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Abstract

An experimenthstudy is presented her® understand the stress transmissibaracteristics under
different geometrical arrangemerst of particulatesinside a narrow chamber subjected to axial
compression loadinglThe multigrain systemsconsideed here are facecentred simple cubic and
poly-dispersed structure@s well as inclusions embedded inside seeded, unseeded and cohesive
powderbedof Durcal alcium carbona)e The distribution of the maximum shear stress, direction of
the major principal stress and shear stress concentration factor were obtamgdlusto stress
analysis tomography (PSAT)The results show that the maximum shear stress distributidimein
simple cubic structure is chatlike and seHrepetitive, i.e, aiagle grain behaviour is representative of
the whole system. This is not the case in the casgthefr granular packing. In the case of the
inclusion surroundedy powder mediathe maximum shear stress distributionthe inclusionoccurs
through ringlike structures which are different from those observed tive structured granular
packing. This tendency increases for an increase in the cohesivity of the surroundicgjgied. In

the granular systemthe direction of the major principal stressrisstlyorthogonal to the direction of
loading except in some particles in the random granular packing. In thefdaskision surrounded
by Durcal particulates, the directional of the major principal stress acts along the direftie ial
loading except in the ring regiowhere this tends to be oblique to the direction of axial loading.
Estimates of the shear stress concentration factor (k) showktiemds to be independent of the

structural arrangement granular packingt higher load levsl In the case of inclusion surrounded



by powder bed, k for the seeded granulated particulate bed is mostly indeperttienexternal load
levels In the case of unseeded particul@eanulated)ed a fluctuation in k is observeadith the
loading level. This suggests that the seedgdnulescould distribute stresses in a stable manner
without much change in the nature of shear stiegsmittingfabric of the particulate contacisder
external loadingAn increase in the cohesion of particulate besuls in more plastic deformation as
shown by the differentiadhearstress concentration factofheresults reported in thistudyshow the
usefulness of optical stress analysis stted some scientific lights orunravelling some ofthe
complexitiesof particulatesystems under differestructural arrangementd grainsand surrounding

conditions ofthe inclusions in particulate media.

Keywords. Particulate media, granular materials, powders, micromechanics, phets analysis
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1 Introduction

Particulate matéals such as grains and powders are encountered in several industriatiappli¢ar
example chemical, petroleum, pharmaceutical, fogdptechnicalminerals and materials gressg
sectors[1]. Granular materials consist of discrete solid particles that are arrange@ndam or a
particularstructuralform [2]. Such materials have a complex heterogeneous mechanical behaviour
under different loadingconditions[3]. Understanding themicromechanicabehaviour ofgranular
assembliesf different packing structuris important in engineeringorocesses from molecular to bulk
scalessuch @ metals [4] crushing [5],permeability[6], erosion [7] composites [8Jand granular
physics[9-11]. The internaktructural(fabric) arrangementf grairs has a significant impact on the

bulk behaviour under various mechanical loading environments [12-19].
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Micromechanical analysis of fine particulate systeespecially stress measurements in particulaes
performed bytheoretical andomputational studig®0]. The micromechanical behavisunf granular
materials havéeen studied usindiscrete element method (DENB, 17, 21-23]. However, DEM
does not account for tteressransmission within the individual graia$a singleparticle scalg24].
Furthemore in general, DEM simulations do not account for the interaction effects of a particula
contact on the stress transmitted by its neighbouring contacts. Some studiesax@ipted DEM
FEM (Finite Element Method) analysis to get informationtle@stressdistribution within individual
particles in particulate assembli¢d5] but these studiesare computationally expensive.Some
experimentalstudies have used indentation methods on the outer surface of pbederand
interpreted the indentation depths tteeir materi& properties[26]. Experimental measurement of
stresses inside particulate beds is difficult to conduct at the present tiomweevét, recent studies
show the usefulness photo stess analysis tomography (PSAG) obtaining thestressdistribution
within inclusions in particulate systenj$]. These studiehave used optical stress analysis for
understanding the mechanical response of fine particulates interactingptithlly stressensitive
inclusions and their stoundings (Antony etla2015). They provideew understandings on the ability
of particulats to distributeshearunder mechanical loading. However, informationtlomshear stress
distributioncharacteristic®f some structures such fasecented (FC), simple cubic (SC) and poly
dispersed systemsithin constrained walls (narrow channatswhich distance between the walls is
comparable to the size of the partjclere not yetwell studied but addressed in this paper
Furthermore, the shear stresstabution characteristics within inclusions surroundeddoynstrained
granules made dine powdersthrough different manufacturing routase not yetfully understood
For examplea new method of granulation weecentlyintroducedas‘seededyranulation’ [27]. In this
processlarge particles present in the feed act as seeds in the granutstaied granules refer to the
granules having the largest particle at the centre of the granule and unseedéssglo not have this
feature It has leen shown that seeded granulation produces granules with narrower distributions of

granule size, uniform strengtbtructureand density Observations by Xay micretomography and
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scanning electron reroscopy(SEM) of sectioned granules show that under optimum conditions, each
granule containga seedat its centrg27-29]. Figurela andlb show Xray micratomographyimages

of the central cross section tfio different granulesre-producedhere, whichillustrate seeded and
unseeded granulegspectively.The white coloured material appearedt the centre of granule in
Fig.lais a single crystal of Durcal (calcium carbonate) and this type of lgrpmgsesse highrer
strength and loweporositythan thegranule in kg.1lb unseeded). The mechanism of formation of
seededyranuless not yet fully understoodue tothe complex nature of sheaesponse of particulates

to external loading environmentsn fact we are still away from sensing stradistributioninside a
powder bedat any point of interestin granulation processediet mechanics of particle interactions
and the prevailing level of compressive and shear strassagyle particle leveland bulkscalesare
affected by the operating conditions, scal@pération and product formulation, which in turn affect
the granule progrties, but theywre not largelyunderstood.Figure 2 showsthe SEM imageof Durcal

65 powder It is not knownhow mechanical properties of supbwdersystems get influenced by
constrained external compression loadiagd what parameter of any experimentally sensed shear
stress state could reflect the bulk responsth@powder bed.In the presenpaper unlike intending

the particulate beds at theixternal boundaries to assess their mecharesabnse [26]abirefringent
inclusion is placed inside the bed. By sensing the stress distribution chatiastef the inclusion
under mechanical loading, interesting observations can be made on the ability ofrdue@ding
particulates to transmit shear through the inclusion (which acts as a stiesgsing PSAT These

challenges are addresdaelow.

2 Background of Photo Stress Analysis

Photoelasticstudies have been carried authe past to examine the stress distribution characteristics
of granular materials under external loadjig 9, 30-32]. Stressdistribuion characteristics such as

thevariations ofmaximum shear stress, principal stress direstam shear stress concentration factor
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can be obtained using PSAT technique. A schematic diagram of the configuraterciadular
polariscope used for PSAT experiments is showkigi3 [24]. The working principle of PSAT is
based on an optical phenomantalledbirefringence[30]. The application of stress on a birefringent
material alters its refraction index. Hence, the electromagnetic wave cenipai the polarised light
experience a double refraction upon its passage through the birefringentineseai result of the
different refraction indices. This results in a phase retardatitighaf which can be characteed by
fringe patternsof different ordersand thenfurther analysed to obtain the distribution of maximum
shear stress birefringentmaterials[1]. The relationship between the induced light retardatin (
change in thenajor (0;;) andminor (o33) principalstresses and fringe order (N) can be explained by

the stres®ptic laws expressed &slows [30];

21t

A= TC(Gll — 033) (D

N=— (2)
where;
t = thickness of specimen (m)
A = wavelength (nm)

c11-033 = difference between the principal stresses)

nm

C = stress optic coefficient (%)

The above equations can be represented in a simplea&jBq];
c11-033 = Nf,/t (3)
in which, f; is the material stress fringe constantm-fringe). By measuring the fringe order at a

point of interest on the modehe difference between the principal stresses (and hence the maximum
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shear stress) can be calculated using the abawdequations [30]. The direction of the major and
minor principal stresses can bbtainedusing a plane polariscope gptand the details can be found

elsewherg30].

3 Experiments

The material properties of the birefringent disk (circular) useflis study is summarised Table 1.
Two types ofparticulatesystemsare considered in this studlyig.4). Type 1:granular systemsofface
centred (FCandsimple cubic $C) structureswith 20mmdiametergrains random granulastructure
(poly-disperseflwith diameter 20mm (3 grains), 25mm (6 grains) 8ddm (3 grains) and Typz
particulate systems of inclusisembedded in seedegtanules(Fig.1a) unseededyranules(Fig.1b)
andfor comparison purposddurcal 65 powder(Fig.2); i.e.,calciumcarbonatgpowdermanufactured
by Omya UK Ltd. ®lid density of the powder is 2750 kgimnd characteristics oparticlesize
distribution of the powder obtained by Mastersizer 2000 (Malvern, i§H);=7um, dsg=63um and
do=225um. As it shovs, the powdemparticleshaveirregular shape.The granulated powder material
used polyethylene glycdPEG) as a binder. The manufacturing sd&eded and unseeded granules
depends on the impeller speed of the granulabal the primary particle siz&he granulatedand
powder bedsampleausedin this study are the same as reportedRbhmaniaret al [27]. The details
of manufacturing the seeded and unseeded granules and their physical propertieslianed in

detailin the previous work [27, 28] arwtiefly discussed below.

The method for the production of seeded granules in a batch process has been atechamstur
different scales of Cyclomix high shear mixer granulators (Manufedtoy Hosokawa Micron, B.V.,
the Netherlands) with capa@s from laboratory scald, and 5 L. to pilot plantscaleof 50 L and
finally to industrial scale 0250 L [33]. Different commercial grades of calcium carbonate, coarse

particles (Durcal 65) and finer particléBurcal 40having do=8um, dc=43um and d,=92um and
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Durcal 15with dig=2um, dsc=23um and go=64um) were selected as model materi#igjueous PEG
was used as the binderigure 1a showsan X-ray micratomographyimage of the central cross
section of a granule produced by the above methiulire 1¢ showsthe internal structure of about
100 granules probed usi®EM. The SEM imagehowsthe seedd granuleembeddedn a resin on

a plane and cut and polished to shibwir internal structure. Every granule has consistently a seed,

which is a largeparticle from the top end of the size distribution of the feed powder [27].

We assessed the angle of rep@#8 and crushing force of them for an indicatiorttodir cohesiveness
and strength respectivebnd the results angresentedn Table 2. Crushing strength was measured

1™ Micromechanical System (Canada). The test was carried out with the equipnant set

usingMach
a maximum load of 10 kg and a loading velocity of 0.05mm/s. At least 30 granulesnme szere
randomly selected and testehd thenthe average and standard deviation of crushing strength was
determined t@nsurehereliability of the results. This procedure test is simitathe reportedvork by
Rahmanian et al[28], where they used a different device; i.e. Instron torattiarise strength of
granules.

The loading rig used fomvestigatng the stress distribution characteristigsder compression is
illustratedin Fig.5. In the case ofhe inclusionsurrounded by the powder bed, tihéckness of the
powder bed and the inclusion are the sg@®mm) The circular inclusion (20mm diameter)s
positioned at the middle of the bed. The particles were filled in several grgehsally to minimise

any segregation dhe granules. The sanprotocol is used to make the fillindentically as much as
possiblein all the three cases diie powder bed. The sampls wereplaced in the loading rignd
subjected to axial compressionderdifferent load levels. Theariages of the optical fringesrfthe
differentparticulatesystems at different load levels mecapturedligitally [35] andanalysed to obtain

the maximum shear stress distribution, direction of the major principal stresshaad stress

concentratiorfactor[36].



4 Analysis

The fringe order measurements were taken at several points obith&ingent grains and the
inclusions. Using this, contoursf the distribution of maximum shear stress and direction afidger
principal stres were generated for the assembliesler the different external loading conditions.
Furthemore theshear stress concentration factoy \as evaluatethy scanning the shear stress data

along the selected section in the birefringent parésléllows:

Tmax

Shear stress concentration factor — 4)
avg
Coefficient of variation Cw 2224474 de:iation of Tmax (5)
avg

where, T, is the highest value of maximum shear stress acting along the chosen section.

Tavg 1S the average value of the maximum shear stress acting along the chosen section.

Here, the values af,,, andz,,, were obtained by scanning the&efringentparticle in the vertical
direction along the axis of thmwmpressional loadg as illustratedn Fig.6. CV is therelativeindex of
the uniformity of shear stress distribution. The lower standard givesaiaenore homogenous stress

distribution in the assembly.

5 Results and Discussion

Figure 7 shows the distribution of maximum shear stressathin the particles in the FCSC and
random packingstructures. It is evident thahe magnitude of the maximum shear stress in all
these three structural arrangenseistproportional to the load levelnéreasean the external load
level increases the level of shear stress in the systems. Hovesvehownin Fig.7, a few
particles in the random packinge(g.the middle particle in the top rgweontinueto be relatively
weak in sheardr an increase in the load level. This is consistent withpievious literaturegl?,

37], which show thatstress distribution in random granular structures occurs in a non
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homogeneous manner. Some particles transmit relatively strong forces athdrs sha weak
forces or no forces at all. Whis intersting here is, sudiehaviour is also observed the case of
narrowly constrained random granular packing. Furthermore, when we compare the nah&e of
stress distribution between the FC and @&ckingstrctures, it is eviderthat the maximumshear
stress distributionis transmitted through well connected chblke structures. Futhermore,
mostly identical(repetitive) stress distribution patterns are seaanall the particlesof the SC
packing Theyalso display symmetristress distributiomprofiles with respectto the vertical axis
passing through theentrethe particles. In this casenlike in the case of other structures, the
characteistics of stress distribution in a single particle is megentative of the whole systenin

the case of inclusionsnside the powder surroundns (Fig.§, the natureof shear stress
distribution is remarkably different from that of granular packing. Tthess distribution patterns
are not necessarily proportianto the externalload level espcially in the cases of unsissl
granulessurrounding(lowest angle ofreposé. In the case of cohesiv@urcal powder surrounding
(highest angle of repose), riditke maximum stress distribution patterns are ead in the
inclsuions. This suggests that inereasen the cohesivity (angle of repose) of the particles tends
to generate radially symmetrical stress distribution, although the ylatgcbed issubjected to
axial compression loading.To emphasis this further, we present two typical images ofeah
stress distributionn Fig.9. One of the imagesorresponds to the inclsuion surrounded by the
cohesive powder bed (P=41.9N)n the other casdahe inclusion alone (without the surrounding
powder bed) is subjected to axial compression loading (P=5.9N). The maximumstiesa
distribution exhibits axial symmerty in the former case while in the latease the radial
symmetry is evident in thinclusion. We wish to poinbutthatarelativelyhigher level of loading
was required to obeserve the fringe patterns in the inclsuions surrounded bghesive bed, as
the cohesive particlesustaina relatvely higher level of mechanicalstrengthas anticipated.
Hence the stress exhibited in the inclusion alserves as an indicatosf the strength of

surrounding particulates.



Figures10 and 1lillustrate the distribution of thedirection of the majoprincipal stress in the
granularand powder bed systems under axial compression loadkgy conveneincethis is
presentedn two forms, viz.,contous, as wellasin dotted line for showingthe direction of the
major principd stress What is evident is, by and large the granular ayst distribute the major
principal stress ortbgonaly to thedirectionof axial loading barring some partles in the random
packing Thisis more evident in the case of SC granular packimgere all the particles distribute
maja principal stressothogonaly to the direction of axial loading (similar to theellvknown
behaviour of a singlgrain subjected to axialompressior[38], also illustrated inthe enlarged
imagesof Fig.12for comparson. On the other hand, the powder surrounding distribute the major
principal stress along the direction of the axial loadeégept in theegions of theradial stress
rings’ (wherethe maximum shear stress is relatively high) the rings, the may principal stress
tends to banon-aligned withthe direction of axial loadingrhis tendency increases for antrease

in the cohesivity of the powders as evident from the far right colunmtheofmagegresentedn
Fig.11. The variation of shear stress concerntration fagtQris presentedn Figures 13 and 14
We observe thatin the case of € granular packing, k is relatively less dependant on the load
level. For higher load levels, k tends to be independent of the granular packing struattine
case ofthe inclsuion surrounded byseededpartiuclate bedk is almost independent of the load
level. Previous computational studies have shown that the microswagit of the shear strength

in partiuclate systems could be attributed to the fabric anisotropy oiclpatonatcts under
mechanical loading17]. Hence we could deduce thaas the variation in k ismdependenof the

load levels in seeded particulates, their fabric structures (through whrohahy strong érce
transmisisoroccurs[17] could be more stable unlike in the case of unseeded system where some
fluctuationsin k are observed with the load level. Howeydurther expemental studes are
requiredin the future to quantify the fabric variations of inclsuions in partiuclate systentgeun
mechanical loading.To understand the plastic deformation effect of the powder bed gauliyativel

we evaluatedhe differential k (Ak), which is the difference between the value of k evaluated
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between the loading and unloading cycleith respect to the reference load level50®N (the
intial axial load levelapplied on the beds was 5.9N, then the loading progressdad 8@.1N in
increments.Then the unloading was done in stepstil reaching the reference load level. The
value of kwas ewaluatedat thereference load level during the loading and unloading syeled

Ak is the difference between them).

Figure14 showsthe coeffcient of variationGQV) of k for three different assemblies of powder bed
versus load. The results amgeresting The fluctuation of C\for the unseededed canbe an
indication of high porsoity of these type of granulese Fig.1a, anthe fluctuations can be due to
rearrangment foprimary particles in the bed. This could also d index of breakge of these
granules due to high compression load as these are the weakest gracoles@®d to the seeded
structure granules. For the case of CaG®@wderbed the trend of CV lattens at about 3,
which confirmsthe rigid struture d this assemblyas this powdecontairs very fine particles. For
seeded granuleshe trend remaingonstantand the lowesCV for this type of granulesis an
indication of the relatively more uniform stress distbution for this bed. These results are
corroboated withthe results of strength measurmeaftthesegranules as they possdbte highest
strength as comapdto urseeded structur@ he previougesults [27]also showthe most uniform
strengthand mechanical properties for this type of seeded structure as contapinedunseeded

structure.

From Fig.16 we observe thahe absolute value of Ak, which is the difference between k values
of the loading and unloading stages at the reference load level (fh@8M)ases for an increase in
the cohesivity of the particles. However, in the case of the pariculatd with the highest
cohesion Durcalpowder bed), the value &fat the reference load levet the unloading cycle was
higher than that othe loading cycle and hence Ak was negative. This could happen in highly

cohesive fine powder system where the plastic deformag@ned during the loading cycles
11



locked relatively more permanentlyhe seeded and unseedgdnulated bedsavebourced back

relatively morethan theDurcal powder bedwith regard to kThe current approach is capable of
enlightening such internal characteristicsof particulates under mechanical loading more
effectively. Further studies couldsaessuch permanent loek structural effects of powders for

othertypes of cohesive powders under different loading conditions.

6. Conclusions

In spite of the significant level of advancements reported by the worldwideaeseammunity the
micromechanicabehaviours of particulate systemr®still not well understood. One of tipeoblems

that contribute to thisis the lack of experimentalunderstandings on thstress transmission
characteristicsnside particulate systems. The results presented abelpeto understand the role of
packing arrangement of particles on the shear stress distribution ehat@st under external axial
compression loading using photo stress analysis methodology. The study shows thatrtbresse
distribution profiles m the SC granular packing are ah-like and seHrepetitive under axial
compression: what happens in a single grain is a representation of thesysiele. Also in this
system, the profile of the direction of the major principal stress pertains tof thaingle grain under
axial compression. In the FC and random structured grapad&ing, thalistributionof shear within

the grains occuraon-uniformly. In the case of the inclusions surrounded byQbecal particulate
packing, ringlike structure of maximum shear stress distribution are observed. Such radial structures
are more evident in the case of the highly cohesive powder surrounding. In this cdgection of

the major principal stress acts along the direction of the external laadimg inclusion except within

the radial rings. The evaluation of shear stress concentration factor le gfatticulate systems
suggests that, (i) ithegranular packingk is almost independent of the granular packing structure at a
relatively high lad level. Based on the observations of k for the inclusions surrounddaubnal

particulate beds, we suggest that seeded particulates sastigin a more stable lcaginsmitting
12



fabric structure, and independenf the external loading levelsThis is consistentwith the
experimental dataeportedearlier [27]that seedd granules are stronger than unseeded granules.
Cohesive Durcal powder bed displays the highest level aftructural plastic deformation as
characterised by the differential shear stress concentration faCmmsidering the complexities of
sensing stresses for particulate media, the PSAT method applied here isingronitsprovided
valuable information, at least qualitatively, on the internal micromechaeiaalrés of different types
of constrained packing under axial compression. However, further technologicklpdesets are
required toexperimentally quantify the nature thfe fabric structures of loattansmitting contacts in
fine particulate systems. Further studies are regad toaccountfor variablesother than the ones
considered in this studguch adifferent preparation methods gfains [39] wall roughness, shape
effects of the grainand inclusionssize distribution of granulated particles or primary particles, their
volumetric fraction, packing densiand cohesivity ofdifferenttypes offine particles on their micro
and nanomechanical characteristicslt would be also interesting to explore the link between the
coordination number of the granular packing to a suitably characteriseduistriof force (/stress)
components at integrain contacts[40], for which further information is required to partition the

individual components of contact forces in the granular systems.
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Figure captions

Figure 1: X-ray microtomography images of the central cross section of Durcal gsafa)eseeded
granule (b) unseedeagtanule [27](c) SEM image of internal structure of about 100 seeded granules of
CaCQ [29].

Figure 2:SEM image of Durcal 6powder.
Figure 3 The configuratiorof a circularpolariscope [1, 30

Figure 4 lllustration of particulate samples: (a) granular assemblies anshiples of inclusian
surrounded by CaC{yranules an€aCQ powder.

Figure 5 A schematic diagranof the experimental loading rig.

Figure 6 A schematic diagram of the scanning direction to obtain the data necessaeydaaltiation
of the shear stress concentration factor.

Figure 7 The maximum shear stress distribution in the FC, SC and randomdfppérsed) systems
under different loding conditions.

Figure 8 The maximum shear stress distribution within inclusions embedded insiderdifta€Q
surroundings under different loading conditions.

Figure 9 Maximum shear stress distribution: (a) inclusion alone under axial compra3stRI) (b)
Inclusion inside cohesive powder packing under external axial compression (P=4h8Nycale is
the same as that provided in Fig.8.

Figure 10: The major principal stress direction in the FC, SC and randoydjgpkrsed) systems
under different loading conditions.

Figure 11 The major principal stress direction within inclusions immersed in different ¢aCO
particulate media under differemtading conditions.

Figure 12 Direction of the major principal stress shown in dotted linay:r{clusion disk alone
under axial compression (P=5.9N) (b) Inclusion inside cohesive powder packing undealexte
axial compresion (P=41.9N). The scaddhesame as that of in Fig.11

Figure 13 The average value of shar stress concentration factor the FC, SC and random (pely
dispersed) systems under different load levels.

Figure 14 The shear stress concentration factor ifmiusions surroundedly different particiate
packing under loading.

Figure 15: Variation of coefficient of variation of k in tharticulate besl

Figure B: Differential shear stress concentration factor (Ak); (a) Ak at the reference load (5.9 N) and
(b) variation of absolute value of Ak with the angle of repose.



Figure 2: X-ray microtomography images of the central cross section of Durcal gsafaljeseeded
granule (b) unseedagtanule [27](c) SEM image of internal structure of about 100 seeded granules of
CaCQ[29].
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Figure 4 lllustration of particulate samples: (a) granular assemblies anshiigples of inclusian
surrounded by CaC{yranules an€aCQ powder.
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Figure 8 A schematic diagram of the scanning direction to obtain the data necessaeydwealtation
of the shear stress concentration factor.



Load (N)

FC

SC

Random

Scale

5.9

15.7

6

+.055%
RN
.47
.02
078
030
0,028
.04
.2

+.015%
A1
#0067
.00
102
L0067
Lo
L0136
]




20.6

Figure 7 The maximum shear stress distribution
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Figure 8 The maximum shear stress distribution within inclusions embedded insidemtif&CQ surroundings under different loading conditions.
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under external axial compression (P=41.9N). The scale isaime as that provided in Fig.8.
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Figure 12: Direction of the major principal stress shown in dotted l{@@snclusion disk alone under axial compression (P
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