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1 Introduction

Shalerock is especially critical for succes$ many fields of petroleum engineeriagd may also

be important for the development of sustainable nuclear waste storage s¢lufipns

Owing tothedirect economic importance of shale rpoolany effortshave been dedicated twodel
the materigB mechanicalproperties which can be mainlclassified into two categorieShe first
category focuses on thameirical formulatiors to evaluate thegroperties«ofshale rock[3-8]. For
examples,Dewhurst et al. presened the ampirical strength prediction for preserved shal&§
Farrokhrouz et al. proposed the mapirical estimation of uniaxial. compressive strength of shale
formations [4]; Sayers use the clay-particle orientation distribution function to characterize shale
elasticanisotropy in dynamic measuremer[§. These formulations. are obtaith by means of
laboratoryor sitetests which is thephenomenological way to formulate the behaviostwdle rock. Tie
main limitation of such traditionapproachis that it requires'the extensive and costly experimental
programsto characterie the mateal® propertiesAn attractive alternative to hardthis kind of
problem is providedoy the framework of micromechanjca/hich reduces théaboratory expenses,
meanwhilehelps us throw light orthe relations between the mate@atomplicated microstrtires and
the macroscopic properties of shale r¢gékl4]. For instancesHornby et al.proposed aheoretical
framework to predict.theeffective elastic properties of shalecks based on the effectiv@medium
method and found th#he anisotropy of shal@acroscopi@lasticitywasattributed to shape, orientation,
andconnedion of the solid and fluid phag9]. Giraud et alusal the Hill tensor to estimate th&ective
poroelastic properties of transversely isotropck-like composites[10]. Bobko etal. employed a
strength homogenizatiompproach to interprethe nanoindentation resultand develoged scaling
relationships foindentation hardness with clay packing dengit§]. Guo et al.presentedh shale rock

physics model for analysis tiebrittleness index, mineralogy and porosityBarnettshale[13].

Despite manyattempts, progress in developing consistemtromechanics models that link

mineralogyat the nanoscaléo macroscopic propertiesf shalerock has beetimited, dueto the lack of
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experimental data on the fundamental elaptiaperties of shal elementary building bloskandlinks
between those properties, morphology and macrospoppertied15]. Recently,Ortega et alproposed
a multiscale framework to predict theransverselyproperties of shale rock with the selbnsistent
method and only thquartzinclusion is considerefil5]. Actually there are many types of inclusions,
such as quartzcalcite and dolomite, in the shale rof%14]. And the inclusionsare not perfectly
bonced to the matrix phas# shale rockwhich implies that therareinterfacial-transition zong(ITZs)
[16-19]. To address #se issues, in this extensionwe proposea multiscale (from nanoscale to
macroscalepredicting framework for thehale rock trarsverselyisotropic propertiesconsideringthe
multi-inclusion andITZ effects with a new multilevel micromechanicalhomogenization scheme
Furthemore in contrast with the composites containing isotrq@iases, very few explicit analytical
results can bdound in literature related to threelimensional matrixcomposites with anisotropic
componentgdue to the significant mathematical difficulties appearimg such problemg20]. In our
work, the standrd tensorialbasis[20]. and the Hill polarization tews without numerical integratiofi O]
aremodified to getthe explicit form solutions for the transversely isotropoperties of thehale rock

with multi-inclusion and ITZ effects

The rest of this paper is organized as folloWse fundamentalof coninuummicromechanisare
introducedfirstly._in<Section 2 Section 3presend a multiscale model of shale rockased on the
materialOs microstructures. $action 4,new multilevel micromechanicahomogenization procedures
are proposed to estimate the efifeetransversely isotropiproperties oshale rockThe ITZ effects are
guantitatively considered by modifying tlggeneralizedself-consistent modelFurthemore explicit
form solutions for the effectiveansversely isotropiproperties of shale rockeobtainedby utilizing
the Hill polarization tensor without numerical integration ahestandgrd tensorialbasis.Numerical
examples including experimental validations and comparisons with existing micromechanical models

are presented iection 5, whth also discusses the influencesnaidlti-inclusions andTZs on the



macroscopic properties of shale rdestsed on our proposed micromechanical framework. And some

conclusions are reached in the final section.

2 Fundamentals of continuum micromechanics

2.1 The effective properties ofthe composite

One goal of continuum micromechanics is to estimate the effective elastic properties of the materie
defined over the representative volume element (RVEhe RVE is based.on a OmesoscopicO length
scale which isconsiderablytarger than the characteristic length scale of particles (inhomogeneities) but

smaller than the characteristic length scale of a macroscopic spdeithefake atwo-phase composite

as an exampléehe effective elastic stiffness tensdr of the composite is defined through

r=c .- 1)
with
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whereV is the wvolume of an RVEY, is the volume of the matrixand V; is the volume of the
inhomogeneity.

The effective elastipropertiesdepend on the correspondiatasticmoduli, the volume fraction of
each constitute component, atid microstructures @.the spatl distributionof the components) of

the specific composite[22]. Due to the complex microstructures, many approximations instead of the

exact solutions for these effectipeopertiesare developeth accordance witEshelbyd work[23-25].



2.2 The Esheby solution and the polarization tensor

Eshelbyderived the elastic field inside and outside an ellipsoidal inclusion in an infinite medium,
and proposed the celebrategjuivalent inclusion principleto relate the elastic inclusions and
inhomogeneitie$§23-25]. The maintheory behindhe idea can bsummarizedhs below: Le® consider
an ellipsoid inhomogeneit (particle with properties different from those of the.-homogeneous matrix)
embeddedn an infinite matrix. Acording to EshelbyOs equivalence priegithe perturbed strain field

!!(x) induced by inhomogengitcan be elated to specified eigenstraig (x) by replacing the

inhomogeneit with the matrix material (or vice versa). That.is, for.the domain oirthemogeneit

with elastic stiffness tensa, , we hae

C, o5 +&! (X)#g Cy "eogre!(x) B (%)# (4)
with
H(x)=S:17(x) (5)
where!° is the uniform strain field induced by ffield loads for a homogeneous matrix material only.
S is the Eshelby tensor associated witlte inhomogeneity which can be represented by tHdl

polarization tensoiPas S=P: G, and C, and C, are the stiffness tensoof the matrix and the

inhomogeneit. For details se[26].

For a real material, there ansually many differentinhomogeneies in the RVE. Therefore, it is
difficult to obtain the exagberturbed strain fieldue toso manyrandomly distributednhomogeneies
that influence each other. Througiaking a set ofassumptionsgdifferent micromechanical methods
such as theviori-Tanaka method2728], the selfconsistent methof29] and JuOs methd2il,34-38]
havebeen derivedbased on the Eshelby soluticiosestimate the effective propertiesheterogeneous

materials



3 Multiscale representationof hierarchical structures of shale rock

3.1 Hierarchical structures of shale rock

Shalerocks areheterogeneous in natuesd generally consist of different constituents or phases
such as clay material, quartz agdicite Further, the constituents of materials can be treated as
homogeneous & certain length scale, but when observed at a smaller length scale, the constituent:
themselves may become heterogeneousaimultiscale phenomenon for heterogeneshale rock
materialg 9-15]. According to[13], the components of sheatocks shouldhecludeclays, kerogen, cracks,
pores, quartz, calcite and dolomiféne rock properties are epemlentonthe micrastructure parameters
such asthe orientationof clay platelets and cracks, pore/crack connectivity. and shale mineralogical
conmposition including quartz, calcite and dolomitg¢ll]. There .are many: other researchbst

characterize theicrostructures and propertieéshale roclat different length scatd30-33].

3.2 Multiscale models of shale materials

Due to these heterogensandmultiscalenatures, it is usually impractical and often impossible to
describe allthe precisecharactersf the microstructure o$hale rocksTo characterizéhe materia®
heterogeneouand multiscaldeaturesa new multiscale modeis proposedased on [2] teepresenthe
hierarchicalandheterogeneoustructures of shale roddy takingmulti-inclusions, such aguartz, calcite

and dolomite, and the IT4sto considerationsgs exhibited irFig. 1.

Similarwith [2], the fundamental scale ofalk materials is assumed to be the scale of elementary
clay particles, which can be defined $5aleO0Gt scale OlO, the material can be seen as porous clay
composite. The characteristic sizesafaleOlIO is in the suafillimeter and millimeter rangeand the
material is composed of porous clay fabric intermixed with an abundant population of poorly sorted
detrital grains.The multi-inclusionsand their ITZs are considered at thscale The shale rocks are

represented by homogenous material at theresaopicscale denoted byscale@IO. On the basis of



this multiscale model, the macroscopic propertiessedle OllIO of the shale materials can be

characterized by the microstructures at loleagthscales.

4 Multilevel homogenization approach foresimating the effective properties ofshale rock

4.1 Multilevel homogenization schemes for shale rock

Based on the previous work84-49], a new multilevel micromechanicalhomogenization
frameworkis proposedo quantitatively estimate thteansverselysotropic properties of shale rock with
multi-inclusion andTZ effects asdisplayedin Fig. 2. Specifically, thefirst equivalent matrix made up
of the pores andlay particlesare reached with the first level homogenizatiagexhibitedin Fig.2.a
TheITZ effects are taken into consideration by the second level homogeniaasbown byFig.2.b,
through whichdifferent types oequivalent inclusionare obtainedvhen different silt inclusions, such
as quartzgcalcite and dolomite, are consider®&y addirg the differenttypesof equivalent inclusions
into the equivalent matrigtep by stepthe effective properties of té+)th equivalent matrix anshale
rock can be calculated by tli2+i)th and (2+)th level hamogenizatios) respectivelyas displayedn
Fig.2.c. Herei = 1,2E n, which represents the type of the silt inclusiormeans the sum dll silt

inclusion types.

4.2 Properties of the'porous clay.composite

According to[50,51], when a twephase composite is considered, the effective elastinests

tensor can be reachedfaows:

" C ((Cr! C*)!1+ P' )!l: 0 (6)

r=1

Wherec, and C'is respectively the volume fraction and the stiffness tensor oftth&€omponent

(including the matrix phase and the inclusion phasee different phasemean materials with different



physical properties)C” is the effective stiffness tensor of the tplvase compositend P” is the Hill

polarization tensor, which can be expressed via the known Eshelby. teorsoetails, seg26].
Let@ defineC andC_as the stiffness tensors of the pores elay particles respectively C
signifiesthe effective stiffness tensoof porous clay compositevhichis the first equivalent matrix in

our paperThe effective poperties of the porous composite can be reaahbedrding to Eq.(6)

' [
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Wherec, andc, arerespectively the volume fraction-ofetimicro-pores and.clay particle¥, andV,

(P? and P°) arethevolume Hill polarization.tensa) of the micropores.and clay particlesspectively.

4.3 Properties of the equivalent inclusionswith the ITZ s

Take the calcite inclusion as an examfleerearelTZs between the calcgé@and the porous clay
composite.LetA signify the-thickness of ITZ andrepresent theadiusof the calcite inclusionFor

simplification, the ratio ofr/(r +!) for each calciteis suposed to be constant.o quantitatively

calculatethe ITZ influenceon the equivalent inclusid® propertiesthe threephase model proposed by
Christensen-and L[H2], knewn as thgeneralizedself-consistent models employed by modifyingts
inner and outerlayer phases into thealcite inclusion and thelTZ, respectively. Accordingly, the

effective bulk modulus and shear modulus for the equivalent inclusion can be expefefiedss:

K =K. + /(Kea" Kipy) (f’Kit Il 41'Et 1) 9
e " 3Kitl + 4Mt1 + 3 (1 '/1 ) G<Ca Kit 1)

I n 2 I n
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where
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where/, is the volume fraction of thealcite phase in the twgphase composite composefithe calcite
and thelTZ. K, ,and/ (K . u,and/,, ) arebulk modulus, shear modulus aRdisson'’s ratior

the calcite (the 1TZ), respectivelyK _, and u , are the bulk moduki and shear modulus for the

eca

equivalentcalciteinclusion, respectivelySimilar homogenization procedures can be performed to take

the other inclusion® TZs into consideratian



4.4 Properties ofshale rock with multi-inclusion and ITZ effects

In this sedbn, three different types of silt inclusiorsre takenas example to illustrate our

proposed multilevel homogenization schermet C,,, C, ., andC_, respectively represettie stiffness

eq?
tensor of the equivalent inclusion for quartz, calcite and dolomite

Firstly, take the quartand its ITZas the first typeof inclusionin the first equivalent matrix
According to[5051], the properties of theecondequivalent matrix composed by thest equivalent
matrix obtained after the first level homogenizatemd theequivalentquartzinclusionmade up of the
quartz and its ITZ kalculated by the second level homogenizattan be reached by the following

expression

' 11

Ceq ((Ceq! Cez)!l+ Peq)A T cel((cel! CeZ)!}I- Pel) =0 (18)

with

V, V.
Ceq Y/ +qV ; CeL=V j-lv b Vg™Vt Vgrz SV, = VitV (19)
eq da e

wherec,, and c, are respectively the volume fraction of tleguivalentquartzinclusionand porous
composite V,, and V(P and P)‘are the voluméHill polarization tensor of the equivalent quartz

inclusion and porous compositerespectively C_, is the effective stiffness tensor of theecond

equivaknt'matrix V, andV,

4tz 1S the volume ofjuartz inclusios andtheir ITZs.

Secondly, wen the calcite inclusion edded the effective properties of the composite made up of

the porous composite, tiggiartz calciteand their ITZscan be obtained by

Gu((Cat Co) P cy((C C )t P =0 (20)

with
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C V VcaITZ C. = V +V +V, +Vq|TZ (21)
o v +V, +V, Vo, Vo + Ve TNV VoV

qiTZz calT.

wherec, and c, (P**and P**) are respectively the volume fractiofHill polarization tensor of the
equivalent calcite inclusion and the second equivalent magrixis the effective stiffness tensor of the

third equivalenmatrix,V_, and V_,;, arethe volume oftalciteinclusiors andtheirITZs.

calTz

Thirdly, the properties of the composite consisting ofgbeous composite, thguartz the calcite

the dolomiteand their ITZscan be calculatkwith the thirdequivalent matrix, which can be expressed

asfollows:
| ] . 1
cu((Cu Co)™ P) + cf(Cd il + P?) = 0 (22)
with
C d V +VdITZ C. = V +V +V +\/C||TZ +V \/CaITZ (23)
e 8
V +V +V +\/qITZ +V \/caITZ+ Vd+ VdITZ V + V+ V + \/qITZ+ \/ca \/caITZ+ Vd+ le'l

wherec,, and c, (P*and P%) are respectively the volume: fractiofHill polarization tensor of the
equivalentdolomiteinclusion and thehird equivalent matrixrespectively C_, is the effectve stiffness

tensor of thdorth equivalent matrix}’, and V- arethe volume oflolomiteinclusionand itsITZ.

dITZ

As for the othelkinds of inclusions, thenultilevel homogenization schenzan be similarlyapplied.

If no other silt inclusions are“taken into consideratiop, will be the effectivestiffnesstensor for the
shale rock witlthe multi-inclusionandITZ effects
4.5 The explicit form solutions for the effective propertieswith the ITZ

According to [2], the transversely isotropic properties of shale rock are mainly due to the
transversely isotropic properties of the clay particles at nano$aaleéhe transversely isotropic matrix

or inclusions, the solutions for the mianechanical equationkke Eqg. (6), become much more complex

11



thanisotropic material410,14,2(. For easy applicationghe following mathematical treatments are
utilized to obtainthe explicit form solutions for the effectiteansverselyisotropic propeties of shale

rock.

Ontheone hand,ite method provided b@iraud et al[10] is utilized to obtain the Hill polarization
tensor P for the spherical inclusion in a transversely isotropic solid. This method is based on the
analytical expressions of Eshefds tenso® developedy Withers[53] and the relations between these
two tensorg10]. The components of thensorP for a transversely isotropic. mexih canbe calculated

based on the following expressidi$)]:

If C;,! C,d 2C,; 0,

a4

2 2
ra= 3 (o) + 22, o=k (2
21 4 i=1 4
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with

1 C.+C
'/1:'/2:(C11/C33)4= k=k=I, R=R B= 5:'/#1#
11 44
c | c (27)
AS=#ASE——=#B———"——, B3$B B ; =#B 1
16 Cll '/1(C|3+C44) 16 CZM 1 4 3(q * Q“)
where
1
\ 1 129 #
Clsz(cllcag)z, K:M, D= ”1 , /3:&C_665.B
C13+C44 4 C4-{1 3 ( C44)
.
G (G #C 2C) {6+ 0 C) # -
L 4C,,C,, ;. 4C,C,, ;

(Cne)(Ca G 2O (), o,
4C;;,C,, 7 ) 4C,.C,,

1

whereC,,, C,,. C;. C,;. C,, and C,, are thecomponents of the stiffness tensor of the transversely
isotropic medim, and the explicit expressions'fg, (i).1, (i Jand1,, canbe found in10].
On the other handhe special tensor basis [14] is employed to simplify théourth-rank tensors

calculations. The operations of -analytic inversion ‘and multiplication of fowathk tensors are

conveniently donevith thistensor basisSeeAppendix A for details.

With the solution of theHill polarization tenso® and tensor basisl , Eqs. 9)E(36) can be

obtained byequaing each component to zerokiy. (6) as follows:

4051+q2#q #C;Z)/$f P

2 1 Pr;%!/l 0 (30)
(¢ ACARAME
2 * 7 7
(cr-ch)ia-B
Zcr A =0 (3D
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P S S A (32)
Cr * + ' 0=

L (it c,) ° %

Y I AL

with
1= (o ¢ G C)(c, el 2(e, £f (34)

CL#Cy) o'/c (tc;1+ CHC#C) U (g#C)

!!( ;
&Z:zwm e 3 +P ;g;g_%&;i#g é (35)

' (

Rr=(R B2 B =2l =B, B B=B=R R AR IR (39)

whereC/,, CJ,, C|;, C;;, C,, and C;, are the components of the stiffness tensahefth phase irthe
transversely isotropic madh, C;,, C,,, C,, C,,, C,, and C, are the components of the stiffness tensor

of the homogenized transversely isotropic mediad'P, , P, , P, , P, , P, and P, are the

compnents of the Hill polarization tensor of théh phase in the homogenized transversely isotropic
media. The other micromechanical equations, such as Egs.(7) ,(18), (20) anda(2B¢ similarly

solved.

5 Verification and discussios

5.1 Comparisonwith the existing results

Both the experimental dafd5] and the existing estimatior{d4] are employed to verify our
proposedmultiscale framework. The model parameters [df5] are utilized asthe input, and are
composed of the material propertiestloé elematary phases present in shabteks, includingthe five
independent constants of the clay partiated the elasticproperties of quartzSince there are few

experimental datavailable for the authorsn the ITZ between the quartz and the porous composite

14



threedifferenttypes of ITZ parameteras shown infable 1 are employeds exampleso verify the

capacity of our proposadultiscaleframework.

Fig. 3(a) shows comparisons among our predicting results, the experirdetdalf specimen @1
[15] and esults obtained bji4]. It can be found that our predicting results are the sartieasof [14]
when the ITZpropertiesare the same akose ofthe inclusions. Furtherorg it. can beseenthat the
estimations correspond better with the experimentah gt considering the ITZ" effects. Similar
conclusions can be reached when other specimens are employed as comp&esodstails in
Figs.3(b)EXc).

Through thecomparisons with the experimental data and the resbitsinedby the existing
models, it canbe verified thatour proposed mubcale framework including the multiscale
representations for the mate@@amicrostructuresmultilevel homogenizatiorscheme and thexplicit
form solutions for thdransversely isotropiproperties,is both. feasible ah capable opredictingthe

mechanical performance shale rockwith thelTZs.

5.2 Discussion orthe influence of thelTZ s

The properties of shale rock are influenced bylTis. It should benoted that thexact values for
ITZ thicknesses angroperties are. not discussed in thégction Here, we focus on the quantitative
influence of the specifielTZ thicknesses angropertieson the materi& macroscopic properties in
Section 5.1 pnly thequartz-inclusions considere@nd threetypes ofl TZs are employed as examples to
illustrate the quantitative influence of the propertiethefi TZs upon the mechanicplerformancef the
shale rock. Theproperties of theéhreetypes oflITZs are listed in Table Mith the change of the I&Z

the propertiesf the shale rock will vary accordingly.

Figs. 4(a)E(b) present the variains in the mechanical properties of the equivalent inclusion
composed of the ITZ amguartz inclusiorwith the increasing volume fraction of the ITiZcan beseen

that the propeies of the equivaleninclusion graduallydecrease when the ITHasa lower bulk

15



modulus and shear modulud/hen the properties of the ITZ are the same as those afjudz
implying the perfect bonding, the properties of the equivalent inclusions rewrstant. This result is
reasonablan that there are no ITZ effects when the Ihds the same performance as thmartz

inclusiors.

Figs. 5(a)E(b) display the variations in theomponents of thehale roci stiffness tensor with
different ITZs. It can ke seenthatthe values of the stiffness tendmcomesmaller. when the ITZ is not
as strong as thguartzinclusiors with the increase of the IT& volume fraction(or the increase dfs
thickness) Whenthe type3 ITZ is taken into considerationhe prgerties of the shale roskeduce

dramatically This is because the tyBéras thdowest ITZ propest values

It can be concluded from the above that the quantitative effectisedZ on the materigb
macroscopic properties can be predidiwdmodifications to the threphase sphere model using our
proposedmultiscale approach.And the thicknesgwhich determines the ITZ volume fractioand
properties of the ITZaffect the propertiesof the equivalent inclusions greatly, which will lead&o

decreasén thevalues of theshale.rockOproperties when the IT&areimperfect

5.3 Discussion orhe influence ofthe multi -inclusions

There are many-components in shale rock, sucuadz calcite and clays. From the viewpoint
of our proposednultiscale franework,thisimplies thatthere are many types of inclusions in the porous
matrix. The properties of the inclusions may influence the shale rock prop&esimplicity, the 1TZ
effects are not taken into consideration here.

Three types of inclusi@ including quartzcalcite and dolomite, are employed as examiues
illustrate their quantitative influence on the shale rock properties based on our praopdssdale
framework The bulk modulus and shear modulus of quartz are 37.9GPa and 441¥5Fdese two

values are 7GPaand32 GPg and 95GPaand45 GPa for the calcite and dolomite, respectiviél¥.
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With these three types of inclusion, fadifferent volume proportions are consider@sl examplesas

shown inTable 2.The sum of voluméractiors of these threypes ofinclusionsis denotel byc,,.

Figs. 6 (a)B(b) present the variations in the mechanical properties a$tihke rock with different
inclusions.The effective propertiesmprove graduallywith the increase ahclusiors volume fractios.
The dolomite seems to enhance the rock stiffibester than th@ther two inclusionsasit enjoys the

highest properties.

Further, the influences of homogenizatseguence are identified for different types of inclusgon
Let® assume that the inclusions are only the calcite and.-dolomite. There are two homogenizatio
sequences when our proposed multilevel homogenizasiomsme is utilized. One .is to perform the
former and the latterhomogenization witlthe calcite.and thedolomite, respectively; the other is the

opposite order. The volume ratios of these two'inclusions are 10:1, 1:118nd this example

Figs. 7(a)E(b) display the variations in.the mechanical properties ofttae rocks with different
inclusion volune fractions using twalifferent homogenization sequences. can beseenthat the
predicting results are very near to each other with diffednenmogenizatiorsequence when different

inclusion volume proportions.are considered.

In summary, the propertieend volume fraction®f the inclusionsplay an important role in the
mechanical properties of ttehale rock materialddowever, the identifications show that there are no
meaningful differences between the two predicting residisag differenthomogeniation sequences

when our proposed multilevebmogenizatiorschemes are performed.

6 Conclusiors

This paper proposea multiscaleframeworkto quantitatively predict the transversely isotropic
properties of shale rock witthe multi-inclusion andTZ effeds. In the proposedramework multiscale
models are proposed to descrthe shale rockmicrostructuresrom the nanoscale to the macroscate.

new multilevel micromechanicahomogenization scheme mesented to quantitatively estimate the
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transversely gotropic propertiesof shale rocks witlthe multi-inclusion andiTZ effects The explicit
form solutions for thetransversely isotropiproperties are obtaindoly utilizing the Hill polarization
tensor without numerical integration atine standrd tensoral basis.Moreover, our predicted results are
comparedwith the available experimental datand predicting results othe existing model The
influences of the multi-inclusionsandITZs on themateriad macroscopic propertiewe discussedsing

the propssedmultiscaleframework From this study, the following main conclusions.can be drawn:

(1) Comparsonswith the available experimental deaad the existing estimatiorshow thatour
proposed multicale frameworks both feasible and capable pffedictingthe transversely isotropic

propertiesof shale rockwvith the multi-inclusion andTZ effects in arexplicit form.

(2) With a betterITZ performancethe equivalent inclusions and the shale rock enjoy higher
effective mechanical properties. When the proge of the ITZs are the same as those of their

inclusions results estimated by the existing modah be obtained liye devebpedframework

(3) Thevolumefractionsandproperties othe multtinclusions such as quartzalcite and dolomite,
play important roles in determining the macroscopic properties of shale rockiowever, the

homogenization sequences of different inclusions have little effects on our predicting results.
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Appendix A Properties oftensornal basis T

According toLevin and Markov [14], and Sevostianowet al.[20] the convenience of the tensorial

basisis in the following properties:
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1. If ageneral transversely isotropic symmetricrtbuank tensolC is expressed in the-Basis.

C=C1T2+C( ——T )+C3T +CT4+q+qg ¢

with

C1=(C1111+C1122)/2 C 2C1212a C =C1133’ C4=C3311a C6=C3333

the inverse tensoC'tis determined by the expression

croSoqr, Lipi Lpo) _Gopo_ Capay s 2Gr
20 C\ 2 ) A A G A

whereA=2(CG,-CG)-

(A1)

(A2)

(A3)

2. If two tensorsC and D are given inthe T-basisthen the contraction of these tensors over two

indices isdefined as

Cljmn mnkl (2C1D1+C3D Ijk| T CZD2§(T1I<I # ikl %(2 q Q+ Q [3 I]-f

+( E4D1+C6D4)-Ii-jil +§ Cst-[lfl +(CGD6+ Z34D3) Jlj
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Table 1Propertieof ITZ between thguartzinclusionand matrix

Bulk modulus (GPa) Shear modulus (GPa)

Type 1 37.9 44.3
Type 2 37.90.5 44.30.5
Type 3 37.90.1 44.30.1

Table 2 Thevolume proportions for the three types of inclusions

Quartz Calcite Dolomite
Proportion 1 1 1 1
Proportion 2 10 1 1
Proportion 3 1 10 1
Proportion 4 1 1 10
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