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Abstract

Poor powder flow leads to many problems during manufary and can lead to inaccurate

dosing and off-specification products. Powder floiMbis commonly assessed under
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relatively high applied loads using shear cells bgrahterising the unconfined yield strength
at a range of applied loads. For applied stressesviiekPa, it becomes increasingly difficult
to obtain reliable values of the unconfined yietdesgth. The bulk cohesion and tensile
strength of the powder is then obtained by extrapagahe yield locus to zero and negative
loads. However, the reliability of this approxinmatifor a given material is not known. To
overcome this limitation, techniques such as thaiRgiBed Method, Sevilla Powder Tester

and the newly-developed Ball Indentation Method raywsed.

In this paper, we report our measurement results of the tensile strength of glass beads, o-
lactose monohydrate and various sizes of fluid catatyacking powders determined by the
Sevilla Powder Tester and Raining Bed Method and comffeem with those inferred from
the Schulze Shear Cell. The results of the lateralso compared with those of the Ball
Indentation Method. The outcome suggests that & ¢hse of shear cell tests, the
extrapolation of the yield locus to lower or negatigads is unsafe. The ball indentation
enables the characterisation of highly cohesive posvaée very low compressive loads;
however extrapolation to negative loads is still r@iable. In contrast, the Sevilla Powder
Tester and Raining Bed Methods are able to charaetinestensile strength directly, but high
bulk cohesion poses difficulties as the internal fzllire needs to be analysed in order to
reliably estimate the tensile strength. These nusthorovide a better understanding of
powder flow behaviour at low stresses, thus enabdingreater control of manufacturing

processes.
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Raining bed method, Sevilla Powder Tester

1. Introduction

An important factor when performing bulk powder flowdpimeasurements is whether the
instrument can replicate the stresses that are appiicdo the system of interest. With
commercial testers, it is often a challenge to stigate systems with stresses much less than
1 kPa. This is highly desirable in a number of agians, such as filling small bags,
tableting shoes and capsules and Dry Powder Inhdéks). There are many techniques [1]
which are used in different industries for the charasaéon of powder flowability The
shear cell is the most commonly used method anded in this study for bench marking.
gives an indirect measurement of bulk cohesion andile strength. The knowledge of these
mechanical properties of a powdsiimportant in understanding storage and handlingessu
of cohesive powders, e.g. in arching and dispersiore fEnsile strength of a powder is
determined from the yield locus [2] by extrapolatibpi the tensile region, as it is otherwise
impossible to apply tensile stresses experimentalla shear cell. This is often done by
fitting a straight line to the yield locus. Howevénge yield locus tends to curve downwards
for cohesive powders at low stresses, so in these tcmmglisuch a procedure yields an
overestimated value of the tensile strength [3]hht tase, the yield locus of a powder can be

better approximated by Warren-Spring equation [4].

The most commonly used shear cells suitable for amglyke flowability of bulk solids are
the Jenike powder tester [5], Peschl shear cell [6] ahdiBe ring shear tester [2]. However,

the measurement of flowability at low stresses fcdit, although Schulze and Wittmair][7



report measurements at stresses of around 50 Pawhkso dealing with cohesive powders,
where even small variations in inter-particle confactes have a large effect, these testers

do not reproduce the initial state of filling reliatzlpyd reproducibly [8].

There are test methods developed which can directiggsore the tensile yield stress. The
split cell tester is a commercial apparatus whichsists of a ring shaped cell with a plunger
for compaction of sample powders [1]. In this techaiguhorizontal tensile stress is applied
to pull the sample apart and the tensile strengthaasured at a given applied stress. Based
on a similar principle, the lifting lid tester measutbe tensile strength of the sample by
pulling it vertically in the opposite direction mompaction [9]. These two techniques are
unable to achieve a uniform stress distributiondesihe sample, hence they have a poor

reproducibility for fine cohesive powderg(.

Two recently developed test methods, which canctlireneasure the tensile yield stress are
the Sevilla Powder Tester (SPT)(] and the Raining Bed Method (RBM) [11]. In these
devices the bed failure is induced by manipulatthg pressure drop across the bed.
Advantages of SPT and RBM are that the initial st#téhe bed is reproducible and the

tensile strength can be determined at low levels$regs.

In another recent development, ball indentation obed of cohesive powders has been
applied for assessing the flowability of a small dgitgrof powders at very low stress levels.
Although this method cannot measure the tensikngth directly, it provides a simple and

quick method to assess the resistance of the pdveteto plastic deformation, hence giving



a measure of flowability. This paper examines the perdmce of these three new test

methods and compares them against that of the wealbleshed shear cell method.

2. Experimental Procedures

Sevilla Powder Tester (SPT) This is an automateddgowharacterisation apparatus which
requires a relatively small amount of powder, and @ashin Figure 1. It includes a porous
base (a sintered metal gas distributor of 5 um paeg ,ssupporting a powder sample within a
vertical cylinder dimension of 44.5 mm diameter an@ #i¥m height made of polycarbonate
material. A pre-weighed sample is poured into thesel to a level which gives an aspect
ratio (H/D) about equal or smaller than unity in ordemimimise the wall effect. A dry air
flow is pumped into the powder bed from the basdswhine pressure drop across the bed is
measured by a differential pressure transducer. Dherfite is increased so that the powder
bed is fluidised, bringing the sample to a reprodecgiress state. During this process an
electromagnetic shaker attached to the bottom ofaty@aratus is operated to break the
formation of channels within the powder bed [12]. The filgw is then stopped and reversed
to compress the powder bed. The pressure acro$gethes increased to give a pre-specified

appliedstress at the base of the bed o71;

o,=W/A+AP, (Eq.1)

whereW is the weight of the sample, A is the cross-sectian@a of thebed and AP, is the

pressure drop across the bed. The gas flow direrstiagain reversed to the upward direction



and slowly increased; the pressure drop at whith@ure at the bed base is detected is used
to calculate the tensile failure stress. An impdriaavantage of the SPT is that the initial
state of the bed is reproducible. The measurenfahieaensile failure stress can be made

under small applied loads.

The Raining Bed Method This is the other test metlwwdneasuring the tensile strength of
the powder bed. The method was first proposed by magsand Peersmdh3] and further
applied by Seville and Clift [14] and Formisaniagt[11]. This method has a few similarities
to the SPT. The rain-off experiments of this paper werdormed in a transparent column of
Perspex with an internal diameter of 54 mm and 400hmyh. As sketched in Figure 2, each
end of this column is connected to a plenum charbkearing a high pressure drop porous
plate, so that air can be admitted to the columoutdin either of these distributors by acting
on a three-way valve, as required by the proceddopted for the bed support experiment.
The column in provided with four pressure taps eaghnected to a transducer to allow
pressure drop measurements: PT1 and PT4 are placedessically, level with the two gas
distributions. PT2 and PT3 are located 66 mm apdhinvihe bed height, with PT2 being 46
mm from PT1. The bed mass was 350 g for glass badllgtinng a de-fluidised bed height of
150 mm, and an aspect ratio H/D larger than 2.2.rderao switch from fluidisation to rain-
off experiments, the column can be rotated upside nd@amound a horizontal axis.
Measurements of the differential pressure drop were daotieboth across the whole height

of the bed (AP1.4) and the internal sectidretween PT2 and PT3 (AP2.3).

Initially the powder is fluidised to remove any sgdsstory (shown in Figure 3a) and to

measure the minimum fluidisation velocity. Afteethir flow is switched off, the bed is then
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tapped to reduce the bed voidage to a desired fraciodownward flow of air is then
introduced and the flow rate is increased to a lewklich maintains a stable bed condition
whist the bed is rotated 18Without causing any change in the bed packingerAfotation
the air flow rate is upward supporting the bed in upsidwn position. The air flow rate is
then gradually reduced until it reaches a critical @i&yo U, at which the bed fails and a plug
falls down. The position/plane of failure is videxrorded. A force balance on the plug would
yield the tensile strength of the failed plane. Tigal pressure drop across the whole bed
(AP1.4) for the raining bed tests is in the range of 4.0-1248 for glass ballotini, 0.6-3.4 kPa
for Respitose and 6.6-9.4 kPa for the FCC samples.Atfthe powder has no cohesion, the
bed will fail layer wise from its surface. Howevercohesion is present, the tensile strength
resists raining, even when the pressure drop is hessthe bed weight. Referring to Figure
3, at the bed failure point, the upward fluid dr&g.wg and tensile force, & balance the

weight of the plug that falls down, g, i.e.

A[APpiug uro) — 61 ] =Whiug (Eq. 2)

where,cr is the macroscopic tensile strength acting on thézontal failure plane of cross-

sectional area of the bed, APpiquro) is the pressure drop of powder bed across the plug
height Hyugat the rain-off point. Wygcan be measured by collecting the plug and weighing
it, or alternatively as used here it can be deterchinem the pressure drop across bed height

Hz.zat minimum fluidisation condition, k, i.e. Whiug= AAPpugumn.

APplug (Umf) — APpIug(Uro): oT (Eq- 3)



Now considering that the pressure drop per unit heggbonstant, Eq.3 can be expressed in
terms of AP2.3, (which is actually measudg, as given by Eq.4.

oT = [APpIug(Umf) - APplug(Uro)] leug IHz3 (Eq 4)

Unmr is the minimum fluidisation velocity, blis the rain-off velocity and fi,4 is the height of
the failed plug, whose value is obtained from thelgsis of the images recorded by a video
camera (Sony HDR-HC7E) during the experiment. Althoangh perfectly even, the newly
formed bed surface after the fall of the plug is sthpwlanar and horizontal, so that
evaluation of the mass ofldy proves relatively easy. The SPT and RBM are based o
similar principles, the only difference being that thegpwveight acts in opposite directions in
the two cases at the failure point. However, thereihation of the equivalent applied stress

in RBM is not straight forward as the stress state waay due to the rotation of cylinder.

Ball Indentation Method A new method, capable ofdi@gy measurements at low stresses
less than 1 kPa and requiring a relatively small @am@f powder, has been introduced by
Hassanpour and Ghadii5]. This method is based on indentation hardnessureagnts
carried out on compacted bulk powder beds. It giveseasnre of resistance to plastic
deformation and is well-developed for hardness measent of continuum solids. However,
extension to testing of cohesive powder beds has aently been analysed [16], [17] and
[18]. In this method a spherical ball indenter penetranéo a bed of powder and with the
increase in load F, the indentation depth h isioapusly recorded to produce a depth/load
curve as shown in Figure 4. During the unloading estagly the elastic deformation of the
sample recovers and when the load reaches zerondlevéilue of the indentation depth has a

final value h larger than zero. The deplti representing thelastically-recovered depthan
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be calculated by estimating the tangent to the initedtel part of the unloading curve. The slope
of the tangential line gives the stiffness, which dataes the location of don the penetration
depth axis.The hardness of the powder bed can then be caldigtthe expression:

F
H=—"1% Eq. 3
A (Eq. 3)

where Fuax is the maximum indentation load and A is the prigda@area of the impression of

the indenter which can be obtained using;

A=r(dyh,—h.") (Eq. 4)
where dis the diameter of the indenter angdifithe intercept of the tangent to the unloading

curve.

Ball indentation was investigated using the Instroé&Mechanical testing machine. The
samples were first pre-consolidated in a die by mlstss steel piston using a 10 N load cell
which has a resolution of 0.25 mN. The cylindrica dised in this testing is made of
polytetrafluoroethylene (PTFE) in order to minimise IWettion and has an inner diameter
of 20 mm. The strain rate is kept constant at &3, therefore testing at quasi-static
conditions. The pre-consolidated samples were gwnected to indentation using a high
precision spherical ball indenter of 2.8 mm supplsdSigmund Lindner GmbH. In the

indentation hardness testing, the volume of mdtender yielding condition is surrounded

by an elastically deformed region and cannot easdy,flcausing some constraining of
powder flow. Therefore, hardness is usually largantthe plastic yield stress. In continuum
solids, a linear relationship is commonly assumdd=CY where H is the indentation

hardness, Y is the yield stress and C is termedhasconstraint factor. For powders,



depends on single particle properties such as pastiepe, roughness and friction coefficient

[15].

For the determination of the bulk mechanical failpreperties of the powders using the
standard shear cell testing procedure, the Schulmg shear tester (RST-XS, Dr.-Ing.
Dietmar Schulze, Wolfenbuttel) has been used andé¢kaled procedure has been described
by Schulze [2]. A family of yield locis plotted as a function of the consolidation majo
principal/applied stress, and a linear extrapolatmithe abscissa is made to determine the

tensile strength.

Despite their literature presence and great potefutigdvaluation of powder cohesion, these
new techniques are not been commercially availabl@ bave not been evaluated and
compared against the standard and common methdteaf sell testing. In this paper, a first

attempt is made to compare the outcomes of theseodgethr a number of powder materials.

2.1 Materials

The materials used in this study are spherical dlaietini (a free-flowing model material),
three different size distributions of Fluid Catalytic Gdag (FCC) equilibrium catalyst
(commonly used in the petroleum industry) and Respit88®03 (a sieved grade a-lactoe
monohydrate used in the pharmaceutical industryxagient). The characteristics of the
particle size distributions of the powders are giveTable 1 and were determined by laser
diffraction using the Mastersizer 2000 (Malvern Instamts, UK) in a wet dispersion

environment.
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3. Results

3.1 Shear cell

There are a number of methods to predict the terssiength of the powder. The most
commonly used one is the linear approximation, bigt inight be inadequate to describe the
behaviour of fine cohesive powders at low values afdo [20]. The materials used in this
comparative study exhibit free flowing behaviour basedtlee ratio of unconfined yield
strength and major principal stress defined by fllumction (ffc), shown in Table (2),
determined using Schulze (RST-XS) ring shear testerat®Ekldata are given in the
Appendix. The relationship between the shear andnabistresses for Respitose SV003
sample is shown in Figure 5 fanapplied stress of 6 kPa. It can be seen that icdse of
the Respitose SV003 sample, the shear stress haaarelationship with normal stress for a
given pre-shear stress condition. A similar trends whserved for all the other materials
tested at different applied stresses, as shown in Alspenherefore, the yield locus can be
approximated by a linear function given by Coulomb’s law [21]. Using linear extrapolation,
the tensile strength of the test materials was détednand is shown in Figure 6 as a
function of the applied stress, where a clear tisnabserved. Each test was repeated three
times and the error bars show the maximum and minimates. Glass ballotini and
Respitose exhibit a higher tensile strength as cordparenore free flowing FCC materials.
The tensile strengths for a given major principal stegesvery similar for the different sizes
of FCC, though there is a slight increase as pasizkeis reduced. For Respitose the slope of

the yield locus becomes marginally shallower as tkeshear stress is increased.
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3.2 Sevilla Powder Tester (SPT)

An example of the raw data obtained in SPT for treggassure drop across the bed to cause
failure as a function of the superficial gas velpadag shown in Figure 7 for the 43 um
FCC sample. The critical gas velocity at which thevger bed fractures is marked by a sharp
fall in the pressure drop. It was observed for a#l thaterials that the fracture of the bed
started near the base of the powder bed. The testsdegth measured for different applied
stress levels for all the materials is shown in Figur€omparing the data of Figures 6 and 8
for the shear cell and SPT, the trend of tensile gthefor these materials is very similar.
The magnitude of the tensile strength of Respitose8(00240 kPa) and glass beads (0.13-
0.35 kPa) measured by the shear cell is greaterthiz@of the SPT (Figure 8). However, for
FCC powders both of these tests provide similar ntadeiof the tensile strength. Another
difference is that the SPT provides a greater differgotiathan the shear cell between the
tensile strength of the different size distributioid=€C. The variation of tensile strength
with major principal stress is approximately linear fbrnaaterials in the shear cell (Figure
6). This is also the case with the SPT at higher agdpdtresses (Figure 8). However at lower

stresses the tensile strength drops slightly bélosarity in the SPT.

A notable feature of the SPT is its ability to maasthe failure stress at low applied stress
typically much less than 1 kPa. Fine powders, aglglass beads and Respitose used here,
exhibit a higher tensile strength due to the highto & the attractive van der Waals force to
particle weight as compared to the more free flowh@f powders. Also, it is expected that

as the sieve cut size decreases, the tensile 8irgrogeases.
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3.3Raining Bed Method

The results in the case of Respitose sample obt&#iaedthis method are shown in Figures 9
(a) and (b)The pressure drop across the whole bed (AP1.4) from the top of the gas distributor
plate to the free board above the bed surface essbpre droAP,-3) across a length of the
powder bed (k) give nearly the same \d Referring to Figure 9 (b), as the velocity is
reduced from the high end with the bed in a rainiagjtpn (i.e. up-side down), the pressure
drop first reaches a value corresponding t@, But the inter-particle adhesion prevents the
bed failing until the superficial velocity is reduct U,. At this point the tensile strength is

calculated according to Eq.4.

The tensile strengths obtained for all the matetedted as calculated from Eq.(4) are shown
in Figure 10 as a function of applied stressthe powder bedDifferent levels of packing
fraction are achieved by tapping the bed gently,thedcorresponding pressured drop which
gives the same party fraction is used for calculatibapplied stress. These diagrams show
that, as seen before, the tensile strength incregteshe increase in applied stressnongst

all the materials tested, glass beads exhibit thatgsé tensile strengthn the case of the
FCC samples, only FCC 45-63 has a measureable tetrsitgth as shown in Figure 10. This

is the finest cut of this material (48 um) whereas the other two samples (63-75 and 75-90

um) behave as cohesionless materials with no measugatisiée strength by this method.
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3.4Ball Indentation Method

In this method, the samples are consolidated toinentamal stress and the indentation tests
are carried out. The hardness measurements as aofun€ipplied stress for glass beads and
Respitose samples are shown in Figure 11. The eam ih Figure 11 indicate the span

between maximum and minimum value based on threerements.

It can be seen from Figure 11 that BIM can give réfialmeasurements at low applied
stresses. In both cases of Respitose SV003 and lgésts, the hardness increases with
applied stress. The trend observed in indentatiggerements is similar to that in SPT and
RBM experiments with glass beads material showingdrigensile strength and hardness due

to greater bulk cohesion, followed by Respitose SV003

4. Discussion

In Figures 12-14, the tensile strength as a functbrapplied stress is given for all the
materials measured by the SPT, RBM and the extrapblatesile strength, inferred from the
Schulze ring shear tester. The data obtained witklifferent techniques cover a wide range
of stress conditions. In all the tests it is seex,ths expected, the tensile strength increases
with applied stress. It is also observed that tmesite strength values are reasonably
coherent, as they line up along a unique trend. Wewean exact agreement is not seen and
this is indicative of the difficulty of measuring bulgowder behaviour by different

techniques, due to its marked sensitivity on thé&ailigation conditions and stress history.
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The use of different initialisation procedures in theesdniques influences the measurement,
since it is well known that bulk powder failure islirenced by stress history, which can only
be brought to a reproducible state if the powderffecBvely taken to a fluidised regime, as
in the case of SPT and raining bed technique [20] eargd until steady state flovs i
achieved in the shear cell [21]. On the other handtehsile strength given by the shear

tester is not a direct measure, but an extrapolatiaiata taken from a shear test.

The tensile strength comparison between the shelaarm@IRBM as a function of measured
applied stress is shown in Figures 12 and Adgood qualitative agreement is seen between
the shear cell, SPT and RBM, i.e. the rate of increasensile strength is similar for all tests.
However, the trend for RBM is mixed. In almost allesg measures a lower value of the
tensile strength. This highlights the difficulty obmparing measurements made between
different techniques, wherein the powder has beenestdg to different conditions. As
shown in Figures 124 for the glass beads, Respitose SV003 and FCC, resggctine
tensile strength given by SPT and RBM has been cleairsetl at stress states less than those

possible with the shear cell.

Notwithstanding a certain scatter, the agreementdxat shear celSPT and RBM data for
Respitose and FCC powder is good for these tests ircdhenon range of the applied
stresses Furthermore, the tensile strength variation with ligopstress follows a similar
gradient. In the case of glass beads powders, slwvwigure 12, notable differences are
observed for the RBM data. A good agreement with tleadt obtained by the other
techniques is observed as far as the material is exdlovith some tensile strength, so that

the fall of a plug of solids is observed. That occom$y with the 4563 um cut of FCC,
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whereas for the other two size cuts particles rain domdividually, according to the
behaviour typical of cohesionless materials. ThereftmeFCC 63-75 and 790 um Eq. 4
simply does not apply and no result can be reportdéigure 14.1t should be noted that the
tensile strength is measured by these techniqudiferient points within the bed. In the SPT
fracture occurs generally near the bottom of the bbdrevthe applied stress reaches its
maximum value, the bed is more compacted [22, 23]. ti@nother hand, fracture in the
RBM occurs at planes closer to the free surface, wihemre is less wall effect and porosity
could be different from that of the bed failure looatin the SPT.In contrast, the yield plane
in the shear tester is unknown and failure might oetudifferent planes in different runs.
Generally, and since the distribution of stressesamgar materials is highly heterogeneous,
an important information that should be known in at@st is the location of the
failure/fracture plane, which should ideally occuraireproducible way. The main issue in
comparing the three techniques is differences in ttessthistory. Figures 1P4 show that
nevertheless they give a consistent representaficheovariation of the tensile strength

considering the wide range of stress state conditested.

In Figures 15 and 16, comparisons are made betweenrdkistance to deformation

represented by hardness results, obtained by BIM, fasi@ion of applied stress and the
unconfined yield strength, obtained from shear cetitd for glass beads and Respitose
SV003, respectively. A correlation exists for both enails between the hardness and
unconfined yield strength down to a certain low striesel of approximately 3 kPa, as the
shear cell could not provide measurements for these-flowing materials at very low

stresses. It is also noted that both the indemtati@dness and unconfined yield strength

increase linearly with the applied stress. The catiwh between the two test results may be
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expressed by the constraint factor (C), i.e. the mtimeasured hardness to the yield stress.
The hardness of the powder bed can be linked ttetisle strength of the material indirectly
through the unconfined yield strength and interriatibn angle determined by the shear cell.
A more rigorous comparison amongst the techniquesiresqa detailed analysis of the
mechanics of the bulk failure. This may be bestrasised by the Distinct Element Method

(DEM), which is however outside the scope of the gmesvork.

5. Conclusions

The tensile strength of a range of powders has bemasured directly by the SPT and the
RBM and indirectly by the Schulze ring shear testerBiM. The SPT, RBM and BIM have
the ability to measure bulk properties at very laresses. This is most useful to applications
such as mechanical dry powder inhalers and dry powdpemsion for sizing. Qualitatively
the test methods provide similar results for theetbgtowders, with the rankings of powders
in terms of tensile strength being the same for eadnique. The tensile strength increases
with applied stress for all powders in all techniqué@$e tensile strength measured by the
shear cell is also greater than that measured byRfiea8d RBM. For FCC this increases as
particle size is reduced, with the sensitivity totiode size being least for the shear cell. For
glass beads and Respitose the bed hardness medsuri@tM correlates well with the
unconfined yield strength measured in the shear cEHe differences in the values of the
tensile strength as measured by different techniques giat the stress history of the powder
and method of measurement are influential. It isstbf paramount importance to analyse in

detail the conditions of powder flow for each applicatin order to choose the most
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appropriate test, in which the powder is subjectedotaditions closer to those expected in
practice. Further work should utilise DEM to providenare in-depth understanding of the

reasons for the differences between the measurementshsgeggtechniques.
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7. Appendix:

Table Al: List of pre-shear and normal stressed tmeall the test mateirals in shear

cell experiments.

Pre-Shear Stress (kPa) Normal Stress (kPa)

2 1.8

1.6

14

1.2

1.0

3 2.6

2.2

1.8

14

1.0

4 3.5

3.0

2.5

2.0

15

1.0

5 4.4

3.8

3.2

2.6

2.0
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1.0

5.2

4.4

3.6

2.8

2.0

1.0

Table A2: Results of shear cell for Respitose sampligfarent pre-shear stresses.

Unconfined
Pre-shear Stresg Major Principal | Yield Strength | Cohesion Estimated Tensile
(kPa) Stress (kPa) (Pa) (Pa) Strength (Pa)

2.0 4.2 419.3 136.5 287.8
3.0 6.1 423.3 144.2 303

4.0 7.9 407.0 160.3 338.5
5.0 10.0 460.0 175.2 365.8
6.0 12.1 467.0 190.9 401.1

Table A3: Results of shear cell for Glassbeads saatpléferent pre-shear stresses.

Unconfined
Pre-Shear Stres§ Major Principal | Yield Strength | Cohesion Estimated Tensile
(kPa) Stress (kPa) (Pa) (Pa) Strength (Pa)
2.0 3.3 691.0 158.3 213.5
3.0 4.8 666.0 180.8 245.7
4.0 6.3 719.0 201.7 278.3
5.0 7.9 780.0 222.3 305.1
6.0 9.4 915.0 258.3 348.3
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Table A4: Results of shear cell for FCC-56 samplefétrdint pre-shear stresses.

Unconfined
Pre-Shear Stress Major Principal | Yield Strength| Cohesion Estimated Tensile
(kPa) Stress (kPa) (Pa) (Pa) Strength (Pa)
2.0 3.2 99.7 37.5 77.2
3.0 47 123.7 41.0 94.9
4.0 6.2 119.7 52.1 109.7
5.0 7.8 141.3 59.2 123.6
6.0 9.3 133.7 65.1 139.3

Table A5: Results of shear cell for FCC-70 samplefédrdint pre-shear stresses.

Unconfined
Pre-Shear Stress Major Principal | Yield Strength| Cohesion Estimated Tensile
(kPa) Stress (kPa) (Pa) (Pa) Strength (Pa)
2.0 3.3 72.0 40.4 83.1
3.0 4.7 103.3 38.0 77.1
4.0 6.3 130.7 45.6 93.9
5.0 7.8 133.3 52.9 108.7
6.0 9.3 141.3 59.0 122.0
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Table A6: Results of shear cell for FCC-87 samplefédrdint pre-shear stresses.

Unconfined
Pre-Shear Stress  Major Principal | Yield Strength| Cohesion Estimated Tensile
(kPa) Stress (kPa) (Pa) (Pa) Strength (Pa)
2.0 3.2 95.0 24.3 48.8
3.0 4.7 79.0 34.0 69.6
4.0 6.3 85.3 38.2 77.4
5.0 7.8 114.7 50.7 105.8
6.0 9.2 119.7 55.3 115.9

X2 kPa +3 kPa ®4kPa ~<5kPa 06 kPa

N

w

N

Shear Stress (kPa)

H

Normal Stress (kPa)

Figure Al: Relationship between shear stress anttaistress for glass beads sample for a

number of pre-shear stresses, measured by SchulzeXBS$ihg shear tester.
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Figure A2: Relationship between shear stress antaistress for FCC 463 pum sample for

a number of pre-shear stresses, measured by SchulzX8ng shear tester.
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Figure A3: Relationship between shear stress anualastress for FCC 635 pm sample for

a number of pre-shear stresses, measured by SchulzX8ng shear tester.
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Figure A4: Relationship between shear stress anualastress for FCC 780 pm sample for

a number of pre-shear stresses, measured by SchulzX8ng shear tester.
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for a number of pre-shear stresses, measured by SchelzXR ring shear tester.
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Figure 6: Relationship between inferred tensile gftteand applied stress for all the test

materials obtained with Schulze RST-XS ring shedetes
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Table 1: Size distribution of test materials by tadifraction method using Malvern
Mastersizer 2000 (wet method).

size (um) dio dso doo
m
Glass ballotini 11.2 44.0 94.7
Respitose SV003 28.7 62.1 98.6
FCC (45-63 um) 38.6 55.9 74.8
FCC (63-75 pm) 53.2 69.7 85.2
FCC (75-90 um) 64.2 87.0 107.3

Table 2: Flow functionffc) for different materials tested.

Material Flow function (ffc) Evaluation
Glass ballotini 8-20 Easy flowing- free flowing
Respitose SV003 6-13 Easy flowing- free flowing
FCC (45-63 um) 31-70 Free flowing
FCC (6375um) 45- 66 Free flowing
FCC (75-90 pum) 33-77 Free flowing
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