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Abstract

Nowadaysacoustic emissiofAE) testing based on the Kaiser Eff¢&iE) is increasingly usetb estimate
the in-situ stress in laboratorieB this work, this effectis assessedn cylindrical specimens numerical
simulationsof the cyclic loading including loading unloading and reloadingcyclesusinga 3D codecalled
the particle flow codg PFC)basedupon the distinctelementmethod To achievethis objective at first, the
numerical models calibrated using laboratory test performed dhe selected sandstone specimenhe
resultsobtainedshow that PFC antthe distinct element codare useful toos usedto investigatehe damage
and KE of a brittle rock. Also the resultsobtainedby the triaxia modeling show thata combinationof

triaxial loadingstresss changethe results of uniaxial loadindrurther,KE is influenced underconfining

stresseso that largerconfining stresselead to greater differences betweenkiestress duringhe uniaxial

andpre-stresdoadings.

Keywords: KaiserEffect Confining Stress, Numerical Modeling, Rock, Particle Flow Code.

1. Introduction

The in-situ stressina rock massis a key boundaries, crack formation in grain structzed
parametepf therock engineeringrojectsin civil, shear fracturelt is believedthat thereshouldbe a
mining, and petroleum engineerindrhere are significant relatiorship betweena rock damage
various methodsnplemented to predict the and AE.The KaiserEffect (KE) wasnamed after
in-situ stressthemostcommon of which is the J. Kaiser whose pioneering researchvork
hydraulic fracturing (HF) methgdwhich is both allowed concludng the possibilityof determining
expensiveandtime-consuming. As a matter of previous stress [1, 2]. KE is defined as the
fact, these days,laboratory methodbased on absence of detectabfE until previouslyapplied
dril | ed @amedrpepolarithcansigering stresslevels are exceededh this regard,AE is
their smple, cheap andquick applicatiors. In this investigated fothe cyclic loading in a stress path
regards, everal methods have been proposed on the rockspecimens. In other wordsyrihg the
estimate the in-situ stresses from cored rock first loadingcycle the AE activity is obsened at
samples. One suahethodthat canbe carried out all stress levelbut, in the nextreloadingcycles
in the laboratory conditions is the acoustic AE is not seen or is decreased at stress levels
emission(AE) techniquethat utilizes the Kaiser lower thanthe previous maximum stress. When
Effect (KE) phenomenon the stress applied to the second cyoteeedshe
Generally, rocks and most materials emit sounds previous maximum stressthere is a sudden
and seismic signals with high frequenciagich increasen the AE activity with the corresponding
are called AE. This is causedas aresult of the stressbeing consideredas the KE stresspoint
micro-crack closure of the propagation, (Figure 1). AE is monitored by acoustisensors
dislocations, grain boundary movemenand which are often of piezoelectric typén a

fracture propagation in or between grain laboratory environment
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The KE method is basedpon the assumption that
under repeated loagdarock will not generate new
cracks or extend the pexisting cracks when the
stress is lower than the previous maximum stress.
Therefore, the source &E under compression is
believed to be the crack generation/grov@bme
researhersrefer to this mechanism #ise damage
accumulation.
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a

Figure 1. Cumulative AE hits (Ng) versus stressi)
in two successive cycles of uniaxial compressi2].

In most engineering projectsn anticipation of
possible complication conditions and their
different states is essential. Nowadays the
anticipation and design of most plans can be
carried out by numerical methods so that they can
be simulated by computer models under identical
conditions similar to reality in order to obtain
logical congquence and replication.

The KE simulation can be developagsing the
principles of continuum damage mechanics
(CDM). This has been showhy Tang and Kou
(1998, who develogd a model based on the
damage theory and the AE under cyclic uniaxial
stress of rock [3]. Chen et al. (2007 have
investigatednumerical and experimentatudes
onthedirectional dependence KfE in granite In
their studies KE of rocks was simulatedy a
numerical simulation methodusing the rock
failure process analysiRFPA2D) softwareon
cubic rock specimensunder two perpendicular
loading condions [4]. Lavrov et al. (2002 have
studiedKE in the cyclic Brazilian testby rotéing
the disk specimenduring the cyclic loading.
Their studies werdasedupon the 2D boundary
element methodndthe discontinuity interaction
and growth simulation (DIGS) codasapplied to
the numerical simaltion,and the influence of the
first loading on the subsequeribading in the
orthogonal direction was examinetheir results
showedthat when theotationangle in the second
cycle of loadng was greatethan 10 degreeXE
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did not appeaf5, §. Huntet al.(2003 haveused
PFC 2D forthe numerical simulation oKE [7].
Holt et al.(2005 andGorodkovet al.(2006 have
studiedthe simulationeffectof releasinghe stress

of rock coring from the deepborehole and used
the rock stress memory to determine the
previouslyexperencedstress levetsingthe PFC
software They concludedhat theKE could be
applied to the horizontal in-situ stress
measuremen{8, 9]. The main purpose of the
DEM modeling conductedn this study was to
supplement the previous research works
conducted regarding the numerical modeling of
KE of a rock. Although the useof the KE to
determine the in-situ stresshas still remained
controversiglthere are a number of studies where
it has been succesdfulapplied The particle flow
code (PFC) softwarewas employed in thiswork
since it allowed implemening the discrete
element analysis It is increasingly used in
geotechnical engineering applications to model
the nonhomogeneous and  discontinuous
materials. The objective of thisvork was to
investigatea numerical model based dhe 3D
DEM to simulate KE, and to evaluate the
influence of confining stress dn

2. 3D particle flow code(PFC 3D)

PFC is a distinct element modeling program
which a rock is represented by an assembly of
particles bonded together abntactpoints [10].
This code enablegshe simulation of fracture
initiation and propagatiorthereby providing the
possibility of tracking the number and position of
the crackslin the bonded particle modéBPM),

as opposed ttheindirect fracture simulation, the
damage is representddectly bythe formation of
cracks[11]. Each particle inthe PFC model is
assigned a normal and shear stiffne3he
particles are rigidandthe contacts are alloweith

a very small area between particl&€svo types of
bonds are typically used in PFC: the contact bond
and the parallel bondn the contact bond model,
an elastic spring with constant normal and shear
stiffnessesK, and K, acts at the contact points
between particles, thus allowing orflyrces to be
transmitted. In the parallel bond model, the
moment induced by particle rotation is resisted by
a set of elastic springs uniformly distributed over
a finite-sized section lying on the contact plane
and centered at the contact point. This bowdlel
reproduces the physical behavior of a centiést
substance gluing adjacent particles togefli€x
12]. Therefore, in this workthe parallel bond
model was usedo simulate the behavior of the
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cemented sandstone rock. Figueeshows the Zhang and Wong (2012)have numerically

principle and the forcalisplacement relationship simulated the cracking process in a rdigk

for the parallel bond model. Theredsertain area material containing a single flaw under uniaxial

and stiffness bonding in the contact points of the compression. Thecoalescence behavior for the
parall el bond model , whicash ofctaestepped and teplanadr @reepisaingt i c | e

rotation and transmit force and torque. Under open flaws have been investigated by Zhangd
loading, the stresss in parallel bond can be Wong (2013)14, 15].
obtained via the beam theory through the
following formula(1):
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contact pointWhen the normal streexceededk Figure 2. Principle and force-displacement
. relationship for parallel bond model[10].

or the tangential stressxceededz, the parallel

bond was damaged, respectivelgenerating

tension micrecracks or shear microracks[10,

11].

The bond breakage in PFC represents the

formation of cracks Kigure 3). Themicro-crack

initiation and propagation can be expressed as a

progressive breakage of contact bonds [13].
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Within the lastdecade, the application of PFC in
numerical simulation of the crack propagation,
fracturing, and hydraulic fracturing of rocks have
been the subject of growing attention by many
researchers [8, 182].
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Figure 3. Parallel bond model implemented in PFC. (a) Normal and shear stiffnesses between particl€antact
stiffnesses, kn and ksremain active even after bond breaks as long as particles stay in contaBbnd stiffnesses
(per unit area), kn and ks, are suddenly removed when bond breaks regardless of whether particles stay in
contact (b) Constitutive behavior in shear and tensiorj11].

3. Numerical modeling of KE
Sincesandstonas a sedimentary rock composed work. On the other hand, d6E has been raised

of cementedyrains, it can be modelgubrfectlyby micro-mechanically by the formation of cracks in
PFC As statedearlier, sincethis code is based rocks, itcannotbe easily described in termstbie
uponthealgorithm of the distinct element method, continuous theories Therefore PFC, which

it is superior to thecontinuous modeling methods utilizesBPM, wasusedin the presenivork.

which justify its adoption in thepresent research
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3.1.Samplecalibration and determination of

input parameters

In PFC modeling, the model calibration is
necessaryo simulate themacroscopic behavior of
a rock so that the set of properties and
micro-parameters are selectéd this code unlike
the other ordinary engineering coddke rockis
requiredto be synthesizedWhile the selected
properties are easily attributed ttee PFC modg

it is often difficult to selecthe propertieof the
model toberepresered inareal physical sample
The macrescale properties of the synthesized
rock are determinetihroughlaboratorysimulation

of the rock sample. These magymperties are
thesame ashose measured in the laboratofpe
calibration of a PFC model requires adjusting the
micro-parameters to achieve the strength
properties determined in a laboratory test.
Generally,the suitable micre parameters of the
model are determined dugnthe calibrationin
which the response dhe synthetic material is
directly comparedvith that of the real material.
There is no advanced theory available to
incorporate  the transformation of the
macroeparametersinto the micreparametersin
the modeling Therefore a model calibrationwas
performedby means of thérial and error miod

In PFC, he solid rock is represented by an
assembly of particlescontacted together by
breakable bondsThe parallel bond rock models
have been widely used to stuthe fracturing and
fragmentation processes in brittle rocks. However,
one of the major drawbacks of this type of model
is the unrealistically low ratios of the simulated
unconfined compressivstrength to the indirect
tensile strength for synthetic rock specim¢as,
24]. The straightforward adoption of circular (or
spherical) particles cannot fully capture the
behavior of complexshaped and
highly-interlocked grain structures that are typical
of hard rocksCho et al. (2007have showrthat

by applying a clumpegarticle geometry a
significant reduction of the aforementioned
deficiencies can be obtained, therelayiowing
one to reproduce correct strength ratios,
nonlinear behavior ofstrength envelopesand
friction coefficients comparable with laboratory
values[11].

A clump of particles behawdike a rigid bodybut
the contacts out ofgroup are notaffected and
contacts arise when the particles forming the
group boundaryinteractwith other particlesThe
group behavior resembles rigid body (with
deformable boundary) that regardless of the
forces on itis not brokenlin this respect, alump
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is different from a cluster ofconnectedparticles
[22-23, 25].0neadvantage ofhe cluster modebf
particlesis a more accurate and realistic modeling
of the rock grainbehavior complex interactions
of grains andan accurate and realistic formation
of cracks in the modeRccording tothe studies of
PotyondyandCundall(2004), there is a difference
betweenthe resultsof ultimate strength andhe
envelope ohumerical and laboratonpodelingin
high-confining stressen triaxial tests.

To reducesuch differences and achieve a more
realistic behavior mode| further analyses are
required The cluster ofparticle modelis usedto
modelpatrticles, which can somewhateviatethe
difference.To increasethe final stress levelsn
higher pressuse and partly overcome this
problem the clusterparticle model can be used to
model the rock,which can partly improve the
results and reduce the difference between the
maximum strengths afxperimental datenvelope
and numericatiata This methodhas beemsedby
Martin et al.(2007) in a 2D PFC modeling of.ac

Du Bonnet granite and desirableresults have
been achieved It should be noted that fo8D
models more extensig researchworks are
required to model the noiinear behaviorin
higher confining pressure§iven the superiority
of the model clump, its particles were used in the
modeling ofthe current work

The dimensions of the numerical model samples
were selected according to the mechanical tests,
relevant mechanical properties of rocland
determination method The dimensions of the
calibration model sample were chosesa height

of 120 mm and a diameter 58 mm.

The compression testsvere performed in a
polyaxial cell. The top and bottom walls tfe
model cell acdd as loading platens, and the
velocities of the sidevalls were controlled by a
servéemechanism to maintain a constant confining
stress. Themodeling of the uniaxial and fully
unconfined tests can be perfadby removal of
all of the sidewalls, which are performed by
setting the relevarPFC parametewvalue equal to

a nonzera All walls were frictionless, and the
normal stiffness of the plah walls and the
confining walls were set equal to the average
particle normal stiffness of the materialhe
compression tedtegwn with a seating phasend
the axial and confining stressegere applied by
activating the servonechanism algorithnso that
the servebehavior was controlled by the wall
servo tolerance The specimenwas loaded by
moving the platens toward one another at a final
velocity, whichwasdetermined by specifying the
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strain rate. The platen acceleration at the start of the uniaxial strength ancelastic modulus of the

loading was controlled by specifying the numerical modelwere alsocomparedwith the
appropriate values. The platen velocityas experimental dataand favorableresults were
adjusted to reach a final value in a sequence of achieved The comparisoibetweenthe results for
stages. the uniaxial strength, Poisson's ratio, Young's
Using the 85 uniaxial compression modehnd modulus,stressstrain curve behavipand triaxial
the trial and error methodthe calibratel strength envelop of numerical mogdelnd
parameters were selected according to the laboratory test indicated the accuracy of the
properties ofthe stressstrain behavia of the calibration andthe selection ofits appropriate
laboratory and real sandst@nas shown imable parameters. In Tablg themacroscopic properties
1. The stressstrain curve of the numerical obtainedby performing tle calibrated model and
modeling behavior and experimental model the physical properties dhe sandstone sample
calibration is showin Figure4. As it can be seen are given.

160

----real testl

140

120 ——PFC model

\ y

60
i 7/
20

0

Axial Stress (MPa)

0.00 0.05 0.10 0.15 0.2(? 0.25 . 0.30 035 040 045 050
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Figure 4. Comparison betweenstressstrain curves of calibratednumerical model and experimentalmodel under

uniaxial testing.

Table 1 Micro-parameters of numerical model

Micro -Parameter Value Micro -Parameter Value
E (gpa ;
Young's modulusf particle 34 Density (kg/n) 2685
Ratio of minimumradiusto maximumradius 1.6 Minimum radius of graingm) 1.8/ 10°
Young'smodulus of parallel bonfypa 34 Coefficient of friction 0.7

5. (std. dev)
¢ 52 Shear strengtk{c(meao

Shear strength of parallel bond, standard Parallel bond, mean (mpa) 155
deviation (p3d ' P
Normal strengthparallel bond, standard o2 F?;rgallleftéiz%t mean (mpa) 155
deviation (pa ' P
Normal stiffness to shear stiffness of particle Ratio of norma;);;cgl;lne elst,)sotlodshear stiffness
ak, 0 1.2 1.2

ak, 0
2 il

Table 2 Macro-properties of physical sampleand numerical model.

. Density ucs Youngc Poisson's  Porosity  P-wave velocity
Material 3 modulus ;
(Kg/md) [Mpa] [Gpal] ratio % (m/sec)
Real sandstone 2680 143.2 38.7 0.18 0.92 4567
Synthetic sandstonmodel 2685 144.3 38 0.178 ( (
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3.2.Numerical modeling procedure

The numerical modeling procedure KE similar

to what is carried out in the laboratoryas
implemented. To determine the point KE, the
micro-crack number curves with respect to the

stress in the reloading cycle of models were used.

The numerical simulation modeling oKE
includes the following strategy and steps:
A Creating an initial
A Calibrating
micro-parameters
A Ap p Ithe ilaadjng,
re-loading cycles
ADeterminingthe KE point

unloading and

3.3.Numerical modelsamples

As mentionecdearlier, thenumerical studies oME
were carried out onthe sandstonesampleswith
cylindrical geometryThus cylindrical specimens
with a height anddiameter of110 and54 mm
respectively were loadedaxialy under uniaxial
compressiomafter the confining préoading

3.4.Loading paths of numerical modeling
Cylindrical numerical samples with different
confining pressuresvere usedo show the effect
of combiningconfining stressin KE. During the
simulations,each bond breakageas assumed to
be a micrecrack. Underthe uniaxial and triaxial
conditions the followingthreepathsof loading on
synthetic cylinder numerical sampleswere
considered

A) Loadingpath(l): loading and udoading in the
directi on ¢ funder uniaxial atress s
condition and the reloadng in the prdoading
directionunderuniaxialcondition

B) Loadingpath(ll): triaxial loadings ( 4 and

( 4 in triaxial stress conditions, unloadijrand
re-loading in the vertical directionnderthe
uniaxial condition

C) Loadingpath(lll): triaxiall o a d k)angl ( G
( 4, unloadingand /¢ 0 a d k) n ga p(daddr G
triaxial condition

3.4.1.Loading path(l)

In this researchwork, the numerical modeling
capabilities in re-producing KE in uniaxial

compressionwere studied. In this regard the

maximum prestressvaluesin uniaxial models of
the cylindrical samples wer&0, 25, 35, 65, 85
and 110 MPaSurprisingly,the maximum stress
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values at prdoadng were greaterthan the
thresholdof crackonsetin the PFC programnit is
because by defininghe parameter calibration
performed inthe modeling, crackingat the stress
level would be greater thanthe threshold
parameter definedAs a result,since thecrack
growth isalsoa source ofAE, an examination of

stessmdmonra atpre-strelséevels dessetha8.4 mp | e
t h ethe mo d KIPa woaldbe impassillleln thé numegical model

of uniaxial compression testshe crack onset
stressi.e. U, was 8.4 MPa, so if the maximum
stress in thereloadng becomesmaller than this
value, the effect of stressmemory will be
invisible. If the prelloadng is applied ata stress
level greater thafdi,;, somecrackswill be formed
permanentlyin the sampleln other words, itthe
pre-loading stressinderuniaxial onditionis O <
Uy, KE will not appearFigure5 shows theplots
of the cumulative total number oécorded cracks
in terms of axially-loaded stress inpre-loading
and loading cyclesas well as thee-loading for
theprestresses of 25 and 65 MPa

Generally, the graphs derived fromnumerical
simulations closely resemblelaboratory testsso
that micro-cracksdo not emergdefore reaching
the stress level ofthe previousprdoadng in
uniaxial conditions with its onset anghropagation
beingdue to damage caused dyithe reloading
cycle The breakagef new bondsis due to the
excessivelevel of stressfrom the threshold of
crack onsein the bond The failure of thebond is
confirmed with the monitoring of a number of
(boken bonds equal tmicro-cracks cumulativ.
As shown inthesefigures in there-loadng cycle
when thestresslevel exceed the previous stress
level of the prelloading the increasing trencf
cracks indicates theetrieval of KE. However,in
the sample prstressof 20 MPa the onsetstress
of cracking i.e. the KE point, is greater tharthe
pre-stressapplied tothe samplesThesevalues for
the prestress of 20 N#a give a retrieved stress
value of 21 MPa Thus the felicity ratio at this
stress levels greaterthanone andfor otherstress
levels, the stress retrievedrom there-loadingis
equal tothe pre-loadingstresswith afelicity ratio
of one (Felicity ratio isthe ratio of the amount of
stressin which the increasing AE reaches the
maximum stress of the previous laag).
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Figure 5. Cumulative total number of recorded cracksversus loading stressinder uniaxial modelling in axial
preloading for pre-stressef 25MPa (left) and 65 MPa(right) .

3.4.2.Loading path (II)

Thetriaxial simulatiors of KE in this loading path
were performedn the way thathe models were
loaded ina triaxial stressat different levels of
confining and axialstressesand reloathg were

carried out aftethe pre-loading ofthe confining

and axial stressesof specimenor under the

uniaxial pressure alonthe perpendiculaaxis to

the stress levebreater than the loadingtress
level. The preloadng stresscombinations were
considered todetermine the effect otriaxial

pressureas well asthe stresdevels at different

stages of triaxial stresgtrain behaviorcurve of
rock In this loading paththe axialpre-loadng at
stress levels 020.30, 35, 65, 85and 110 MPa
and at different confining presssrerere applied.
In Table 3, the results of nhumerical modeling of
cylindrical samplesin the loading path Il
includingthe KE, theratio of the KE stressto the
axial prestress and the KE stress to the
difference between the axial andonfining
stresses angresented

Table 3 Results of numerical modeling of cylindrical samples (loadingath 11) .

Triaxial pre-stress (MPa)

Sample Ske s Ske (Mpa) K Ske Ske
Sip * spp 1 @
1 20 5 17 0.4 0.85 1.1
2 20 10 11 0.1 0.55 1.1
3 20 15 0.1 0.35 1.4
4 20 30 22 1.06 1.1 2.2
5 30 5 22 0.6 0.73 0.8
6 30 10 16 0.4 0.53 0.8
7 35 5 25 1 0.7 0.8
8 35 10 18 0.7 0.5 0.7
9 35 15 17 0.2 0.4 0.8
10 35 20 16 0.05 0.4 1.06
11 35 50 27.5 0.8 0.7 1.8
12 65 15 38.5 1.4 0.4 0.57
13 65 20 37 0.4 0.5 0.82
14 65 30 33 0.06 0.5 0.97
15 65 50 22.5 0.15 0.3 1.5
16 65 80 33 0.6 0.5 2.2
17 85 10 58 1.7 0.6 0.7
18 85 15 50 1.3 0.5 0.7
19 85 20 42 1.15 0.4 0.6
20 85 50 38 0.06 0.4 1.08
21 85 70 36 0.3 0.4 2.4
22 85 100 50 0.65 0.5 3.3
23 110 10 88 1.2 0.8 0.88
24 110 15 84 0.7 0.7 0.8
25 110 20 65 1.25 0.5 0.7
26 110 50 52 0.16 0.4 0.8
27 110 70 42 0.02 0.3 1.05
28 110 80 40 0.1 3.3 1.3
29 110 125 58 0.5 0.5 3.8
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