy

The most general definition of anisotropy of a property is “the directional variation in the value of
vector measurement a property” (Anderson et al. 1994). It is important to note that this definition is scale
dependent. It depends upon the relative size of the smallest structural featureailéra pf interest with

respect to the largest feature of the medium (Amadei 1983). Additioaallgxception in the use of the



term exists where anisotropy is used to describe a state of stress, whitshimeanisotropy of intrinsic

physical properties.

It was observed that such anisotropy in rock can be induced under non-hydrossstststee even
if the rock exhibited no anisotropy originally (Wu and Hudson 1991; Rudnicki 1977)rdllgnehanges
in the anisotropic behavior due to stress are attributed to closure and/or openicigpivhctures (Ita et al.
1993). Yin and Nur (1992) performed measurements of wave velocities under pobtagss and
concluded that induced velocity anisotropy is a result of cracks closed in the dicéctmplied stress. In
a study involving six different rock types, including Berea sandstone, they obseatexiréss affected
intrinsic anisotropy, which was predominantly due to preferential grain di@ntadirection of
microcracks, and interbedded fine clay layers. In another study of anisotropit¢apticoresponse in
sandstones by Lockner and Beeler (2003), it was also stated that bedding, alignmemfi@actures, and
mineral fabric are common causes of intrinsic anisotropy. However, theyneshthat deviatoric stress
effects, even small ones, also create substantial anisotropy. In conventionaldaaiedssion of brine-
saturated shales, both velocities and peak strength are affected by different matimzipal stress
orientations with respect to bedding (Piane et al. 2010). It was deterraietilatancy of microfractures
and ensuing anisotropy are increased under bedding parallel loading, whereas beddindgpadimggal
reduces anisotropy. This particular behavior is dependent on pre-existing anisstriopll as the stress
effects. As an example, a study of faulting in an anisotropic, schistose rock undal gexél conditions
determined that weak bedding planes may control the geometry of rock deformatif@ulting under
stress (Kwasniewski and Mogi 2000). A similar conclusion is achieved by Pianevdi@abescribe the
generation of microfractures as influenced by both lamination within roclielisas magnitude and
orientation of stresses (2010). As discussed by Dewhurst and Siggins (2006) and Popp a(@D86)zer
deviatoric stress causes changes in the physical properties of shale, increasingasingeelastic
anisotropy. Particularly, these changes occur due to alterations in magnitudarofeffective stress,

orientation and degree of anisotropy of the stress field. It can be geneitadizadhile intrinsic anisotropy



plays an important role in the sensitivity of rock mechanical properties tmagdtess, magnitude and

orientation of mean and deviatoric stresses can also induce anisotropy in deformation anegttk str

Measurements of different kinds were done under various stress conditions on Beteasaltals
et al. (1993) investigated the effects of stress-induced anisotropy on itsasthtignamic properties by
performing uniaxial, biaxial, and hydrostatic loading on both saturated and unsaturgbézs s&mong
their findings was the understanding that compressibility exhibits stress-thaoisetropy and is not only
a function of mean stress. The explanation provided for such behavior was that poressithitipr and
effective elastic moduli depend on stress state due to non-linear grain contact stiffness in Bere@& sandston
The influence of fluid saturation is shown as viscous stiffening in addiiatastic stiffening of grain
contacts. Dependence of drained pore compressibility on the states of stress apgpbeshimples is
shown in Figure 2.3. Dynamic compressibility is maximized under biaxial statks, thii static one is
largest under hydrostatic conditions. This behavior is attributed to dilatigaiofgpntacts in the direction

of minimum stress, which offsets compressibility in maximum stress direction.

In measurements of elastic and poroelastic properties of Berea under axisynoaeling,
Lockner and Beeler (2003) reported that, while Berea contains intrinsic apisdtronly plays a role at
low confining pressure, whereas the stress-induced anisotropy is seen to groweotigonith applied
differential stress. It should be noted that the experimental differential\waisesonstrained to about 50%

of failure stress to minimize introducing any permanent microcracks to the sample.

As mentioned previously, stress-induced anisotropy was observed when applied stresses we
within the elastic limit of the rock. This allowed stress-induced anisotmpg teversible and the sample
was returned to almost its original state after unloading. Anothen§mdade in Lockner and Beeler (2003)

was the determination of anisotropic poroelastic coefficients for the sintglekof anisotropy (transverse
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isotropy). It was determined that eight independent constants are neededilbe dgsoroelastic transverse

isotropic system.
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Figure 2.3: Static and dynamic drained pore compressibili
Berea sandstone under three states of stress (Ita et al. 199:

Much of the experimental work included considerations of pore pressure and effeetbgeirstr
“drained” and ‘“undrained” tests, as well as the effect of deviatoric and differential stresses on intrinsic
anisotropy. Both the intrinsic properties of rock, such as microfractures, eligrmhmineral grains, and

stress state were found to play an important role in creating anisotrsiggiofind dynamic elastic moduli.

It was determined that even homogeneous, isotropic rocks are subject to stress-inducepyanisot
at both high and low levels of deviatoric or anisotropic stress, and th#tinteinsic anisotropy can be

minimized under increasing stress conditions.
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2.2.3 Permeability Anisotropy

Permeability anisotropy is known as the directional variability of perrigalni a formation,
commonly associated with intrinsic formation anisotropy, such as bedding and lansnétis usually
expressed as the ratio of horizontal to vertical permealdiljtjk,,, or vice versa. Moreover, permeability

is also stress-dependent and can be influenced by both the magnitude and state of stress in a formation.

Bruno (1993) studied experimental stress-induced permeability alteration in sandstobi@egdom
with a discreet element model that incorporates grain-boundary and intragramiatacracking,

intergranular deformation, and pore network fluid flow.

During development of theoretical background for the model, Bruno defined ametgr bonds
as the cementation connections bridging any two individual grains, which are saljeébrmation and
fracture (Figure 2.4). Pore space conduits can be seen as crossing over some ofitheulatebonds in
this 2D representation of the simulation microstructure model. However, basednmiifyisig assumption
about flow tortuosity, pore space flow is localized at the centroids of iaterigr bonds, and in 3D space
the channels wrap around individual bonds. Bond deformation under stress is assumedltthedlaw

through pore space conduits.

Simulation of both such deformation and the formation of intragranular microfract@®s w
performed in models such as one shown in Figure 2.5. For this particular model, thezgreamge was
0.4-0.6 mm with cementation of 0.10-0.15 mm surrounding the grains, resulting in aredegrsity of
64%. Simulation was performed in biaxial compression with axial to ldtselratio of 4:1 and flow
direction occurring parallel to the axial loading direction. Figure 2.6 shibesesulting axial strain,

microfracture formation frequency, and permeability response during loading and unloading.

12



Permeability decreases steadily until the onset of microfracture formatiarh alkd corresponds
to the beginning of non-linear strain behavior. As microfracture frequeses) permeability reduction rate
is decreased. This response suggests there exists a preferential @niéntaicrofracture formation, which
is parallel to the maximum stress direction. Right before peak load is achieveiteutly afterwards,

permeability increases in an abrupt fashion.

Intergranular
Bond

Pore Space Node —— -

Overgrowth and
Cementation

........ Pore Space Flow Network

Figure 2.4: Simulation discreet element microstructure (Bruno 19¢

This behavior is attributed to the coalescence of microfractures orientdtdlp@r maximum
stress direction into a shear band. The model was also used in simulations of la@dixiglparallel and
perpendicular to flow direction, which illustrated that permeab#duction is markedly higher when high
stress is applied in direction perpendicular to flow than when it is in idinggarallel to flow. This result
is correlated with experimental testing performed on specimens of threerdifférelogies: Salt Wash
sandstone, Castlegate sandstone, and Kern River sand. Each specimen was tested imabtriseaéb
compression with stress magnitudes reaching 15 MPa. Figure 2.7 demonstrates the eifferenc

permeability alteration in the two directions during loading and unloading for thkegzde sandstone
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specimen. Flow-perpendicular loading clearly shows permanent permeability reductioh, cahi be

associated with irreversible deformation and compaction.

The results of the study demonstrated a clear stress-dependency of permeability bathebe
conventional triaxial testing experiments and the simulation exhibiting comparable outdbmwes

observed that under an increasing hydrostatic stress states permeability is dedutedompaction of
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Figure 2.5: Grain model and associated pore network (Bruno 1993).

It was noted that deviatoric stress effects counteracted this reduction in Ipiéityniea enlarging
of additional flow channels during tensile and shear damage to intergrasmlkamtation, and microfracture

formation within grains. Another observation was made in terms of microfeaatignment- it was
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preferentially oriented parallel to the maximum principal stress directionly Ldisterent stress sensitivity

of permeability was attributed to the differing amount of cementation in the samples tested.
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Figure 2.7: Permeability alteration for loading and unloadir
axial and radial direction for Castlegate sandstone (Bruno 19

2.3 Common True Triaxial Cell Designs

True triaxial testing of rocks in the laboratory allows for generatibmn anisotropic stress
environment existing in petroleum reservoirs, and can be used to improve #rstamding of their
geomechanical properties. Most commonly used rock mechanical and geomechanical testirey of
samples in the petroleum industry has been limited to conventional triaxiagjtdeg its simplicity. In a
conventional triaxial test, where a cylindrical core plug is loaded axiaftlife under radial fluid
confinement, the intermediate principal stress effect is not incorporated in rockaidmal behavior
since loading is limited to two of the three principal stresses being equal in mdggméndering, equal

to eithera; or g;. Such behavior is well-illustrated in the Mohr-type failure criteria. In order taiEaie
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full extent and accuracy of rock deformation under anisotropic in-situ stress conditions, one waréd requ

a true triaxial testing apparatus to create three independent orthogonal psitnegsas in a rock specimen.

In this section, true triaxial testing devices are reviewed in terms of loadingnpattiersign

advantages and limitations, and overall applicability to petroleum engineering research.

2.3.1 Historical True Triaxial Testing of Rocks

Li et al. (2011) have performed a study of historical development of true triaxial testing, dibt
major true triaxial apparatus designs and their characteristics. The histowg triaxial testing of rocks
begins with the discovery that rock strenigth function of intermediate principal stress, under constant
minimum principal stressy;. While conventional triaxial testing had been the norm in the field of rock
mechanics before true triaxial testing, it was first observed by Karnmfilihthat compressive strengths
of a rock specimen measured under triaxial compreggipt o, = g;) and extensiorio; = o, > 03)
yielded different results. This rock failure behavior was later confirmefditlyer testing with different
rock types (Li et al. 2011, and Handin et al. 1967), and in consequence, the intermediigia gthess
was found to have influence over rock strength, which led to attempts fimgradrue triaxial apparatus
enabling control of all three principal stress magnitudes independentiyal pproaches involved
compressional and torsional testing of thin hollow cylindrical cores, whereby aitixial stress state was
created and the ensuing test results were used to improve understanding stifehgtlr, fracture angle,
and brittle-ductile transition (Li et al. 2011, Handin et al. 1967). However, sngttémesults and inability

to test brittle rocks limited the applicability of such testing.

Over time, numerous other testing devices were made that generated ditdeixialstress within
rock specimens, unlike the indirect stress created during torsional testirgginVested cubic, prismatic,
and cylindrical rock samples, with loading actuated by rigid plates or fheiskpre through a flexible

medium.
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2.3.2 Classification of True Triaxial Apparatuses

A classification was created by Li et al. (2011) that categorizes existiegtriaxial testing
apparatuses into three types based on loading pattern. They are known asibypgid: platen type, Type

II: the flexible medium type, and Type llI: the mixed type.

Type | apparatuses incorporate three pairs of pistons loading cubic or prismatic shropigis
rigid platens. While such machines are characterized by a high loading capalcity ability to test larger
specimens, a number of disadvantages have limited their applicability fornreckanical testing,
especially in petroleum engineering research. Figure 2.8 is a schematic of atuafpyakang et al. (1995),
wherein three pairs of hydraulic rams are used to apply loading onto aazlbgample in three orthogonal
directions, with pressure in any set of opposing rams being equal on opposite side# Wilslparticular
example loading eccentricity is minimized, other devices with fixed suppodpposite sides of hydraulic
pistons cause deviation between the center of the sample and the center of loading. In order to prevent any
contact between moving platens, the sample size is usually made larger than the size of iptitéhsal
which leads to partial loading of the sample. Such blank loading corners create floom-stress
distribution, which is detrimental to proper stress generation and affects rocknalédor Another
disadvantage with Type | apparatuses is the existence of a rigid loading boundary betweerea sjpelcim
the apparatus, which restricts specimen deformation and fracture surface forsddiionally, the use
of rigid platens on all faces of a sample renders permeability and acoustic testindfioeny tdi perform.
Finally, the limitation of specimen shape to prisms and cubes creates further ctewpiexsample

preparation.

Type Il apparatuses are those in which at least two orthogonal directions of laselieguipped
with fluid pressure, with the remaining direction loaded by a rigid platen,pistan. Fluid pressure is
transmitted by a flexible material that does not restrict sangdfiemation and eliminates blank corner

loading.
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Figure 2.8: Schematic of Type | true triaxial apparatus (King et al. 1995).4g)dbi of the machine; |
Stress diagram of the rock sample.

A notable example of a Type Il apparatus is one constructed by Smart (1995)ghsaesmade
to minimize limitations of Type | apparatuses. Smart et al. described dhes# limitations being the
complex geometry of cubic specimens as problematic for weak sandstones and shalesliithednsists
of rigid axial platens used to apply maximum principal stress, and radiaheowht by 24 tubes
surrounding the rubber jacket in a way similar to a conventional triaxisgegiproach, as can be seen i
Figure 2.9. The trapped tubes are held within recesses milled into the ce#rimcocdntact the flat side of
the tube with the rubber jacket surrounding the sample. Constructed fromh&vghape of the tubes is
changed to have a flat face so that the sum of all tubes develops radial strebsesoom sample when
subject to independent servo-controlled fluid pressures. The 24 trapped tubes ardrdivittede banks
of tubes (numbers 1, 2, and 3 in Figure 2.10), selective pressurization of which allowferfential radial
stresses to be generated. Use of such design allowed successful testing of cylindrical specimins under

triaxial stress state and measurements of permeability in a fluid satureitexpecimen. A clear advantage
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of this type is the ability to compare test results to those performed in camartiaxial testing. A

limitation of this particular apparatus is its relatively low loading capaaitjting its usein hard rocls.
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Figure 2.9: Schematic of Type Il true triaxial apparatus by Sn
al. (1999).

A Type lll true triaxial apparatus is one where two principal stress directions are loaldeigjiai
platens and the remaining one is loaded with a flexible medium. This type is also kriteriMagyi-type
apparatus, based on the very first design created by Mogi (1970). A scheihealigpe Ill apparatus is
shown in Figure 2.11 - maximum and intermediate principal stresses are appliedgidiptptens in a
way that minimizes loading eccentricity, while minimum principalsstis created by fluid pressure applied

to the remaining faces of the specimen not in contact with the platens.
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Figure 2.10: Schematic of Radial Loading. Numbers 1, 2, and 3 represent independecbraeoliiec
hydraulic circuits (Smart 1995).

Nevertheless, end friction and blank corner effects, however reduced, are stititprégpe Il|
device advantages over Type Il apparatuses are the ability to directly measnseadbing two faces of a
specimen and a higher loading capacity. However, the Type Il apparatus is built @dandular shaped
rock samples, which remains a disadvantage for testing of cylindrical samples andatiomparalysis

with conventional triaxial tests.

2.3.3 Characteristicsof UNGI True Triaxial Testing Assembly

The true triaxial testing assembly used in this research study has been desigbailt doy Dr.
Mese and loaned to UNGI by Geomechanics Engineering and Research, PLLC in 2014. Apextidirigs
on the apparatus at the time of writing. The true triaxial cell, whidhbeireferred to as UNGI True
Triaxial cell in this thesis study can be categorized as a Type II, dolexiedium type, apparatus capable

of testing cylindrical rock specimens.
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Figure 2.11: Schematic of Type lll true triaxial apparatus (Mogi 1970). (a) #®nt (b) Diagram ¢
platens and rock sample.

The assembly consists of a true triaxial cell resembling a conventionadltégpiaratus, as shown
in Figure 2.12. The schematic of the apparatus is illustrated in Figure 2.13. A cylisdrigalk is loaded
axially by a rigid piston on one side, while placed against a fixed support on theteiesi The axial
loading creates maximum principal stressz0rOn the radial plane, the specimen is loaded idirection
with confining fluid pressure applied directly to a rubber jacket. Intermegtigieipal stress is created with
a set of two flexible rubber membranes transmitting fluid pressutieeoremaining opposite sides of the
specimen. The confining fluid generating is separated from the fluid inside the membranes, which is
confined within two rigid radial pistons. The radial pistons are clamped agathsthie axial rigid piston
and the axial fixed support in order to limit generation of intermediate palsiresso the fluid inside the
flexible membranes. The apparatus creates no blank loading corners, provides ctetestick
deformation due to uniform boundary loading through flexible membranes and no end,fiactibn
eliminates loading eccentricity. The design of the apparatus allowadtively high loading capacity that

is controlled by the pressure capacity of utilized hydraulic pumps.
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The capabilities of the assembly consist of strain and wave propagation mesassrienall three
orthogonal directions, as well as permeability and resistivity measuremeigisdrained and undrained
conditions. However, the laboratory work performed within the time constmairttes project limited
comprehensive calibration to only axial strain and wave propagation measurementsaapermeability
testing. Future studies would include full coupling of geomechanical and wave veloisitgropy under

true triaxial stress state.

Figure 2.12: Complete assembly of the UNGI true triaxial te
apparatus.
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Figure 2.13: Schematic of UNGI true triaxial testing apparatus.

2.4 Laboratory Variation in Dynamic and Static M easur ements

Stress-strain relations of rocks derived through laboratory testing often pdiffeagnt elastic
moduli than those calculated with elastic wave velocities, contrary to thediastcity theory. The former
and the latter are known as static and dynamic moduli, respectively. Thentifen the two types of
moduli has been explored by studying poroelastic and viscoelastic propertiessofratkas been largely

attributed to the effects of strain magnitude and rate (Tutuncu et al. 1998, Fjaer 2009).

An important factor in the relation of laboratory measurements of wave yelmcistatic
measurements of deformation is rate-dependency of rock stiffness. The difference tndeagobserved

stiffnesses between the two methods stems from a difference in the amount of strain createdkn the
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The phenomenon is amply described by the mechanism of squirt flow, or localized flow. Squir
flow is known as the localized oscillatory motion of fluid in thin pores mragracks compressed under
wave excitation, which minimizes energy dissipation, causing an apparent incnesdesiifiness (Mavko

and Nur 1979).
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Figure2.14: Static and dynamic Young’s modulus response to axial
stress in a triaxial test (Fjaer 2009).

It has been experimentally proven by Tutuncu et al. (1998a, b) that elastic ofatiyland fluid-
saturated sandstones exhibit larger magnitudes with higher frequency waserenemts, i.e.
Evitrasonic > Eiog > Elowfreq > Estatic- Additionally, it was reported through uniaxial stress cycling tests
that strain amplitude differences are the primary cause of variation bettegeraad dynamic moduli,
assuming viscoelastic frequency-dependent effects have been corrected for, with taghanmgilitudes
resulting in smaller moduli. What had been concluded is that, even withoustbelaistic effects of squirt

flow in dry rocks, strain amplitude effects exist in both high-straticsmeasurements and low-strain
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dynamic measurements of elastic moduli, and are the cause of, along with frequencifertieces

between static and dynamic data.

Fjaer (2009) reported results of testing dry Castlegate sandstone specimens in uniaxadiaind tr
compression, as well as the analysis of differences between statityaachic moduli. The dynamic
Young’s modulus was found to be larger than the static modulus for all stresses in all triaxial tests. It was
observed that the differences in strain amplitudes of static and dynamic measuremeenissvékely the
cause of divergence in moduli, especially at higher stresses (Figurelutidy initial loading, both types
of moduli increased with increasing stress. However, at higher stress magniatdesnetuli were
decreasing, while dynamic moduli exhibited little sensitivity to stress changge kain amplitudes of
static loading were linked to higher frictional sliding along microfrasgucausing a decrease in static
Young’s modulus. Conversely, dynamic strain amplitudes were much lower than the static ones, leading t

proportionally smaller dynamic moduli.
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Figure 215: Young’s moduli hysteresis during loading and unloading of dry
and brine-saturated samples (Tutuncu et al. 1998b).

It was experimentally observed that fluid type also affects the strain arneptiepkendence of

elastic moduli (Tutuncu et al. 1998b). Using uniaxial stress cyclingdeBisrea sandstone specimens in
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dry, brine-, and hexodecane-saturated states, the hysteretic strain behavior andtshef éfiettype on
strain amplitude dependence were studied. Two additional samples were satuthted selution
containing CTAB, a cationic surfactant rendering grain surfaces hydrophotmp|toe the effects of stick-
slip sliding and adhesion hysteresis on attenuation. The Berea samples tested ha@lalpaubsity and
600 md permeability. The resulting hysteretic behavior is visible in Figures 2.15 anavBet6 loading

and unloading of dry and brine-saturated samples results it gllifferent Young’s moduli.

Non-linear hysteretic behavior is seen in all specimens and saturationsjmiltlr stress-strain
relationships in dry and hexadecasstirated states but different from those of the brine-saturated state.
The CTAB-saturated states indicate higher axial strains and lower radias shat any other states. The
hysteretic behavior is explained by mechanical instabilities caused by cyclionmovef asperities
between grain contacts, and frictional grain sliding. The theory of the processssdis that larger
deformation during unloading is due to a different amount of forces thattoeleel overcome for a
mechanical equilibrium to be maintained between grain boundaries. Presence akehawidcules such
as CTAB causes an even higher hysteresis due to additional pull-off foexsdnt® break molecular

entanglement, leading to a different stress-strain response.
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Figure 2.16Poisson’s ratios hysteresis during loading and unloading of dry and
brine-saturated samples (Tutuncu et al. 1998b).
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CHAPTER 3

METHODOLOGY AND MATERIALS

This project consisted of experimental true triaxial testing of Buff Besiadstone samples in dry
and water-saturated states with simultaneous measurements of compressional amdveheelocities,

axial deformation, and water permeability in axial direction.

The testing was performed with the UNGI true triaxial testing appaxahish was first calibrated
to ensure that no loading eccentricity, blank corner loading, or radial sample deformatioforestriete
present. The experimental phase of the research performed, calibration appheatus and the
measurement system, pore pressure installation for permeability testing, pwapafraamples, loading

method, setting up and testing procedures are discussed in this section.

3.1 Calibration of the True Triaxial Testing Apparatus

The calibration brought revisions of the original design as shown ine=@iB. The original
version incorporated two sets of radial pad pistons, one with flexible membranes, and one witbtagid m
platens. Together, the two sets form radial enclosure of a cylindrical sampletwheaelial directions are
loaded with a rigid platen on one side and a flexible membrane on theTdtiseconfiguration can allow
wave propagation measurements in two orthogonal radial directions. Initial egptintrials have
indicated possible existence of loading eccentricity, friction along the adak fof the sample, and
difficulty of eliminating confining fluid invasion into the enclosed sample spAc®ther significant
challenge was present in the calibration of radial wave propagation. Further calibrakicanddesting is
expected to allow implementation of the original design, which would incagosimultaneous

measurements of wave propagation in three orthogonal directions.
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In the adjusted configuration used in this study, the two radial rigid pistereslaft inactive and
the pistons containing flexible rubber membranes were implemented for loadingdirection, placed
against each other. The sample faces imrfhdirection were consequently open to confining fluid pressure
following this change of configuration. As shown in Figure 2.13, the only dreofiloading using rigid
platens is the axial direction, in which maximum principal stgsdss applied. As the radial pistons are
pressurized, the metal frames surrounding the membranes are placed against phatesiaffectively
preventing the pressure of the radial pistons from being transferred oriézélseof the rock specimen.

This allows fluid pressure within the membranes to create stress in the sample.

The center of the sample does not deviate from the center of loading in the axial direction because
the sample is held by the fixed-support platen on the bottom and only thegdiplaten is moved during
the loading-unloading process, similar to the conventional triaxial systems. In ordevdat@ny loading
eccentricity from the radial flexible membranes, equal pressurizatibatbfmembranes was ensured by
connecting both pressure lines to a single ISCO syringe pump with 0.001 psi highyadeadaal pistons

were also pressurized using one source, in order to equalize loading on both sides of the specimen.

The corner effect is not present in testing involving the UM@ triaxial apparatus, because half
of the cylindrical sample is appropriately encased by two opposite-facingléemembranes along one of
the two horizontal directions, while the other half is loaded with confifiinigl pressure. Stress
concentration effects from radial pistons are negligible since metat¢grafithe pistons are deterred from
applying any stress to the sample by the axial rigid platens, limiting tadiihg to confining fluid and

flexible membranes.

The use of fluid pressure allows for unrestricted sample deformationriadilaéplane since there
is no frictional force between the sample and the surrounding fluid in the eceérobranes, warranting
uniform boundary loading. Nevertheless, in order to ensure fluid pressure ssinsnthroughout the

sample faces in contact with membranes, water was injected into the memb@redesting. To confirm
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that an adequate volume of fluid necessary to contact areas of the samplecthsestdtal frames was
injected, a visual observation of the saturated membranes was made befageipdtie apparatus, noting
the expansion of the membranes. Later on, the fluid volume within membranes wasdaaijastding to
the observation of piston LVDT displacement and pressure communication between merabdhtiee

surrounding pistons.

The adjusted configuration of the radial pistons necessitated isolating dlexéhbranes from
confining fluid to prevent fluid communication between the cell and the membrahés. was
accomplished by sealing within and around the contact area between the neoprene jatietaatial
pistons with “3M Marine Fast Cure Adhesive Sealant”. Sealing was performed directly before apparatus
assembly in order to bring the radial pistons to full contact with the jhekete tack-free curing of the
sealant occurs. The neoprene jacket was previously degreased and lightly sandedi¢oapieyuate
adhesion. The described approach worked sufficiently during preliminary testingaridenefore applied
for the samples used for the thesis study. The sealant was also used thisotatie sample from confining
fluid, along with “Devcon H2 Hold Flexible Epoxy”. Both products were applied separately over top and
bottom ends of the neoprene jacket in conjunction with sealing the radaigi3ithe resulting sealing
allowed for the anticipated testing to be performed without fluid communicatitie sample being tested

and any leakage in the system.

3.2 Sample Preparation

Cylindrical Buff Berea sandstone core plug®” diameter were used in the experimental study.
The samples to bmeasured were cut down to lengths nearing 3.5” with a core cutting saw in the Core
Preparation Laboratory at the Colorado School of Mines Petroleum Engineeringnidyiawithout water
lubrication during cutting to prevent any rock-fluid interactions that may #ie sample characteristics.
Subsequently, the core lengths were brought down precisely to 3.5, with accuracy of 0.001”, using a lathe

in the College of Engineering and Computational Sciences Machine Shop at MinendT$@faces of
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the cores were uniformly smoothed to minimize stress concentration effects when in cohtdet aitial

rigid platens.

The length and diameter were repeatedly measured, and then averaged to take intareccou

uncertainty of manual measurements. Each sample was weighed on a scale with resolution of 0.001 g.

3.3 Preparation and Calibration of Wave M easur ements

The equipment used in measurements of acoustic wave propagation is listed as follows:

1. Two ultrasonic piezoelectric dual-mode transducers with natural resonance frequency of 1 MHz,
custom-designed to fit inside the axial rigid piston and the fixed-support platen.

2. “Olympus Model 5058 PR” pulser/receiver.

3. “Tektronix TDS 2024C” four channel digital storage oscilloscope.

4. “Olympus” P- and S-wave transducer cables.

5. “LabView” computer software package to record waveforms and other geomechanical

measurement data in real time.

The wave propagation was used in through-transmission modeinvherelectric signal travels
from source to receiver transducer. The signal is sent from the transducer betawethe core specimen,

in the fixed-support platen, and received by the transducer in the axial rigid piston (Figure 2.13).

Travel time loss through the rigid platens was calculated by measuringhtrangmission mode
wave propagation fad®-face for calibration. The time delay was incorporated in the analysis of wave data

by subtracting the face-face time from arrival time in the sample measurements shown in Chapter 4.

An acoustic couplant was used to assure full coupling of the transducers to the housing they sit in.
The couplant used in the dry test was soluble in water, therefore, wheatdresaturated measurements

were conducted, it was replaced with “3M Marine Fast Cure Adhesive Sealant”. The latter, being resistant
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to water, proved appropriate as an acoustic couplant with waveform clarity colapartte dry sample

measurements.

The S-wave polarization remarkably impacted the shear wave data. Therefore, tireestper

were performed with transmitter and receiver transducers oriented for O degree polddz&indin tests.

3.4 Ingtallation and Useof LVDT Transducers

Static measurements of axial deformation of the sample, as well as isttialdisplacement, were
made with three Linear Variable Displacement Transformer (LVDT) units. fEmsducers used were
“Keyence GT2-P12K” stylus type high-precision sensafalis, with measurement range of 12 mm (0.47”)
and resolution of 1um. All three sensors were mounted on the apparatus in the assbogiynairto the
surfaces of pistons. The sensors were connected to the computer via a “Keyence GT2-100N” large display
amplifier showing real-time displacement and used in conjunction with pump contsoburiitg testing
for observation and recording of axial deformation response of the core samplasgiogistress states.
LVDT units were also mounted on the radial pistons and used to record piston moiemepbnse to
change in confining fluid pressure, radial piston pressure, and flexible membranegpiassder to adjust

membrane volume accordingly.

3.5 Stress Loading Method

In exploration of the effect of true triaxial stress st@dg > g, = 03) on deformation and
permeability anisotropy, this study aims at describing the influence of taghitnde and state of stress
(e.g. hydrostatic or anisotropic). While it may be easier to analyze strests @ffeonventional triaxial
testing by considering only axial and radial stregggs= g5 in conventional triaxial compression), the
inclusion of intermediate principal stregscomplicates the analysis of deformation, especially when many
stress states are considered. In this study, a total of 91 different sitessasé applied to both dry and

water-saturated Buff Berea samples. Without a comprehensive method that separefests of stress
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state from the effects of stress magnitude, an approach that includes the etfeet®wld prove difficult
in achieving the objective of this project.

The stress loading method used in this study consisted of simultaneous variation of thyga princi
stresses to create and maintain constant octahedral normabgtresghile changing octahedral shear

stressz,.:- The equations for octahedral stresses are shown below:

o1 + 0y + 03
Ooct =———3 3.1

Toct = %\/(01 — 03)* + (03 — 03)* + (03 — 01)? (3:2)

Testing was performed on several different octahedral stress planes withlayadiation ofz, ., within

each plane. Eight different effective octahedral normal stresses have beeneintgterithey are: 100,

200, 300, 400, 500, 1000, 2000, and 3000 psi. Within each stress magnitude equal to or larger than 500 psi,
the effective octahedral shear stress was varied from zero to a relatively maximummitiek bly either

the octahedral normal stress or pump pressure capacity. This loading method allovatbsegastress
magnitude from stress state, exemplifieday; andr,.;, and also the inclusion of, effects. The latter

was accomplished with a nhondimensional stress paraimetdtich expresses the relative magnitude,of

in relation too; andos:

_ (07 — 03)

whereb = 0 or b = 1 respectively illustrate triaxial compressi®, = o3) and triaxial extensiofw, =

01) conditions. Movement towards the upper limit, whiere 1, corresponds to increasing intermediate
principal stress. All three principal stresses were manipulatadtaimeously for each loading cycle (the
complete procedure of testing, including pump control, is described in section 3.6. Gdlewgsulting
combination of stresses designed for this study was illustrated in Figure 3.1@dd), showing variation
of stresses in three-dimensions. Initial hydrostatic stress conditions of 1000@08na8 400 psi were not
incorporated into octahedral shear stress cycling. Figure 3.1a illustrates thetédwadral stress planes, in

which stress state was varied from hydrostatic to highly anisotropic. Octahednakglss, as seen in
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Figure 3.1b, was varied significantly, with maximum magnitude of up to 140C-@sieach octahedral

stress plane considered, the octahedral shear cycling was repeated 5 times.
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Figure 3.1a: Loading variation for dry and saturated Berea sandstone sanfiilespace. Shear str
cycling conducted in four octahedral stress planes: 500, 1000, 2000, and 3000 psi. The octahet
stresss, ., magnitude is shown in the color bar (psi).

Cyclic loading was conducted to allow changes in stress paraimdibe parameter magnitudes
incorporated into testing were 0, 0.25, 0.5, 0.75, and 1, signifying stress conditions witbtearaphtion

of g,: triaxial compression, general triaxial conditions, and triaxial extension (Figure 3.1c).

3.6 Setup & Testing Procedure

The true triaxial apparatus was assembled in a manner that suited theprestulyire, as described
in previous sections of this chapter. High-vacuum grease was applied atrtgs,@ripackings surrounding

pistons, to prevent any fluid flow across the rings.
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The vertical position of the fixed-support platen was adjusted to guarantee clamgpiaglaiténs
by radial piston frames. The length of the neoprene jacket was also measureepanedpto cover the
core specimen and axial platens, and to provide a seal with the platens. Sealant and epoxy were applied as

described in section 3.1.
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Figure 3.1blLoading variation for dry and saturated Buff Berea sandstone samples in 3D space. -
bar shows octahedral shear stress variatign)Xin psi.

Piezoelectric transducer alignment was made prior to securing transducers within axial ptatens f
constant S-wave polarization. Upon assembly of the apparatus components, all LVDT semeors w
manually mounted and then calibrated for positioning orthogonal to metalesirfsiter recording of
displacement was initiated, a small degree of axial stress was applied to e saththe pore space of
the sample was vacuumed to ensure a tight seal of the neoprene jacket by ¢desappdint and epoxy.

Before tack-free curing occurred, radial pistons were pressurized to providerfisict between flexible
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membranes, sealant, and neoprene jacket. The pressure in the flexible membranesasasl iimcorder
to ensure proper pressure communication with the radial pistons and to adjusvaliates in the
membranes. Wave signal transmission was also checked to ensure clear wave propagatjbrtte

specimen. The apparatus was then left untouched for 3 days to ensure curing of sealant before testing.
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Figure 3.1cLoading variation for dry and saturated Buff Berea sandstone samples in 3DT$pacelor
coding shows variation of nondimensional stress pararbdtaitless).

Testing commenced after injection of cell fluid into the apparatus. lojestas performed without
prior vacuuming of cell volume, as air was allowed to exit the cell withragous water injection. Injection

was completed when a continuous stream of water was observed leaving the cell.

A total of 5 pumps were connected to the true triaxial apparatus, one for ¢laelfiurfctions listed
below: axial rigid piston pressu(e;), confining cell pressur@s;), flexible membrane pressufe,),

radial piston pressure, and pore pressure. All the pumps used were part of “Teledyne Isco D Series” single-
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pump systems, each consisting of a controller and a pump module. Accurate presaveratedcontrol
was necessary in the pore pressure system in order to run permeability teisisharilexible membrane-
radial piston arrangement to control fluid volume in the membranes, therefore, pumbikvtinecision

flowrate and pressure were used.

Pump pressures and flowrates were controlled using a programmed pressure gradiemt Tinet
function allowed steady pressurization of different systems in the appartiwonstant flowrate. It was
used to adjust pressures in the axial piston and the confining fluid intordezate the various stress
magnitudes in the sample. The structure of the apparatus required keeping pressere inhiegaxial
piston and confining fluid corresponding to a certain relationship betweewdharéssures, because of
confining fluid pressure acting on the flange of the axial piston. The appobdasuch pressure control is
same in conventional triaxial testing, owing to similarities in design. Heexitembrane pressure was
manipulated manually with either flexible membrane pump or radial piston pump, stképtdigher than
confining pressure during all anisotropic stress states, since it was usedt® intermediate principal

stress in the core specimen.

Between any two cycles on an octahedral stress plane, the stress conditions wértetdritngg
hydrostatic stress state,f; = 0) in order to return the strains in the sample to those before loading.
Moreover, cyclic testing at different octahedral stress planes was performed oveseacf@averal days,
in both dry and saturated cases, with at least a 12 hour delay betwageging the magnitude of ;.
During the delay, all stresses in the sample were brought down to about 30@m$200 psi radial stress.

It was conducted this way to minimize the influence of stress history on sample deformational behavior

3.7 Permeability Testing

A system of pressure lines, valves, and vacuum lines connecting the apparatus, poepregs
and a differential pressure transducer, was constructed in order to run seveealjiéy tests throughout

testing of the sample. Firstly, the sample was saturated with degassed deioniBddvjater upon
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completion of apparatus assembly, checking the deformation response and the wave digmal in
oscilloscope, as well as full curing of the sealant and the epoxy. A separate chartdiemgodeionized
water was continuously vacuumed by the “Inficon QS5” two-stage, rotary vane vacuum pump over a period
of several days in order to minimize the volume of air trapped within ther wighe pressure difference
between the ambient atmospheric pressure and vacuum pressure was 24-25 in Hps{l1-1Be

maximum vacuum pressure, as shown by the pressure gauge connected to the pump.

Subsequently to its degassing, the water reservoir was used to satusataphevia gravity flow.
The reservoir was placed at a higher position than the sample, which faciltatdovt of water to the
sample owing to the pressure difference. Prior to saturation, the saaplacuumed using the vacuum
pump. In the saturation process, the flow of excess water leaving the pore ggaobserved in the
transparent plastic line above the sample, indicating sample saturationinddnitd@ttent air bubbles were
also observed in the line, the ratio of air to water was seen decreasing dupngcss. Fluid flow was
stopped when the water volume injected into the sample pore space was estimatzg¢o then the pore
volume by several orders of magnitude (i.e. 3 to 4). The resulting satulatel was deemed sufficient,
assuming the permeability of the sample. Further saturation, if any, iseassuhave been achieved during
pore pressure build-up using the pore pressure pump. It is, however, logical tdleedaaator air presence
persisted throughout initial saturation, owing to air remaining in the vedi@mber after extensive
degassing, and air molecules present in the pore network upon vacuuming the parepkpace.
Nevertheless, the potential air saturation is assumed to have been minimal duringifigriesss causing

water flow through the pore space.

Permeability tests were performed under both hydrostatic, e.g. 500 psi of octabedelIstress,
and anisotropic stress states (maximum applied shear stresses). Water flmaimtased in the axial
direction, upwards from the bottom of the sample. Water was injected throughlgtvaare pressure lines
located in the fixed-support platen. The pore pressure line openings were spaedg from the center of

the sample, as shown in Figure 2.13. The outlet pore pressure lines were spaced in tlemsamuoated
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within the rigid axial platen. Before commencing flow, the inlet and olitles were also connected to
“Veris Industries PW Series” wet differential pressure transducer (from here on referred to as ‘DPT’) with
resolution of 0.01 psi. The full system of connections is illustrated in Fig2ir&8ch permeability test was
performed under stabilized deformation conditions, warranted by absence of atiggaéadn all three

LVDT sensors and a stable acoustic waveform. The complete procedure of testing is described below:

1. At the start of the procedure, valves #1, 2, 5, 7, 8, and 9 were kept closed. ABbmad 4 were
kept open. The pressure pumps for the rigid piston, radial pistons, flexible memiaades,
confining pressure were running and maintaining the achieved stress conditi@sample. Pore
pressure of 100 psi was maintained (the pressure reading was cross-referencadthetpee
pressure pump and the inlet pressure reading of the DPT). The vacuum air pump wadfturned o
The lines between the water trap and valves #5 and 7 were under vacuum.

2. If the pore pressure pump was previously refilled (maximum volume of approxirG8teilL), this
step was omitted. It was necessary to maintain at least 40 mL of watepimtpeo allow flow
of water for the test. If pump needed refilling (i.e. pump volume wasHass40 mL), valve #4
was closed to maintain pore pressure at 100 psi. Afterwards, the pressure in the pbnougvdas
to 10 psi and then stopped. The vacuum air pump was turned on; valves #9 andpenerct
which caused pump pressure reading to be negative (-11 to -12). Then, after seveesl tminut
ensure vacuum in the lines leading to the pump inlet line, valve #2 was opdtezdvatuum
pressure was balanced, valves #5 and 3 were closed and #1 was open to allow the flagsefldeg
DI water to the pump. Later, the pump was set to refill, which moved the pump pistortalown
maximum volume position. To ensure full refilling of the pump, valves #1 and 2 were closed after
10-15 minutes. Consequently, pump pressure was increased to 10 psi and valve #hewsoop
allow pressure communication with the DPT. Pressure in the pump was attjustedit in 100
psi reading in the DPT, if necessary. Pump pressure was then increased togsore panditions

of 100 psi (DPT reading) and valve #4 was opened. Subsequently, valve #9 was clo$ed and t
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vacuum air pump was turned off. The pump was effectively refilled with degasseizeiéimater
and was run at 100 psi pore pressure.

The maximum flowrate limit in the pore pressure pump was adjusted to 10 mL/min.

The vacuum air pump was turned off and the vacuum pressure was released to antdseheaim
pressure by opening of valve #8. The pressure reading in the lines was checkedygotheer
vacuum pressure gauge, which showed the ambient atmospheric pressure.

Valve #6 was opened to allow pressure communication between the DPT and th@ayetlet
pressure line. Pressure in the outlet and inlet was then stabilized, as shown by the DPT.
The DPT software used in the testing was turned on for logging and recording of rgsistiiis
time data for both inlet and differential pressures. The resistildta was later converted into
pressure.

The maximum flowrate limit in the pore pressure pump was then adijies8 mL/min (a higher
flowrate was not possible due to pump constraints).

Valve #7 was then opened to a small degree, allowing water flow into the agtefiie change
of differential pressure and pump flowrate was observed. Once the flowrate asre ndiif
pressure were constant, a real-time display of resistivity vs. time iDRAesoftware computer
exhibited a relatively constant resistivity value. After accumulating severaltesi of data
measurements, valve #7 was opened to a larger degree, thereby increasing theadliffieresiire
on the DPT and the pump flowrate. The time for data recording was kept #amenauring
constant flow and pressure. Valve #7 was then opened more, with aim to achieve idifferent
pressure around 10-12 psi, for which the flowrate was still well belawimum value of 30
mL/min. This differential pressure was estimated through trials sxbievable with the limited
pump volume available, assuming that pressure and flow equilibration time increiises w
differential pressure. The time period for data recording at this stage wasakepts in previous
stages. For each stage, pressure and flow equilibrium was ensured so that permealdéitypoalc

can be made with maximum accuracy.
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9. Upon the completion of data recording, the DPT software was turned off. Thwergté limit in
the pump was decreased to around 15-20 mL (without limiting actual flow). ¥alwas closed
slowly to prevent any drastic pore pressure changes in the rock sample by obdiéiefiagtial
pressure and inlet pressure constantly. When flow was stopped, flowrate dsnitraught down
to 3-5 mL/min. Then, Valve #6 was closed.

10. Since flowrate and pressure data were recorded and stored in two different computers (one
connected to the DPT and the secentb the pump control unit), time difference between the

clocks of the two computers was recorded for calibration in permeability calculations.
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Figure 3.2: Diagram of permeability testing setup.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results of the completed experimental workfamrthef stress-strain
curves, wave velocities, dynamic and static mqduld permeability changes in the axial direction. X-ray
CT scan images of the core samples used in this research study are prothéefigpendix. Analysis of
the results is based on comparing and contrasting various data sources, i.e. wave progiagatistress,
and permeability. The discussion presented in this section concentrates dowhedgsignificantagects
deformation differences in the core samples tested in dry and water-saturatem®ndifferences
between dynamic and static moduli, as well as effects of stress anisotroppgmitlde on permeability
and sample deformation. A uniting deformational phenomenon derived from the results is also discussed.
4.1 Comprehensive Examination of Stress-Strain Curves

Both tests were performed in the same manner with only one differenceonthaffpore pressure,
implementedn the saturated case. The experiments were performed over similar timeframe @& das
dry sample and 6 days for the saturated sample), including all of the nog-tasé, when the system was
left overnight. During periods of no testing, the stresses were brought doviminom (i.e. 0.69 to 1.38
MP3). Loading for the two tests was performed in the same manner, with stressesamplegenerated
at constant pressure rate. The complete stress-strain curves incorporatingeestgatiedral shear stress
(from hee on, referred to as simply “shear stress”) and axial strain, are shown in Figures 4.1 and 4.2. The
four clusters of loops represent the effective octahedral normal stresses (“normal stresses” from here on) of
3.4, 6.9, 13.8, and 20.7 MPa. It is worth mentioning that in order to maintastanbnormal stresses for
an array of shear stresses and valuds af least two of the three principal stresses needed to be adjusted

simultaneously.

42



For ease of comparison with works of other authors in the literature, units of streqzesemted
in megapascals instead of pounds per square inch (original data units), withtatnon for other variables

also represented in respectiykunits.
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Figure 4.1: Complete stress-strain curve for the dry Buff Berea sample ljeolimdicates variatic
in normal stress).
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Figure 4.2: Complete stress-strain curve for the water-saturated Buff Beq@a gawtor bar indicatt
variation in normal stress).
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As can be observed from the figures, hysteretic behavior was preseihttedt®tsignified
by loading and unloading stress-strain curves following different paths.aResrdegree of hysteresis is
seenin the saturated case. The dry case exhibits somewhat distorted stressustesnin the first two
clusters, whereas the saturated case indicates distortion in theldstr. With higher normal stress
applications, the strain response becomes clearer for both cases. A mam@skiint strain can be noted
in the saturated sample test from the strain measured for the dry sampléh&ample is subjected to

various hydrostatic stress stafes.; = 0).

Each stress-strain loop in individual cluster corresponds to a specifiamnsialue for that loop,
beginning with the smallest value lof= 0 in the right loop and progressing toward the left. The increase
in b corresponds to lower axial strain. Furthermore, starting mvith0.5, strain reversal begins
proportional to the value &ffor each following loop in most of the clusters reported in this study ghehi
values ob, the largest magnitude of octahedral shear stress at a constant octahedratress@dcreases,
owing to the increase of intermediate principal stegsd his illustrates why maximum shear stresses for
the triaxial compression loops & 0) stand out from the maximum stresses in all subsequent hysteresis

loops.

The stress-strain diagrams shown above were reproduced using only the stress aradustsain v
corresponding to the wave measurements and more clearly illustrate the slopesindigattlal curve
(Figures 4.3 and 4.4). At= 1, the condition where intermediate and maximum principal stresses are
equal, the magnitude of the stress-strain curve slope is roughly the isgraater than the sloadb = 0
for normal stresses @f,.; = 13.8 and 20.7 MPa in both tests. The strain reversal at high valudsisf
shown to counteract the strain generated by normal stress. At normal stress of ddtiREy sample
scenario, however, no strain reversal occurred, i.e. the slopes of loading and unloadingererpesitive.

The next normal stress of 6.9 MPa a reversal of axial deformation took place only under
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Figure 4.3: Simplified stress-strain curve for dry Buff Berea sample. Only thpalata fo
step changes in stress magnitudes and states are used.
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Figure 4.4: Simplified stress-strain curve for saturated Buff Berea sanmiyeth® data poin
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Permanent strain generation can also be recognized in the stress-stragnaftenvunloading of
the stress loops. The location of the initial strain at the beginning dieuparloop is different for different

stress hysteresis loops within the same cluster. This behavior is presehtdnytantd saturated scenarios.

It should be noted that strain rate is highest under normal stresses of 3.4 MPa andygraduall
decreases with increasing normal stresses. This behavior is presentéstsoand is most likely associated
with initial closures of microfractures in the samples. As misuces occur, the sample becomes stiffer
under larger normal and shear stresses. It is also observed in the dry sant@egtain is positive dt >
0.5, while the saturated sample displays a relatively small negative slbpe &fThe logical deduction
follows that early-stage microfracture closures under increasindiminish its effects on axial strain.
Owing to microfractures closures in the planes parallel to maximum aewhadiate stresses, lateral

straining fromo, does not communicate well with axial straininga@yat low normal stress.

4.2. Wave Velocity Response

The propagation of acoustic waves through the samples is an integral ffetexperimental
results in this study and therefore, it was given careful attentiarrirtstof wave velocity measurements.
The arrival times for compressional and shear waves in through-transmissiastiraeged in groups with
various waveforms plotted together for higher accuracy. Changes in waveéguericy and amplitude
were incorporated in the velocity determination. The estimation approach favdPasrivals was kept
same for the two tests. The S-waves were analyzed slightly differently thareB;\vat in the same manner
for the two sets of datédt. should be noted that there always exists a small degree of uncestamtying
from differences in manual approach of picking arrival times. Such uncermittg idata is acceptable
assuming that error is consistent and the approach is comprehensive and coosigimbuhthe analysis
of waveforms. The velocity values were calculdbydaking into account static strain of the samples at

each consecutive stress condition.
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The changes calculated P-wave velocities under the stress state conditions applied faoth
samples are shown in Figures 4.5-4.8 below. Figures 4.5 - 4.8 illustrate the effeesso¢@tditions on
P-wave propagation in tests of dry and saturated samples. Velocities inctbasigivér normal and shear
stresses. A noticeable and consistent difference in velocities acrosstslis the higher velocity magnitude
in the saturated casBlevertheless, both datasets show a similanityelocity trends corresponding to
differentb values under all normal stressThe effect ob, while still present, diminishes for the saturated
scenario, signifying a smaller sensitivity to the intermediate strisg.etill, it can be concluded from the
data that P-wave velocity is inversely proportional to the changes in the non-dimessiEssparameter.
While there is minor overlapping of velocity profiles corresponding to Bpdxvalues, the general trend

of decreasing velocity with increasibds clearly visible.

At lower constant normal stresses of 3.4 and 6.9 MPa, there exists a largeorvamiatlocity
response to shear stress, which becomes a more stable slope at higher stress levels 2AL.3.81&ad
Dry case velocities exhibit magnitudes in the range of 2.77 - 3.37 km/s, while tregeshitelocity range
is 3.18-3.57 km/s. The differences in average velocity show the same response to ttieapphéstress
(Figure 4.9. As pore pressure in the core rises, the pore fluid, in our case water, provides another medium
for compressional wave propagation in addition to the rock matrix filling the poce spa making the
bulk density higher compared to the dry case where pores are filled witBiraie water is relatively
incompressible under the stress states implemented in the experiment, it impaogesssion of the
acoustic wave, and combined with increased density, results in a higher velatipuld be highlighted
that pore pressure was maintained in the “drained” condition throughout testing of the saturated sample,
signifying that the volume of fluid in the sample was continuously adjustediitataim constant pore
pressure. The S-wave velocities are shown in Figures 4.10-4.13 in the same order as #&sicoalpr
wave velocities. An opposite response to the saturation is observed - shear waveiprogagatsistently
slower in the saturated case than in the dry case. Another significant clamg®ifmpressional velocities

is the increased variation and inconsistency of the velocity respobsalice between the two tests.
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Figure 4.5: P-wave velocity variation with shear stress at constant normal srgss-08.4
MPa, with different values df for dry sample (Dry) and saturated sample (Sat).
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Figure 4.6: P-wave velocity variation with shear stress at constant normal sggs=06.9
MPa, with different values df for dry sample (Dry) and saturated sample (Sat).
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The difference in response originates from inconsistency in the dry samptitiesl across
different normal stresses. For instance, in Figui®,4he velocity profiles ab = 0 for the saturated and
dry cases show opposite behavior, yet in Figure 4.11 the behavior is similar. Sheaelsaities for the
saturated condition illustrate the same responbeatdlifferent normal stresses. It follows then, that shear
wave velocity in the saturated case is directly proportional Rry velocities, conversely, do not display
a consistent relationship with the stress parameter, due to variatietoaity profiles corresponding to
b = 0 andb = 0.25. Other velocity profiles for the dry sample express directly proportiospbrse to

stress parameter changes.
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Figure 4.7: P-wave velocity variation with shear stress at constant normal soggs-ofl 3.8
MPa, with different values df for dry sample (Dry) and saturated sample (Sat).

This interesting velocity response to stress state and magnitude is taofestress-induced
anisotropy of deformation. As mentioned in Chapter 2, deformation of sandstone imslokieg and
opening of microfractures, or small high aspect ratio cracks, under both layidrasd anisotropic stress

conditions.
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Figure 4.8: P-wave velocity variation with shear stress at constant normal siggs=020.7
MPa, with different values df for dry sample (Dry) and saturated sample (Sat).
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In the former, all randomly oriented microcracks begin collapsing since stigsoign in three
directions. However, under anisotropic stress conditions, microfractures oriented ntortrelynaximum
stress direction will close, while those oriented along the directitbtvevforced to open. Moreover, with
increasing intermediate principal stress physical changes to microfracturesebemre complex. The
increase irb parameter indicates an increase in the magnitude of intermediate pratiesalrelative to
maximum and minimum stresses. Bsises it causes a higher degree of closure in microcracks oriented
normal to ther, direction. Because S-waves are polarized in the plane parallel to the direttion
intermediate stress, as was mentioned in Chapter 2, the medium of wave propagation tenseness
microcracks are closed. The dry sample scenario illustrates a varying respoms\ave velocity to
increasing stress parameter. At normal stresses of 3.4 MPabwheénvelocity experiences an initial rise,
followed by a decrease in magnitude at higher shear stresses. Corresponding toefeeskanges in the
sample is a large increase in axial strain, as illustrated by Figure 4.3 partamt feature in deformation
profiles of both samples is that axial straircat= 3.4 MPa is largest throughout both tests, as shown by
the slope of the stress-strain curves. Within this first cluster of the-stir@sn loops, the straining of the
samples is largest at lowdstwhich is also the case for other cycles at higher normal stresses. In each
stress-strain cluster, dsincreases, axial strain is diminished. Firstly, this behavior supports previous
findings thato, increase in a general stress state counteracts the strain genergteeviey at decreasing
03 magnitudes. Secondly, as it applies to S-wave propagation during triaxialessiopr the shear stress
increase is warranted by a larger difference between maximum and minimuraesstigh decreasing
confining pressures, naturally, the stress state becomes increasingly uniaxial, adosimg of
microfractures oriented aligned to maximum stress direction and uciestriateral expansion.
Consequently, as microfractures oriented parallel to S-wave polarization amaged, the medium of
wave propagation becomes less dense, resulting in lower S-wave velocity. Thiy vedadi is observed
at the smallest normal stress. Higher normal stresses result in sraadéon of velocity with shear stress.

There, the increase in shear stress incorporates larger confining stréssed, atausing a smaller degree
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of lateral expansion, and therefore a smaller change in S-wave velocity. A&fsepsirameter increases,
lateral expansion becomes more limited indhalirection, followed by a later reversal into lateral strain,

as signified by the stress-strain curves in Figures 4.1 and 4.2.

Again, the S-wave propagation medium becomes denser, explaining the directly proportional
response tb. The nonconforming response is seen in dry velocities at normal stress of&§.@h&pe the
b effect is more negligible. The response of average velocity to increaserialrsress (Figure 4.14) is

relatively the same for both dry and saturated tests.
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Figure 4.10S-wave velocity variation with shear stress at constant normal stregs ef 3.4
MPa, with different values df for dry sample (Dry) and saturated sample (Sat).

Discrepancy in S-wave velocities can be better observed by combining S- and P-wave
velocities in terms of/, /V; ratios. The compressional to shear velocity ratio has been proven as an

indicator of lithology in both laboratory experiments and sonic logs, as well as exhibitingerelati

independence from effective stresses or pore volume changes (Pickett 1963).
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Figure 4.11: S-wave velocity variation with shear stress at constant noresal sfs, ., =
6.9 MPa with different values df for dry sample (Dry) and saturated sample (Sat).
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Figure 4.13: S-wave velocity variation with shear stress at constant r&tresd ofo,.; =
20.7 MPa with different values df for dry sample (Dry) and saturated sample (Sat).

However, it was also estimated that shear velocities show a higher degree of changessoc
with a respective porosity change than compressional velocities. The veloatyhast been used
increasingly often alongside compressional and shear velocities in identificatiorsityand fluid type
(Castagna et al. 1985). If the calculated shear wave velocity trends ganslahe velocity ratios, the
large difference between velocitiesbat 0 and those ai > 0 can be attributed to a decrease in porosity,
in addition supporting the notion of microfracture closures. T ratios are illustrated in Figuresl4.

— 4.18. The velocity ratios in the saturated condition clearly exhibit a depenaiebcespecially under

3.4 MPa normal stress, as seen in Figut®.4The trend in the saturated sample ratios is consistent and
exhibits a reversely proportional relationship with the stress paramigtdgr to P-wave velocity. This
response is expected, owing to larger magnitudes of compressional wave velooiypased to shear
wave velocity. For higher normal stresses, the saturated S-wave velowtiivigg to change inb is

relatively constant, with smallest variation taking place uaggr= 6.9 MPa.
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Dry case S-wave velocities showed a smaller dependence on the stress parametea, wittedat
3.4 MPa normal stress showing little to Imeffect. The remaining velocity ratios show a larger degree of

consistency.

Throughacomprehensive study of an array of different laboratory measurements and eRrpadrim
data from the literature, Castagna et al. (1985) determined that clastic siltiatergary rocks exhibit an
almost linear relationship between P- and S-wave velocifies velocities were measured on samples

under a variety of testing conditions, representing a general relationship b&waeaVs.
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Figure 4.14: Difference between average S-wave velocities for dry andee
samples.

Among other findings, Castagna et al. (1985) reported nearly constant velocityfoatiry
sandstones and decreased ratios at lower compressional velocity in saturateeimegdsurhe laboratory

wave velocity relationships for various sandstones are illustrated in Figi9re 4.
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As shown in Figure 4.21, the data on Buff Berea for dry and water-saturated expegriebits
very similar behavior. The dry velocity ratio is almost constant, witihtsiariations. The saturated
velocity has a decreasing slope with increasing compressional velocity, as eshiynatiétear trendline.
The difference between the two figures exists in the magnitudes of coropatsslocity, which are
smaller in the case of Buff Berea. However, this discrepancy does not iradiaekeof correlation, because
the effective stress magnitudes for Figure 4.20 data are not discloseggodsible that P-wave velocities
were higher for that data as result of much higher magnitudes of stress. The difference in the ghapes of

data is likely caused by the anisotropic state of stress generated in testing of Buff Berea.
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Figure 4.19: Wave velocity relationships for dry and saturated sandstones (Cas
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Figure 4.20: Wave velocity ratios for dry and water-saturated Berea sandston
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Based on the similarity of wave velocities determined in this studyetatlire data shown
above, the data of the study appears to be fitting for Berea sandstone. Moreowetociheratios fall in
the range of expected values for sandstones-(1.8), ass expected in the conventional notion (Castagna
et al. 1985). The full scale of relationship between compressional and shear velreegnidbelow (Figure

4.22), which is comparable to the literature data in Figure 4.19 above.
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Figure 4.22: P- and S-wave velocity relationship in dry and saturated tests of Buff |

As illustrated in the above figure, the average compressional to shear velticifgnthe saturated
scenario has a slope with a y-intercept different from that of the dry sgemamng to a larger deviation
from the trendline in the saturated sample data. As indicated by Figure4.481%e saturated sample
exhibited much higher velocity ratios than the dry sample. However, the satamateldy velocity ratios
react differently to stress changes. In spite of the deviation, thiensksip between S- and P-waves is still
nearly linear. The initial deviation for the saturated scenafigaly due to the high variation in S-wave

velocities at normal stress of 3.4 MPa, as mentioned above.
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Yin (1992) made wave velocity measurements in tensor form for Berea 200 sandst@fie (19.
porosity and 2.14 g/chdry bulk density) under triaxial and polyaxial loading. The original tabdldata

is presented in graphical form in terms of principal stresses (Figure 4.23
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Figure 4.23: Wave velocity variation across triaxial and polyaxial loaddinBere:
200 sandstone (dry). Wave propagation is along the direction of maximum p
stress. This is the graphical representation of Figure 4.24 with data poi
maximum principal stress in directions of y- and z-axis (Yin 1992).

The data that was used to create the figure above is shown below (Figure 4.25)e Beeaus
direction of maximum principal stress changes from z-axis to y-axis, tresponding velocities were also
changed for P- and S-waves. The schematic of the polyaxial loading assemblp nsealstire wave
propagation in the study is illustrated below (Figure ¥1.2Z4e loading was performed by manual turning
of loading bolts of the polyaxial frame. As indicated by the schematic, the sanggle is different from
cylindrical and the faces of the sample are incompletely covered by the rigidsplatés configuration,
discussed in Chapter 2 as a Type | true triaxial loading device, incapgpeatial loading due to the corner

effect, as well as friction effects due to rigidity of the platenseBan the observation of velocity response
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in the figure above, P-wave velocity increases under triaxial compressiohiglier maximum principal

stress.
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Figure 4.24: Schematic of loading and sample shap
polyaxial loading system (Yin 1992).
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Figure 4.25: Velocity variation with triaxial and polyaxial loading of d&er20!
sandstone (Yin 1992).
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Essentially, the velocity increase under triaxial compression shows the same behavior as the wave
velocities of dry Buff Berea whelm= 0. However, the polyaxial velocity trend corresponds to decreasing
b with increasing maximum principal stress (frém= 0.67 to b = 0.40). P-wave velocity increases with
decreasind, which parallels the compressional wave behavior in this study. S-wave velocititseahib
correlating trend as well. It should be noted, however, that this data inelaeger error due to issues
related to Type | devices and manual generation of loading. The trends inyedspitnse show the same
behavior as with the Buff Berea tests. Yin stipulated that soft rocks, sucheass@aedstone, exhibit stress-
induced anisotropy of wave velocity and attenuation due to microfracture closurettadodigection of
increasing stress, and that intrinsic velocity anisotropy is a result of ggérgrain and microfracture

orientations, as wellsanterbedded clay layers.

Since aspect ratios of closing microfractures are oriented norroahye tdirection of increasing
stress, under varying anisotropic stress conditions microfracture closures deffencbetative magnitudes
of all three principal stresses, indicating that the stress statee afample influences anisotropy of

deformation and wave velocity.

4.3 Stress-Induced Per meability Anisotropy

All of the permeability measurements were made in the axial dire@imection of maximum
principal stress), with fluid flow upwards from the bottom of the sanmifiie Darcy’s flow equation was
used, based on the relatively high permeability of sandstone. Axial dat@irwas incorporated into the
calculations. Permeability was measured at both hydrostatic and highly anisotropiimosenftir each of
the four levels of normal stress and for edclvalue. In all anisotropic stress conditions, only the
measurements under maximum shear stress were taken. The change in permeability under the tested stress
conditions is illustrated in Figure 4.26. First two measurements were made undgvetigdrostatic
stresses of 1.4 and 3.4 MPa. The stress loops seen on the graph indicate all dfilfggrmeasurements

for each cluster of constant normal stresses. At hydrostatic streés@sntl 13.8 MPa (between the stress
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cycles), permeability decreases with a large corresponding axial strain. Pétyneabinge under
hydrostatic stresses follows a certain curve, with a large initial drop in tadgrat low stresses and smaller

subsequent reduction.
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Figure 4.26: Effects of normal and shear stresses on permeability.

The response to both shear and normal stresses is clearly visible by the orieftatoturve. A
more detailed permeability response to the applied stresses can be seeraxigastsain (Figure 4.97
Each loop illustrated in the figure represents maximum shear stresseseasingo. It is noticeable that
permeability response to the stress parameter is not consistent acrosatdiffemal stresses. In addition,
shear stress in the sample is seen to increase permeability for all normal strebsesresses, however,
this effect takes on different forms. For instanceh at0, maximum shear stress first results in an
approximately 20 md increase in permeability at 3.4 MPa, butiass to 1, permeability drops 5 md. The
effect ofb is not consistent throughout the measurements, causing some incrkagenaherb values

under larger normal stresses. The normal stress increase, as mentioned abeva, sraaer respective
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change in permeability, which can be aptly illustrated by plotting @apitity versus hydrostatic stress

(Figure 4.28.
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Figure 4.28 Permeability reduction with increasing hydrostatic stress.
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The hydrostatic stress effect on permeability can be approximatelyeay fitting the
data points with a power-trendline. Figure 4.29 showb-gensitivity of permeability data at four different

normal stresses. A trend of decreasing permeability with increbssndjscerned at,., = 3.4 MPa.
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Figure 4.29 Permeability sensitivity to nondimensional stress parametel
a variety of normal and shear stresses.

However, there seems to be a small effecb @an permeability at higher normal stresses, as
demonstrated by the relatively constant permeability values with incrdadinghould be noted, though,
that small fluctuations in permeability as shown in Figure 4.27 indicate ibsg ptarameter effect is present

and does influence permeability to a certain extent.

Since axial permeability shows dependencebpaside from normal and shear stresses, it is
necessary to observe the variation of permeability with shear wave vedogityperty that exhibits strong
dependence on, effects. The two variables are shown in Figure 4.30. There appears to be a somewhat
linear relationship between saturated S-wave velocity and axial perme&Riite permeability in this

study is measured under both hydrostatic and anisotropic conditions, the largjertefriam the observed
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trend can be attributed to hydrostatic stress effects. When all principal stnessgsial and continuously
increased, closures tend to occur in all microfracture orientations, in addiiompaction of pore throats
and channels. Naturally, shear wave velocity and permeability react differemtiptwease in pore volume
and fluid pathways. Shear velocity will increase due to propagation through a deasemmvyhereas
permeability will decrease due to narrowing of fluid channels. Thereforeuther data in Figure 4.30

should not be assumed as an indication of poor correlation between the two properties.
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Figure 4.30: Permeability relationship with shear wave velocity.

As b increases with constant normal stress, the relative magnitadegaiws, resulting in closures
of microfractures oriented nornialto the direction of intermediate principal stress. On the one hand, as
determined before, shear velocity will increase witue to shear wave polarization in the plane parallel
to o,. Permeability, on the other hand, depends on structure of open channels in the diréictronaoi
is therefore influenced by all three principal stresses. While this figurealtasta certain trend, velocities
of S-waves polarized at 90 degreewfacould offer more information in terms of microfracture closures

or openings in the direction ef, possibly improving the understanding of their effects on permeability.
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As discussed in Chapter 2, Bruno (1993) performed simulation studies as abbr@tdry compressional
testing of sandstones to determine stress-induced permeability anisotropgdifigs, correlated between
simulation results and experimental data, concluded that permeability decreases |aaufiey
perpendicular to direction of flow, and increases under loading in direction pardliéel tdicrofracture
formation and coalescence in the non-elastic deformation stage promoted péymeabdase, even
though initial elastic loading reduced permeability. Both the simulated modeteantbres were tested
under triaxial loading conditions, as well as uniaxial loading for simulationtfdaretical basis of the
simulated cases constituted that pore space flow occurs through cementation bonds baitvgesmothat

deformation of those bonds affects flow.

The permeability results for water-saturated Buff Berea sampleabedstrong correlations with
these findings. First of all, there is a clear relationship between thei@iretioading and permeability
alteration. Permeability reduction with increasmgignifying larger loading in direction perpendicular to
flow, is quite substantial at low normal stress. The opposite behavior is obaétlvdiigh shear stresses
whenb = 0, indicating flow-parallel loading that increases permeability. Secondly, theafjeremd
throughout the extent of testing is the steady reduction in permeabiiith i reported to take precedence
before the onset of microfracture formation and coalescence that willatdtinreverse permeability
changes. Even though the complete relationship between permeability and stress isored éxphis
study to observe the abrupt increase in permeability under larger loadingudagmearing maximum

stress, permeability trends under a variety of general states of stressiabdevialdicators of stress effect.

The relationship between permeability and the state and magnitude of stregsdlvsthis study
is in clear accordance with literature data and moreover, illustrategftioe of stress parametbr The
parameteb exhibits a reversely proportional effect on permeability at low nostne$ses, incorporating
closures of microfractures and narrowing of flow channels in the directifbomof At higher stresses, the
effect of b becomes more negligible, which is likely associated with a lower degreécfnacture

closures in the sample and sample stiffening.
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4.4 Static and Dynamic Elastic Moduli

The use of elastic moduli is a significant feature of deformation analysis for uniaxialstayir,
and conventional triaxial testing of rocks. However, due to an increased compfexitg triaxial stress-
induced deformation with the addition of independent intermediate principal stsdsslil be noted that
the use of only two elastic moduli to study such deformation is insufficienbdhe additional anisotropy
introduced. The minimum number of elastic constants to describe the smallest afegresotropic
behavior is five for transversely isotropic rocks, a group to which Benglateme belongs. However, some

conclusions about deformation can be easily made even with two elastic moduli.

Dynamic moduli were calculated from the wave velocity data in the form of Poisson’s ratios and
Young’s moduli. StaticYoung’s moduli were calculated in the form of a secant modulus — the slope of the
line from zero shear stress at any stress-strain curve to the designated shear stredse [awk tof static
radial deformation data, radial strain was estimated from dyri@uiigon’s ratios by assuming no variation

between stat and dynamic Poisson’s ratios:

€22 =V * &1 (4.1)

whereg,, = strain ino; direction;v = Poisson’s ratio; £;,= strain ing, direction.

The dynamic Poisson’s ratios are shown in Figures 4.31 - 4.34 The Poisson’s ratios closely
resemble previously discussed compressional to shear wave velocity ratios (Fibfres.28). Dynamic
Poisson’s ratios for the saturated scenario exhibit an inversely proportional relationship with indicating
that under lower relative magnitudesogfradial expansion in the direction ®f increases. Similarly to
Vp/Vs, vp is most sensitive to changeshiunder low normal stress (3.4 MPa). Shear stress dependency

of saturated Poisson’s ratios is negligible, indicated by a nearly zero slope of the ratios. Conversely, dry
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Poisson’s ratios exhibit ductile behavior, increasing under higher shear stress magnitudes. However, this

behavior ceases at normal stress of 20.7 MPa. Dry ratios also indicate sensitivity to theratrestepa
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Figure 4.32Dynamic Poisson’s ratios at o,.; = 6.9 MPa.
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Figure 4.34Dynamic Poisson’s ratios at g, = 20.7 MPa.
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There is more deviation from the anticipated trend in the dry stcessrio. Young’s moduli

determined through wave velociiy contrasted with static Young’s moduli (Figures 4.35— 4.42).
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The dynamic Young’s moduli display different relationships with in the dry and saturated cases.
The saturated), indicates a mostly directly proportional respondefiar all normal stresses, meaning that
the sample becomes stiffer at higher relative magnitudes tiiere is more scatter in the dfy, and the
relationship with the stress parameter, though not entirely consistent, is raestisely proportional. Both
cases have a certain degree of inconsistency due to overlapping of data at déleemnbfb, however,
the general trends are more or less visible. The magnitudes of moduli in theetvawios are quite similar.

There is an increase in Young’s moduli with higher normal stresses, as well as with increasing shear stress.

Static Young’s moduli have much smaller magnitudes in the triaxial conditions but rise with increasing
normal stress. However, the dynamic data is consistently higher in magnitude. Thedsatatiatenoduli
appear to be larger in magnitude for all stresses. Also, both cases disptdy gioportional response to

b. However, onlyb values of 0 and 0.25 are incorporated into the calculation. Due to strain reversal
occurring ab = 0.5, the calculated static Young’s moduli become negative at those values of b. The reason

for such behavior is based assumptions in the calculation of Young’s modulus. The assumption does not
incorporate the effects @f, on axial strain and therefore, the calculation does not account for negative
strain in the axial direction. Due to these limitations of the elastidulus, only the values at positive
strains were used. In order to compare static and dynamic moduli, plisvefsusEs are provided in
Figures 4.42- 4.45.From the relationships between Young’s moduli, it is observed that saturated moduli
approach the lineg = y at higher normal stresses, indicating a smaller difference betiyeamic and
static measurements, whereas the difference in the dry scenario remains almost. dosigienb
corresponds to a smaller difference between static and dynamic moduli. Becatstcth@oduli approach
dynamic ones at high stress magnitudes, it could signify a higher degreeutdcy for those dynamic
moduli. However, even normal stress of 20.7 MPa, the dynamic moduli are larger, which isanddéist

since the two methods incorporate very different strain amplitudes and frequencies.
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The ultrasonic wave propagation creates the smallest strain ampliddreas static loading involves
higher frictional sliding along grain boundaries (Fjaer 2009) and thereforeehlighest strain amplitudes.
However, the elastic moduli do not decrease at higher stresses in the testsrélasg inicis expected that

at stresses that largely exceed 20.7 MPa both static and dynamic moduli will be redacéustance,
Fjaer reported decreasing Young’s moduli at axial stresses exceeding 60 MPa. The radial strain derived
from dynamic Poisson’s ratios and axial strain is illustrated in Figures 4.45-4.46 for saturated acdsky.

The radial strain is shown far, direction only, owing to the polarization of shear waves. The calculated
radial strain reversal occursiat= 0.5, at the same time with axial strain reversal, which is what would be
anticipated in real measurement of radial strain. As the relative magaoftuglapproaches that ef, axial
strain recovery begins, signifying thatdpn direction the samples are compacted. The magnitude of radial

expansion is much smaller, compared to axial strain, for both dry and saturated conditions.
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calculated using dynamic Poisson’s ratios.
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The radial expansion in the saturated case is almost double that of the dry case, fiesulting
differences in Poisson’s ratios. This variance can be traced back to the differences in saturated and dry
compressional wave velocities. As previously discussed, P-wave velocities ofuteeshsample were
larger in magnitude due to presence of another medium for propagation in the faaterdifiling the pore
spaceEven though saturated Poisson’s ratios are higher than dry ones, dry Poisson’s ratios display a more
ductile behavior due to a dependence on shear stress. Therefore, the illustratedcdif between two

radial strain curves may not be fully representative of the real strains that tooklynliacgtesting.

35

30

25

20

15

10

Maximum Principal Stress, o, (MPa)

0
-2.0E-03 0.0E+00 2.0E-03 4.0E-03 6.0E-03 8.0E-03
Strain, £ (unitless)

—s—Radial Strain, €22 (unitless) —e—Axial Strain, 11 (unitless)
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CHAPTER 5

CONCLUSIONAND RECOMMENDATIONS

In this experimental study, the intended true triaxial testing of Bu#dsandstone samples under

dry and water-saturated conditions was successfully completed, along witlreneasts of axial strain,

wave velocity propagation in the axial direction, and axial permeabilitgti@mifor a variety of anisotropic

and hydrostatic stress conditions were conducted. The objectives of teist pi@ye been achieved, with

conclusions on stress-induced anisotropy of deformation, wave velocity, and permeabilibeddseiow.

5.1 Conclusions

1. Upon careful analysis of response in P- and S-wave veloditigd,s velocity ratios, saturation

effects, axial strains, and permeability to stress state and magnitude, itlisledrtbat the major
source of stress-induced anisotropy is the interplay of opening and closing ofracitires
oriented orthogonally to directions of increasing stresses. With the intimdwaf changing
nondimensional stress parameethe additional control over microfractures in the radial plane
has allowed a careful examination of microfracture effect on permeabhilttyei axial direction,
wave velocity propagation under dry and water-saturated conditions, and axial strain.
Permeability in the axial direction is influenced by both effective octahedranal and shear
stresses, as well as the relative magnitude of intermediate principal pwesayed byb.
Permeability diminishes with increase imat low stress (3.4 MPa), indicating that loading
perpendicular to the flow direction decreases permeability, while flow-paralléh¢pmdreases it,
as observed by a nearly uniaxial stress state. The effécisahore negligible at higher normal
stresses, however, with increased shear stress permeability can be rifitbacéd by the stress

parameter.
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3. At stress conditions whet®is equal to or larger than 0.5, axial strain reversal occurs, signified by
increased lateral compaction in the direction.

4. The UNGI true triaxial testing apparatus can be used to perform conpmaddsisting under true
triaxial stress stat@r; > o, = g3), providing unrestricted radial sample deformation, and does not
display any loading eccentricity, blank corner or end friction effectsadJtie device, large
magnitudes of streges exceeding 137 MPa, can be applied, granted it is allowed by the pump
pressure capacities (the pressure rating of the apparatus was provithed rbgker). Through
comparison of test results from the apparatus to the results reported inrtheri@erformed with
similar rock specimens, correlation between the two sets of data was estalilisimgdessional
and shear wave velocity magnitudes and trends measured with the apparatus argancaeadih
the velocities and trends determined under conventional triaxial and polyaxial loadirg in th
literature. Axial strains and wave velocities undler 0 exhibit deformational behavior that is
consistent with that of triaxial compression state. Lastly, implemettia@ore pressure system
capabilities of the apparatus, permeability testing was conducted with reatjpatallel previous
findings on stress-induced permeability anisotropy. The above results indatatectiuNGI true
triaxial testing apparatus displays adequate testing capabilities and thatalie ptaduces is
comparable to that of conventional triaxial testing. It is possible to obtailtsrgsorporating more
realistic stress state conditions in order to improve input data for drillinggletaom and hydraulic
fracturing designs, reservoir simulations for reserve analysis, prodwgitonization, and sand

production prediction, among many other potential oil and gas applications.
5.2 Future Work Recommendations

Because of the extensive capabilities of the true triaxial testing app#natexists a wide variety
of improvements that can be made in both equipment and experimental research metHéidslggwith
more calibration testing using original design, simultaneous measurements gbirapagation in three

orthogonal directions can be established, which would allow wave velocity measurentensoirform
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to study elasticity anisotropy of rock specimens. Deformation and failure measurements entiexial

stress state at elevated temperature will provide further accuracy of creatingsituestress conditions.

Experiments with poorly consolidated and/or high-porosity formationdetermine accurate
drawdown conditions at the true in-situ stress state have a high pdienitratigation and/or prevention

of sand production.

Experiments using preserved shale core samples should be introduced, gigeotisthanical
research on shales still incorporates many challenges but has a higher applicgigitioleum engineering
projects. With true triaxial testing of shales, a variety of directions @arek could be followed including
fracture propagation studies in brine-saturated samples, proppant studies, amdkingeractions unde
in-situ stress state. Another significant implementation of the apparatus caluteetégiting under highly
anisotropic stress conditions to model the envelope of maximum stress usinmgaxiakfailure criteria.
Last but not least is the inclusion of strain gages for radial measuremstatiotieformation. It should
be noted that strain gage potential was previously explored at the beginning of thamstedy be fruitful

with more calibration work.

Regarding possible improvements to the research topic at hand, higher magnituéss chstbe
generated in future experiments to fully capture the effects of stress magaitddese in-situ stress state
on stress-induced anisotropy of permeability, wave velocity, and static deformatidreyond the elastic

limit of the rock.
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APPENDIX

CT SCANS OF DRY, SATURATED, AND INTACT BUFF BEREA SAMPLES

Three Buff Berea samples were used in collecting the CT scans: onesamngie that was not
used in any testing, as well as the samples used in testing under both slayuaaidd conditions. As can
be seen by the scans of all three samples, there is no visible pore volume chanestiafjaunder both
conditions, which signifies that loading was performed under the elastic fithie @ock. The strains of
tested samples were fully recovered. While higher resolution scans couldtdusthigher degree of

accuracy, overall trends are expected to be the same. The scans are shown in Figures Appendix.1-6.

Figure Appendix.1: Longitudinal scan of intact Buff Be
sample.
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The scale of measurement is shown in Figure Appendix.7.

Figure Appendix.2Transverse scan of intact Buff Bere
sample.
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Figure Appendix.3Longitudinal scan of Buff Berea
sample used in dry condition testing.
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Figure Appendix.4Transverse scan of Buff Berea samr
used in dry condition testing.
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Figure Appendix.5Longitudinal scan of Buff Berea
sample used in water-saturated condition testing.
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Figure Appendix.6Transverse scan of Buff Berea san
used in water-saturated condition testing.

1000 HU 1550 HU 2100 HU

Figure Appendix.7Hounsfield scale for all CT scans.
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