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Abstract: Micromechanicalresponses of granular materials are complex to understand
when their behaviour 9 viewed in a single grainscale. Experimental sensing of stresses
within a grainscaleinsidethree dimensiongbarticulatepacking is still difficult to perform.

In this work, photo stress analyssmography(PSAT) is used to sense tHeandamental

naure of the stress experienced by different sizes of optiesdlgsitive inclusions inside
granular packing(quasithree dimensionalunder an external axialcompression loading.

The distribution ofthe maximum shear stress and the direction of the major principal stress
experiencedby the inclusions are analysed to understand the interplay between the size of the
inclusions and their proximity to the wall boundary. The outcomes of this study peovide
new understanding othe dual nature ddtress trangaission experienced by the inclusipas
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a result ofthe combined size and wall effectsRelatively large inclusios experience
dominantly shear stress close tioe wall boundaries while this nature tends towards
hydrostatic away from the wall boundarieSmaller size inclusions could experience shear at
both close to and away from waboundariesof the granular assembly. Computer
simulationsusing threedimensionaldiscrete element method (DEM) are also perforioed
compare thegualitative nature of ress experienced by inclusions ghesiparticulate media.
Qualitatively, the simulation resultslso agree with the experimentalutcomes that an
increase in the relative size of the inclusion decreases its abigyptrienceshear. Using
DEM simuldions, the fabric structure ofthe inclusionsis examinedin depth under
mechanical loading. An increase in the size of the inclusions tendscrease the fabric
anisotropy of the contacedin particular the stnog contacts, surrounding therilencethe
micro scale origin of the weak mobilisation of shear inléinge inclusios could be attributed
to their relatively weak fabric anisotromf the strong contacts surrounding them. Skhe
findings help to advance our understandinthefmicromechanicsf particulate systemslue

to their size and proximity to wall boundarieifferent sizes of the partes could sustain
different nature of stressedthin singleparticle scale depending on their proximitythe
wall boundaries.

Key words:Paticulate mechanicsnicromechanicsstress distribution, compaction, granular
materials
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1. Introduction:

Worldwide industries procesalarge proportiorof feed stocksn granular and @wderform.

These includenanufacturing ingredients @harmaceutical tabletéood, cements;eramics,
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chemicalsand energynaterials Micromechanicabehaviourof granularmaterials which is
generally attributed to enlightening singjeain scalecharacteristics in granular assemblies
and their links to bulk scale properties if arsycomplex to understar{d]. Generally they
differ from that of conventionalktatesof matterviz., solid, liquid and gaseand often they
possessheir combined properties [1}3 For example, amumber of studies hafecused on
understandinghe force transmissiorcharacteristics of gralar materialsunder external
loading environrents [1-5]. It is widely recognised thathe forcetransmission inside
granular assemblies occurs via ifparticle contacts in aonhomogeneous manner through
a chainlike networksof contacts oftenreferred to as force chains-§. Such observatian
have been madieom photo elastic studies of birefringent graigsd], computer simulations
using discrete element meth(dEM) [10] and combined FEMDEM [11]. For the granular
materials photo elastic studiesiere mostly reportedfor the two dimensioml conditiors
whereas the DEM simulations accountedboththetwo dimensional and three dimensional
conditions #, 1613]. The link between thesignature (structural alignmentf the force
network and bulk mechanicaproperties of granular systenssquite significant[14]. For
example, studies have attributibe microscopic origin othe bulkshearstrength ofgranular
materials to the fabric alignmentof the strongforce transmittingcontactsunder different
external loading condition®,15,1. Strong contactaccount for a small proportidiabout
25-30%) of all the contact§2-5]. The strong contacts form tkelid backbone to mobilise the
shear strength, whereas the particles that share the weak contesthg account forthe
hydrostatic presure(liquid-like behaviour)[2-5]. Similar totheforce network, studies have
also identified displacement netwsiik granular assemblies which account for their dilation

and energy distributiooharacteristic§4].



In this work, we focus on the strefransmission properties of inclusions in granular
assemblieswith the emphasi®eing onthe effects oftheir size andproximity to the wall
boundaries when subjected dgial compressive loading. It is widely recognised thahe
size effectf partidescould play a significant role on the compaction properties of ¢aanu
assemblies [1]7 In this case,ige refers tahe size dstribution of the particles [18relative
size ofparticulate inclusion$o their surrounding particlgd9, 2Q and sam@ size wich in
turn depends on the wall dimensions and ¢bedition ofthe compressing chamber |21
What is still lacking is clear information on how individual partict#sdifferent sizes,
especially relatively big particledjstribute shear stregsside granular packingose tg and
away from the wall boundaries under external loading envirents. This understanding is
important for example in designing the size of functional active ingredierds
pharmaceutical tdets [18, 22 and particulde composites [J3 This is also relevant for
modelling particles more accurately timle DEM simulations.In the pastDEM simulations
havebeen used founderstanding the intgrarticle interactionghe internal and macroscopic
properties of granularsaembliesundermechanical loading. However,they have not yet
advanced to a level where the stress distribution charactemgtiis individual particles
inside granular packing can laalysedeasily. Conventional DEM simulations do not
rigorously account for how stresses are distributed within individual parfide20,2]1. In
some FEM based simulatigtudies, individulegrains were discretised inedargenumber of
elements tgredictstress distribution characteristics withime particle§1l]. However due to
the massive level ofomputing resources requiréd account fora large number ofkuch
particles in granular assembliassing this methodology, information dhe load transfer
characteristicswithin singleparticle scale insidegranuar assemblies is still not well
established Photo stress analysismography(PSAT) [8] has beerappliedto probe the

stress distribution characteristics of inclusions in different surroundingbese studies, a
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known size of two dimensionainclusions (circular disk) was surrounded bythree
dimensionalgrains in such a way that the thickness of the inclusion and the grains were the
same(quasi-3Dexperimers). Studies wereperformedusing a number of positioner a
singlesizeinclusion flom thewall boundarieq8], or different sizes of inclusion positioned
far away from walls [9]}to sensehe shearstressdistribution experienced by théclusion
inside the granular assembliesunder mechanical loading They help to advance
understanding) on thestress distributiorcharacteristicswithin singleparticle scale This
aspect isgenerallydifficult and computationally intensiyéhough not impossibléo study
usingDEM simulations[10], especially when the size of the inclusisnrmuch greater than
the size of surrounding particles. In DEM, average stress calculations atedramter
particle contact forces andvariations of stresses within particleare not rigorously
accountd for the stress calculations [[LOIn the presentvork, we usePSAT methodology
[8,9] to obtaininsightson theinterplay betweerihe size effects othe inclusionsand their
proximity to wall boundaries, withan emphasis onthe nature ofstress distribution

experienced byhem inside granular assemblies subjecteakid compression.

2. Experiments

2.1 Methodology:

In the presenstudy, experiments were conducted uSR8AT [8] to measure the maximum
shear stressind the direction of principal stressas any points of interrogation on the
birefringent inclusions Detailel explanations on the working principles of photo stress

analysis methodologyor granular assembliesan be found elsewher®4,25], however



briefly statedhere Basically, birefringent particles optically respond to stress when viewed
undera circular plariscope setup [24,25. Depending on the level of the inducsitess,
they display contours of fringesf different ordersdepending on the retardation of light
passing througlhe fast and slow optical axes at the point of interklsting the stressptic

law [29) the order of the fringe@etardation)can be related to the magnitude of the maximum

shear stres$max(= (011-633)/2, wherec1; and o3z are the major and mingrincipal stress

respectively. Also the direction ofthe principal stressesan be obtained anywhere on the

birefringentinclusionby using a plane polariscopetup[25].

2.2 Experimental setup:

Figure 1 shows thaxial compression chamber made of glass in which a birefringent polymer
disk (circular) inclusion with Young’s Modulus 2.9MPa and Poisson’s Ratio @vés
embedded in the middle of the particulate bed commgri®f a uniformly sized 4mm
diametercohesionlesandVigna Radiata rigid beadsgherelin random packing8]. Initial
packing densityis 0.73 g/cni. The samples werpreparedidentically in all testsreported
here and followa uniform protocol (layered filling of grains in random packiagyl hence

the tests repeataldi@]. This is verified by conducting the experiments three times for a given
inclusion size. The nature of the stress distribution characteristics presenteal fhie paper
was consistent in the multiple experiments for each case of the incltgiersizeratio (SR)

of the inclusion, which is the ratio betwettre diameterf the nclusionandthe surrounding
beads, was varied as 2.5, 4 and The minimum size ofnte inclusion was kepb at least
twice the size othesurrounding beads to ensuhatthe embeddedhclusionwasnot trapped

between thewveak force chains (dead zonasmicro scale)2,4,5. The thickness of the



inclusion diskis 4mm, which is also equal to the diameter of the surrounding matrix beads
(quasi3D condition) The interparticle friction between the beads and baadhision is 0.3.

The wallboundariesvere rigid andkept smoothtas much as possibleér'he friction coefficient
between the beads and wall materiadb®ut 0.06. The applied loading pertainsto quasi

statig uni-axial compression acreshe width of the bed (Fig.1).

To understandthe combined effects ofthe size ratio of inclusions andwall effects
experiments were performecsing different positionsof inclusion from the wall boundas
represented in terms of Ad where A varies between about 05 and d is the diaater of the
inclusion (Fg.1). The inclusion is positionedt a fxed height from the loading padMore
details of the experimental compaction rig and protocol of testing used drerdgecfound
elsewherg[8]. Birefringent images for the distribution of maximum shear stress within
sensor particke (inclusions)yvererecorded and analyseothfor the magnitude of maximum
shear stress distribution and directiortteg major principal stress withithe sensor particles

for different cases othe size ratioloadinglevel and positiorof the inclusionfrom the wall

boundarywithin thegranularbed.

3. Results and Discussions

Profiles of the maximum shear stress distribution for défar sizes of the inclusions in
contact with the wallX=0) for typical cases of compression ldagel (P) is presentedn

Fig.2 below. The direction of the major principal stress distribution is algerlaidon the
images It is evident that the maxinmu shear stress distribution occurs in a -non
homogeneous manner within the inclusions in contact with the wall. The extent of this non

homogeneity depends oretBize of the particles. In the case ofltwest size ratio of the
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inclusion (size ratio 2)5 the direction of the major principal stressvithin the inclusion
mostly actsorthogonal to the direction tiie applied loading. However, this treobdanges to
vertical direction (along the direction of axial compresswith an increas in the inclumn
size. Uhder the uniaxial compressiotest(a form of strongly anisotropic external loading)
the smallest size inclusion is capable of sustaining highdefemaximum shear stress,
comparable to that of othdarge size inclusions. Increase in tb inclusion size tends to
transmit major principal stress along the direction tfe compression loadingdence the
size of the inclusiortends toresult a directional biasin transmitting the major principal

stressclose to the wall boundariashere shear field is expected to be more active.

Next, we examinen important nature of stress distribarti experienced byhe relatively
large particles irside thegranular assemblies which aabjected to compressiorPrevious
studies onthe size effectsof the particles on their breakage [19,20,26under mechanical
loading have rather surprisingly reported that, relatively small size particlesg(andles)
tend to breakrather than the large particlesinside the particulate bed under mechanical
loading. Such studiesdo not take into account the nature of stress distributiocurring
within the particles, and this aspect is given attention in this paper. DEM simulations][20,27
on the mechanical behaviour lafgeparticles inside granular assemblipsrfodic boundary
condition) subjected to taxial loading have revealdtat solid particlesexperiencdiquid-

like ‘hydrostatic’ state of stress (or negligible shedthout directional bigswhentheir size
ratio is greater than abodt This hydrostdic dominance could retartheir breakage. The
reverse effect happens when theize ratio is less thad — i.e., the stress state was
dominantly deviatoric (shear stress dominated, which is a measure of anisottiopystress
transmittegl and lesshydrostaticin nature. This shear dominated (anisotropic) behaviour of

small particles could contribute to théirealage relatively moreg inside particulate packing
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when other conditions are identical This hypothesishas beenbacked by physical
experimets, includirg testingthe size effects of grain breakage undempression [/ The
experimental finding mostly agreed with this hypothesmthough an exception was
observed for a limited number bfokenlarge particlesresidingclose tothe wall bourdaries
This is possibly due tahe wall effects in thee experiments although further studies are
needed forthe verification Although the current PJAexperimentsare not focused on
studying the breakage behaviour of particles, in view of the above said carpeatides an
opportunity toexaminethe nature of stress transmission experienced by the relalivgly
particlesinside particulate beds. For exampleni Fig.2 we could observe that for the

largestinclusion(size ratio 7)in contact vith the wall,it experiences a significant level of
maximum shear stressnfax) unlike if it were tested undgreriodic boundary condition [20

This behaviour is analysed detailand reported below.

Figure 3 shows the maximum shear stress distribution datbestinclusion (size ratio 7)
inside the granular asseéiy, for differentdistances.d from the wall boundaryA&0, 1, 2.67

and 4.4 andunder different levels afompressive loading In this plot, thedirectionof the
major principal stresexperienced by the inclusions al® superimposed (dotted lines).
When thelargestinclusion isfurther away fromthe wall boundaries=4.4), the nature of
stress exp#enced by it tends to be weak in shaarspite of the strongly anisotropic axial
boundary loading conditieand varying load levels tested here. This is also evident from
the corresponding direction maps tbk major principal stressshowinga relatively more
homogenoudistribution under differentoad levels(far right column of images Fig.3).
These observations for the case of the inclusion away from the wall bouradpeewith the

results of previous DEM simulations of inclusions testeiteperiodic cells [2D Now it is



clear that the nature of stress distributexperienced by theelativelylarge inclusios is bt
modal depending ortheir proximity to wall boundaries: close the wall boundaries it is
shear stress dominated, whereas fairly away from the wall boundaries thesshsar
intensity drops down significantly aride stress distributiotends to be more of hydrostatic

nature.

Furtherwe quantifythe variation of maximum shear stress experiemng#un the inclusions

inside the granular bedinder external compressive loadind:or this, weanalysd the

distribution of Tmax in the inclusions averagedfrom data taken alondour sections as

illustrated in Figd. The results are presented in Fi§s/. Form these plots, we could make
someinteresting obasrvations As shown inFigure5, the inclusionslargeand small) wikn in

contact with the wall experience a relativelgignificant level of shear. However, the

position at which the highest value mfaximum shear stres$nfax) occursdependson the

size of the inclusion. For the smallest size inclusion, this occuasivedy close toits
boundary with a pronounced peak (and later we will shaiwa distance predicted liie
Hertzian theory) However for the largest size inclusipthis occursaround the midegion
of the inclusion Hence, wheran inclusionis in cortact with the wall it experiencesa
significant level of shear stres3his intensity decreasdsr an increasés proximity to the
wall boundary In general the above plots also show that shear stress distribution within
single particle scale insideanular packing is not necessarily proportional to the applied load

alone, buit alsodepends on the size of the patrticle.

From Figs.67 it is evident that the level of shear experienced by the inclusions tends to

diminish when positioned awdyom the wall and more noticeably in the case of the largest
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inclusion.However, what is most interesting is that the amount of shear experienced by the
largest size inclusion isrelatively low (Fig.7d) throughout the inclusion. This result,
combined with the relatively more uniform distribution in the direction of majorcjpal
stress (Fig.3) when using the largest size inclusion, suggests thatenaréaes inclusion size
tends to result in a relatively weak magnitude of shear stress distribution in @nem (
conversely tending towards the hydrostatic state) when they are presgrir@awahe wall
boundaries (c.a. 4 times the size of the inclusioSpear dominance of the inclusigns
irrespective of their sizas clearly evident from the above presentedItesuhen positioned
closer to the wall The dual nature of shear experiencedh®jinclusions suggedhat in
futureit would be more appropriate to considiecalised (wall)position-dependardnd grain
sizedependant descriptioms their shear streigin the theoretical constitutive modellimad

granulamaterialsunder mechanical loading [28]29

Further, we examinen the distance4 ) at which the peak value afiaximum shear stress
is experienced within the inclusions from their external blamy (surface). Fig.8hows this
for a typical case of inclusions in contact with the wak(@) under different load levels,
normalized to halvidth ‘a’ of the contact (Fig.4) obtained experimentally from image
analysis. For simplicity, the data points in this plot are connected by ahsngpspline
functionfor observing the general trendsThe estimate of £ based on the Hertian theory

[30] is also shown as a dotted line for comparison.

It is evident that, in granular systen¥%nax depends orthe load intensity level We have
also verified a similar trenith other positions of considered inftis study. This impliesthat
multiple interaction effects of contacts surrounding the graiflaencesthe shearstress

distribution characteristics within the inclusion$his aspect is usually not accounted in the
11



modelling of granula materials for exampleDEM simulationsfor calculating the stress
components of granular materials usually depenthemter-particle contact forcesnly and

not influenced by the interactions between neighbouring contacta/ittiy the particles

4. Analysisof thefabric of theinclusonsusing DEM simulations

Ideally, we would have liked to perform the above said experimental stress emeasts in
inclusions under three dimensional conditions. However such a task is very difficult to
accomplishat present. Hence as presented eadigasithree dimensional experiments were
performed to understand the nature of stress distribution in the inclusions. Howeker, in t
section, we take advantage of the DEM simulations to probe the generic olagiress
distribution in the inclusions under three dimensional conditions. We show later that] inde
gualitative agreements are obtained. Then we take advantage of the simulatioestiallyot
underline the role of the fabric alignment of contacts surrounding the inclusidms nature

of stress distribution within the inclusions to understand their micromechaharalcteristics

as presented below.

In particulate systemshe individual particles could move to a new positiorer external
loading. Consequently their force distributi@maracteristicsand the internal fabric could
change and evolve depending on their parSclgle properts and loading environments
[31]. Extensive levels of studies have been reported in the past, more fundamentéléy, on t
role of internal fabrics of the particles on the micromechanical characteo§testiculate
systems. For example, micromechanically based constitute relations are presented for
sheared granular assemblies in which the evolution adrdifit classes of contact fabric (e.qg.

in terms of contact normal) at grain scale are linked to macroscopic stress megas8ges |
12



34]. Hence local constitutive relations can be prescribed in terms of the structural and
kinematic variables of local scalép understand how they contribute to mobilising
macroscopic strength characteristics of granular materials. Several stagesbéen
reported in the past on different typestloé fabric measures in granular materigd®4{37.

The distribution otthe contact fabric and their correlation to the macroscopic stress tensor is
also verified by photoelastic experimentsr exampleusing birefringent rods of elliptical
cross section subjected to simple shg8,39] andpure shear [40 A good level of
corrdation is reported between them. Such experimental responses were furtiratedte
into the theoretical frameworks for describing the strength characteristigganular
materials 41-43]. These studies show that the local fabrics of the particlag plsignificant

role in mobilising the mechanical strength characteristics of particulates at bathanat

macro levels.

In the experimental work presented above, we have observedhthdtig particulate
inclusions when positioned away from walbbndariestend toexperienceshear relatively
weakly for increase in their sizeTherefore to identify the underlyingreason for this, it
would be logical to investigate the fabric anisotropy of the inclusions in patecpacking
subjected to mecharal loading. A detailed modelling of this aspéat all cases of the
experimentperformed herés computationally expensive, as well as outside the scope of the
current work However, as the size effects of the inclusions on the nature of stresgsb carr
by themaremoredistinguishablavhen they are away from wall boundaries, hergvesent
results fromthreedimensional DEM simulation®f a particulate bedcuboidal) with a
spherical inclusiorat the centre of the beslibjected to traxial compressn loading for
different sizes of the inclusion@-ig.9). The individual size of the surrounding particles

(about 1000Gspheres)s 100um. The properties of all the particles are assigned as follows:
13



Young’'s modulus = 70 GPa, Poisson’s ratio = 0.8ffeaoent of interparticle friction= 0.3,
and interface energy = 0.6 J°m Simulations were performed for different size ratio
(SR-D/d, Fig.9 of the inclusion In some cases, for comparison purposesjonosize

particulate system was simulated (3RRander identical test conditions as before.

The particulate assembly is subjectedo@iodic boundary condition along i®undaries
Tri-axial compression loading (quasatic)is applied and the assembliase subjected to a
constant mean stress (KPa)testat all stages ofoading 611> 622=033) [34]. The axial
strain was advanced in small incrementsAaf;; = 1.0x10° and several relaxation steps
were performed within each increment to minimise the transient inertial efffettsvould
have otherwise biased the results of a presumed-gi#is loading. The interparticle
interactions are governed by theories of contact mechanics and more detelsiofulation

algorithm usedhere can be found elsewhere][34

Here we faused our attentioon understaridg the fabric anisotropy of the inclusiofor
different cases of its size ratiolhe force transmission characteristics of particulate
assemblies are highly sensitive to the local arrangements of partidles.to thestrong
dependence on particle arrangement, contact forces will usually be déstriba complex,
non-uniform mannef5]. The load is transmitted by relatively rigid, heavily stressed chains
of particles which form a relatively sparse networkstobng contacts, carrying greater #n
average normal contact fordéé (f= N/<N>, and f31). The remaining groups of particles,
which eparate the strong force chains, are referred teeals contacts, and are only lightly
loaded(f<1). Previous studies on the maditsand physics of granular systeris4,5]
indicate that the deviator stress in an assembly is productgk dgminantly strong contact

network, forming a solidike back bone structure while the weak force networks bear the
14



hydrostatic stress (fluitlke behaviour). The sliding of contacts dominantly occurs at these
weak contact networks. Inspirdey these findings, we analysddr the deviatorfabric
anisotropyof different classes of the contacts, viz., due tal(i})he contacts of the inclusion
only (di11-diz3) and (i) strong contacts of the inclusiothidi1-¢is33) underthe external loading.

The evolution of the fabric anisotromf the contacts is measureing thewell-known

M
definition ofthefabric tensor, suggested by Satal3dS] fas: ¢ i =<nn>= ﬁz n n’

s=1
, whereM is the number of contacts in the representative volume element®*dasdhe

direction of thesth branch vector.

At first, we presentthe nature of stress carried by the inclasionder the external loading

Figure 10 shows the evolution of the stress ratio of the inclusion, which is the rateebet

the deviatoric stress of the inclusi@@y; ) and the mean stress of the inclusipg).( In this

plot, we also provide an insert with stress ratio of the inclusions at steaglyostdifferent
sizes ofthe inclusions. Form this plptit is clear that, as concludegiarlier from the
experimetal part, relativelylarge inclusios tend to carry less shear stredsjs more
dominantly the nature of the stress is logdatic as repted earlief20]. However, here we
look for clueswhy this happensTo answetthis, it would be interesting to stythe variation

of the fabric anisotropy of the inclusions during external loading.

In Fig.11, we examine in detail the fabric anisotropy of the inclusion for the two most
important size ratio 5 and 10 in terms of its deviator falig-(is3, suffix i denotes the
inclusion). The inclusiosize ratio of 10 is considered as importagtve observecdarlier

that for the size ratioof the inclusiongreater thanlQ, the deviatoric stress ratio of the

inclusion remainedas almostconstah Here, we partition the fabric anisotropy of the
15



inclusion contributed by the strong (f>1) and weak contacts (f<1). It can be seehéhat, t
fabric anisotropy of the inclusion contributed by the weak contacts is réfatnependent

of the size of the inclusion, whereas, the contribution to this due to the strong centacts
influenced by its size ratioAn increase in the size ratio of the inclustetreasgthe fabric
anisotropy of the strong contacts of the inclusion. This resultombination with the
outcomes of Fig.10, supportisat the microscopic origin of shear stress mobilizatdrthe
inclusionsis mostly due to thestrong contacts. To emphasise this point, we @iesenthe
fabric deviator stress due to the straogtactsandthe macroscopic deviator (sheatessof

the assemblielselow.

For this, the structural anisotropy ten@rj can be decomposed as follows]f34

@i=1v) P+ vgy® (1)
where the superscripts ‘w’ and ‘s’ indicate the weak and strong force sub- keamal ‘v’ is
the proportion of strong contacts. In order to examine the contribution of the sub network of

contacts, the fabric stresg can be defineds B3):

or =ik @ i (2)

Figure 12 shows the variation between thwcroscopicdeviator stresgci1-633) and the
fabric stress due to contacts carrying forces greater than averagal force,ie., G.strong =
o -(¢,—¢,)s, the suffix s denotes the strong contact$t is evident thatmaaoscopic
deviator stress levels agree fairly well with the corresponding fabriatdewtress due to the
strong contacts. Though such aretation is reported earlier [B3he present study shows

that the fabric stress due to strong contacts (and teNkator stress) decreases fm

increase in the sizatio of the inclusion.Hencewe conclude that, increase in the size of the

16



inclusion tends to decrease their ability to mobile sheae This is also observed from the
photo stress experiments reported earlier for inclusions when positioned awayérovall
boundaries. This is due to: increase in the size of the inclusion tends to decréaisecit
anisotropy, in particular, the fabric anisotropy of the strong contacts of tisiors under
the external loading. To conclude, the presence of the inclusion tends toteetdity to
establish a strongly anisotropic fabric structure and hence reduces tistabslustain shear

especially away from the wall boundary.

5. Conclusions

By studying the optical response tife inclusions inside granular assemblies under axial
compression, we have provideew insights on the nature of stress experiencedhe
inclusionsof different sizesn relation to their distance from the wall boundarepending

on the proximity of inclusionso the wall, they display different levels of shearstaining
ability. Inclusions of all sizes sustain a high level of shear close to the wall basmdari
However, thisintensity dropsin the largesize inclisions when they reside awéyore than
about 4 times their sigdrom the wall boundary. Away from the wall boundare big
particlesexperience significantly less shear stress (and converselyaemadds hydrostatic
state) as displayed by the disttilom of the maximum shearstress and the direction of
major principal stress within the inclusiongéJsing DEM simulations, wénvestigatedthe
averagenature of stress experienced layge inclusios (threedimensional) under periodic
boundary conditionand subjected tdri-axial compression. Tseresults are imqualitative
agreement with the experimental research reported earlierin€Ctease in the size of the
inclusions decreases the tendency of the particles to sustain shear sidespdriguate

packing. Using simulations, we studied the fabric anisotofgkie contacts supporting the
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inclusions inside the particulate systems under external loading. We found thaighe dr
the shear state dhe large inclusios, especially away from theall boundaries, could be
attributed totheir fabric anisotropy of strong contacts. Tdiscreses foranincrease irthe
sizeratio of the inclusion Based orthis study we suggesthat it would bemoreappropriate

to revisit the constitutive relations and failure criteria employed in advasioedlation
methodologieswhere singleparticle scale informatioins assessed. Faxample in DEM
variations inthe stress distributionsvithin the particles is often ignored (independent of
particle size)and usually lsear failurestrengthof particles are prescribed to occur at inter
particle contactandependent of their size and wall effecta future, efforts should be made
to include more realistic descriptioaf grainscale constitutive behaviodepending on their
size and proximity to wall boundariesfor understanding their micromechanical behaviour.
The present study is not without any limitationSor example, in futureombined FEM
DEM simulations are to be performed to computationally roat thelocal distribution of
shear stress with three dimensionainclusions more rigorouslyrather than its average
measurs using contact forcegacting at the boundary of the inclusiomj the DEM
simulations reported hereFurther detailed studies are required to account for variables such
as the roughness effects of the wall boundaries, different packing dendisibution of

particle sizes and muléixial loading conditions.
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Figure captions:

Fig.1: (a)lllustration of the granular bed with inclusion sulbgetto axial compression. Different sizes of the
inclusion were considered in this study. The effects of proximity efwhll boundaries on inclusion are
examined for different values afl and (b)Schematic diagram of PSAT set up [8,25].

Fig.2: Distribution of maximum shear stress within the inclusion forcdme of inclusion in contact with the
wall (A=0) and for typical cases of loading (P). The direction of major pahdapess itribution (small
arrows) is also superimposed on these plots. For ease, the -eadkd guiding arrows show the most
dominant direction of major principal stress direction in the inclusions

Fig.3: Maximum shear stress distribution displayed by the biggest inol(sie ratio 7) at different proximities
from the wall position (varying.). The direction of major principal stress distribution (smaibwas) is also
superimposed on these plots. For ets=doubleheaded guide arrows illustrate the dominant direction of the
major principal stress in the inclusiorghe stress levels amlour coded using the same scaling as shown in
Fig.2.

Fig.4: lllustration of the scanning lines to examine the variation ofimax shear stressT(nhax within an
inclusion. 2a represents the contact width of a typicajhb®uring grain in contact with the inclusiohhe
starting point of the scan line (represented in red circles on the insed)d®s$est contact point to the positions
of 6= 0, 45, 90 and 135 degrees and ends at the opposite mirror image points.

Fig.5: Typical distribution of the aximum shear stress experienced by the lowest and largest inclusions
studied herén contact with the wall(=0)

Fig.6: Distribution of the maximum shear stress experienced by thesime with size ratio 2.5 for different
proximities to the wall

Fig.7: Distribution of the maximum shear stress (MPa) experienced bynthesion with size ratio 7 for
different proximities to the wall

Fig.8: Value ofZ . Of the inclusions under different load levelsQ)

Fig.9: Schematic diagram of the cross mecdf a periodic cell with an inclusion (larger particle) at the middle,
surrounded by smaller particles under an external loading

Fig.10: Stress ratio of the inclusion under the mechanical loadifige insert shows the stress ratio at steady
state for different sizes of the inclusion.

Fig.11: Fabric anisotropy of selected cases of the inclusion under extsdaid. They are partitioned based
on the contribution of their strong and weak contacts

Fig.12: Variation of fabric deviator stress duestamng contacts and macroscopic deviator stress
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Highlights:

o Relatively large inclusions experience strong shear close to the wall basndari

e Away from the wall, the above said nature of stress tends to be hydrostatic

e Smaller size inclusions could experience shear, close to and away from the wall
¢ Qualitatively, the DEM simulation results agree with the PSAT experiments

e Microscopic origin of shear in the inclusion is attributed to its fabric anisotropy

Graphical Abstract:
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