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"Qui done peut ealc1ller Ie trajet d 'une molecule? que savons-nmts si des cr'eations de mondes ne 

sont point determinees par des chutes de grains de sable?" 

"Who could ever calculate the path of a molecule? How do we know that the creations of worlds 

are not determined by falling grains of sand?" 

Victor Hugo, Lcs l\1iHcrablcs 
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Abstract 

This thesis, at the interface between the scimtific disciplines of planetary science and gran

ular physics, has two key components, both of which intend to increase our understanding 

of granular dynamics in varying gravitational conditions. The dynamics of granular ma

terials are involved in the evolution of solid planets and small bodies in our Solar System, 

whose surfaces are generally covered with rl:'golith. Understanding granular dynamics is 

also critical for the d('sign and/or operations of landers, sampling devices and rovers to be 

included in space missions. 

The first component of this thesis is the validation of the hard-sphere discrete element 

method implementation in the N-body code pkdgrav to model the dynamics of granular 

material. Dy direct comparison with results from laboratory experinwnts, it is demon

strated that the hard-sphere discrete element method implementation in pkdgrav is valiu 

for modelling granular material in dilute regimes and is capable of reproducing the complex 

dynamical behaviour of a specific dense system as well. The s('cond component is focussed 

on the AstEx parabolic flight experiment. This experinlPnt, with the aim of characterising 

the response of granular material to rotational shear forces in a microgravity cllvirollUH'lIt, 

was designed, constructed, flown and the data were analysed as part of this thc'sis. It was 

found that the effect of constant shearing on a granular material in a direction perpendic

ular to the gravity field is not strongly influenced by gravity. The AstEx experiment has 

demollHtrated, for the first time, that the efficiency of granular convectioll may decrease 

in the presence of a weak gravitational field, similar to that on the surface of small bodies. 

The first measurements of transient weakening of granular material after slH'ar reversal 

in microgravity are also r('ported. Results suggl'st that the force contact network may 

be weaker in microgravity, although the influence of any change in the contact network 

is felt by the granular material over much largl'r distanc('s. This may have important 

implications for om interprf'tation of asteroid surfaces. 

Continued advancement of our understanding of granular matf'rials in varying gravitational 

conditions requires futher experiments and the development of the soft-sphNe discrde 

element method implementation in pkdgrav in order to model the granular regimes that 

are inaccessbile to the hard-sphere implementation. 
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Chapter 1 

Granular material and the Solar 

System 

1.1 An introduction to the Solar System 

The history of our Solar System started 4.6 billion years ago whcll a dense cloud of interstellar gas and 

dust collapswl under its own gravity and formed the primitive solar nebula, at the centre of which, 

was the Sun. Within this nebula there existed a protoplant'tary disk from which the planets formed. 

Planetary formation is a complex proccss involving three distinct stages. The first stage involves the 

growth from micron-si."ed dust particles to kilometre-sized objects called planetesimak Initially, the 

micron-sized dust particles are thought to form fluffly agglomerates which can reach ccntimetre sizes 

(e.g., mum & Worm, 2000; Wurm & mum, 1!)!)8). HowevN, as the dust aggregates increase in si."c 

the average colliHion velocity increl1!'les above the thwHhold level for diwct sticking due to van del' 

\Vaals forces. Despite thc many hypotheses proposed and dust collision experirrlPllts performed in 

recent years (spe review by mum & Wurm, 2(08) it is still not fully IlndPl'Htood how furthf'l' growth 

occurs. Thc second stage of plalletary formation involves the accretion of pland,esimaJs due to llIutual 

gravitational interactions to form planetary embryos (lunar to Mars-sized objects) and, finally, the 

third stage is when the planets are formed hy high-velocity collisions between planetary embryos. The 

terrestrial planets and giant planets are formed in the inner and outer parts of the Solar System, 

respectively. Some of the primordial objects that !lever coaleHced into a pla!l(~t still exist today in the 

form of small-bodies and they contain the clues to the origins of the Solar System. It has also been 

proposed that the complex organic molecules, which may be capable of triggering pre-biotic synthesis, 

and water could have becn delivered to Earth by primitive small hodies (e.g., \Valsh et at., 2011). 

In addition, such small bodies continue to shape planetary surfaces throughout the Solar System via 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

collisions. 

Several different populations of small bodies currently exist in the Solar System. A schematic is 

shown of the inner Solar System in Fig. 1.1. The main belt of asteroids, residing between Mars and 

Jupiter, is the dominant small body population in the inner Solar System containing a total mass of 

",5% the mass of the Moon (Asphaug, 2009). The small bodies which have perihelion 1 distances of 

less than or equal to 1.3 AU2 are called near-Earth objects (NEOs). The NEO population is composed 

of near-Earth asteroids (NEAs) and also some comets. 

The compositional definition of a comet is an ice-rich body as opposed to the rocky and metallic 

asteroids. Specifically, comets are capable of developing a coma if they come close to the Sun (Asphaug, 

2009). In fact, comets have highly eccentric orbits and, as such, only a small fraction of their orbital 

period is spent in the inner Solar System; most of the time comets reside in the outer Solar System. 

Interestingly, recent observations have also revealed water ice in the spectra of a number of the 

asteroids of the outer main belt; these objects, some of which exhibit comae, have been given the 

name main-belt comets (MBCs) (Hsieh & Jewitt, 2006). 

Comets with periods greater than 200 years are called long-period comets, while those with periods 

less than 200 years are categorised as short-period comets. The short period comets can be further 

divided into the Jupiter family (periods less than 20 years) and Halley family (periods between 20 

and 200 years). Long-period comets are thought to originate from the Oort cloud. This cloud of small 

bodies, located at ",50,000 AU from the Sun, was hypothesised by J. Oort in 1950 but has never 

been detected. Short-period comets are expected to originate from the Kuiper belt (a flattened ring 

beyond the orbit of Neptune but within 50 AU). The presence of the Kuiper belt was proposed by 

K. E. Edgeworth in 1943 and G. P. Kuiper in 1951 and the first detection of a Kuiper belt object 

took place in 1992 (Jewitt & Luu, 1993). Kuiper belt objects (KBOs) are part of a larger class of 

icy bodies called the Trans-Neptunian Objects (TNOs), which is the name given to all small bodies 

which orbit the Sun at a distance greater than the orbit of Neptune (Le., >30 AU). 

Returning to the inner Solar System there is a population of asteroids that follow essentially the 

same orbit as Jupiter, but lead or trail the planet by an angular distance of 60 degrees; these are called 

Jupiter's Trojans. Another population, the Hilda group, exist in the 3:2 mean motion resonance with 

JUpiter3 and their aphelia are found either opposite Jupiter or 60 degrees ahead of, or behind Jupiter. 

Throughout the history of the Solar System all of these populations of small bodies have been 

involved in, and continue to be involved in, collisions with each other and with larger planetary 

bodies. The cumulative effect of such collisions and impacts is the presence of granular material 

lThe perihelion of an orbit is the closest point to the Sun. The furthest point is called aphelion. 
2AU stands for an Astronomical Unit and refers to the mean Earth-Sun distance, which is ",1.5 x lOll m. 
3Being In a 3:2 mean motion resonance with Jupiter means that for every two orbits Jupiter makes around the Sun, 

the Hilda group bodies make three orbits. 
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1.2 The granular nature of asteroids 

(regolith), ranging in size from a few microns (dust) or few hundreds of microns (sand) to a few 

centimetres or metres (gravels, pebbles, boulders), on the surfaces of solid planets and small bodies of 

our Solar System. Although this superficial layer of r~golith, which extends to variable depths, results 

mostly from impact processes via excavation, fragmentation and ejection of material, regolith may 

also be produced via other geological processes such as volcanic activity, erosion, transport as well as 

thermal fragmentation. As a result regolith is extremely common at the surface of all solid planetary 

bodies. 

The dynamics of granular materials are, therefore, involved in planetary evolution and are also 

critical for the design and operations of landers, sampling devices and rovers. 

1.2 The granular nature of asteroids 

In this section we will first discuss the evidence from ground based oosprvatiol1s and space missions 

that indicates that regolith is dominant on the slIl'face of asteroids. Then we will discuss the evidence 

that indicates that asteroids may not only have granular material at thdr s\ll'face, but some may, in 

fact, be entirely granular in nature. 

1.2.1 Direct observations of asteroid surfaces 

To date there have been three space missions sellt to characterise an asteroid in detail: the NASA 

near-Earth asteroid rendez-vous (NEAR) mission which arrived at the near-Earth asteroid (433) Eros 

in 2000 (Cheng ct at., 1007), the JAXA Hayabusa sample return mission which arrived at the near

Earth <tRteroid (25143) Itokawa in 2005, and the NASA Dawn miRsion to the main-belt asteroids (4) 

Vesta and (1) Ceres, which arrived at Vesta, the fin,1; of the two targets, in 2011 (Russell et al., 2(07). 

There have also been other miRRions which have flown past asteroi(k For example, the ESA Rosetta 

misRion, wllORe primary target is COlllet 67P/Churyumov-Gerasimenko, flC'w by asteroid (21) Lutetia 

in 2010. The NEAR spacecraft flew by m;teroid (25:~) Mathilde in 1007 Lefore reaching EroR and the 

Galileo spacecraft flew by aRteroids (951) Gaspra and (243) Ida in 1991 and 1993, respectively, on its 

way to Jupiter. Figure 1.2 Rhows all asteroids that have been visited by spacecraft either during a 

flyby or during a rendez-vous mission. 

The firRt two ill-Ritu ol)RC'rvatiol1s of asteroids (thoRe of Eros and Itokawa) greatly increased our 

knowledge of asteroid surface properties whilHt highlighting the complexities and variatiolls in the 

surface environments. Defore the NEAR and IIayabus<t space missions most scientists asslllJ1l'd that 

the smallest ClstewioR wpre all l1lonolithic rocks with a bare surfacp, although, thpre had been a few 

articles Ruggesting a possible alternative internal structure (e.g., Michel ct aL, 20(1). Calculations had 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

Figure 1.1: Inner Solar System diagrams showing the positions of asteroids and comets -
The positions of all numbered asteroids and comets on 1/10/2008 plotted (a) from above the ecliptic 
plane (the plane containing the Earths orbit) and (b) from the edge of the ecliptic plane. The orbits 
and positions of Mercury, Venus, Earth, Mars, and Jupiter are shown; the Trojan, main-belt, and near
Earth asteroid populations are evident. Asteroids are yellow dots and comets are sunward-pointing 
wedges. Images taken from Asphaug (2009) but produced by P. Chodas (NASA/JPL). 
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1.2 The granular nature of asteroids 

Figure 1.2: Asteroids visited by spacecraft - This composite image shows the comparative sizes 
of nine astProic\s vhiited by a spacecraft. The largest astcroiu, Vesta, is .-v5:W km in diameter. The 
smallest asteroid, Itokawa, is only a few hundred metres in diallleter. Image credit: NASAl JPL
Caltechl JAXA/ESA. 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

been performed of ejecta velocity assuming that asteroids experience impacts in the main asteroid belt. 

Given the low gravitational acceleration on the surface of an asteroid, it was thought that regolith 

formation would not be possible; even if small fragments of rock were created during the impact 

process nothing would be retained on the surface. However during these two space missions NEAR 

revealed a substantial regolith covering Eros (Robinson et at., 2002), and Hayabusa revealed Itokawa 

to be a rubble pile asteroid essentially made of regolith throughout (Fujiwara et at., 2006). 

In addition to finding each of these bodies to be regolith-covered, there is strong evidence that this 

regolith is very complex and active. In fact, it was due to the NEAR observations of Eros that the 

local gravity was first understood to be of importance to asteroid surface processes (Robinson et at., 

2002). This was further emphasised when the first images were received from the Hayabusa probe. 

Compared to Eros, Itokawa was found, astonishingly, to have entirely different structural and surface 

properties despite their similar taxonomic class. The reason for these different properties is not clearly 

understood, but perhaps this shouldn't have been surprising; because of their size (mass) difference, 

if gravity is the discriminator, then Itokawa is expected to be as different from Eros, geologically, as 

Eros is from the Moon (Asphaug, 2009). 

We will now discuss, in detail, the in-situ observations of some asteroids. 

1.2.1.1 Asteroid (433) Eros 

Eros is the second largest near-Earth asteroid with a mean diameter of f'V 17 km and a bulk density 

of ",,2.67 g cm-3 (Yeomans et al., 2000). Its pickle-like shape (Fig. 1.3) suggests that Eros is a body 

with strength. From the data obtained during the NEAR mission it has been possible to calculate the 

gravitational slopes (the angle between the local gravitational field and the normal to the surface) over 

the surface of the asteroid (Fig. 1.4). The gravitational slope varies over the surface of the asteroid; 

in some locations there is no slope at all, and in other locations (such as the walls of craters) slopes 

exist of 30-40 degrees (Zuber et al., 2000). However, all of t~ese slopes are consistent with surfaces 

of loose granular material. Indeed, the regolith of Eros consists of fine dust with an estimated depth 

between 10 to 100 metres (Veverka et al., 2000). 

The surface of Eros is heavily cratered and has a high abundance of boulders (Veverka et at., 

2001b). However, despite the large number of craters, there is a deficiency of small (m-sized) craters 

compared to the expected extrapolations from larger crater sizes or from what is observed on the Moon 

(Veverka et al., 2001b). There is, in fact, a larger abundance of boulders than small craters (Chapman 

et al., 2002). It has been suggested that impact-induced seismic shaking, which causes the regolith 

to move, may erase small crater features and thus explain their paucity compared to predictions of 

dynamical models of projectile populations (e.g., Michel et at., 2009; Richardson et al., 2004). This 
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1.2 The granular nature of asteroids 

Figure 1.3: Asteroid (433) Eros - Global image of Eros. Image taken by the NASA NEAR spacecraft 
in 2000. Image credit: NASA. 

Figure 1.4: Slopes of ast.eroid (433) Eros - The shape model of Eros is shadnd in c\<'grces of 
slope between the surface normal and the vector of gravitational acce\pration in the rotating frame of 
referellce. The crater rims and a few other areas have local slopcs of 300 

- 400
, wlH'was non-cratcl'l'd 

areas arc relatively "flat" (Zuber d al., 2000). Figurc taken from Asphatlg (20()!)) but reproduced 
from Asphaug et al. (2002). 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

will be discussed in greater detail in Section 1.3.2. Some of the boulders appear in clusters on the 

surface. This may indicate that they are formed from secondary ejecta or that they are small pieces 

of a larger thermally broken boulder. 

The older craters are, in general, shallower than the fresher craters (Robinson et at., 2002). In fact, 

many of the topographic lows are filled with smooth, fiat deposits of fine granular material (Cheng 

et al., 2002; Robinson et al., 2001; Veverka et al., 2001b). These features, referred to as "ponds" are 

characterised by smooth, level surfaces that are sharply delineated; they are found prefentially at low 

latitudes and in the bottoms of small «1 km) craters. Some examples of such ponds are shown in Fig. 

1.5. Several mechanisms have been proposed to explain the formation of these dust ponds including 

seismic shaking (Cheng et at., 2002), electrostatic levitation and transport of fine grains (Lee, 1996; 

Robinson et at., 2002) as well as thermal erosion of boulders (Dombard et al., 2007). 

Figure 1.5: Dust ponds on (433) Eros. - Images taken by the NASA NEAR spacecraft in 2000. 
Image credit: NASA. 

There are also "-'10 to 100 m-wide scarpsl on the surface of Eros. They are supported in the walls 

of long, linear fractures, some extending for kilometres and mostly running in parallel (Prockter et ai., 

2002). It has been suggested that these fractures are evidence of competent rock below the regolith 

- they result from stresses from large events, which have refocussed and caused fracture far from 

the crater (Asphaug et aI., 1996; Fujiwara & Asada, 1983), or that they are due to thermal stresses 

(Domhard & Freed, 2002) and body stresses induced by changes in spin. However, Asphaug (2009) 

suggests that these fractures are perhaps faults in a granular matrix and are, therefore, evidence for 

a fractured granular interior. 

1 A scarp is a steep cliff which can be produced by faulting or erosion processes. 
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1.2 The granular nature of asteroids 

Downslope regolith movement has also been observed on Eros and granular flows have been re

ported to form both 'debris aprons' and 'talus coucs,1 (Robinson et al., 2002; Thomas et al., 2002; 

Veverka et aL, 200la) as demonstrated in Fig. 1.6. In these images, especially Fig. 1.6 A, the brighter 

surfaces imply freshly exposed material that has not yet been subjected to space weathering (the time-

dependent modification of an asteroid's reflectance spectrum due to impingement by micrometeoroids 

and solar wind particles; Chapman, 2004). 

Figure 1.6: Indications of downslope regolith motion on (433) Eros - (A) Bright steaks of 
freshly exposed material 011 a large crater wall, as the dark('r material moves downslope; (B) talus 
cones and dd>ris avalanches emanating from a steep scarp; (C) a debris apron extending into a highly 
eroeled crater from a rise at the top of the image, and a thick layC'r of regolith gently encroaching 
into the sallle crater from the bottom of the image; and (D) the collection of regolith (and scattered 
boulders) in topographic lows, several degraded (softened) craters, a few han·ly visihle 'ghost' craters, 
and a general lack of smaIJ craters, particlliarly in the smooth areas 011 t.he right. Images taken by 
the NEAR spacecraft but this compiled figure is from Richardson et al. (2005). 

ITaluR COIIOS and debris aprolls both refer to accumulations of material that have been gravitationally trallsported 
away from topographic highs. 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

1.2.1.2 Asteroid (25143) Itokawa 

One of the most remarkable features of the ",320 m near-Earth asteroid Itokawa is the global shape, 

which seems to consist of two parts: a small "head" and a large "body" (Fig. 1.7). These two parts 

have a sea otter-shape that seems to be separated by a constricted "neck" region (Demura et at., 2006). 

The steep slope on the head side of the depression has landslide materials at the bottom. It is highly 

likely that Itokawa is composed of rubble held together by gravity instead of being a monolithic body. 

In fact, observations from the Hayabusa mission suggest that the core constituents of the asteroid 

Itokawa consist of boulders of the order of tens of metres and less (Fujiwara et ai., 2006). This type 

of asteroid, which is a gravitational aggregate, is referred to as a "rubble pile". The low bulk density 

ofltokawa (1.95 ± 0.14 g cm-3) provides further evidence for the rubble pile interior structure (Abe 

et at., 2006). 

Figure 1.7: Asteroid (25143) Itokawa - The rubble pile structure is evident in this global image of 
the Itolmwa. The images were taken by JAXA's Hayabusa spacecraft in 2005. Image credit: JAXA. 

On Itokawa the regolith consists of gravel and pebbles larger than one millimetre with a depth 

that is probably not greater than one metre (Miyamoto et at., 2007). The Muses Sea (Fig. 1.8) is 

an area densely filled with size-sorted regolith of similar brightness, mostly ranging from millimetre 

to centimetre scales. Also evident is a gradual decrease of both the average size of regolith particles 

and the spatial density of large rocks from the boundary with the rough terrain to the center of the 

Muses Sea. These rocks, tens of centimetres in size, often have rounded corners and have flat sides 

facing down. They also tend to collect together (Yano et al., 2006). Smooth terrains cover roughly 

20% of the total surface area of the rubble pile asteroid Itokawa. In these terrains there are small 

regolith particles whose grain-size distribution does not vary greatly (Yano et al., 2006). However, 
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1.2 The granular nature of asteroids 

the granular material on the surface of Itokawa appears to be dominated by grains> 1 mm in size. 

The existence of large facetsl and many boulders implies that Itok.:1,wa has experienced a number of 

large impacts (Fujiwara et at., 2006). However, Itokawa has very few craters in general and absolutely 

no distinct craters <1 m in diameter (Fujiwara et al., 2006; Saito et al., 2006). This suggests that 

there is a mechanism erasing the craters. 

Figure 1.8: Surface of (25143) Itokawa - Evidence of downslope movement can be seen in image 
A. The small white arrows in the Muses Sea region indicate the thin, boulder-rich layer similar to 
landslide deposits. B: The darker depressed region in Little Woomera, which is one of the largest 
facets, is surrounded by a brighter rim. (Inset) A high resolution image of the northern rim of Little 
Woomera. The images were taken by JAXAs Hayabusa spacecraft in 2005. Compiled image from 
Saito et al. (2006). 

1.2.1.3 Asteroid (21) Lutetia 

Asteriod Lutetia (Fig. 1.9 A), a main-belt asteroid with a diameter of ",100 km, has a complex geology, 

a very old surface and one of the highest asteroid densities measured so far (3.4 ± 0.3 g cm-3). It has 

been suggested that Lutetia may have partially differentiated, forming a metallic core overlain by a 

primitive chondritic crust (Weiss et al., 2011). 

The surface of Lutetia is covered by an extensive (up to "'600 m; Sierks et al., 2011) and uniform 

regolith cover, similar to that of the Moon (Coradini et at., 2011). The thick layer of regolith in 

the north pole region is seen to flow in major landslides. Landslides have also been seen inside 

craters (Fig. 1.9 B). The linear features seen on the surface (Fig. 1.9 C,D) are similar in appearance 

to those on the martian moon Phobos, which are commonly interpreted as resulting from a large 

impact (Thomas et al., 1979). As mentioned above, the existence of similar grooves on Eros has been 

I1'he surface of Itokawa appears to have a polyhedral angular structure. Each face of the angular structure is called 
a facet (Demura et at., 2006). 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

interpreted as evidence of competent rock below the regolith, although recent work has suggested that 

the interior may be more granular in nature (Asphaug, 2009). The pattern of grooves on Lutetia and 

the crater morphology indicate that Lutetia's interior has considerable strength and relatively low 

porosity (Sicrks et at., 2011). It is, therefore, likely that Lutetia is not a rubble pile and has survived 

the age of the Solar System with its primordial structure intact; i.e., it has not been disrupted by 

impacts (Sierks et at., 2011). 

Figure 1.9: Surface features on Asteroid (21) Lutetia - (A) Global image of Lutetia. (B) The 
central 21-km-diameter crater cluster. Arrows a, b, and c point to landslides. Landslides a and 
b appear to have buried the boulders that are pervasive within the crater. Landslide b may have 
exposed a rocky outcrop. Opposite e a similar possible outcrop is seen. The material at point d 
has a mottled appearance. (C) The boundary between the young terrain associated with the central 
crater cluster and the old terrain is extremely well defined in some places, as indicated by the arrow 
a. Arrows band c highlight curvilinear features. (D) Arrows c, d, and e point to further curvilinear 
features on the surface of Lutetia. The curvilinear features cut the crater and its rim. Feature c cuts 
through the debris apron b of the crater a. This implies that these linear features are younger than the 
craters or result from an impact into an area with existing large-scale cracks and subsequent regolith 
movement. Images taken by ESA's Rosetta spacecraft in 2010. Compiled figure and corresponding 
text taken from Sierks et at. (2011). 

1.2.1.4 Asteroid (4) Vesta 

Vesta is the second most massive main-belt asteroid with an average diameter of ...... 530 km. Its 

roundness reveals that it is close to hydrostatic equilibrium. It is also one of the fastest rotators of the 

large asteroids with a period of 5.3 hours (Russell et at., 2011). Vesta has complex features including 

lava flows, troughs, ridges, cliffs, hills and a large iron core. Figure 1.10 (a) shows an image of asteroid 

Vesta in which impact craters and grooves can be seen. One of the most dramatic discoveries on the 

surface of Vesta is an 18 km high mountain in the centre of a huge (460 km-wide) crater (Massey, 

2011). This peak is the second highest in the Solar System (after Olympus Mons on Mars). There 

are ruso strong indications of regolith activity. For example, Fig. 1.10 (b) shows a possible landslide 
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1.2 The granular nature of asteroids 

Figure 1.10: Surface features on Asteroid (4) Vesta - (a) This global view of Vesta shows 
impact craters of various sizes and grooves parallel to the equator. (b) Near the image center is 
a very deep cliff running about 20 km from top to bottom. The topography of the scarp and its 
surroundings indicates that huge landslides may have occurred down t.his slope. The scarp's origin 
remains unknown, but parts of the cliff face itself must be quite old as several craters have appeared 
in it since it was created. The images were taken by NASA's Dawn spacecraft in 2011. Image Credit: 
NASA, JPL-Caltech, UCLA, MPS, DLR, IDA. 

down the side of a cliff. 

1.2.2 Thermal properties of asteroids 

The optical brightness of an asteroid is proportional to its projected area and albedo l and can, 

therefore, give a rough indication of the asteroid's size. However, ground ba.<;ed measurements of 

thermal emission are a much better proxy for size and can be used to determine the size of an a.<;teroid 

more accurately (Mueller, 2007). The thermal emission of an asteroid can, however, be significantly 

influenced by the thermal inertia, surface roughness, shape, and spin state, all of which are typically 

unknown (Mueller, 2007). This means that accurate determination of the size of an asteroid can 

sometimes be difficult, although, it also means that the thermal emission of an asteroid can provide 

a wealth of information. 

It is possible to use observations performed in the thermal infrared to estimate the thermal inertia 

of a material, Le., its resistance to temperature change, by means of a thermophysical model (e.g., 

Lebofsky et al., 1986; Mueller, 2007; Rozitis & Green, 2011). The surface of an object with zero 

thermal inertia would be in instantaneous thermal equilibrium with external heat sources; the surface 

lThe amouut of solar flux absorbed by an asteroid is proportional to (1 - A) where the bolometric Bond albedo A 
is defined as the ratio of reflected or scattered flux to incoming flux; scattering into all directions is considered. A is, 
therefore, restricted to lie between 0 and 1 (Mueller, 2007). 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

temperature on an asteroid with zero thermal inertia, in particular, would drop to zero immediately 

after sunset, hence no thermal emission would originate from the non-illuminated hemisphere (Mueller, 

2007). The thermal inertia of an asteroid depends predominantly on regolith particle size and depth, 

degree of compaction, and exposure of solid rocks and boulders within the top few centimetres of 

the illuminated surface. It is used, therefore, to infer the presence or absence of loose material (Le., 

regolith) on the surface of asteroids (Delbo et at., 2007). 

Recent observations suggest that most NEOs have lower thermal inertias than that of bare rock, 

but greater than the lunar regolith, indicating the presence of an insulating layer of granular material 

on their surface (Harris, 2005). From Fig. 1.11 we can see that all asteroids, even sub-kilometre ones, 

have been found to have a significant thermally-insulating surface layer (Delbo et at., 2007). It can 

also be noted that larger asteroids seem to have a finer, or deeperl, regolith than small ones. 

However, we may still expect that very small fast-rotating asteroids would be regolith-free. Con

sider, for example, the small «lOO m-sized) NEA (54509) YORP. Observations of this asteroid, which 

has an ultra-fast rotation period of only 12 minutes, provided the first direct detection of the YORp2 

effect (Kaasalainen et at., 2007j Lowry et al., 2007j Taylor et al., 2(07). Due to the object's fast 

rotation, the surface gravity is overwhelmed by the centrifugal force on most of its surface, for any 

plausible density. Yet, evidence has been found to suggest that there may still be regolith covering the 

surface (Mueller, 20(7)! This would imply that there must be some cohesion present at the surface of 

the asteroid. 

Using a thermal model (e.g., Rozitis & Green, 2011), estimates can been made of the range of 

temperatures found at the surface of an asteroid at any moment in time. The minimum surface 

temperature, found ncar the poles, can be close to 0 K (assuming the poles are perpendicular to the 

orbital plane). The maximum surface temperature is around 400 K at similar distances from the Sun 

as the Earth and can increase up to 500-GOO K if the asteroid gets as close to the Sun as Mercury 

(Rozitis, 2011). Asteroids, therefore, exhibit very large temperature variations across their surface. 

To understand the surface and sub-surface temperature variations of asteroids over their lifetimes 

Michel & Delbo (2010) used a dynamical model of the near-Earth asteroid population to estimate the 

most likely source region and orbital history of four objects which are potential targets for asteroid 

sample return missions. Then, for each asteroid, the dynamical history was predicted and surface 

and Bub-surfaee temperatures of these bodies were computed using a thermal model. Delbo & Michel 

(2011) have also performed a similar study to estimate the temperature history of (101955) 1999 RQ36 

(the primary target of the mission OSIRIS-REx, selected in the program New Frontiers of NASA). 

1 From thermal inertia mea.suremellts it is not possible to discriminate between a thin layer of flne regolith and a 
dL>ep layer of coarse regolith. 

2See discussion on the YORP effect in Section 1.3.3. 
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1.2 The granular nature of a s teroids 

Their res ults sugges t. t hat the smfaccs of tlH'se ast('ro icis hav(' ('x I)('ri (, llc('d telllpNat.lIl'('S gr('(ltcr than 

400 K and at most 500 K with 50% probRbility. However, t he temperature of s llb-s llrfacc IWltt'rials 

drops very rapidly with depth. This mea lls t. hRt at a depth of only "bol lt :~-5 elll thC' mal.C'ria l will 

have temperat ures a.bollt 100 K below those at thc sllrface. 

These s tudies demonstrate that astero ids may be sllbjected to very large teillpernture variations 

ac ross thei.r surface and dlll'illg the ir lifet ill1('s. 1'h<' rC' is a lso a very strong d<'c l'<'ns(' in tf'lllperatur(' 

with s ub-surface derth . 
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Fig ure 1.11: Thermal inertia as a function of asteroid diameter - SlI1a ll opC'1l circles rerrescnt. 
val lies from the Iiterat1ll'e derived by means of thel'lllophys icni models. The large open dialll ond is the 
result frolll t he work of Delbo e/, at. (2007). T he ax is 011 t.ho righL-hnlld side giv('s th(' nst<'roid surfa('(' 
thermal cond uct ivity ass llming constant surface density of 2500 kg m- 3 a nd specific hf'at cnpM:ity of 
600 J kg- I K - 1• The s traight (continuous) line gives t he best fi t to I he trelld of incr(,Hsing thf'rmal 
inertia with decrcasing asteroid diameter. Thc dotted and c1a .. <; hcd lines givc the best fit to this trf'nd 
for main- belt asteroids and IIcar-Earth astero ids on ly, r('spect ivf'!y. Note Lhat finl' dust ano bare rock 
have typical thermal inc rtia. valucs of 30 and 2200 .J m - 2 K - 1 s- 0.5, r('spcct.iv(' ly. This fi gurc is t a 1«'11 

from Delbo et ai. (2007). 

1.2.3 Size and spin rate distributions 

A model of thc debiasecl orbital a.lld absolute lI1agnitude dist ribution o f NEAs has 1)('0 11 devcl0pf'd 

in the last decade (Bottke et ai., 2002a). From this maciel , the total NEA pop1llation is cstillHlI('(1 

to contain approximately 1200 objects with a bsolute Illagnitude] H< 18 and approxi lnnteiy 30,000 

'Thc absolutc v isual magnituclc is defined as t he visual magnitudc (i .c., a mC<lS\II'f' of the <l pparf'nt brightncss) 
corrcc tcd to hclioccntr ic and observ<'r-ccntric disi anc<'-l) of I AU and a solar ph a:-;(' anp; ll' of 00 (Bowl' ll et (l.l., 1989). 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

objects with H<22 (a histogram of the current NEA absolute magnitude distribution is given in Fig. 

1.12). It is usua lly assumed that objects with H = IS and H = 22 have diameters of "-'1 km and 

"-'200 m respectively, although the exact relation depends on the albedo of the object. However, the 

model of NEO population (Bottke et al., 2002a) is still not perfect as there seems to be an observed 

excess of high inclination NEOs compared with the model predictions (Michel, 2011). The comparison 

between the debiased orbital-magnitude distribution of NEAs with H< I S (Bottke et at., 2002a) and 

the observed distribution of discovered objects suggests that most of the NEAs > 1 km in size have 

now been discovered. 

Figure 1.12: Near Earth Asteroids absolute magnitude distribution - The current distribution 
of NEA absolute magnitudes (from The Near-Earth Asteroids Data Base) . 

The spins of approximately 1500 asteroids are shown in Fig. 1.13 plotted versus the asteroid 

d:ameters. The spin periods of asteroids can cover a wide range of values, from several days to about 

a minute. Another interesting feature of this plot is that there are very distinct structures in the data 

related to the strength properties of the object. The period of about 2.1 hours was identified by Harris 

(1996) as the maximum spin a body can sustain without spinning off material from the longest axis. 

This is often referred to as the "spin barrier". More refined analyses have been performed (Holsapple, 

2001, 2004) showing that a more typical spin limit before major shear failure for bodies having zero 

cohesive or tensile strength1 is 2.6 hours. This spin barrier is shown by the broad horizontal red band 

in Fig. 1.13. 

Until a few years ago, all known spins of asteroids with a size greater than a few kilometres were, 

to within error bars, below these limits. This observation led to the erroneous conclusion that all those 

IThe cohesive strength is the shear st rengt h at zero confining pressure. This is usua lly assumed to be the same 
value as tensile st rength. 
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1.2 The granular nature of asteroids 

bodies have a rubble-pile structure (Michel, 2011). An analysis of those spins using a comprehensive 

strength model approach demonstrated that the spin limits of larger bodies are constrained by their 

self-gravity, independently of their cohesive strength (Holsapple, 2007). This means that, in this 

gravity regime, even monolithic bodies may disrupt above the spin limit. The spin barrier is, therefore, 

not evidence that all those bodies must be rubble pile. Of course, the bodies may be rubble piles, but 

this observation alone is not conclusive evidence. 

For bodies less than about 10 kilometres in diameter, the cohesive/tensile strength is sufficient to 

allow them to spin faster than pure gravitational binding would allow. Bodies with such spin rates are 

called fast rotators and are all in the strength regime. Figure 1.13 shows the line corresponding to the 

strength limit of these bodies!. As shown in the figure, the strength limit decreases with increasing 

size of the body. This is because the larger bodies are believed to have a greater number of cracks and 

faults that reduce their strength. Analytical estimates suggest that even small amounts of strength or 

cohesion in a rubble pile can render rapidly spinning small bodies stable against disruption (Holsapple, 

2007). 

This means, therefore, that, just as the spin barrier at large sizes does not necessarily imply that 

all large bodies are rubble piles (even though they may be), the fast spin rates of smaller bodies do 

not necessarily imply that all small bodies are fully monolithic. 

1.2.4 Composition of asteroids 

Asteroids can be separated into taxonomic classes based on their spectral properties at visible and near-

infrared wavelengths. Broadly speaking, C-type refers to asteroids which are dark and probably rich in 

carbonaceous material (similar to carbonaceous chondritic meteorites), S-type refers to asteroids which 

are bright and probably rich in silicates i.e., rocky material (similar to stony meteorites or ordinary 

chondrites), D-type asteroids are expected to have organic-rich silicates but have no meteorite analog 

(except maybe the Tagish-Lake meteorite), and M-type asteroids are expected to be rich in metals 

(probably iron). There are many other smaller and sub-classes of asteroids that are found in the main 

asteroid belt and the near-Earth population. For full details on the taxonomic (spectral) classification 

of asteroids see DeMeo et al. (2009) and Bus et al. (2002). 

Almost all asteroid types have been found in the near-Earth population, although, observations 

suggest that S-type asteroids dominate the inner asteroid belt and the sampled near-Earth object 

population. This is partially due to selection effects because S-type asteroids have higher albedos 

than C-types, making their discovery and observation more likely (Binzel et al., 2002). Benedix et al. 

IThe curve which gives a good upper envelope for the current data over the range of asteroid sizes has a size-variable 
strength with k = 2.25 X 107 / rO. 5 dynes cm- 2 (where r is the radius of the object in cm). However, this curve implies 
that a cm-sized object would have a strength which is one order of magnitude less than expected. In otherwords, this 
is perhaps equivalent to having a em-sized roeky object with the strength of ice. 
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Figure 1.13: The spin limits and data for small Solar System bodies. - The dark sloped line 
assumes a size-dependent strength; it becomes asymptotic to the horizontal red band for materials 
without cohesion. On the left, the spin limit for cohesive bodies is determined by that cohesive/tensile 
strength and defines a strength regime. The horizontal asymptote on the right characterizes a gravity 
regime where the tensile/cohesive strength is of no consequence. The gravity regime values do depend 
on shape and friction angle, so average values have been assumed. The data in the upper left triangular 
region are the fast spinning near-Earth asteroids. Image taken from Holsapple & Michel (2008) and 
some data from the figure come from Holsapple (2007). 
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(1992), Lupishko & di Martino (1998) and Whiteley (2001) find that after debiasing the observations 

in the near-Earth object population, at any given size, there are relatively equal proportions of C

and S-type objects. However, C-type asteroids are predominant in the outer asteroid belt (closest to 

Jupiter), while S-type asteroids are predominant in the inner belt (closest to Mars) and the near-Earth 

population (Gradie & Tedesco, 1982; Mothe-Diniz et ai., 2003). Recently, Walsh et ai. (2011) suggest 

that the significant compositional differences across the asteroid belt can be explained by considering 

the inward-then-outward migration of Jupiter. They propose that Jupiter first migrated inwards, 

then 'tacked' at 1.5 AU and migrated outward, owing to the presence of Saturn (for details see Walsh 

et ai., 2011). Due to the motion of Jupiter the small bodies were scattered throughout the whole Solar 

System; the asteroid belt was initially emptied but then repopulated. The inner-belt bodies originate 

from within 3.0 AU and the outer-belt bodies originate from between and beyond the giant planets, 

thus explaining the compositional differences of the two regions. D-type asteroids, found in the outer 

main belt, are thought to be the most primitive of asteroids (and thus a very interesting target for 

space missions). There is also some evidence suggesting that D-type asteroids found in the near-Earth 

population may be extinct comets (e.g., Abell et ai., 2005; Hicks et ai., 2000). 

1.2.5 Density and porosity measurements 

The only knowledge regarding the internal structure of asteroids comes from the bulk densities mea

sured by spacecraft, either during fly-bys or during rendez-vous missions. These measurements indicate 

that dark-type bodies have a density that is lower than that of bright types. For instance, the NEAR 

space probe flew by the rv53 km-sized dark C-type asteroid Mathilde in 1997 and the bulk density of 

the asteroid was estimated to be rv1.3 g cm-3 (Veverka et ai., 1997; Yeomans et al., 1997). However, 

the bulk density measured by the same space probe of the bright rv 17 km-sized S-type asteroid Eros 

was estimated to be rv2.67 g cm-3 (Yeomans et ai., 2000), that of the sub-kilometre S-type asteroid 

Itokawa measured by the Hayabusa space probe is rv2 g cm-3 (Abe et al., 2006) and that of the rv28 

km-size asteroid Ida (also an S-type) measured by the Galileo space probe on its way to Jupiter is 

"'2.6 g cm-3 (Belton et al., 1995). The ",100 km-sized asteroid Lutetia visited by Rosetta has one of 

the highest bulk densities measured so far at rv3.4 g cm-3 (Sierks et at., 2011). 

The amount of porosity in several asteroids has been inferred through the comparison of the 

asteroids' bulk density with that of their meteorite analogues (see Fig. 1.14 and Britt & Consolmagno, 

2000; Britt et at., 2002). As the bulk densities of the asteroids are much less than the meteorite 

analogues we can reasonably assume that asteroid internal structures must contain some degree of 

porosity. The typical range of porosities appears to be from 30% for S-type asteroids up to 50% and 

higher for C-type asteroids. However, the nature of this porosity is entirely unclear. 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

There are two types of porosity: microporosity and macroporosity. If an object has microporosity 

then it has pores that are sufficiently small that their distribution can be assumed uniform and 

isotropic over the relevant scales of the asteroid. A rock such as pumice contains this kind of porosity. 

Macroscopic porosity, on the other hand, is characterised by pores whose sizes are such that the 

medium can no longer be assumed to have homogeneous and isotropic characteristics over the scales 

of the object. It corresponds to large voids in an otherwise non-porous rock. While macroporosity 

may explain the difference in density between S-type asteroids and their meteorite analogues (ordinary 

chondrites), some fraction of microporosity may still be needed in addition to explain the lower bulk 

density of C-type asteroids (Michel, 2011). 

Britt et al. (2002) suggest that asteroids with macroporosities of ",,20% are probably heavily 

fractured, and asteroids with macroporosities of >30% are loosely consolidated rubble pile structures. 

However, we do not have any direct evidence of the kind of porosity that resides inside an asteroid, 

even the ones for which the density was estimated. The type of porosity of an asteroid has important 

implications for interpreting their evolutionary histories (we may expect to find huge voids inside an 

asteroid that was formed from collisional disruption and reaccumulation of major fragments; Michel 

et al., 2001) and also for their continuing geological evolution (a microporous body may compact due 

to pore crushing during an impact whereas the voids in a macroporous rubble pile may protect the 

body causing more localised and less extensive damage; Jutzi et al., 2008). 

1.2.6 The asteroid surface environment 

The effective gravity at the surface of an asteroid depends on the asteroid's rotation rate and the 

proximity to the equator. This is demonstrated in Fig. 1.15 from Scheeres et al. (2010). In this figure 

the net gravitational accelerations across the surface of 1999 KW4 Alpha, the primary body of the 

binary asteroid 1999 KW 4, are shown taking into account the gravitational attraction of the asteroid 

and the inertial effects that arise due to the rotation of the ~mall body. From this example we see 

that the surface acceleration can range over orders of magnitude, and thus the ambient gravitational 

environment for grains on the surface may have significant differences as one moves from polar to 

equatorial regions. 

This is demonstrated further in Fig. 1.16 (also from Scheeres et al., 2010), which shows the relation 

between asteroid radius, spin period and ambient gravity at the equator for a..<;teroids spinning at less 

than their critical rotation period. There may be, therefore, extremely low values of ambient gravity 

at the surface of some asteroids. 

In addition to the thermal variations (as discussed in Section 1.2.2), the surface of asteroids is 

subject to many non-gravitational forces. When the ambient surface gravity is very low these non-

20 



~ 
jij 

b! 

~ .. 
~ 
~ :.:: 
.5 

j 

1.2 The granular nature of asteroids 

lE+~.---------------------------r------'------------"----~ 

2 PIlI .. ,B) .v.~ : : 
':-H '-------"-7! --------------------------------------------- :----~-

46 EUQerua fC) 

I • 

; ;; ; 

: :! : 
20"''-(5) i ~ i 

lE+14+-~_._.._ro_._.._~_._r._ro~_r._~~_r._~rT_r~~~~, 

0.5 1.5 2 2.5 3 3.5 

Density (I¥cm"} 

(a) 

lE.~.-----------------------------------------------------, 

t CerMtG) 

• 
4v.m(VI 

~"'''''81r+i 
lE.~ ----------------------------------------------------

ITT_(I» 
• 1 7e2_(1') 

30-"" IS) I • I 
• t+-I" ... _ (S) 

• 46!u ..... ,C' 

22KaII~i"'l • 
IE .'8 

_______________ t~' ~ ~~ __ 1--1 _-_-_-_------~.~----------il 
- lIo-Aii .... Ie, - - - - - - - - - - - - - - -

• • 243101 (8) 

IE .,& ------------------.-------~---------------------
433 ErQI ral Phoboa 

• 

Estimated Porosity 

(b) 

Figure 1.14: Estimated asteroid bulk densities and porosities - (a) Measured bulk densities 
of asteroids and the grain densities of common mereorites for comparison. (b) Estimated porosity of 
asteroids with measured bulk density. The bulk density of the asteroid is scaled by the grain density 
of its best meteoritic spectral analog to provide an estimate of the asteroid's total porosity. This 
includes the small-scale microporosity common in meteorites and the large-scale macroporosity that 
can affect the asteroid's structure. Also included in the plots are the asteroid-like moons of Mars, 
Phobos and Deimos, as well as estimates for the average C- and S-type asteroids. Figures taken from 
Britt et at. (2002). 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

gravitational forces may dominate regolith dynamics. One example of such a non-gravitational force 

is the electrostatic force that may occur on the surface of asteroids. It is known that objects in space 

clJarge to a floating potential determined by the balance between charging currents in the local plasma 

environment (Goertz, 1989; Whipple, 1981). The dominant currents are the flux of electrons and ions 

from the ambient plasma, the electrons created by secondary emission and the photoelectrons. The 

charging of a surface in space will proceed until the sum of the charging currents is zero and the 

object has reached an equilibrium floating potential (Sickafoose et al., 2000). Such surface charging 

has been observed on the Moon with the nightside surface reaching potentials of up to -4.5 kV (Halekas 

et al., 2009) and has been known to cause the lunar dust to levitate (Colwell et al., 2007). It has 

been speculated that a similar mechanism may cause levitation and transport of grains on the surface 

of an asteroid (Colwell et al., 2005; Hughes et al., 2008; Lee, 1995). Solar radiation pressure is also 

known to influence small particles in the Solar System (Burns et al., 1979). However, recent analytical 

comparisons of the known relevant forces that act on regolith at the surface of asteroids have shown 

that cohesive forces are more likely to significantly effect the mechanics and evolution of asteroid 

surfaces and interiors (Scheeres et al., 2010). 

Scheeres et al. (2010) find that, in the milli to micro-g range, 9 being the gravitational acceleration 

at the surface of the Earth, the cohesion between two particles due to van der Waals forces becomes 

comparable to, or greater than, the weight of a particle for particles of radius 1 cm up to 1 m in size and 

smaller. This indicates that regolith containing grains of millimetre to decimetre sizes on small bodies 

may undergo significantly different geophysical processes than similar sized particles in the terrestrial 

environment. In Table 1.1 (taken from Scheeres et al., 2010) a list of grain sizes is given at which the 

ambient weight and the cohesive force are equal, as a function of different ambient accelerations. The 

fact that the role of cohesion becomes so important in these low-gravity environments may explain 

the observations that suggest that regolith is present at the surface of all asteroids, even the smallest 

and fastest rotating (as discussed in Section 1.2.2). 

1.2.7 Binary systems 

It is estimated that -16% of NEAs larger than 200 metres in diameter may be binary systems (Margot 

et al., 2002). The dynamics of binary systems are directly tied to the morphology of the material out 

of which the binary is formed. In other words, the internal structure and the surface geology determine 

the mass distribution of the bodies, which gives the mutual potential that drives the dynamics of the 

system. In return, the dynamics affect the internal structure and surface geology of the components 

(Bellerose et al., 2008). 

One example of the effect of dynamics on internal structure and surface geology in such systems 
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1.2 The gr a nula r nature of asteroids 

F igure 1.15: Surface accele rations across the surfa ce of t he primary of t he asteroid binary 
1999 KW 4 - Image taken from Scheeres et al. (2010) 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

Table 1.1: Radius at which ambient weight and cohesive force are equal, along with nominal parent 
body sizes. These values assume lunar regolith properties and a cleanliness ratio of unity, which 
means the surfaces of particles are essentially separated by the diameter of their constituent mineral 
molecules. This is a reasonable assumption as, in space, there are closer effective distances between 
surfaces due to the lack of adsorbed molecules on the surface of materials (Perko et at., 2001). Table 
and data from Scheeres et at. (2010). 

Gravity Grain radius Analog body 

(in units of g) (m) 

1 6.5 x 10-4 Earth 

0.1 2 x 10-3 Moon 

0.01 6.5 x 10-3 (180 km) 

0.001 2 x 10-2 Eros (18 1 km) 

0.0001 6.5 x 10-2 Toutatis (1.8 km) 

0.00001 2 x 10- 1 Itokawa (0.182 km) 

0.000001 6.5 x 10-1 (0.018 km) 

0.0000001 2 x 10° KW4 equator 

i." landsliding and material motion on the primary due to its rapid rotation. Many binary NEA 

systems have a short primary rotation period, meaning the primary is spinning nearly at the critical 

rate at which the gravity force and the centrifugal force at points on its equator cancel out. It has 

actually been suggested that the secondary bodies may be formed by gradual mass-shedding from 

the equator and subsequent gravitational accretion (Walsh et at., 2008). However, the mechanism of 

binary asteroid formation is still under debate (Bottke & Melosh, 1996; Pravec et at., 2010; Scheeres, 

20(7). 

An increased understanding of microgravity geology and regolith behaviour may allow greater 

insight and understanding into the dynamics of such binary systems. In turn, this area is relevant to 

two major topics of current debate and continued research in the study of NEA binary asteroids: the 

mechanisms of formation of the binaries and the mechanisms of evolution of the binaries following 

their formation. 

1.3 Processes affecting the geological evolution of asteroids 

There are many processes that influence the evolution of a..'lteroids. In this section a short overview 

will be given of some of the processes that influence their geological evolution and are, therefore, 

closely linked to regolith dynamics and the surface processes occurring on small bodies. 
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1.3 Processes affecting the geological evolution of asteroids 

1.3.1 Impacts and craters 

Impact craters and regolith are the dominant landform on solid planetary bodies such as the Moon, 

Mars and Mercury, and also on small bodies such as Itokawa (",0.3 km), Eros (",17 km) and Lutetia 

(",100 km). Impact crater accumulation provides a way to determine the exposure age of a planetary 

surface (e.g., Ivanov, 2001). Impact crater morphologies and size-distribution may also be used 

to quantify surface erosion as the morphology of fresh craters is understood and smaller craters 

are removed first (Hartmann et al., 1999). Despite the observations of djfferent stages of crater 

degradation on the surfaces of asteroids, the Moon and Mars, the cratering process and subsequent 

crater modification processes on a planetary surface that consists of granular material are not fully 

understood. Improving our knowledge of these processes is, therefore, important for estimating the 

surface age of such bodies. 

Comparing the many observations of impact-riddled bodies, two asteroids draw attention: Eros 

and Itokawa. Both of these asteroids have far fewer smaller craters than would be expected given their 

estimated age and the estimated impact flux in the main asteroid belt. Itokawa has very few craters 

in general and absolutely no distinct craters under 1 m diameter (Fujiwara et at., 2006; Saito et at., 

2006). Similarly Eros, although having many craters greater than 100 m, has an apparent deficit of 

craters at smaller sizes (Richardson et at., 2004; Veverka et at., 2001b). It has been proposed that 

seismic shaking (see Section 1.3.2) may be at least partly responsible for the lack of small craters 

(Michel et at., 2009; Richardson et at., 2004), but a greater understanding of both the impact process 

itself and the events that affect asteroid surface geology after impacts is essential to gaining a true 

understanding of the observed variety of surface conditions. 

Understanding the impact process is not a trivial ta.'lk as impacts are very complex and involve 

a wide range of, as well as extreme, conditions (Holsapple et at., 2002). Additionally, the small 

radii of curvature and weak gravity fields of asteroids will calise the impact cratering process to 

be significantly different on their surfaces compared with on the surfaces of larger planets (Cintala 

et at., 1978). Some of the many unsolved questions regarding collisions include crater size, the shape, 

the amount of compaction, and the amount, velocity, and fate of ejected material (Holsapple et at., 

2002). Other than actual experiments there are two possible approaches used to tackle such problems: 

scaling methods and computer simulations. However, there are limitations with the current computer 

simulation techniques such as accurately modelling the mechanical behaviour of geological materials. 

This is considered to be more difficult than modelling the common metals and alloys used in structural 

applications (Holsapple et at., 2002). 

Despite the difficulties involved, continuum codes (see Section 1.7) are often used to model impacts 

at high-velocity. One group from Tokyo has also shown that a 3d Distinct Element Method code (see 
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more details of this method in Section 1.7) can successfully model the cratering process caused by 

low-velocity impacts into granular materials with no adhesion (Wada et al., 2003). In a later paper 

the same group added a simple adhesion model into the code in order to investigate the influence of 

inter-particle adhesion (e.g., van der Waals forces) on the cratering process (Wada et al., 2005). By 

varying the degree of adhesive force it was concluded that the cratering process in a regolith layer of 

an asteroid will be affected by adhesive forces even if the particle size is > 1 mm. 

1.3.2 Seismic shaking 

Asteroids, particularly those with low inclination (Farinella & Davis, 1992), suffer frequent collisions 

with other small bodies which may p~oduce a seismic shaking of the entire body. Richardson et al. 

(2005) suggest that impact-induced seismic shaking of an asteroid in the 1 to 100 km size range is a 

plausible mechanism for three reasons. First, the small volume of the asteroid keeps the concentration 

of seismic energy high even after the seismic energy injected by an impact has completely dispersed 

throughout the body (Cintala et al., Ul78). Second, the very low surface gravity of the asteroid permits 

small seismic accelerations to destabilise material resting on slopes (Cintala et at., 1978). Third, S

type asteroids such as Eros, which are composed of silicate rock, reside in a vacuum and have an 

extremely low moisture content, should have very low seismic energy attenuation rates (Dainty et al., 

1974). 

The first evidence for seismic shaking on an asteroid was presented by Thomas & Robinson (2005). 

They have shown that the formation of a relatively young crater (7.6 km in diameter) on asteroid Eros 

has resulted in the removal of other craters as large as 0.5 km over nearly 40% of the asteroid's surface. 

Burial by ejecta cannot explain the observed pattern of crater removal and, as the best correlation of 

crater coverage is with distance from the centre of the asteroid, they conclude that seismic shaking is 

the most probable mechanism. 

This impact-induced seismic shaking may trigger global-s~ale granular processes in the dry, vac

uum, micrognwity environment (Miyamoto et al., 2007) and is, therefore, an attractive mechanism 

to explain the destabilisation of regolith slopes and the avalanches or landsliding behaviour found on 

the surfaces of asteroids. Observations of asteroid Eros during the NEAR mission have shown lots of 

evidence of downslope movement of the regolith layer (see Section 1.2.1.1, Fig. 1.6). The location and 

morphology of gravel on Itokawa. indicate that the small body has experienced considerable shaking 

(see Section 1.2.1.2, Fig. 1.8). As mentioned above, it has also been proposed that seismic shaking is a 

suitable mechanism to form ponds (Cheng et at., 2002) as seen on Eros (see Section 1.2.1.1, Fig. 1.5), 

although other mechanisms for pond formation have also been suggested such as electrostatic levita

tion and traOl,port of fine grains (Lee, 1996; Robinson et al., 2002) and thermal erosion of boulders 
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(Dombard et at., 2007). 

The occurrence of many large boulders on the surface of the rubble pile asteroid Itokawa (Fig. 1.7) 

has been attibuted to the so-called "Brazil-nut effect" which may be activated by global shaking by 

non-disruptive collisions over long periods of time (Asphaug et at., 2001). More information on the 

"Brazil-nut effect" and the segregation of granular materials can be found in Section 1.6.2. 

1.3.3 Yarkovsky and YORP effects 

For the last several decades, it has been generally assumed that collisions and gravitational forces were 

the primary mechanisms governing the evolution of asteroids (Bottke et at., 2002b). However, around 

the year 1900 Ivan Osipovich Yarkovsky noted that the diurnal heating of a rotating object in space 

would cause it to experience a force that, whilst tiny, could lead to large effects in the orbits of small 

bodies. More explicitly, there can be an excess of thermal emission on one side of the asteroid which 

results in a net photon force pushing in the same direction as the orbital motion. This process, known 

an the Yarkovsky effect, causes the orbit of prograde asteroids to expand and the orbit of retrograde 

asteroids to shrink (Farinella & Vokrouhlicky, 199!); Rubincam, 2000). 

Besides changing the heliocentric orbit, Yarkovsky forces can also produce torques that affect the 

spin rate and spin axis orientation of asteroids. Such an effect is known as the Yarkovsky-OKeefe

Radzievskii-Paddack effect, or YORP for short. Figure 1.17 (from Rozitis, 2011) shows a schematic of 

the Yarkovsky and YORP effects acting on an ideal spherical asteroid with non-zero slll'face thermal 

inertia, rotating in a prograde sense, and with two wedges attached to cause an asymmetry in the 

shape. As the wedges are at slightly different angles the thermal emission directions are slightly 

different aod the photon torques do not cancel out. The YORP process depends, therefore, on th~ 

shape asymmetry. 

The timescale of the yaUp effect varies proportionally to the square of the asteroid's radius, sHch 

that bodies with smaller sizes spin up or spin down much more quickly than larger bodies. This is 

thought to be why there is an excess of fast and slow rotators among the small-asteroid population 

(Bottke et at., 2006). The full effect this changing spin rate has upon the asteroid surface and structure 

is not yet well understood. Landsliding behaviour, shape changing and even mass shedding are some 

of the possible consequences of increa.'led spin rate. It has also been proposed that rotational break-up 

due to YORP-increased spin rate could be responsible for the formation of small binary asteroids 

(Walsh et at., 2008). 

The Yarkovsky and YORP effects depend on an asteroid's shape, size, mass and moment of 

inertia, rotation state, its orbit around the Sun and the surface thermal properties (Rozitis, 2011). 

As mentioned in Section 1.2.2, the surface thermal properties are very closely linked to the regolith 
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properties. Therefore, a better understanding of the regolith properties on asteroid surfaces could 

help to make existing Yarkovsky and YORP models more accurate. 

YORPTorq .. 

SUn 

ThoIrmaJ 
Radiation 

Figure 1.17: Yarkovsky and YORP effects - Schematic of the Yarkovsky and YORP effects on 
the orbit and spin properties of a small asteroid. Image from Rozitis (2011). 

1.3.4 Tidal forces 

Tidal shear occurs when a loosely consolidated rubble pile body is pulled apart into two or more 

components through shear in response to tidal forces during a close planetary fly-by. If the reSUlting 

fragments impact a planetary body, rather than escape into space, a crater chain can occur. Such a 

crater chain is defined as a regularly spaced row of three or more impact craters with similar sizes and 

apparently identical ages (Bottke & Melosh, 1996). This is the same type of phenomenon behind the 

break-up of Comet P /Shoemaker-Levy 9 into the famous "string of pearls" that plunged into Jupiter 

in July 1994. There are several other observations that support the occurrence of such events such 

as crater chains found on Jupiter's Galilean satellites (Mclosh & Schenk, 1993; Schenk et al., 1996), 

the Earth's moon (Melosh & Whitaker, 1993) and even possibly the Earth (Rampino & Yolk, 1996). 

FlIlther evidence of tidal shear are the observations of the Earth crossing asteroid (1620) Geographos 

whmlC strange elongated shape could only have been caused by tidal shear effects (Bottke et at., I9n9). 

Tidal shear has also been studied as a possible formation mechanism of NEA binaries (Richardson 

et ai., 1998; Walsh & Richardson, 2006; Walsh & Richardson, 2(08). However, the binaries produced 

through tidal shear disruption mostly have a large separation and elongated primaries (Walsh & 

Richardson, 2(06) and, as such, do not match the observed properties of small binaries. For example, 

radar observations of binary near-Earth asteroid (NEA) 19!)9KW4 show that the primary is oblate 
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with a pronounced equatorial belt (Ostro et at., 2006). Owing to the quality of the observations, and 

the diagnostic 'top-like' shape of the primary, this system is a key constraint for binary formation 

models (Walsh et at., 2008). In addition, binaries produced through tidal shear are more likely to be 

seperated during subsequent planetary fly-bys. 

Apart from the global modification an asteroid may suffer due to tidal forces, it has also been 

proposed that tidal stress on the surface of asteroids during planetary encounters is strong enough to 

disturb and expose unweathered surface grains and is the most likely dominant short-term asteroid 

resurfacing process (Marchi et al., 2006; Richardson et al., 1998). Recent research has reinforced 

this theory by demonstrating that asteroids that have had a close encounter with the Earth have 

fresher surfaces (Binzel et at., 2010). However, the resurfacing predicted to occur during these close 

encounters has never been modelled directly so the actual degree of resurfacing that can occur on an 

8.'lteroid surface during a close planetary encounter is still unknown. 

1.4 Granular material in the Solar System 

So far we have specifically focussed on granular material on 8.'lteroids as the primary aim of this work is 

to understand the dynamics of regolith on the surface of these low-gravity bodies. However, granular 

material is ubiquitous in the Solar System and is involved in many different physical processes. Some 

examples are cratering (Fig. 1.18(a)) and debris flows on many other planetary surfaces. The Martian 

moons Phobos (",,11 km) and Dcimos (",6 km) are both irregularly shaped and have smooth surfaces 

with filled-in craters. Phobos has a heavily cratered surface which also shows linear grooves (Thomas 

et at., 1979). The largest of Phobos' craters is ",10 km in diameter. 

Venus' surface has ",900 impact craters ranging in diameter from ",3 km to a few hundred kill 

(Lodders & Fegley Jr., 19!)8). There are no smaller craters due to atmospheric diliruption of small 

impactors. The smallest impact craters are irregular in shape indicating that they were perhaps 

formed by many fragments rather than by one impactor. The crater ejecta patterns on Venus are also 

unlike those found on any other planetary surface in our Solar System. This is probably due to the 

dense atmosphere and prevailing winds (Lodders & Fegley Jr., 19!)8). Crater removal may also occur 

on Venus due to the continuing volcanic activity (e.g., Campbell, 1!)99). 

The Moon is also highly cratered and covered with regolith extending to a depth of 32 III (Wilcox 

et ai., 2005). Recent observations from the NASA Messenger spacecraft of Mercury's regolith-covered 

surface have discovered two large (>250 km) basins which appeal' to have a frelih surface. The young 

age of these basins, whose floors are partially covered by smooth plains, was recently confirmed by an 

analysis of crater chronology (Marchi et at., 2011). 
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Some of the longest landslides in the Solar System (up to SO km) have been found on Iapetus 

(Singer et at., 2009) - a fascinating moon of Saturn with an equatorial ridge which is up to 10-15 km 

tall and around 50 km wide (Fig. 1.1S(b)). Figure 1.1S(c) shows the snow-like appearance of the thick 

accumulations of very fine particles on the surface of another moon of Saturn, Enceladus (Massey, 

2011). 

Granular matter is also the constituent of one of the most recognisable features in the Solar System 

- the rings of Saturn (Fig. 1.1S(d)). The rings consist of billions of individual particles of mostly water 

ice. They spread over hundreds of thousands of kilometres, yet they are extremely thin - perhaps 

only 10 metres thick. Recent work has suggested that many of Saturn's small moons may have been 

formed by the gravitational accumulation of these icy particles as the granular material of a ring 

spreads beyond the Roche limit (Charnoz et at., 2010, 2011). 

Several examples may be found in the current and future space agency programs for which un

derstanding granular physics in varying gravitational environments will be essential. Surface features 

resulting from granular processes are or will be observed by various instruments in the frame of small 

bodymissioIlS and missions to the Moon, Mercury, Mars, Venus and the Moons of Jupiter and Sat

urn. Whereas interpretation of morphological data from images and topography requires a better 

understanding of granular physics, several onboard instruments may be also sensitive to the physical 

properties of granular material (e.g., grain size, through thermal observations, visible or near-infrared 

spectroscopy). For some of these miRsions there are also instruments dedicated to characterising the 

regolith at grain size level (e.g., GIADA on ESA's Rosetta spacecraft and MicrOmega onboard the 

ESA/NASA ExoMars lander). 

The Rosetta mission, devoted to in-situ characterization of a comet in 2014, already involves the 

interaction of an instrument (a lander) with the surface of the body. Deployment of landing vehicles 

on surfaces of loose granular material will also be required in the exploration of the Moon in the next 

two decades. Sample-return missions to small bodies and planets are underway or have been studied 

by at least three main space agencies: NASA, ESA, and JAXA. These missions (e.g., OSIRIS-REx 

(NASA), Hayabusa 2 (JAXA), MarcoPolo-R (ESA), Mars Sample Return (ESA/NASA)) will require 

the design of an efficient sampling device to collect material from the surface of either a small body 

or a planet (e.g., Mars) for in-situ analysis or return to Earth. 

Understanding the response of granular media to a variety of stresses is important in the design of 

any device which will iuteract with a regolith covered planetary surface and is crucial for the design 

of a successful surface sampling tool, since the efficiency of collecting a sample from the surface of 

such bodies is highly dependent on the surface properties and on the response of the surface to the 

applied forces. Although constitutive equations linking stress and strain exist for granular interaetions 
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1.5 An introduction to granular materials 

Figure 1.18: Granular material in the Solar System - (a) A Martian crater with the ejecta sitting 
above the sllfrounding terrain to form raised platforms (this type of crater is called a pedestal crater). 
Image credit: NASA/JPL/ University of Arizona; (b) Equatorial ridge of Saturn's moon Iapetus. 
Some of the longest landslides in the Solar System have been found on Iapetus (Singer et ai., 2009). 
Image credit: NASA/JPL/SSI; (c) "Snow"-covered slopes of Saturn's moon Enceladus. The image 
shows the heavily fractured terrain which lies north of the edge of the active south polar region. The 
fainter dimples are older craters and fractures that appeal' to be covered by thick accumulations of 
very fine particles. Image credit: NASA/ Processing by Paul Schenk (Lunar and Planetary Institute, 
Houston); (d) Saturns rings. Image Credit: NASA/JPL/Space Science Institute. 

on Earth (see Section 1.5.3) the inferred scaling to the gravitational and environmental conditions on 

other planetary bodies such as asteroids (as mentioned above and discussed in Scheeres et ai., 2010) 

is currently untested. Designing a suitable anchorage mechanism necessary to attach a lander to the 

surface or a sub-surface sampling mechanism also requires knowledge of how the regolith granular 

matter responds to various different external forces. 

1.5 An introduction to granular materials 

All the discussions above demonstrate the great importance of understanding the dynamics of granular 

matter for planetary science applications. On Earth we can observe granular materials involved in 

dramatic avalanches and rockslides, as well as active sand dunes moving across deserts. Industries 
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also handle several different types of granular materials. Some examples are tablets or powders in the 

pharmaceutical trades as well as agricultural products such as wheat, oats, rice and other cereals and 

sands in the construction industry. 

Granular materials are unlike solids, in that they can conform to the shape of the vessel containing 

them, thereby exhibiting fluid-like characteristics. On the other hand, they cannot be considered a 

fluid, as they can be heaped (Gudhe et al., 1994). Analysis of physical systems involving granular 

materials requires a clear understanding of their behaviour not only at the single particle level, but 

should also consider the solutions of multi-physics problems involving multi-scale phenomena (Antony 

et al., 2004). 

The study of granular dynamics is incredibly complex and constitutes an entire field of research 

by itself. In fact, in 1998 P. G. De Gennes, a French physicist and Nobel Prize laureate, said that, 

"For physicists, granular matter is a new type of condensed matter; as fundamental as liquid, or solid; 

and showing in fact two states: one liquid-like, one solid-like. But, there is yet no consensus on the 

dr'scription of these two states. Granular matter, in 1998, is at the level of solid state physics in 

1930.". 

In this section a short introduction will be given to granular materials and granular flows. Some 

granular processes, which may also be important for planetary science, are also discussed. 

1.5.1 What is a granular material? 

There are two different definitions of granular material. The first states that it is a material for which 

the relevant energy scale is the potential energy rather than the thermal energy i.e., particles in a 

granular material are massive enough for their potential energy to be orders of magnitude larger than 

their thermal energy (Schroter et al., 2005). For example, a typical grain of sand of mass m, raised 

by its own diameter d, in the Earth's gravity g, will have potential energy mgd which is at least 

1012 times the thermal energy kBT at room temperature on Earth (Jaeger et at., 1996). The second 

definition states that the forces necessary to deform the system are small compared to those necessary 

to break the grains (Staron, 2011). 

Table 1.2 shows the classification of granular materials based on the size of the constituent particles 

as defined by Wentworth (1922). The size of the constituent particles is closely linked to the type of 

interactions between the particles. The term granular material is most often used to describe a material 

containing a large number of particles that interact with each other through dissipative contact forces 

(Jaeger et al., 1996; Richard et al., 2005). On Earth the approximate size at which dissipative contact 

interactions dominates is 100 j.lm. At grain sizes <100 j.lm humidity, van der Waals forces and even 

the presence of air will influence the particle interactions. However, we have seen that on the surface 
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Table 1.2: The Wentworth grain size chart classifies granular materials into groups based on the size 
of the constituent particles (from Wentworth, 1922). 

Grain size Classification 

>256 mm Boulder gravel 

64 - 256 mm Cobble gravel 

4 - 64 mm Pebble gravel 

2 - 4 mm Granule gravel 

1 - 2 mm Very coarse sand 

1/2 - 1 mm Coarse sand 

1/4 - 1/2 mm Medium sand 

1/8 - 1/4 mm Fine sand 

1/ 16 - 1/8 mm Very fine sand 

1/256- 1/ 16 mm Silt 

< 1/256 mm Clay 

of an asteroid forces such as cohesion (i.e., due to van del' Waals forces) become as important as the 

weight of the particles for significantly larger grain sizes than on Earth. It may, therefore, be possible 

that gravel-like material on asteroids behaves like powders on Earth (see Section 1.2.6 and Scheeres 

et at., 2010). 

1.5.2 Why are granular materials interesting but difficult to model? 

The first difficulty with granular materials is that there are several different length scales that are 

important from the very small scale contact between the particles to the large scale material and even 

structural scales (see schematic in Fig. 1.19) . However, there is no clear scale separation between 

micro- , meso- and macro-scopic descriptions (Staron , 2011). 

Contact Particle Packing 

• • •••• •••• •••• 

Material Structure 

Figure 1.19: Length scales in granular dynamics - Schematic demonstrating the different length 
scales involved in the study of granular physics. Image credit: F. Radj ai. 

Secondly, although individua l particles are solid , granular materials a re thixotropic. This means 

that they exhibit solid- , liquid- and gas-like behaviour. This is demonstrated in Fig. 1.20 t hat shows 

the solid , liquid , and gas flow regimes obtained in an avalanche- like situation by pouring steel beads 

on a pile. In a solid-like state, such as a heap or pile, the material is said to be "quasi-static" as 
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1. GRANULAR MATERIAL AND THE SOLAR SYSTEM 

the individual particles are in a stable mechanical equilibrium with their local neighbours. In the 

liquid-like and gas-like states the material is said to "flow". Dense flows, i.e., when in the liquid-like 

state, are dominated by many-body interactions and occur when particles have long-lived contacts 

with many neighbours. In rapid or dilute flows, i.e., when in the gas-like state, there are no enduring 

contacts and t he collision t ime is much smaller than the t ime between collisions. Such dilute flows can 

be described with some success by kinetic theories for hard spheres that interact through uncorrelated 

and instantaneous binary collisions (Campbell, 1990; Delannay et ai., 2007; Goldhirsch, 2003) . 

GAS 

LIQUID 

SOLID 

Figure 1.20: Solid, liquid or gas? - An illustration of the solid (bottom), liquid (middle), and gas 
(top) flow regimes obtained by pouring steel beads on a pile. Image from Forterre & Pouliquen (2008). 

It should also be noted that in the low gravity regime of an asteroid (see Section 1.2.6) the potential 

energy of an individual grain is lower and thus the energy required to move past its neighbours is 

reduced. Assuming an individual grain in this regime has the same kinetic energy as on Earth, a 

flow, which on Earth would have been in the slow dense regime, may move to the faster more d il ute 

regime on the surface of the asteroid. This implies that bodies with low surface gravity may be very 

sensitive to processes that appear irrelevant in the case of larger planetary bodies. For examp le, 

to seismic vibrations induced by small impacts that can occur throughout a small body (see Section 

1.3.2) . However, as discussed above, cohesive forces (due to van der Waals) become more important in 

low-gravity environments. Perhaps, therefore, on the surfaces of asteroids there may be an interest ing 

competition between the increased particle motion due to the lower potential energy of particles and 

the enhanced importance of cohesion that will inhibit particle motion. It is even possible that the two 

competing factors compensate for each other resulting in granular flows that are similar to those on 
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Earth. 

Another important aspect of granular materials that is difficult to model is related to t he non-local 

effects. One example of such non-local effects is an experiment performed by Nichol et ai. (2010) in 

which a granular medium of 1 mm beads is fluidised through localised st irring. A large heavy int ruder 

(a stainless steel ball) is placed far from the mai n flow region and is seen to sink into the granular 

material (Fig. 1.21 ). This implies that the granul ar material is behaving like a liquid even in regions 

far from the main flow region (Nichol et ai., 2010). 

Figure 1.21: Non-local effects in a granular material - Snapshots of a stainless steel ball sinking 
in to a stationary but fluidised granular material. Image from Nichol et at. (2010). 

A further difficulty related to the contact interact ions in a granular material is t hat flowing granular 

materials segregate according to particle properties (size, density, shape, and more). An example of 

such segregat ion in a bi-disperse granular med ium (i.e., a granular material contailling two particle 

sizes) is shown in F ig. 1.22 (from Gray & Hutter, 1997). In the tumbler t here is a mixture of (white) 

sugar crystals and (dark) spherical iron powder with mean grain diameters of 0.5 mm and 0.34 

mm , respectively. It is clear from the images that the white and the dark particles segregate. The 

phenomenon of segregation, which will be discussed in a little more detail in Section 1.6.2 below, is a 

continued source of frustration for industries and ca.n be a costly problem for inrlust ries involved in, for 

example, pharmaceutical products, ceramics or agr iculture (McCarthy, 2009). However, segregation 

may help us to expl ain several geological featm es observed on the su rface of asteroids. 

A fin al, but very important , property of granular materials is the non-linear transm ission of force 

between particles via force chains. A force act ing on a granular material is distributed through a 

complex force dist ribution network that depends on the positioning and packing of the individu al 

particles. This grain network res ists reorganisation when stressed and imposes a granular rlrag force 

when a solid object is pushed through the materia l (Costantilo et at. , 2008). Figure 1.23 shows the 

force chains inside a quasi-static granular pile. The force chains are imaged using photoclastic ellipses 

which , when viewed t hough polarising filters, show the transmission of force between part icles. The 

presence of force chains means that when a granular material is held in a tall cylindrical container, 

such as a silo, no height-dependent pressure head I occurs as it docs with a normal fluid: the pressure 

1 Pressure head is a term used in nuid mechanics to represent the in ternal energy o f a nuid due to the pressure 
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Figure 1.22: Segregation of particles in a tumbler - The large (white) and small (black) particles 
segregate in the tumbler. At low rotation rates intermittent avalanche release in a thin rotating disk 
fillod with a granular mixture leads to the formation of stripes tangent to the free surface (a), which are 
then rotated and buried to form a Catherine wheel4 effect (b). At faster rotation rates a quasi-steady 
flow develops (c) in which the free surface is fixed in space and there is a continuous distribution of 
part ide sizes outside the central core (d). Image taken from Gray & Hutter (1997). 
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at the base of the container does not increase indefinitely as the height of the material inside is 

increased. Instead, for a sufficiently tall column, the pressure reaches a maximum value independent 

of height (Jaeger et at., 1906). It is the force network between the grains and the static friction with 

the container walls which make this behaviour possible (Jansen, 1895). However, for a badly designed 

silo these force chains can also cause problems (Fig. 1.24). 

Figure 1.23: Force chains in a granular pile - Photoelastic ellipses viewed through polarising 
filters. The ellipses manifest force chains (white) composed of weight-supporting particles. Removal 
of such particles poses the greatest danger for pile collapse. Image taken from Krim & Behringer 
(2009). 

Figure 1.24: Silo collapse - Local jamming of grains inside this silo resulted in an uneven 
weight distribution, and eventually led to the collapse of this grain container. Image taken from: 
http://bchringer. phy. duke. edu/pages/research.php 

exerted on its container. 
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Figure 1.25: Different types of stress - Schematics explaining (a) uniaxial compressional stress, 
(b) uniaxial tensional stress, (c) confining stress and (d) shear stress. 

1.5.3 Granular flows 

To describe the steady flow properties of granular matter, the system is usually characterised by 

its packing densityJ, granular temperature, and pressure (Toiya et al. , 2004). Unlike ordinary fluids, 

granular materials do not exhibit intrinsic thermal motion (Losert et al. , 2000) . Instead , the concept of 

a gmnular tempemture concept has been introduced by Ogawa et al. (1980): the mechanical energy of 

granular flow is first transformed into random particle motion and then dissipated into internal energy; 

the granular temperature is generally defined as the squ are of root-mean-square velocity flu ctuations 

of particle motion in the flow. 

Due to their highly dissipative nature granular materials only flow if a continuous energy input is 

provided. The energy can be provided in several ways, for example, by applying shear stress. Shear 

stress is a stress applied parallel to the material and resu lts in translation. There are also different 

types of stress: compressional stress squeezes the material, tensional stress stretches the materi al and 

confining stress is an equal stress from all directions (Fig. 1.25) . 

Any external forces that are imposed onto a granular material are distributed via a complex 

force distribution network (see the granular pile under the force of gravity in Fig. 1.23). This force 

1 In granular physics the terms packing density, packing fraction and volume fraction are a ll interchangeable terms 
used to describe the fraction <p of a given volume fill ed by the granular materia l. The term porosity, which is used more 
commonly in t he planetary science community, is equiva lent to (1 - <p). 
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distribution network depends on the packing and positioning of the particles in the granular material. 

Granular materials and ordinary fluids, therefore, react differently to shear stresses. Fluids deform 

uniformly whilst granular materials develop shear bands (Mueth et at., 2000). A shear band is a 

narrow zone of large relative particle motion bounded with essentially rigid regions. Almost all of the 

energy input into the granular system by shearing is dissipated by friction within this narrow region 

producing large velocity gradients (this will be discussed in more detail in Chapters 4 and 6). Shear 

bands mark areas of flow, material failure, and energy dissipation, and as such they are important in 

many geophysical processes. 

Loosely packed granular material will compact during shear. However, densely packed granular 

material will dilate l . The concept of dilatency, first introduced by Reynolds (Reynolds, 1885), de

scribes how a compacted granular material must expand in order to undergo shear. Dilatancy occurs 

because under applied normal stress the grains interlock and the material will only begin to deform 

at a particular yield point. The yield point is set by the applied normal stresses (Jaeger et al., 1996). 

Once the yield point is reached grains will begin to slide past each other. To understand this concept 

we can think of a simple experiment involving a balloon filled with densely packed sand. If water is 

poured into the balloon and then the balloon is squeezed the water-level will descend and not rise. 

The reason for this is that the granular material (sand) has dilated creating larger voids for the water 

to fill. The same phenomenon occurs when wet sand dries around our feet when walking at the beach. 

The effects of compaction and dilation mean that both loosely packed and tightly packed granular 

materials, when sheared over large enough strains, will eventually reach the same packing fraction 

and the same level of internal stress (see schematic in Fig. 1.26). However, the paths to get to the 

final state, or "critical" state, will differ (Brown & Richards, 1970; Schofield & 'Wroth, 1967; Wood, 

1990). The critical state will depend on the type of interaction between the grains (Makse et al., 

2000). Granular materials, therefore, can exhibit plastic behaviour. This plasticity has also been 

demonstrated using numerical simulations (Radjai & Roux, 2004). 

Granular flows have been studied, both experimentally and numerically, often using one of the 

experiment configurations shown in Fig. 1.27 is often used. These configurations can be divided in 

two families: flows confined between walls as in shear cells or silo and free surface flows such as flows 

down an inclined plane, flows in a rotating drum, or flows on a pile (CRD Midi, 2004). 

Using experimental data from all of these different experiment configurations, Pouliquen et al. 

(2006) have proposed that dense, dry granular flows can be described by simple constitutive laws. 

This simple rheological2 model depends on a single dimensionless number: the inertial number, I, 

given by: 

ITo dilate means to expand as a result of shaking or applied pressure (Kaye, 1997). 
2Rheology is the study of deformation and flow of matter. 
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Figure 1.26: The critical state of sheared granular materials - The evolution of (a) packing 
fraction, ¢;, and (b) shear stress, 7 , as init ially compacted and initially loose granular materials are 
sheared. After large enough strains the granular materials lose the memory of their initial states and 
reach a state which only depends on the imposed st rain , ,. This is the critical state. Figures taken 
from Pouliquen (2010). 
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Figure 1.27: Different granular flow configurations - (a) plane shear , (b) Couette cell , (c) silo, 
(d) flows down an inclined plane, (e) flows on a pile, and (f) flows in a rota ting drum. The red arrows 
represent the flow velocity of particles. Image taken from Forterre & Pouliquen (2008). 
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1= :yd 
.jP/pp 

(1.1) 

for a granular material made of particles with diameter d and density PP' under a confining pres

sure, P, and being sheared at a given shear rate, :yo The inertial number can be interpreted as the 

relationship between two different timescales of the granular flow: the timescale of mean deformation 

Le., the time it takes for the beads to roll over each other (IX 1 Ii') and the timescale of microscopic rear

rangements Le., the time it takes for a bead to fall into the gaps between other particles (IXd/ .j P / pp) 

(Forterre & Pouliquen, 2008). 

The inertial number allows the different granular flow regimes to be classified (Pouliquen et al., 

2006). When the timescale for mean deformation is much longer than the timescale for rearrangements 

the inertial number tends towards zero and the flow is defined as quasi-static. Note that the quasi-

static regime can be reached either by shearing slowly or by exerting a large confining pressure; the 

effects of the two processes are the same on a rigid granular system. In the quasi-static regime the 

contact network between the particles is at its strongest. At intermediate values of the inertial number 

(0.01 - 0.1) liquid-like flows are observed and then, as the inertial number tends towards one, the gas

like regime is reached in which binary collisions dominate and there is nearly no contact network. Such 

a gas-like regime can be reached either by having a large shear rate or by decreasing the confining 

pressure. 

It has been shown (da Cruz et al., 2005; GRD Midi, 2004; Iordanoff & Khonsari, 2004) that for 

rigid grains the shear stress, T, is given by: 

T = PJL(I) (1.2) 

where the friction coefficient JL(1) is not necessarily a linear function of I but the shear stress varies 

linearly with confining pressure. Similarly, the volume fraction ¢ is given by: 

¢ = ¢(I). (1.3) 

It has been demonstrated (da Cruz et al., 2005; Forterre & Pouliquen, 2008) that the friction coef

ficient increases with shear rate (Le., with 1) and then eventually decreases when reaching the kinetic 

gas regime. The volume fraction decreases linearly over the range of inertial numbers investigated 

implying that the system expands as the shear rate increases (consistent with Reynold's dilatency 

principle for densely packed granular materials undergoing shear). 

This rheological model has also been generalised to 3d (Jop et al., 2006). In this visco-plastic model 

the shear stress varies linearly with the shear rate and depends on a pressure-dependent effective 
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viscosity (for details see Jop et at., 2006). The visco-plastic approach successfully predicts the liquid 

regime of dry granular flows in all of the experiment geometries shown in Fig. 1.27. However, the 

existence of a shear band in the quasi-static limit is not captured by this simple rheology (Pouliquen 

et al., 2006). 

All of the experiments shown in Fig. 1.27 are performed in the presence of an external gravitational 

field and, thus, in the presence of a confining pressure. Although analytical expressions can be found 

to predict the properties of shear flow of granular material at constant volume (without a confining 

pressure) no such experiments have ever been done. There are two possible methods to investigate such 

constant volume flows: numerical simulations (e.g., Campbell, 2002) and microgravity experiments 

(see Chapter 4). 

1.6 Granular processes of interest to planetary surfaces 

Below we will discuss some granular processes which may be of direct interest to planetary surfaces. 

As the domain of granular physics is so vast there are probably many more processes which have not 

been discussed here but which may also be relevant to planetary surfaces and to planetary science in 

general. 

1.6.1 Granular compaction 

A granular material can explore many different packing configurations by supplying energy to the 

system via tappingl(Knight et al., 1995), gentle shaking, shearing (Toiya et at., 2004) or thermal 

cycling (Slotterback et al., 2008b). It has been shown that gentle tapping results in a gradual increase 

of packing fraction to a very dense final state. On the other hand, fast tapping results in a rapid 

increase in packing fraction to a looser final state (Ciamarra et al., 2007). Thermal cycling can be 

applied by alternately heating and cooling the material and its container (Slotterback et at., 2008b). 

All these methods cause the material to compact as the particles explore different packing geometries 

with higher packing fractions. 

Divoux et al. (2009) have shown that temperature variations, even of a few degrees in amplitude, 

can lead to the compaction of a loose granular pile. They have also shown that the thermal conductivity 

of a granular pile can be influenced by tapping - the thermal conductivity of a loose sample will increase 

with the number of imposed thermal cycles as the granular material compacts. On the other hand, the 

thermal conductivity of a sample that has been tapped prior to thermal cycling only slightly fluctuates 

around a constant value. 

1 A "tap" is defined as an individual vertical acceleration applied momentarily to the system. 
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Thermal cycling effects are very likely to occur on asteroids (see Section 1.2.2) as they rotate 

and during their orbits. This is likely to result in a gradual compaction of the regolith material. In 

addition, the individual grains found on an asteroid su'rface may have different thermal expansion 

coefficients thus helping the process. However, as we have seen in Section 1.2.2, the large temperature 

variations are localised close to the surface of the asteroids. This means that the interiors of asteroids 

may not experience the same compaction due to thermal cyling. 

On the other hand, a rubble pile asteroid may experience seismic shaking throughout the body 

due to micrometeorite impacts (see Section 1.3.2). This seismic shaking may cause the entire asteroid 

to compact if it is truly a granular aggregate. Through the effects of both thermal cycling and seismic 

shaking it may be possible that regolith material on, and inside, an asteroid is very compact. However, 

it is not clear how the process of granular compaction may differ in the low gravity environment of 

an asteroid. 

1.6.2 Granular segregation 

When granular materials are shaken the larger particles tend to move to the top. This resulting size 

segregation has been named the "Brazil-nut effect" (Rosato et al., 1(87). It has been suggested that 

global shaking by non-disruptive collisions can activate the Brazil-nut effect on asteroids. This may 

explain the presence of large boulders on the surface of asteroid Itokawa (Fig. 1. 7 above and Asphaug 

et al., 2001). 

However, the mechanism driving such segregation is still under debate. It has been suggested that 

the upward movement of larger particles is caused by smaller particles avalanching (due to gravity) 

into the voids generated underneath large particles during the vibrations. An alternative mechanism 

proposed is that the small particles fall through the gaps between the large particles (Chowhan, 

1995; Rosato et al., 1987; Williams, 1(76). However, other experimental results from Knight et al. 

(1993) have shown that vibration-induced size segregation in a vibrated cylindrical column arises from 

convective processes and not always from local rearrangements as previously thought. The resultant 

flow, taking the form of convective rolls, continuously transports grains (Fig. 1.28). The rise velocity 

is dependent upon the distance to the surface but not on the height (Knight et al., 1(93). The sense 

of the convection is dependent upon container shape, wall and interparticle friction and internal phase 

boundaries (Jaeger et al., 19(6), although, in a typical cylindrical or rectangular vessel the flow is 

upwards in the centre of the vessel with a thin downwards flow along the side walls (Knight et at., 

19(3). To emphasise the argument that convection is indeed responsible for particle size segregation, 

Knight et al. (1993) also designed two different containers in which, during vibration, the large particles 

descend to the bottom rather than rise to the top (Fig. 1.29). In the first container one side has been 
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coated with rough sand and the particles close to this side descend to the bottom. In the second , 

conical-shaped, container the particles flow upwards along the walls and then downwards in the middle 

of the vessel due to convection. Shinbrot & Muzzio (1998) and Breu et al. (2003) also reported on 

experiments in which a large particle, depending on its density, could also sink to the bottom of the 

container. 

(0) (b) (el 

Figure 1.28: Brazil-nut effect via granular convection - A schematic diagram of experimental 
resu lts from Knight et al. (1993). (a) The initial configuration. (b) Configuration after one or two 
taps - note the coloured beads against the wall begin to move downwards. (c) After more taps , both 
the large bead and the small coloured beads at the centre move up in the cylinder. T he beads near 
the wall which have reached the bottom of the cylinder move inwards and start to rise. Image from 
Knight et at. (1993). 

Segregation in a granular material occurs in almost all granular flows where the particles have 

different physical properties. Another example is the segregat ion of particles accord ing to their size 

during an avalanche flow of a polydisperse granular material, wit h the smallest particles nearest the 

bottom and the largest particles on the top (Fig. 1.30). Since the small particles are concentrated at 

the bottom of the avalanche they a re deposited first . The faster moving, large particles (the avalanche 

flow velocity is greatest at the surface) are transported to the front t hus travelling furthest. 

The dominant mechanism for such segregation in granular avalanches, provided the density-rat io 

and the size-ratio of the particles are not too large, is kinetic sieving. As t he grains avalanche downs-

lope, there are fluctu ations in the void space and the smaller particles are more likely to fall , under 

gravity, into gaps that open up beneath them, because they are more likely to fit into the available 

space than the coarse grains. The fine particles, therefore, percolate towards the bottom of the flow , 

and force imbalances squeeze the large particles towards the surface (Gray & Chugunov, 2006). T his 

is exactly the process that caused the segregation in the rota ting tumbler mentioned above and shown 

in Fig. 1.22; the segregation takes place in a very th in dynamic layer close to the free surface, which 

can be described as a granu lar avalanche. 
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(0) (b) 

Figure 1.29: Reverse Brazil-nut effect - (a) T he right side of t he cyli nder is coated with rough 
sand. T he part icles near the rough part of t he wall move quickly towards t he bottom of t he cylinder 
-during tapping while the rest remain much less afFected. (b) A conical configurat ion. The large bead 
follows the convection ro ll through t he cent re of the cone from its bottom, but then cannot follow the 
smaller coloured beads back up along the walls in t he t hin region of t he convect ion roll. Image from 
Knight et al. (1993). 

T his type of segregation is, by its nature, grav ity-drivell (G ray & Chugunov, 2006). Alt hough 

it is not certain that such segregation will occur in granular flows in t he low-gravity environment of 

an asteroid , it does seem likely. Recall the images of asteroid Itokawa in F ig. 1.8 - t here is evidence 

of a boulder-rich layer similar to segregated landslide deposits even on t his t iny (",320 m) asteroid. 

T herefore, t he possibili ty that segregation has occured on asteroid surfaces mllst be considered when 

in terpreting t he debris deposits of granular flows or when choosing potential sampli ng sites. 

1. 7 Numerical simulations of granular material 

Improving our understanding of the dynamics of granula r materials under a wide variety of condit ions 

requi res that both experimental and numerical work be performed and compared. Once numerical 

approaches have been validated by successful comparison with experiments, then they can cover a 

parameter space that is too wide for, or unreachable by, laboratory experiments. 

Various numerical codes have been developed to study granul ar dynamics (Mehta, 2007). Some 

of the e codes are purely hydrodynamic in the sense that t he granular material is represented as a 

fluid or as a cont inuu m (e.g., Elaskar et at., 2000). In the case of solid-like granula r behaviour , the 

cont inuulll approach usually t reats t he material as elastic or elasto-plastic and models it wit h t he 

fini te element method or a mesh-free method (e.g., E laskar et at., 2000). Analytical and cont inuum 

approaches have also been used in modeling asteroid internal st ructures and shapes (Holsapple, 2001, 

2004; Holsapple & Michel, 2006; Holsapple & Michel, 2008; Sharma et al. , 2006, 2009). In the case 
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Figure 1.30: Segregation of particles in an avalanche flow - A schematic diagram of the particle
size segregation in an avalanche with three particle sizes. At the origin 0 the particles enter in a 
homogeneously mixed state, but as they avalanche down slope, the large grains grad ually rise to t he 
surface, the small ones percolate down to the base and the medium-sized grains are sandwiched in 
between. This creates three inversely graded layers sufficiently far downstream. T he arrows on t he 
left-h and side indicate the downstream velocity profile u(z) through the avalanche. Image taken from 
Gray & Ancey (2011). 

of liquid-like or gas- like granular flow, the continuum approach may treat t he materia l as a fluid 

and use computational fluid dynamics. However, continuum models need constitut ive laws which are 

difficult to find for granular matter. In addition, the homogellisation of the granular-scale physics is 

not necessarily appropriate and , in most cases, the discreteness of the particles and the forces between 

particles (and walls) need to be taken into account (Wada et al., 2006). Therefore, limits of such 

homogenisat ion must be considered carefully before attempting to use a continuum approach. 

Statistical approaches such as the Monte-Carlo method have also been employed to model granular 

dynamics (e.g., Kawasaki , 1986; Rosato et al., 2009). Other codes, such as contact dynamics methods, 

soft- and hard-sphere codes have also been developed, all of which treat t he granular material as 

interacting solid particles (e.g., Cleary & Sawley, 2002; Fraige et al., 2008; Hong & McLennan, 1992; 

Huilin et at. , 2007; Kosinski & Hoffmann, 2009; Latham et al. , 2008; Szarf et al. , 2010). T hese three 

types of discrete particle codes are oft n referr d to as Distinct Element Methods (DEM) . In each of 

the three methods the dynamics in between particle collisions are found by integrat ing the equations 

of motion for each particle. The differences between the methods arise mostly in how t he contac ts are 

treated. Molecular Dynamics (MD) is a special case of DEM when the simulated particles do not have 

rotational degrees of freedom as it was d signed to simulate molecules rather than particles. However , 

the terms DEM and MD are often used rather loosely due to their close relation. 
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1.7 Numerical simulations of granular material 

In order to model short range interactions such as collisions and contacts between particles, the 

soft-particle method relates the interaction force between two discrete particles to the overlap of the 

particles that serves to represent the deformation at contact. In the hard-sphere method all particles 

are assumed to be perfectly rigid and the collisions are both binary and instantaneous. This means that 

an event-driven algorithm can be employed to resolve collisions by anticipating trajectory crossing, 

thus providing hard-sphere codes with a major time advantage in the resolution of a single collision 

compared to the soft-sphere method. In the contact dynamics method, the small length and timescales 

involved in the dynamics of granular media are neglected and their effects are absorbed into contact 

laws together with a non-smooth formulation of particle dynamics described at a larger scale than 

small elastic response times and displacements (Radjai & Richefeu, 2009). 

1. 7.1 Granular codes in planetary science 

Granular dynamics is a field of intensive research with a range of industrial applications. A variety 

of laboratory experiments and numerical methods have been developed to study granular dynamics, 

but the applications of these experiments and numerical codes to problems related to the dynamics 

of granular materials in the framework of planetary science have only recently begun. 

For example, Wada et al. (2006) studied the cratering process on granular materials both by 

impact experiments and numerical simulations using a soft-sphere numerical code. Sanchez et al. 

(2010) simulated the particles forming an asteroid by means of soft-sphere molecular dynamics. In 

this approach, particles forming the aggregate have short- and long-range interactions, for contact 

and gravitational forces respectively, which are taken into account using two types of potentials (for 

details see Sanchez et al., 2010). 

There have been several recent contributions focussing on rubble piles (defined as a special case 

of a gravitational aggregate in Richardson et al., 2002) that have further highlighted the connection 

between granular physics and planetary science. Specifically, Walsh et al. (2008) performed hard

sphere numerical simulations to show that binary asteroids may be created by the slow spin-up of 

a rubble pile asteroid by means of the thermal YORP effect (see Section 1.3.3). The properties of 

asteroid binaries produced by their model match those currently observed in the small near-Earth and 

main-belt asteroid populations, including the binary 1999 KW4 observed by radar techniques (Fig. 

1.31). Goldreich & Sari (2009) developed a quantitative theory for the effective dimensionless rigidity 

of a self-gravitating rubble pile and then used this theory to investigate the tidal evolution of rubble 

pile asteroids. Additionally, Sanchez & Scheeres (2011) simulated the mechanics of asteroid rubble 

piles using a self-gravitating soft-sphere model. 
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(a) (b) 

Figure 1.31: Comparison of binary asteroid radar images and numerical simulation out
comes - (a) Radar model of binary Asteroid (66391) 1999 KW4 (Ostro et al. , 2006), (b) Simulation 
outcome of YORP spin-up model of binary asteroid formation (Walsh et at., 2008). 

1. 7.2 Why use numerical code pkdgrav? 

T he numerical code pkdgrav, which started as a cosmology code written at t he University of Wash-

ington, is a fully parallel N-body hard-sphere code t hat can both spat ially adapt to large ranges in 

part icle densit ies, and temporally adapt to large ranges in dynamical t imescales (Stadel, 2001). The 

advantages of t he N -body hard-sphere adaptation of pkdgrav over many other hard- and soft- sphere 

models incl ude full support for parallel computation and a unique combinat ion of the use of hierarchi

cal tree methods to rapidly compute long-range inter-part icle fo rces (namely gravity, when incl uded) 

and to locate nearest neighbours and potential colliders. 

In a complete N-body calculation a code will require O (N2) operations in order to fully and 

accurately calculate a gravitational potential acting on one part icle. In order to reduce the number of 

operations and t hus t he computational t imescales, a t ree code works by assuming that the gravitational 

potential of distant part icles can be well approximated by a low-order multipolc expansion. It is 

only t he gravitational potential of a particle's nearest neighbours that are calculated exactly. A 

t ree structure is used to introd uce t hese explicit approximations into the calculat ion of potent ial. A 

collection of particles is sp li t into hierarchical groups which are then subdivided again and again -

thus explaining the name; t ree code. Finally, the method to valuate t he potential at a point r duces 

to a descent down through branches of the t ree. Using such a hierarchical structure allows pkdgrav to 

follow extremely large dynamic ranges in densit ies at modest 'cost per force evaluation' (Richardson 

et al. , 2000). The use of a t ree code, therefore, reduces the number of operations necessary to calculate 

t he gravitational potent ial acting on one particle to O( N log N). 

There are several different types of t ree which can be used. Originally pkdgrav used a k-D tree 

(hence t he name which stands for Parallel K-Dimensional t ree GRAVity code) . However, in the k-D 

tree the cells can be elongated causing errors in gravity calculations. Pkdgrav now uses a spatial binary 

t ree with squeeze to avoid t hese errors. Figure 1.32 shows the difference in the cell sizes resulting from 
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Figure 1.32: Comparison of Computational Trees - The cells used to separate the particles into 
hierarchial groups using a k-D Tree (left) and a Spatial Binary Tree with Squeeze (right). Image 
credit from Stadel (2001). 

In addition, pkdgrav is an event-driven code, which means that collisions are determined prior to 

advancing particle positions, ensuring that no collisions are missed and that collision circumstances 

are computed exactly (in general, to within the accuracy of the integration), which is a particular 

advantage when particles are moving rapidly. Collisions are carried out in time order, properly ac

counting for repeated collisions between particles (and between particles and walls) during each step. 

Particles are treated as rigid spheres (so the collisions are instantaneous), with collision outcomes 

parameterised by coefficients of normal and tangential restitution. In addition to having a velocity 

vector, each particle also has a spin vector allowing particle rotation to be treated (if the tangential 

coefficient of restitution is <1). More details on the collision equations in pkdgrav will be provided 

in Chapter 2. There are also options available for particle bonding to make irregular shapes that are 

subject to rigid-body rotation and non-centraljoff-axis impacts (see Richardson et at., 2009). 

In pkdgrav the equations of motion are integrated using a Leapfrog integrator (Richardson et at., 

2000). This type of integration is equivalent to updating positions and velocities at interleaved time 

points (i.e., they 'leapfrog' over each other). This means that there are two types of steps: the drift 

step during which the velocities remain fixed and the positions are drifted forward, and the kick step 

during which the positions are held constant and the velocities are kicked according to the acceleration. 

For pkdgrav the Leapfrog integrator is normally used with the "KDK"combination of steps i.e., kick 

half a timestep, drift a full timestep, kick half a timestep (Richardson et at., 2000). The Leapfrog 

integrator was chosen as it is time-reversible (Le., one can integrate forward n steps, and then reverse 

the direction of integration and integrate backwards n steps to arrive at the same starting position, if 

the system is not chaotic) and as it is sympletic (energy is conserved). 

Pkdgrav has already been used very successfully in numerous astrophysical applications. For 
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exam pIe, simulation of collisions of rub ble pile asteroids (Leinhardt et al., 2000), planetesimal dynamics 

including modelling oligarchic growth and illustrating the effect of Jovian resonances on the inner 

planet disk (Richardson et al., 2000), reproduction of key features of binary minor planets (Richardson 

& Walsh, 2006), binary near-Earth asteroid formation via tidal disruptions and rotational break

up of rubble piles asteroids (Walsh & Richardson, 2006; Walsh & Richardson, 2008; Walsh et al., 

2008), the effect of fragmentation on terrestrial planet formation (Leinhardt & Richardson, 2005), 

catastrophic disruption of asteroids (Michel et al., 2001; Michel et al., 2003) and investigations of 

gravitational instability and clustering in a disk of planetesimals (Tanga et al., 2004). However, 

before this Ph.D. thesis pkdgrav had never been used to model granular interactions on a laboratory 

scale. One of the main aims of this thesis is, therefore, to determine if this incredibly successful 

and efficient astrophysical code pkdgrav can be used to model granular material and thus regolith 

dynamics. Our long-term goal is to understand how scaling laws, different flow regimes, segregation, 

and so on change with gravity, and to apply this understanding to asteroid surfaces, without the need 

to simulate the surfaces in their entirety. Before we can simulate granular interactions on planetary 

bodies, the simulations must first be able to reproduce the dynamics of granular materials in more 

idealised conditions and match the results of existing laboratory experiments. 

1.8 Scope of this thesis 

This thesis has two key components, both of which aim to increase our understanding of granular 

dynamics in varying gravitational conditions. The first component is the validation of the hard

sphere discrete element method implementation in the N-body code pkdgrav to model the dynamics of 

granular material in varying gravitational environments. The validation will be performed by a direct 

comparison between the numerical simulations and the results of existing laboratory experiments. 

The second component is focussed on the AstEx parabolic flight experiment. The AstEx experiment, 

with the experimental aim to characterise the response of granular material to rotational shear forces 

in a microgravity environment, was designed, constructed, flown and the data were analysed as part 

of this thesis. 
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Chapter 2 

Modifications to pkdgrav for this 

investigation 

2.1 Summary of Chapter 

In this chapter the method to simulate the dynamics of granular materials is presented, along with 

a few basic tests that show its ability to address different problems involving these dynamics. A 

more complete validation, by comparison with a well-documented laboratory experiment investigating 

collective particle behaviour on vibrating plates, is the subject of Chapter 3. 

To simulate granular dynamics a new particle-based (discrete element) numerical method is used. 

The method employs the parallel N-body tree code pkdgrav to search for collisions and compute par

ticle trajectories. Provided in this chapter are the details of how particle-particle collisions are treated. 

Particle confinement is achieved by combining arbitrary combinations of four defined wall primitives, 

namely infinite plane, finite disk, infinite cylinder, and finite cylinder. Various wall movements, includ

ing translation, oscillation, and rotation, are supported. For completeness full derivations of collision 

prediction and resolution equations are provided in the Supplementary Material (and in Richardson 

et al., 2011) for all geometries and motions. 

After the details of the numerical method are presented a short introduction to how the walls can 

be used and an overview of some techniques that were developed to facilitate their use is provided. 

Finally, a series of tumbler simulations is presented as one test of the numerical method. 

The detailed modifications to the code reported below were presented in Richardson et al. (2011). 

I was responsible for testing and debugging the new implementations of pkdgrav as well as working 

on the tumbler application. 
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2.2 Why make modifications to pkdgrav? 

The N-body code pkdgrav (Stadel, 2001) has previously been adapted for hard-body collisions 

(Richardson et al., 2000, 2009). However, it has, until now, only ever been used for large (solar

system or larger) scale simulations (see Section 1.7.2 for details on previous studies performed with 

pkdgrav). In order to use pkdgrav for the specific purposes of granular material simulations, several 

modifications and additions had to be made to the code. 

The advantages of the N-body hard sphere adaptation of pkdgrav over other many discrete element 

(DEM) approaches include full support for parallel computation and a unique combination of the 

use of hierarchical tree methods to rapidly compute long-range interparticle forces (namely gravity, 

when included) and to locate nearest neighbours and potential colliders. In addition, collisions are 

determined prior to advancing particle positions, ensuring that no collisions are missed and that 

collision circumstances are computed exactly (in general, to within the accuracy of the integration), 

which is a particular advantage when particles are moving rapidly. There are also options available 

for particle bonding to make irregular shapes that are subject to Eulers laws of rigid-body rotation 

with non-central impacts (see Richardson et al., 2009). 

In this chapter the focus is on the implementation of a wide range of boundary conditions ("walls") 

that can be used to represent the different geometries involved in experimental setups, but more 

generally provide the needed particle confinement and possible external forcings, such as induced 

vibrations, for small-scale investigations of regolith dynamics in varying gravitational environments 

(different surface slopes, etc.). The approach is designed to be general and flexible: any number 

of walls can be combined in arbitrary ways to match the desired configuration without any code 

adaptation, whereas many existing methods are tailored for a specific geometry. The long-term goal 

is to understand how scaling laws, different flow regimes, segregation, and so on change with gravity, 

and to apply this understanding to asteroid surfaces, without the need to simulate the surfaces in 

their entirety. 

The full details of the numerical method are presented in Section 2.3, the software developed 

to set-up and launch simulations is discussed in Section 2.4 and the basic tests of the method are 

described in Section 2.5. 

2.3 Numerical method 

This section details the numerical method employed in the granular dynamics simulations. Pkdgrav, 

a parallel N-body tree code that has been adapted for hard-body collisions (Richardson et al., 2000, 

2009) is used. The general strategy of searching for and resolving collisions among particles, and 
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between particles and the ''walls'' of the simulated apparatus are discussed. The detailed derivations 

of the collision equations for the four wall "primitives" that have been developed so far, namely the 

infinite plane, finite disk, infinite cylinder, and finite cylinder are included in the Supplementary 

Material (and in Richardson et at., 2011). 

In pkdgrav collisions are predicted based on trajectory extrapolation at the beginning of each 

integration step. A second-order Leapfrog integrator is used: each step consists of "kicking" particle 

velocities by a half step (keeping particle positions fixed), "drifting" particle positions at constant 

velocity for a full step, recomputing accelerations due to gravity, then performing a final half-step 

velocity kick (for details see Richardson et at., 2009). 

Collision searches are performed during the drift step by examining the trajectories of enough 

neighbours of each particle to ensure no collisions are missed. There is no interparticle gravity for the 

granular dynamics experiments discussed in this chapter (only a configurable uniform gravity field) 

but this unique ability of pkdgrav is used in Chapter 3. In order to speed up neighbour searches a 

tree is used (as described in Section 1.7.2). Additionally, efficient parallelism reduces computation 

time for large simulations. Also, more complex gravity fields for which there is no analytical solution 

for particle motion can be easily integrated into the simulations. Such a capability will be very 

important, for example, when modelling granular material on the surface of an asteroid with an 

irregular gravitational field. 

The relative position and velocity of two particles, with initial vector positions r1 and r2 and 

velocities V1 and V2, are P == r2 - r1 and v == V2 - Vb respectively (Fig. 2.1). The condition for two 

particles to collide after a time interval t (measured from the start of the drift step in this case) is 

Ip + vtl = 81 + 82, (2.1) 

where 81 and 82 are the radii of the particles (treated as perfect hard spheres). To collide, the particles 

must be approaching one another, so p·v < O. It is assumed that the particles are not initially touching 

or overlapping, Le., it is required that p > 81 + 82, where p == Ipl. Equation (2.1) can be solved for t 

by squaring both sides and applying the quadratic formula: 1 

(2.2) 

where v == Ivl and the sign ambiguity is resolved by taking t to be the smallest positive value of any 

real roots. If t is between zero and the drift step time interval (Le., the simulation timestep), the 

collision takes place during this integration step. Collisions are treated as instantaneous events with 

1 In practice, a version of the quadratic formula optimized to reduce round-off error is used in pkdgrav---see Press 
et al. (2007). 
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no flexing and a configurable amount of energy loss due to restitution (parameterised by the normal 

coefficient of restitution 0 ::; en ::; 1, where 0 means perfect sticking and 1 means perfect bouncing) 

and surface coupling (parameterised by the transverse coefficient of restitution -1 ::; et ::; 1, where -1 

means reversal of transverse motion on contact, 0 means complete damping of transverse motion, and 

1 means no surface coupling). For completeness, the collision resolution equations for perfect spheres 

are: 

v' 1 

w' 1 

Vl + r;; [(1 + cn)un + ~(1 - ct)Ut] , 

= ~2 - r;; [(1 + cn)un + ~(1 - ct)Ut] , 

2 /L(1 - Ct) 
= Wl +"7 It (SlXU), 

2 /L(1 - Ct) 
= W2 -"7 12 (S2 XU), 

where the primes denote post-collision quantities, }vf = ml + m2 is the sum of the particle masses, 

U = v + (lT2 -lTd is the total relative velocity at the contact point (with lTi = Wi XSi, i = 1,2, where 

Wi is the spin vector of particle i, Si = (-I)(i-l)sifi., and fi. = pip), Un = (u.fi.)fi., Ut = U - Un, /L 

is the reduced mass mlm2/M, and Ii = ~mis; is the moment of inertia of particle i; the factor of 

2/7 results from using spheres (for details see Richardson et ai., 2009). These equations come from 

conservation of linear and angular momentum combined with the following statement of energy loss: 

(2.3) 

The approach for handling wall collisions is similar: first the time to collision is determined, then 

the collision is resolved. The collision condition is that the distance of the particle centre from the 

point of contact on the wall must equal the particle radius, i.e., 

Irimpact - cl = s, (2.4) 

where c is the vector position of the point of contact and the subscript i has been dropped. 

For the derivations that follow, the convention has been adopted that the wall corresponds to i = 1 

and the particle to i = 2; this minimises the number of minus signs in the equations. As c depends on 

the particular wall geometry, it is best to consider each geometry in turn and exploit any symmetries to 

determine more conveniently when (if at all) this contact condition is satisfied for a given particle and 

wall pair. Note that often a wall consists of a combination of more than one geometry (for example, 
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Figure 2.1: Collision Prediction of Two Spheres - Diagram illustrating the quantities used for 
predicting the collision of two spheres (see Eqs. (2.1)-(2.2)). Although the diagram depicts a collision 
in two dimensions, the derivations apply to the full three-dimensional case. 

a finite disk is a round portion of a plane plus a surrounding ring, i.e., a cylinder of zero length) _ 

the collision prediction routines for walls in pkdgrav return a list of possible collision times, one for 

each "face" (for the finite disk example, there are 3 faces: one flat side, the opposite flat side, and the 

perimeter ring), with the smallest positive time corresponding to the face that will be struck first. 

In pkdgrav, after all neighbours of a given particle have been checked for possible collisions, 

every wall is checked also. Whatever body (whether particle or wall) that gives the shortest time to 

collision is taken to be the next collision event. That collision is resolved, collision times are updated 

depending on whether the collision that just happened changes future collision circumstances, and 

the next collision is carried out until all collisions during the current drift interval have been handled. 

Walls are treated as having infinite mass, so the restitution equations reduce to: 

v' 
2 

= v - (1 + en)un - 7(1 - et)Ut, (2.5) 

w' = 5 -2( ) W - 78 1 - et SXu, (2.6) 

where 

U=V+WXS (2.7) 

(for a static wall), en and et are specific to the wall (see below), and s == -8ft, with ft being the unit 

vector in direction (r+vt) -c, i.e., from the point of contact (which depends on the wall geometry) to 

the particle centre. To account for any wall motion, U in Eq. (2.7) is adjusted as needed (see below). 
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The parameters of each wall type are specified by the user at run time via a simple text file. 

Information common to each wall that must be specified includes the origin (a vector reference point), 

orientation (a unit vector), normal coefficient ofrestitution, Cn, and tangential coefficient ofrestitution, 

Ct, for the wall (which override the particle values during a particle-wall collision), as well as colour 

and transparency (for drawing purposes). In addition, each geometry has a unique set of parameters 

particular to that geometry, e.g., radius in the case of the finite disk and cylinders, and length for the 

finite cylinder. Also, simple motions are supported for each geometry; e.g., a plane or disk can have 

translational and/or sinusoidal oscillatory motion, while a cylinder can rotate around its symmetry 

(orientation) axis. Oscillations are treated by updating the wall position in stepwise fashion, holding 

the velocity constant between timesteps. In pkdgrav, a single function is used to get the position 

and velocity of a particle relative to "any (possibly moving) wall at a given time. Finally, a wall can 

be "sticky," meaning any particles that come into contact with it become rigidly held. Alternatively 

a wall can also be "absorbing," meaning any particles that come into contact with it are removed 

from the simulation. These latter options are encoded as special cases of the wall normal coefficient 

of restitution (0 indicating sticky, < 0 indicating absorbing). The sticky wall is particularly useful for 

creating a rough surface (see Section 2.5.1); the absorbing wall is helpful when particles are no longer 

needed, such as when they have moved beyond the flow regime of interest. 

For a particle hitting another particle that is rigidly stuck to a wall, Eqs. (2.5) and (2.6) also apply 

when resolving the collision (the stuck particle is treated as having infinite mass), with Ii pointing 

from the centre of the stuck particle to the centre of the free particle, and cn and Ct being the usual 

particle values (Le., not the values specific to the wall). Detection of collisions with stuck particles 

is handled by setting the stuck particles' velocities equal to the instantaneous velocities of their host 

walls at the start of the step. In the case of particles stuck on rotating cylinders, the component 

{lx [(R ± s)li] is added to the particle velocities, where {l is the cylinder's rotation vector and R is 

its radius, and in this case n is the perpendicular from the cylinder rotation axis to the particle centre 

at the start of the step (the sign of s depends on whether the particle is on the outer [positive] or 

inner [negative] surface). The positions of particles stuck on moving/rotating walls are updated at the 

end of the drift step. Collisions with particles stuck on rotating cylinders can optionally be predicted 

to higher order using a quartic expression that accounts for the curvilinear motion (see Eq. (A.4) of 

Richardson et al., 2009). 

For resolving collisions with moving walls, and particles stuck to moving walls, each wall's instan

taneous velocity at the start of the step is substracted from u in Eq. (2.7) before applying Eqs. (2.5) 

and (2.6). For cylinder rotation, with the rotation axis parallel to the symmetry axis of the cylinder, 

{l X (RIi) is subtracted, where n is as defined for those equations. For particles stuck to rotating walls, 
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the stuck particle itself is given an extra speed component (see above), which is taken into account 

when resolving the collision outcome. 

The implementation details of the wall geometries iII pkdgrav are given in the Supplementary 

Material (and in Richardson et at., 2011). 

2.4 Using the walls 

2.4.1 Setting up simulations 

Several functions and scripts were written, in the programming language Python, to facilitate the 

fast and efficient generation of the correct initial conditions using the wall boundary conditions. The 

different approaches developed to place particles into a 'container' are described briefly below and 

snap-shots of example runs are shown. 

The first programs, with the goal of dropping many particles in a box, use a short user-generated 

parameter file to perform the complete simulation set up and then launch the simulations. The box 

is constructed using the infinite plane geometries now available in pkdgrav (see Section 2.3). Four 

infinite planes, two with normal vectors in the positive and negative x-directions and two with normal 

vectors in the positive and negative y-directions, form the sides of the box. One infinite plane with 

normal vector in the z-direction forms the base of the box. When using these programs to fill a box 

with particles all of the dimensions of the box are defined in the short parameter file. These dimensions 

are then automatically translated to pkdgrav input files. Several important parameters such as the 

timestepl for the simulation are also automatically calculated in the programs and subsequently added 

to automatically generated pkdgrav parameter files. 

The particles can be created and dropped into a box in four different ways: 

1. One particle can be created in the very middle of a box (Fig. 2.2). 

2. A "rubble pile", or ball, of a specified number of particles can be created in the very middle of 

a box (Fig. 2.3). 

3. A long line of particles can be dropped into the box (Fig. 2.4). 

4. A column consisting of several layers of particles can be dropped into a box. In order to avoid 

simultaneous particle-wall collisions each particle has a fixed x and y coordinate but a range of 

z coordinates (within given limits). The particles are also given a very small random velocity in 

the x and y directions (Fig. 2.5). 
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(a) 

(b) 

(c) 

Figure 2.2: One particle dropped into a box - (a) Initial particle position (b) Part icle position 
part-way through simulation (c) Part icle position at end of simulation. Note: due to high coefficient 
of resti t ut ion t he part icle never comes to rest in this run. 
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2.4 Using the walls 

(a) (b) 

( c) 

Figure 2.3: A "rubble pile" dropped into a box - 4331 particles are dropped into a box starting 
from a Rubble Pile configurat ion. (a) Initial particle positions (b) Part i Ie position part-way through 
simulation (c) Particle positions at end of simulation. 
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(a) (b) 

( c) 

Figure 2.4: A line of particles dropped into a box - 4400 part icles are dropped into a box starting 
from a vertical line configuration. (a) Initial positions of the part icles in the field of view (b) Part icle 
posit ions part-way through simulation (c) Particle posit ions at end of simulation. Note: due to t he 
very high particle energies the particles do not all come to rest in this run. 
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2.4 Using the walls 

(a) (b) 

(c) 

Figure 2.5: A column of particles dropped into a box - 4410 particles are dropped into a box 
starting from a layer d configuration . All of the particles have some random velocities ancl the z
positions are also slightly randomizecl. (a) Initial positions of t he particles in the field of view. (b) 
Particle positions part-way through simulation (c) Particle posit ions at end of simulation. 
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(a) (b) 

(c) 

Figure 2.6: A ring of particles dropped into the space between two cylinderical containers-
4236 particles are dropped in rings into the gap between two concentric cylinders . (a) Init ial positions 
of the particles. (b) Particle positions part-way through simulation (c) Particle positions at end of 
simulation. 

In addition to dropping particles into a box it is also possible to drop particles into a container 

constructed with cylindrical walls. An example of this, where a column consist ing of several layers of 

many rings of particles is dropped into a box, is shown in Fig. 2.6. Again particles ini t ially have fixed 

x, y positions and z velocities but random z positions and x, y velocit ies. 

It was decided that out of all of the possible methods for filling a container with particles the 

most realistic were methods 2 and 4. However, dropping very large numbers of particle into a box 

at anyone time was found to be inefficient even in parallel mode. Therefore, if large numbers of 

particles were needed , the box was always filled by dropping several blocks of particles in stages into 

the box (each block consists of a small column of particles). In the user-generated parameter file the 

total number of particles to be dropped is specified. The user also specifies into how many blocks 

these particles should be divided. This process, once launched with the correct parameter files, is 

fully automatic. Each of the pkdgrav input files are automatically generated then the first block of 

IThe standard timestep chosen for dropping part icles into a box is such that for a particle starting from rest a nd 
fa lling under gravity it would take approximately 30 timesteps for it to drop one part icle d iameter i.e., t he t imestep = 
(1/30) J2d/ 9 where d is the particle diameter and 9 the gravitat ional accelerat ion. 
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2.4 Using the walls 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 2.7: F illing a b ox w ith discrete blocks of particles - A block of particles in several layers 
is produced, the particles are dropped into a box, a nother block of particles is created and dropped 
into the box and this continues until the box contains the required number of particles. (a) - (e) 
Blocks of 6,250 particles are created and dropped into a box automatically (f) Fi lled box at end of 
simulation containing 31 ,250 particles. 

particles is creat d and the simu lation is launched. Then, after a set amount of t ime (defined by the 

user-generated parameter fi le) the simulat ion is paused. A second block of particles is added and the 

simu lation is re-Iaunched. This proc s continues until the user-specified number of part icles are in 

the box (see example in Fig. 2.7). 

2 .4.2 Simulation issues 

When running pkdgrav at small-scales for the first t ime subt le intricaci s and difficulties were dis

covered . For example, due to the high particle densities in some test simu lations both long- lasting 

contacts and frequent coll isions were found to occur. In the original hard-sphere version of pkdgrav 

simu ltan ous collisions were not allowed because (1) if two or more particles all hi t together at the 
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2. MODIFICATIONS TO PKDGRAV FOR THIS INVESTIGATION 

same time, the outcome is undetermined without solving for the force network; (2) it usually was a 

sign of a problem. This criterion has been relaxed to allow simultaneous collisions when using walls. 

However, the order in which simultaneous collisions are resolved is essentially random. Therefore, 

wherever possible the timestep should be made small enough so as to avoid "simultaneous" collisions. 

For similar reasons when creating several particles (e.g., to drop into a box) each particle must be 

given slightly different parameters (e.g., positions or velocities) so multiple particles do not collide 

with walls simultaneously. This also makes the simulations more physical as it would be impossible 

to drop all the particles from the same height exactly simultaneously. 

2.4.3 Turning run outcomes into movies 

Pkdgrav has an inbuilt function to convert the simulation output files into image files. This function 

creates files suitable to be rendered into image files using the Persistence of Vision Raytracer (POV

Ray) 1. However, as pkdgrav had never before been used for such small-scale simulations several 

problems arose. POV-Ray uses floats (Le., ",7 digits of precision) internally instead of doubles (which 

have ",15 digits of precision), so the dynamic range is limited: the range of scales in the file must 

not exceed about 1 million. For example, if the smallest detail to be discerned has size 1, then the 

maximum scale that can be visualised is '" 106 • To overcome this problem a "Scale Factor"was added 

into the parameter file which multiplies all length scales by that factor. This means that the ray-traced 

images and thus movies are actually scaled up but all of the physics was calculated at the correct 

scales. 

2.5 Basic Tests 

A suite of simple tests was developed during the coding stage to exercise each new feature/geometry as 

it was added. Examples include dropping particles into a cylinder bisected by an inclined plane (Fig. 

2.8), "rolling" a perfectly balanced sphere on the inside edge of a vertical ring (Fig. 2.9), and bouncing 

hundreds of spheres on an oscillating disk inside a cylinder (Fig. 2.10). In this section a simple test 

designed to demonstrate the correct dynamical behaviour of the granular assembly is discussed in 

detail. 

2.5.1 Tumbler 

Brucks et al. (2007) carried out a series of laboratory experiments to measure the dynamic angle of 

repose f3 of glass beads in a rotating drum (tumbler) at various effective gravitational accelerations. 

1 http://www.povray.org/ 
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2.5 Basic Tests 

(a) 

(b) 

(e) 

Figure 2.8: Cylinder intersected by a plane - Six part icl s are dropp d into a cylinder bi ected 
by an inclined plane. There is an external gravitational fi eld acting in t he downwards direction and 
thus the particles, as expected , come to rest in the place of lowest gravitational energy. 
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(a) (b) 

(c) 

Figure 2.9: Rolling on a ring - A perfectly balanced sphere is "rolled" on the inside edge of a vertical 
ring. 
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2.5 Bas ic Tests 

(a) 

(b) 

(e) 

Figure 2.10: Bouncing hundreds of particles - 223 particles are dropped under an external gravi
tational fi eld onto an oscillating disk inside a cylinder. 
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2. MODIFICATIONS TO PKDGRAV FOR THIS INVESTIGATION 

The beads had diameter (not radius) d = 0.53 ± 0.05 mm and occupied ,.",50% of the volume of a 

tumbler of radius R = 30 mm and length L = 5 mm. A tumbler with R = 45 mm was also used but , 
our comparison is restricted to the smaller one for this test. The inner wall of the tumbler was lined 

with sandpaper to provide a rough surface. A centrifuge was used to provide effective gravitational 

accelerations between 1 and 25 9 (where 9 = 9.81 m s-2). The angular rotation speed of the tumbler 

n was varied to achieve a range of Froude numbers ("Fr") for the system, where Fr is defined as the 

ratio of centripetal to effective gravitational acceleration at the cylinder periphery1: 

(2.8) 

Figure 3 of Brucks et al. (2007) shows (3 as a function of Fr for various geff obtained in their 

experiment. Our aim for this test was to compare simulated results for geff / 9 = 1 and Fr ~ 0.001. 

Smaller Fr numbers are computationally challenging due to the limited motion of the particles (but 

the (3 curve is essentially flat for Fr ;S 0.01 anyway). Different geff, particularly geff/g < 1 (a regime 

Brucks et al. (2007) could not explore), will be the subject of future work. 

The simulated experimental apparatus is constructed using an infinite horizontal cylinder of radius 

R (30 mm) cut into a short segment by two infinite vertical planes separated by a distance L (5 mm). 

Ft)r the purpose of this test, the planes were "frictionless" (en = et = 1). To keep the tests tractable, 

a fixed particle radius of s = 0.53 mm was used, i.e., twice the size of the glass beads used in the 

experiment (thereby providing nearly a factor of 10 savings in particle number, so the computational 

time of each run would be on the order of a day, instead of much more than a week). The initial 

conditions were prepared in stages (Figs. 2.11-2.13), alternately filling the "bottom" of the cylinder 

(Le., by removing one plane and having gravity point down the length of the cylinder), closing and 

rotating the cylinder to allow particles to stick uniformly to the inner cylinder wall (to mimic the 

roughness provided by the sandpaper in the real experiment), refilling to get the desired volume 

fraction (about 50%), rotating some more, and then allowing the particles to settle. There were 6513 

particles in total, of which 568 ended up stuck to the cylinder wall2. This starting condition was used 

for all the runs. For particle collisions, the normal coefficient of restitution en = 0.64 (an estimate for 

glass beads derived by HeiBelmann et al. (2009)) and the tangential coefficient of restitution et = 0.8 

(to provide some roughness; this value is poorly constrained). 

As an aside, initially this experiment was conducted with surface coupling (Le., et < 1 for the 

cylinder) instead of sticky walls. Although, for sufficiently fast cylinder spin, the particles also start 

lOccasionally the square root of the quantity on the right-hand-side of Eq. (2.8) is found in the literature, Le., 
Fr = nv'R/gj the expression in Eq. (2.8) is used to compare our results more easily with Brucks et al. (2007) 

2In order to allow for the finite diameter of the stuck particles, the cylinder was actually R + 28 = 31.06 mm in 
radius. 
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2.5 Basic Tests 

(a) (b) 

Figure 2.11 : Stage 1 of tumbler preparation - The bot tom of the cylinder is filled by removing one 
plane and dropping a baJJ of particles into the cylinder. Gravity points downwa.rds in the figure. (a) 
The initial configuration for this stage, before the particles are dropped . (b) T he fin al configura.tion 
for this stage, with all the particels at the "bottom" of t he cylinder. 

to tumble in this setup , the particle spins quickly align with the cylinder spin (so that W i S rv OR, 

within a factor of a few) and the particles settle to the bottom of the cylinder , sloshing around 

slightly. A rough surface instead provides a constant , somewhat random pert urbation that ensures 

the tumbling behaviour persists among the loose particles. 

Figure 2.14 shows ray-traced snapshots after achieving equilibrium for 8 different Froude numbers 

(0.001, 0.01 , 0.05, 0.1, 0.3, 0.5, 1.0, and 1.5). For the sub-critical cases (Fr < 1), t he total simulated 

run time was about 2.5 s, with a fixed timestep of about 5 f.Ls. For Fr = 1.0 and 1.5, the run t ime 

was rvO.5 s with a timestep of rv1 f.LS (these latter cases achieve equilibrium faster, bu t the more rapid 

cylinder rotation dictated a smaller timestep). Also shown for the sub-critical cases is the estimated 

slope, which was measured by fitting straight lines to sample surface points over several snapshots 

and taking the average. Only particles to the left of cent re were considered for these measurements, 

as particles tend to pile up on the right. As expected , for Fr = 1.0, it can be seen that centrifuging 

has begun; by Fr = 1.5, a thin layer of free part icles persists along the inner surface of the upper-right 

quadrant of the cylinder. For Fr < 1, (3 depends on the rotation rate, with roughly the expected 

dependence from the xperiments. 

Figure 2.15 shows the mea.'mred values of (3 from the simulations (filled squares), wit h 1-0" uncer

tainty errorbars, along with data taken from Fig. 3 of Brucks et al. (2007) for the R = 30 mm t umbler. 

The experimental data show systematically larger dynamic slopes compared with the simula ted data, 
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(a) 

(c) 
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(b) 

F igure 2.12: Stage 2 of tumbl r preparation - T he cylinder is 10 d by introdu ' ing a plane b hind 
the part icles to confine th m. Gravity points downwards in th figur. (a) T h initia l 'onfiguratioll 
for this stag which is also th final configura tion from Stag 1 vi w d from a cliffer nt angl '. (I» 
T he cylind r is rotat d to allow part i lcs to stick uniformly to th inn r cylincl r wall (to milllic t h 
roughness provid d by th sandpaper in th r al experiment). On e th part icl s ar' ~t u ck to th wall 
they become whi te. (c) T he part icles a r now stuck uniformly to t he inn r wall of the cylind r. 
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2.5 Basic Tests 

(a) (b) 

(c) 

Figure 2. 13: Stag 3 of tumbl r pr paration - To get t he desired volume fraction (about 50%) 
nnothcr ba ll f part icl ,s i dropp d into t h cylinder. (a) T h ini t ia l configurat ion for t his st age -
he inn ' 1' wall f t.he y linder is coat d in (whi te) par i I s and a ball of (gr('(' n) pa rticles is ready to 

b elropp dint t he cylind r to fill it . mvi y points downwards in t he fi g llf(, . (1)) T h(' cylinder is 
rotat ,d som 111 or and grav ity Oll t inu s to poin t down th . I ngth of t he cylinde r. (c) 1'11(' cylind r 
st ps r tatillg. T h vi wing angl is chang d a nd so is t h di rection of gravity (now p rpendicula r to 
t h ax is f t h 'ylind r bu t still . hown as downwards in t h fi gur ). T h p, rti 1('. ar a llow('d to. ('ttl(' 
into l h bo tom of the t um!>1 r until t h av rag parlicl velo ity hecom s lpss t han a sma ll l hcshold 
value. 
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2. MODIFICATIONS TO PKDGRAV FOR THIS INVESTIGATION 

Figure 2.14: Tumbler Snapshots - Snapshots of the simulated tumbler experiments taken a t the 
end of each run. The Froude number (Eq. (2.8)) is indicated. View size is about 7.5 em across each 
frame. The view is down the cylinder axis, and rotation is in the clockwise rotation direction (at this 
viewing angle, t he short cylinder itself cannot be seen). The blue particles along the inner surface 
of the cylinder are "glued" in place to provide roughness. Where shown, the yellow line indicates an 
estimate of t he surface slope (Fig. 2.15). 

but both follow a similar t rend wi th Froude number. Additionally, the closer match to the eXjJcrimen-

tal rcsults at high Froude number suggests that our hard-sphere model is more sui ted to the dilute 

flow regimes of high Froude number rather than dense flow regimes of low Froude number. 

However, it was considered possible that some of the discrepancy in slope may a rise from the 

different R/ s ratio for the data sets, namely about 110 for the experiment while ouly 57 for t he 

simulations. Some simulations were performed increasing the R/ s ratio of the simtll at iolls to tllatch 

t he experiments, which requir s a factor of 8 more fr e particles (as well 4 timcs lllorc stuck particles). 

The dynamic angle of repose does not change in these high resolution simulat ions with respect to t he 

low resolution simulations. 

A study by Taberlet et ai. (2006) shows that the shap ' of t he granular pile in t h sc kinds of 

experiment depends on interac tions wi th th nd caps, with fri ction leading to "s" shapes and la'k 

of fri ction leading to st raighter slop s (as in oU!' cas) . T he baselin simulatioll used friction I 55 

confining planes, whereas the fl at walls in th xperim nt were compris d of a In 'tal plate Hnd a 

glass plate, both constrained to rotate wit h the cylinder, and neit h r of which w'{'e fri ct ionless. Some 

studies were performed to test t h depend ncy of the numerical simulat ion results 011 the paramet rs 

of the end caps, alt hough in our simulations t h end caps never rotate with the cylillder. cveral 

simula tions were performed vary ing the normal and tangential coeffi ci nts of restitu t ion (cn and Ct 

resp ctively) of t he end caps wit h Fr k pt constant at 0.3 (Fig. 2.16). In ea h plot ther ' a re four 
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2.5 Basic Tests 

Figure 2.15: Tumbler dynamic repose angle. - Dynamic angle of repose as a function of Froude 
number for the simulated tumblers (filled squares) and from the experiments of Brucks et al. (2007; 
open squares connected with dashed line, from their Fig. 3). Errorbars for the simulated points are 
1-0' uncertainties from averaging slope estimates over several snapshots. The simulated points are 
shifted down and to the right compared with the experiments. See main text for discussion. 

different colours of particles with each colour belonging to a simulation with different parameters. For 

each simulation all of the particles' locations at the end of the simulation are plotted. The particle 

locations for the four different simulations are super-imposed to allow detection of any changes in the 

shape of the profile. In both of these plots there is no difference in the profile for the different colours. 

This implies that, in our simulations, varying the normal and tangential coefficients of restitution of 

the end caps of the tumbler docs not appear to change the dynamic angle of r<'pose, nor do('s it lead 

to an "S" shaped granular pile. 

The adopted en and et values for the particl<~s in the simulations are mostly educated guesses. 

It is possible that the values do not match those of the real particles exactly. A series of tests were 

performed to determine the influence of changing the particle en and et on the dynamic slope angle. As 

in the tests for the end caps, Fr was k£'pt constant at 0.3. Varying the particle en docs not change the 

dynamic angle of r<'pose of the particles but docs increase the energy of the particles in the tumbler, 

as would be expected. As en approadws 1.0 more particles follow fr<'C-fall trajectories within the 

tumbl(~r. In the simulations of en = 1.0 there are large numbers of (,llPrgetic particl('s at the bottom 

of the slope. This can be seen in Fig. 2.17 (a) in which the final particle locations for two different 

simulations are super-imposed. Olle simulation, represented by the red particks, has en = 0.4 and 

the second simulation, represented by the blue particles, en = 1.0. 

The consequences of varying the values of et of the particles can be seen in Fig. 2.17 (b) in which 

the red particles represent the final partide locations in a simulation in which the particles have et = 
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(a) (b) 

Figure 2.16: Tumble r with varying norma l and t angential coefficients of r estitution of 
end ca p s - In each plot t here are four different colours of particles with each colour belonging to a 
simulation with different parameters. For each simulation all of the part icles' locat ions at the end of 
the simu lation are plotted. The particle locat ions for the four different simu lations are super-imposed 
to allow detec tion of any changes in t he profile. Shown in (a) are the results of varying the end plane 
normal coefficient of restitution (en) . The colour code represents the value of en used: green: en = 
1.0, yellow: en = 0.8, red: en = 0.6, blue: en = 0.4. For all these simulations the tangential coeffi cient 
of restitution remains constant at 1.0. Shown in (b) are the resul ts of varying the end plane tangent ial 
coefficient of restitut ion (cd. The colour code represents the value of et used: green: et = 1.0, yellow: 
et = 0.8, red: et = 0.6, blue: et = 0.4. For all these simulations the normal coeffi cient of rest itution 
remains constant at 1.0. In both of t hese plots there is no difference ill the profile for the different 
colours. 

0.4 and the blue particles represent the final particle locations in a simulation in which the part icles 

have et = 1.0. It can be seen that changing et does not change the dynamic angle of repose of the 

particles but does cause the particles to dilate a little. The particles appear to accumu late more 

readily at the base of the slope in the simulation with et = 1.0. T his is because there is no tangential 

coupling between part icles within t he t umbler anel the particles stuck to the walls alld so it is more 

difficult for the part icles to be pulled downwards fo llowing the tumbler motion. 

It has been demonstrated that the dynamic angle of repose is not influenced by the coeffi cients of 

restitution of the end caps nor of the particles in the t umbler . However, there are other caveats to 

consider as well. The simulated particles are ident ical in size and are perfect ly spherical; deviations 

from uniformity of the glass beads used in the experiments may increase the dynamic slopes. In t he 

simulations, t he cylinder rotation rate was imposed instantaneously at t he start, which may have 

caused spurious bulking as the assemblage reacted to the sudden shear stress. I t is possible tha t a 

better approach wou ld hav been to accelerate the t umbler gradually to th d sir('d rotat ion rate. 

Again t his has not been investigated in this thesis but would be an in teresting future project . The 

dynamic angle of repose may a lso be affected by the initial packing fraction of the particles, which 

depends on t he dominant interpart icle forces. In t he absence of interparticle frict ion , random clo e 

packing is expected , whereas wit h fri ction, random loose packing is a mor likely start ing condi t ion 
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(a) (b) 

Figure 2.17: Tum bler w ith varying normal and tangent ial coe ffic ients of restitution of 
p art icle - In both fi gures t he final part icle locat ions for two different simulations are super-imposed 
to allow detection of any changes in t he flow pro fil e. Shown in (a) are t he resul ts of varying t he 
normal coeffi cient of resti t ution (En) of the part icles. Red: En = 0.4, blue: En = 1.0. For both t hese 
simu lations the tangential coefficient of restitution remains constant at 0.8. Shown in (b) are t he 
results of varying t he tangent ial coeffi cient of restit ut ion (Et) of t he part icles. Red: Et = 0.4, blue: Et 

= 1.0. For both of t hese simu lations t he normal coeffi cient of restit ut ioll remains constant at 0.64. 

(Makse et al. , 2000), and may lead to a d ifferent dy namic angle of repose. T he effect of varying 

the interpart icle fri ction (Ed on t he particle profil es within t he t umbler was explored ill t his chapter. 

However, in these simu lations the init ial part icle posit ions of the baseline simul ation were used and 

then Et was va ried . T he influence of varying Et on the ini t ial part icle packing and t he subsequent 

consequences on t he dynamic angle of repose were llot explored here bu t could be part of a fu t ure 

invest igation. 

2.6 Chapter discussion 

ur num ri al a pproach, in the context of granula r dynamics li terature, can be charact ri cd as hard-

sphere DEM (sec Chapter 1), which is part icularly well-sui t d to simulating d ilu te granul ar flows 

(M 'h ta, 2007). III t he di lute regime, soft- and harel -part icle m t hocls should give equivalent res ul ts, 

bu t so- a ll d vent-elriven simu lations, in which no compu Latiolls a rc lleeded betw ell ollision eVC' ll ts, 

a r typically mu It fast r (Luding, 2004). How vcr, wit hin d ns granula r fl ws in which many-body 

interaction dominate and particles he ve long- lived contacts with many Ileighbours, it i possible t hat 

th ass llmpt ions of th · v nt-driven and hard-sph re DEM mod Is fa il (Dclannay et at. , 2007) . 

In a. rotating tumbler (sec S ction 2.5. 1), t h r x ists a r gion of long-liv d contacts btlt al 0 a 

fast r- f1 wing Jay r. By varying t h Froude nu mb r , it is poss ible to inv t igat mallY diff rent regim . , 

from t he fast- flowing regime wit h a large Froud num ber to t he rC'gime whell t Il(' Fro tlde ll tl mber is 

low and mo t ontacts arc longer-lived . T hus t he t um bler is an in term diat regime b tween d ilute 

and dense fl ows, providing a conveni nt test of t h rang of a pplicabili ty of our hard-sphere method. 
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Indeed, the tumbler has been studied in detail with many different numerical techniques; as described 

briefly here. 

McCarthy & Ottino (1998); McCarthy et al. (1996, 2000) used a soft-sphere model to compare 

simulations of non-cohesive granular materials in a slowly-rotating drum to experimental data. In order 

to limit the number of particles necessary in the simulations they proposed a "hybrid" simulation 

technique. This method involves using a geometrical model to determine the bulk motion of the 

particles and then performing particle dynamics simulations on only the particles contained within and 

bordering the avalanching wedge. They found a favourable match between experiment and simulation, 

at low computational cost, but with the trade-off that the method is tailored to a very specific 

geometry. 

Khakhar et at. (1(:)97) used a similar technique to separate the granular material in the rotating 

drum into a "rapid flow region" and a "fixed bed." A continuum model in which averages are taken 

across the layer was used to analyse behaviour of the flowing layer. The motion of grains on the 

free surface of a granular mixture in a rotating drum was also investigated by Monetti et al. (2001) 

using Monte Carlo simulations of a two-dimensional lattice gas model. The model takes into account 

rotational frequency, frictional forces, and the gravitational field. 

Soft-sphere methods have also repeatedly and successfully been used to describe granular material 

in a rotating drum (Dury & Ristow, 1990; Dury et al., 1998; Pohlman et al., 2006; Rapaport, 2002; 

Taberlet et at., 200G). This has also been extended to two-dimensional simulations of irregular-shaped 

particles by Poschel & Buchholtz (1995). 

Hard-sphere methods have not been commonly used for rotating drums. However, Cui & Fan 

(2000) did perform Ilumerical simulations of motion of rigid spherical particles within a 2d tumbler 

with an inner wavelike sUl'face. The rotation of the tumbler was simulated as a traveling sine wave 

around a circle. 

The observed behaviour in our tumbler simulations shows that our code corf('ctly IIlodds the 

transitions from global r£'gimes with incf(lasing Frotlde number. The differences between experiment 

and simulation are larger at lower Froude number and start to decrease at higher Froude number. 

This suggests that our hard-sphere model is more suited to the dilute flow regimes of high Froude 

number rather than dense flow regimes of low Froude number. Soft-sphere OEM is typieally used 

for dense granular flows (Zhu et at .• 2007), as the detailed characterisation of interparticle contacts 

is more suitable for this f('gimc. However, hard-sphere methods can approach experiIucutal and soft

sph<'fe simulation results for very low friction materials. For example, Pohlman et al. (2006) found 

all angle of repose of only 16.00
, for low friction (Il = 0.1) chrome steel beads at a Froudn number of 

4.94 x 10-5 , This is within a few degrees of ollr expected results at this Froude number. 
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2.6 Chapter discussion 

In summary, this numerical approach currently favours dilute or fluid flows over dense granular 

flows. Whether regolith in low-gravity environments, such as the surface of an asteroid, when reacting 

to external stresses, is more appropriately modeled as a dihite or dense granular flow is the subject 

of ongoing investigation. Regardless, numerical methods will play an important role in the study of 

these environments. 

In Chapter 3 a stringent test of this numerical code will be performed through investigations of 

collective particle behaviour of granular material on vibrating plates. 
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Chapter 3 

Particle dynamics in a shaken 

granular material 

3.1 Summary of Chapter 

In this chapter an in-depth validation exercise is performed of the numerical method used in this 

thesis. As a stringent test of the numerical code the complex collective ordering and motion of 

granular material is investigated and compared with laboratory experiments of a vibrated granular 

material. 

First, the motivation for choosing such an experiment to use in the validation exercise is discussed 

and then the experiment that served as a reference basis for the numerical simulations of shaking 

motion is presented. Next, an explanation is given on how the numerical simulations were performed. 

Detailed discussions are providod about the different analysis techniques and approaches that can 

be applied for such a simulation and laboratory experiment and an in-depth discussion is included 

highlighting the difficulties in comparing experimental and simulation data. A detailed comparison 

(either qualitative or, where appropriate, quantitative) is performed with the laboratory experiment. 

Then the consequences of varying the external gravitational accc\eration on string frequency and 

length arc considered. This demonstrates the ability of the code to simulate the range of gravitational 

environments that can be encountered among the solid planetary bodies within our solar system. 

Indeed, in tli<' reduced-gravity simulations both the gravitational conditions and the fr<,qucllcy of the 

vibrations roughly match the conditions Oil a.<;tcroids subjected to seismic shaking (Richardson et al., 

2004, 2005), though real regolith is likely to be much more heterogencous and less ordered than in 

the idealised simulations. In this same section one of the unique advant.ages of t.he code pkdgrav is 

demonstrated: the ability to model inter-particle gravity. Dy varying the partide density it is possible 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

to examine what happens to the granular system when the gravitational forces between the particles 

become increasingly strong compared to the external gravitational acceleration. Finally, in the last 

section, the relevance of the results to planetary science are discussed. 

The results in this chapter have been submitted for publication (Murdoch et al., 2012a). All of 

the numerical simulations and the analysis of the simulation data were performed by myself with the 

sole exception of the strings analysis presented in Section 3.5.4 and Section 3.6; this was performed 

by K. Nordstrom (University of Maryland). The experimental analysis was also performed by myself, 

again with the exception of the strings analysis. I was not, however, responsible for performing 

the experiments or the experimental particle-tracking. The experimental data which I used for the 

analyses were the particle-tracking outputs provided to me by collaborators from the University of 

Maryland. 

3.2 Why study particle dynamics in a shaken granular mate

rial? 

Defore we can simulate granular interactions on planetary bodies, the simulations must first be able to 

reproduce the dynamics of granular materials in more idealised conditions and the results of existing 

laboratory experiments. The experiment used as a reference basis of shaking motion (Berardi et at., 

2010) was chosen as it focuses on collective ordering and behaviour of particles. This collective motion 

will provide a more stringent test of the simulation than statistics of individual particle motion. 

The experimental study was aimed at analysing the motion of <.leuse configurations of hi<.lispcrse 

(Le., two different particle sizes) particles under vertical shaking. In the dense arrangement of particles 

many of tho larger particles furmed hexagonal close-packed arrangemf'nts (the densest possible con

figuration of spheres in a plane). Such ordered regions, refcred to as grain.'I, are similar to crystalline 

grains in polycrystalline materials. Tlwse grains are surrounded by less densely packed, disordered 

regions that are named grain boundaries. It is in these grain boundary regions that most of the srnall('r 

particles can be fouud. 

The part ide dynamics in the grain boundary llave been found to be similar in character to a 

super-<:ooled fluid with string-like collective motion. Rearrangements of particles are characterised as 

strings, if particles move towards each other's previous position as if they were beads moving along 

a string. The existence of this collective partide motion and the lenf"rth and number of coopf~rativcly 

moving clusters of particles (hen·after granular 8tr1.7I98) can be determined (Aichele et al., 2003; Donati 

et al., 1908; Riggleman et at., 200(); Zhang et at., 20(9). Such string-like colledive motion of particles 

is a characteristic for systems close to jamming, sueh as dense susrwllsions of colloidal particles and in 
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3.2 Why study particle dynamics in a shaken granular material? 

glassy systems (Donati et at., 1998; Weeks et at., 2000). A glassy system describes a polymer below 

the glass transition temperature. The glass transition, something which only occurs in polymers, 

defines the temperature where a polymer goes from a hard,' glass like state to a ductile rubber-like 

state. This type of transition can be witnessed by putting a rubber band (rubber-like state, very 

flexible) into a container of liquid nitrogen. When removed the rubber band is solid and inflexible: it 

is in the glassy state. While in the glassy state the rubber band can be shattered. However, if the 

rubber band is allowed to warm to room temperature it will again become flexible and rubbery (it has 

returned to the rubber-like state). Some common polymers such as hard plastics (e.g., polystyrene) 

have a glass transition temperature well above room temperature and are used in their glassy state. 

These materials are generally brittle. Other materials, such as rubber elastomers l , are used above 

their glass transition temperature in a rubbery state, where they are soft and flexible. 

Doth the ordering and string-like dynamics are collective effects and can be used as more subtle 

measures to assess whether the simulations recover collective ordering and motion. However, both 

grain boundaries and granular strings alfio affect important materials properties. Strings highlight 

how the yielding of granular matter is similar to the plasticity of glasses; both exhibit similar string

like collective dynamics (Stevenson & \Volynes, 2010). The presence of granular strings indicates 

that a material is fragile. In glasses, fragility is generally defined a,.'! how quickly viscosity increases 

when the temperature of a material is lowered toward the gla .. 'ls transition temperature. In granular 

matter, strain may be considered as the equivalent of temperature (Liu & Nagel, 1998) and fragility 

is associated with sudden changes in strain with increasing stress. Granular materials are, by their 

nature, thought to be fragile and are, therefore, prone to sudden, avalanche-like fa.ilures (Riggleman 

et at., 20(6). 

Measurements of string length offer one way to quantify this propensity for fragile behaviour -

longer strings have been shown to indicate higher fragility (Dudowicz et a.t., 20(5). In contrast, short 

granular strings indicate a more ductile behaviour, where failure and granular rearrangements are 

more uniformly distributed in space and time. String-like dynamics within grain boundaries dir('ctly 

affect grain boundary mobility and, therefore, play an important role in the bulk mechanical properties 

of more ordered systems (increased grain boundary mobility implies inerea$cd ductility) (Zhang et ai., 

200G). 

Therefore, by simulating a laboratory exp<'finwnt in which collective ordering and strings are 

present it is possible to 8.'lsess the ability of the llulllerical code to capture collediwly emerging 

structures and dynamics with a foclls on those collective structures and dynamics that significantly 

affect the mechanical properties of the ensemble. \Vhile previolls simulations have shown that st:rings 

1 An elHstonwr is a polymer with the property of viscoela .. ,ticity. generally having a notably low Young's modulus 
and a high yield strain compared with other materials 
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exist in elastic disordered systems (Dudowicz et at., 2005) and in ordered systems with grain boundaries 

(Zhang et at., 2006), the simulation of strings in a dissipative system in general, and in a vibrated 

lattice in particular, has not been previously carried out. This study is, therefore, the first direct 

comparison of the frequency and length of granular strings between experiment and simulation. 

As well as being a stringent test of the numerical method and an example of an interesting physical 

phenomenon that is directly related to material properties, these experimental conditions may also 

be relevant to asteroid surfaces. As discussed in detail in Chapter 1, seismic shaking is expected 

to occur when small projectiles impact the surface of asteroids on which gravity is low enough that 

surface motion can be influenced over long distances by seismic wave propagation. As a result of the 

seismic shaking, the surface granular material can be subject to various kinds of motion, among them, 

downslope migration and degradation, or erasure, of small craters. Regolith motion resulting from 

seismic shaking of asteroids has been discussed in several papers, but without simulating explicitly 

the dynamics of the regolith. For instance, Richardson et al. (2005) investigated the global effects 

of seismic activity resulting from impacts on the surface morphology of fractured asteroids. They 

used a Newmark sliding-block analysis (Newmark, 1965), which can be applied in the regime where 

the regolith layer thickness is much smaller than the seismic wavelengths involved. In this case, the 

motion of a mobilised regolith layer is approximated by modelling the motion of a rigid block resting 

on an inclined plane (Fig. 3.1). Miyamoto et al. (2007) discussed regolith migration and sorting on 

the asteroid Itokawa by analysing regolith properties from images obtained by the IIayabusa probe 

and derived the possible regolith motion due to seismic shaking based on experiments performed on 

Earth. 

Although real regolith is likely to be much more heterogeneous and less ordered than in the idealised 

simulations, varying the gravity between th(~ numerical simulations can be used to show the sensitivity 

of an idealist>d granular system to variations in self-gravity and external gravitational acceleration. By 

perfoming varying gravity simulations it is possible to demonstrate the ability of the code pkdgrav to 

simulate the range of gravitational environments that can be encountered among the solid planetary 

bodies within our solar system. 

In summary, investigating particle dynamics in a shaken granular material with the numerical code 

pkdgrav allows a rigorous test of our numerical nwthod. In doing such a test we also perform the 

first direct comparison of collective motion in a granular system between experiment and simulation. 

In addit.ioll, grain boundaries and granular strings significantly affect the mechanical propC'rties of 

materials and this may also be relevant to planetary surfaces, if such structures are found to be 

present on those surfaces. 

82 



5ei,mlc moUon 
applied to the- Iolopt> 

3.3 Shaking experiments 

Fig ure 3.1: A bas ic illustrat ion of the Newmark s lide-block lIlode l - 'I'll(' rego li th layer rest illg 
on a slope is re presented by a rigid block resting on an inclined plnne . Fo rc('s 011 the rig id block include 
surface gravity (stat ic loading) , se ismic accelerations (dyna mic loading, applied by the inclined pln11e), 
and fri ctional forces (both s tatic and dynam ic). BRllis tic la unching of t he block (layer) is a lso permitted 
alld tracked in th is model. Fig ure from nicha rdson pi ai. (2005). 

3.3 Shaking experiments 

As briefly nWlltiolled in Section ~~ .2, the experi llll'nta l st \ld i<'s used as a reference in this illVC's tigat iOIl 

were aimed at a nalys ing t-l1(' mot ion of dell se config uratiolls o f bidispe rst' particl e'S under vcrtical shnk-

ing (Berardi et at., 2(10) . 'I'll(' st udies were carried Ollt in a quas i-2d systelll (F ig. :~.2) . 'I'll(' goal was 

to analyse how a system of la rge a nd smR ll particl ('s a rrangc's into orde red and disord(' )'cd rq!;ions, nne! 

to e lu cidate the d y namics, ('sp<'cin ll y ill the llUl}'e lIlobiln diHor<lcl'(' d regions. The olJH('fv('cl s1'ru('t \ln ' 

a nd d y namics show s trong similarities to graills and grain \)ollndari('s. The Inrgc pa rt.iclc:-l arranged 

into hexagonally ordered grain- like rcgions a lld the Hlll a ll pnrticles locnlisC'd in grn in bOllndari ('s. Addi -

t iona lly, the particle dy na mics in t he g ra in boundary dC'Inonstrn1'c string- li kc' collecti vc motio n . 130 t h 

the ord c ring and s tring- like dy namics RJ'(' collnc Li Vf~ dfcct s. Bera rdi r l, ai. (2010) d(' lllo llstratc' t hat t lw 

s lIffnce arri). occ llpied by g rain bound a ri es alld tlw length and nllmlw r o f the grn lllllnr HtrillgH illCH'il..<;C 

w ith illCre":-l ing concentrat ions of s lll a ll pa rt icles. 

In the la boratory expcrinlCnt s t ('cl s phC'r(,s :1.0 I11Ill ill dialllC'tC'r (w it h t.h(' addition of 2.0 IIlIH 

s t e l s phe res, which take up from :~ t o lOo/c o f the ('ovcrC'd s lll'fac(' a rea) WNf' ('onfi lwd int o H d (, 1I 8(' 

a rrangement. ill a round containe r of 2D2 Illlll diallletC'l' with 0 .1 llllll s(~p a rn.Li () 1l betwee ll t he la rge 

particles and a covering lid (Fig. :~ .2 for ,L diagra m of the expe rillle ll t alld Tabl(~ :1. 1 fo r C'xact eX per illH'llt 

onditiolls). When t he conta iner wn.c; vibrated vC' rtieally (at a fr (,C{Il (' ncy o f 12.1 Hz wit h H lll !LXinlUlJl 

ftcccloratioll of 4 . .1 (/) , the dense a.rra ng('mont of partidos m oved ill H way that. is dlaract crist ic for 
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Confining lid ~ 

Separation 
(0.1 mm) [ .-----------t ~~5gHz,JGr~;ty 
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depth (3 mm) 

Base plate / -------------v---------- ----
29.2 em diameter 

Figure 3.2: Schematic of the shaking experiment - Schemat ic of the experiment lI sed ill Berardi 
et at. (2010) . T he container depth is 3 mm and the separa tion between the top of the largest particles 
and the confining lid is 0.1 mm. The base plate, conta iner and the confining lid vibrate together at a 
frequency of 12G Hz and with a maximum acceleration of 4.5 g. The system is referred to as qllRsi-2d 
as t here is only one layer of particles in t he container. Note: Figure not to scale. 

Ta ble 3.1 : The experimental conditions. The entire ex perilllent was 670 cm2 in area, although liming 
t he ana lys is a test a rea of only 215 cm2 was considered (sec Section 3.5 for more details and discussioll 
on the differences between experiment and simulations). An es timation was made of the worst
case error in the total number of particles in the ent ire exper iment . f)'om th is worst-case error , 
the ma.ximum possible IIncertainties in total surface a rea, small particle area coverage alld the total 
number of particles in the test area were calcu lated . 

Small particle area coverage Tota l surface a rca coverage Total nurnb C' r of pa rticlcs 

(% of total covcred stlJ'facc area) (%) in tcst arna 

.1 ± 0.1 85 ± 0.21 26 15 ± 20 

5 ± 0.1 85 ± 0.2 1 2(j00 ± 20 

7 ± 0. 1 

10 ± 0.1 

85 0.2 1 

85 ± 0.2 1 

2(i1\0 ± 20 

2680 ± 20 

systems close to jamming. Most significant ly, many of t he la rger (;\ 111m ) part icles formed hexagollal 

clos(.\-packed arrangements (grains), simil a.r to crystalline gra ins in polye rysta llinc materia.ls. These 

grains are sur rounded by less densely packed , disordered regions that are Hamed grain boulJdaries. It 

is in t hese gra in bOllnd a.ry regions t hat most of t lte smaller 2 mm particles can be found. 

Partiel motion was imaged with a high-speed, high-resolu tion camera. The pixel scale of t he 

images is determined by choosing several large particles in a line from within It crystali sed region. T he 

distance between the centres of all of these particles can be combined with the known pa rticle radills 

to ,alculat the pixel scale. In t h • case of the experiments of Berardi et ai. (2010) a pixel scale of 0.264 

mm per pixel was found . From t he images, t he posit ion and t he motion of la rge and sma ll part icles 

were d ·termined using an adaptat ion of a S ll bpixel-accuracy particle detec tion amI tracking a lgorithm 

(Crocker & Grier, 1996). First, images were bandpass filtered to subtract the b;\c:kground . This 

yields wel\-s parated bright peaks whose positions are found with subpixel-acc lIJ'acy by peak-finding 

algorithms (for mar ' inform ation on the tracking procedures see Section 5.2.1) . The peak-finding 
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3.3 Shaking experiments 
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Figure 3.3: Examples of pixel biasing in the shaking experiments - Histograms of the frac
tional part of the particle position coordinate for the laboratory experiments at 3% small-particle 
concentration «a) x coordinate and (b) y coordinate), and at 10% small-particle concentration «c) x 
coordinate and (d) y coordinate). See Section 5.2.1 for a more detailed explanation. 

algorithms are capable of locating partide positions with an accuracy of ±1/1O pixel (Le., 0.026 mm 

in this case). However, it was discovered that during the experimental partide tracking there were 

some strong pixel biases present (Fig. 3.3). Unfortunately this means that the accuracy of the particle 

positions was reduced to ±1/2 pixel. Nevertheless this still gives an accuracy in the particle position 

of better than 0.132 mm (Le., 1/15 of the small particle diamet.er). 

To analyse motion, peaks (Le., particlp,s) are then tracked through image sequences with the 

requirement that part ides move I(',ss than half a particle dianl£'tcr bet.ween frames (preferably the 

particles mov~ <1/10 of a particle diameter between frames). Comparison with the original image 

shows that more than 99% of all particles in each frame are deteded with this algorithm. To (~stimate 

the quantity of small particles that may have bC(m ineorretly lahelled as large particles the distribution 

of particle brightness for all of the particles detected in one experinH'nt is cOl1sidC'fcd (Fig. 3.4). As 

two peaks can be seen in the data this tells us that there are two distinct partide sizes. A tracked 
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Figure 3.4; Histogram of particle brightness in the shaking experiments - Histograms are 
shown of the particle brightness for the laboratory experiments at (a) 3% small-particle concentra
tion, (b) 5% small-partide concentration, (c) 7% small-particle concentration, (d) 10% small-partide 
concentration. As two peaks can be seen in the data this tells us there are two distinct partide sizes. 
As expected the size of the smaller peak increases with increasing small-part ide concentration. 

partide was labelled as large or small based 011 the average brightness of the peak. The particles at 

risk of being mislahelled are the particles with brightness between the two peaks. ily calculating the 

numher of particles found in this region of the histrogram, and assuming that all of the particles in 

this area are all either small or large, it can be estimated that a maximum of 3.8 ± 0.1% of small 

particles are mislabelled or 0.04 ± 0.01 % of large particles are mislabelled. Therefore, we can state 

that the algorithm correctly lab<>ls more than 99.9% of la.rgo pa.rticles and more than 96.1 % of small 

part ides. 

The diffusion coefficient, D, of a system of particles has units of l<mgth-squared over time. Thus, 

the cha.raetel'istic timescale to diffuse over a distance L is L2 / D. The statistics of motion, therefore, 

provide a characteristic timescale when considering motion over characteristic length-scalps of a parti

cle radius. It possible to identity "mobile" particles based on their larger-than-expected displacement 

over this characteristic time interval. The method for identifying these mobile particles is discussed 
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in more detail in Section 3.5.4. One characteristic of such mobile particles in a system close to jam

ming is that they leave their "cage" of neighbours, i.e., they change neighbours. The local geometric 

arrangement also affects particle mobility - mobile particles preferentially appear in grain boundaries. 

Once mobile particles have been identified it is then possible to examine their behaviour to determine 

if they are exhibiting string-like collective motion (as introduced in Section 3.2 and discussed in detail 

later in Section 3.5.4). 

3.4 Numerical simulation method 

The area covered by the particles is calculated by projecting the spheres, as 2d circles, onto the plane 

of the bottom of the container. The surface area coverage is then the percentage of the total container 

surface area that is covered by the projected surface area of all of the particles. This definition is 

used instead of the usual "volume fraction" because the system is quasi-2d and not a full 3d system. 

Similarly, the small particle surface area coverage, or small-particle concentration, is defined as the 

percentage of total surface area covered by the small-particle additive. In the experiments (Berardi 

et al., 2010) the surface area coverage studied was 85%. 

The following method was used in the simulations to reach a similar total surface area coverage 

as in the experiments (Berardi et al., 2010). First, a box of 120 mm x 120 mm is constructed using 

the infinite plane geometries now available in pkdgrav (see Chapter 2). Four infinite planes, two with 

normal vectors in the positive and negative x-directions and two with normal vectors in the positive 

and negative v-directions, form the sides of the box. One infinite plane with normal vector in the 

z-direction forms the base of the box. 

The monolayer of particles at the bottom of the box is creat.ed in scveral st('ps. First, 8cverallayers 

of particles with radius (Rp) 1.5 mm are gcnerated starting at a height of approximately 15 mm (10 

Rp) ahove the base of the box (measured from the base of the box to the center of the particles in 

the bot.tom layf'f). The particles in each layer are evenly dist.ribut.ed in the x and y directions with 

a spacing of 4.5 mm (3 Rp) LetwP('n the centers of the particl('s in each direction. The z position 

of each particle is randomly generated within the limits of ± 1 / Rp from the mean layer height. This 

is to prevent all particles in each layer from impacting the baRe of the box simultanootlsly, which is 

unrealistic (it would be impossible in an experiment to drop all t.he part ides from the same height 

exactly simult.aneously). The number of pnrtiel{'s gem'rated depends on the desired final surface 

area cOVC'rAge and small-particle concentration. Due to the fixed inter-particle spacing there are 625 

partic:les in each gellerated, and dropped, full layer. However, in order to have t.he correct number of 

particles in the box, t.he last layer dropped into the container if! oft.en a partial layer. The part.icle 
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layers are formed one at a time by generating rows of particles from one side of the box to the other. 

All the particles are given a small initial velocity on the order of 1 mm s-1 in the x and y directions 

but not in the vertical z direction. Gravity (acceleration in the vertical z direction) is 1 9 (where 9 = 

9.8 m s-2). 

At the start of the simulation the generated layers of particles are allowed to fall into the box, 

under gravity (with no inter-particle gravity). The simulation runs until the mean vertical component 

of the particle translational velocity drops below a threshold of 0.1 mm s-1 , i.e., the particles continue 

to move around the bottom of the box but are no longer bouncing in a significant way. The timestep 

used for the dropping phase of the simulations is such that for a particle starting from rest and falling 

under gravity it would take approximately 30 timesteps for it to drop one particle diameter. 

A fraction of large particles are then replaced with smaller ones (radius 1 mm). In these tests the 

small-particle concentration was a configurable parameter that was explored and thus the fraction of 

large particles replaced depends on the desired final small-particle concentration. As the total surface 

area (~overage remains constant, the greater the desired final small-particle concentration, the greater 

the number of large particles that are replaced with smaller ones. The new particles have the same 

position and velocity coordinates as the particles they replace but the particle radius and particle 

ma..'1s are updated accordingly in order to maintain a constant part ide density. 

A sixth infinite plane is then introduced into the simulation to provide confinement in the vertical 

z direction (Le., a lid is put onto the box). This infinite plane is placed parallel to the ba....e of the 

box at a height of 0.1 mm above the top surface of the largest particles. This confinement allows the 

particl('s to move horizontally but prevents the particles from forming a second layer. 

The fOlIr wallH in the x and y directions are then moved inwards gradually with a speed of ",2 mm 

s-1 until the box reaches a size of 100 mm x 100 mm. During this movement the box remains centred 

on the origin. This was found to be an effective method of increasing the particle surface coverage 

while avoiding the problom of forming a second layer of particles. The particles are then allowed to 

settle in the box with all walls stationary until they reach a steady state with an equilibrat{!d horizontal 

velocity. This horizontal velocity is small in magnitude bllt llot zero due to the initial setup. This 

is in fact necessary to ensure that collisions occur between partides in the next (vibrating) phase. If 

this wasn't the ca.'!e the particles would simply bounce up and down in place and never collide. 

Finally, the base wall and confining lid are made to vibrate in pha.'>e. Just as in the real experiments 

(Demrdi et at., 2010), the maximum acceleration of the vibration L'I 4.5 9 and the frequency is 125 

Hz. The amplitude of the oscillations is thus 7.15 x 10-2 mm. During the vibrations the downward 

accelf'fation due to gravity remains constant at 9.8 m s-2 and there is no inter-particle gravity. For 

this plll\HC of the simulations the timestf'p is reduced to resolve ea<:h partidE.-'-partid(l and partiele-wall 

88 



3.4 Numerical simulation method 

collision. During the vibration phase a particle starting from rest and falling under gravity would take 

approximately 130 timesteps to drop one large-particle diameter. 

Fig. 3.5 shows ray-traced images of an example simulation during the vibration phase. The six 

infinite planes (walls) are all made completely transparent in order to facilitate observation of the 

particles. 

Chrome steel ball bearings that were very accurate in size and shape (Le., spheres of 3.000 ± 0.025 

mm and 2.000 ± 0.025 mm diameter with a shape deviating from spherical by no more than 10-3 mm 

in any direction) were used in the laboratory experiments and, therefore, in the simulations an exact 

bimodal size distribution is used (i.e., spherical particles of exactly 3.0 mm and 2.0 mm diameter). 

The particles in the simulations have a density slightly less than the density of the experiment ball 

bearings (7000 kg m- 3 compared to 7!)00 kg m-3 ). However, the particle accelerations resulting from 

the combination of shaking and gravity are independent of particle mass and thus density. A normal 

coefficient of restitution of 0.5 (where 1.0 would mean completely elastic collisions) and a tangf'ntial 

coefficient of restitution of 0.9 (where 1.0 would be completely smooth), are arbitrarily chosen for all 

the particles in the simulation, meaning there is some dissipation of energy. These are nominal values 

used as an example, although a larger parameter space is explored later in Section 3.5.5. For a full 

list of all of the differences between the experiment and the simulations see Section 3.5. 

The walls also have their own configurable normal and tangential coefficients of restitution. The 

normal coefficient of restitution is set to 0.9 and the tangential coefficient of restitution is set to 0.9 for 

all of the walls in these simulations. Again these values are chosen arbitrarily and a largN parameter 

space is explored in Section 3.5.5. 

Simulations are made with 3 - 10% small-particle area coverage (for a total surface area of 100 

cm2). The simulated time of the vibration phase is ",40 seconds. The exact conditions of the rtms 

are given in Table 3.2. 

As dpscrihpd in Chapter 2, the collisions in our numerical method arc always instantaneous and 

binary. In or<ipr for the assllmption of binary culliHions to be valid the average time between coUillions 

must be longer than the average collision duration. The ratio between these two timescaks can he 

estimated using the soft-Ilphere method (see Chapter 1) to model the collision. The charaderL-.;tic 

collision time (nc) for a binary collillion hetwcm two identical partic1('s can be calculated ul'ing the 

following equation from Campbell (2002): 

(3.1) 

In this equation k is the stiffn('ss tlsed to modd the collision (in the normal din:><tion) , m is the 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

particle mass and D is given by: 

2 2mk 
D = {~)2+1 

lnf" 

(3.2) 

where, €n is the coefficient of restitution of the particles (in the normal direction). The mean value 

that should be used for k can be estimated from: 

(3.3) 

where, J.L is the reduced mass of the system (m/2 for a collision with particles of identical mass), V is 

the mean particle speed and X is the amount of overlap that occurs during the collision. As steel is 

very hard, X is assumed to be 0.1 % of the radius of the particle (this is a very conservative estimate 

as the actual value may be much smaller than this). 

Using the mean particle speed and the coefficient of restitution from the baseline simulations with 

an overlap (X) of 0.1% of the radius, the binary collision time for a normal collision between two 

large particles is estimated to be 7.8 x 10-5 seconds and, between two small particles it is estimated 

to be 3.3 x 10-5 seconds. As most collisions will be off axis and/or between particles of two different 

sizes, the real collision times between particles are likely to be much shorter than this. Also, if the 

overlap (X) is smaller than 0.1 % of the radius of the particle, then this will also decrease the collision 

duration. 

The time between collisions during the vibration phase can be estimated by looking at the collisions 

in the simulations. Taking the baseline 10% small-particle concentration simulation as an example 

there are approximately 1.6 million particle - particle collisions occurring every second. Assuming 

every collision involves two particles and all 1352 particles have a similar collision frequency this gives 

an average time betw(''Cn collisions involving a given particle of approximately 4 x 10-4 seconds. 

As the time between collisions (4 x 10-4 seconds) is at least an order of magnitude greater than the 

collision duration (<8 x 10-5 seconds) the assumption of binary collisions seems to be reasonable. 

This demonstrates that even at high densities binary collisions can dominate in excited granular 

systems and provides further support for the choice of numerical method. 

3.5 Analysis and comparison with experiments 

Before a detailed comparison is performed between the experimental and simulation results it is 

important to point out some clear differences between the numerical simulations and the original 

experiment of Berardi et al. (201O). Note that the experiment was performed well before the current 
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3.5 Analysis and comparison w ith experiments 

(a) 

20 40 60 80 100 
Y coordinate (mm) 

(b) 

Figur 3.5: Images of sh aking imulations - Ray-traced im ages of a simulation during the vibration 
phase as seell from (a) ",450 and (b) above. Part icles are ('ontained ill a box of 100 111111 x 100 I1l1n . 

Th re is a onfining lid in t il , z-direct ion 0.1 mm abov th largest particics (Fig. 3.2). All walls a re 
made trallsparent to facilitate observa ion. There are two siz of part icles: 1.5 mm radius (r d) and 
1 111m radius (yellow). The total surfa area ('overage is 3.63%. Til 1 mm radius particles ('ov r 
.50% of th ntir contain r surface area (i.e., .50% of 100 mm 2 ) , which is quivalent to 10.16% of 

th total ov r d surfac ar a (i .. , 10.16% of 3.63 111m
2

). 

Tab I 3.2: Th . nclitions of til num rical imulations. The normal co fficient of restitution of the 
parLi I s is 0.5 (wil r 1.0 wou ld m an complct Iy last ic ollisions) and the tangent.ial ('0 ffidcnt of 
r st i II tion is 0.9 (wh r 1.0 wou ld be compl tcly smo th). 

2.9 1 

tl.8tl 

6. 9 

10. 16 

Total smface a rea coverflg ToLal nllmber of parti 1<.'. 

(%) in test area 

3.76 
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83.63 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

study was defined and, therefore, its set-up was not designed with the perspective of a comparison 

with simulations. 

An extensive list of these differences is provided in Table 3.3 and here a few of the key differences 

between the experiment and simulations are highlighted. Firstly, and possibly most importantly, 

are the different boundary conditions. In the experiment a large circular container is used and a 

rectangular area (the "test-area") of particles in the center is imaged and subsequently analysed. 

However, in the numerical simulations a square container was used and the motions of all the particles 

in the container were analysed. The circular container was not adopted in the simulations due to 

the difficulties involved in increasing the particle packing density to the correct level (cylinders with 

radius changing in time are not currently supported in pkdgrav). 

Also, in the experiments the particles were not homogeneously distributed, probably due to slight 

inhomogeneities in shaking amplitude across the plate. This caused particles, particularly the small 

ones, to move closer to the edges of the field of view rather than stay homogeneously distributed across 

the container as in the simulations. Another factor that may have contributed to the inhomogeneity 

of particle distribution in the experiments is that there is a small amount of horizontal movement 

associated with the vertical shaking whereas in the simulations the shaking axis is constrained exactly 

to the vertical direction. Unfortunately, we cannot currently implement more than one vibration mode 

per wall with pkdgrav. 

Nevertheless, while there are some clear differences between the experiment and simulations, the 

overall dynamics of the experiment should be reproduced with the numerical simulations either qual

itatively or, where appropriate, quantitatively. 

3.5.1 Calculation of grains and grain boundaries 

Densely packed granular systems are found to organise themselves into regions of crystallisation 

(grains) as well as regions of disorder (grain boundary (GB) wgions) (Berardi et al., 2010). 

To determine the locations of grains and regions of disorder, the simulation data is analysed using 

exactly the same algorithm as used for the analysis of the experiments (Berardi et at., 2010). This 

algorithm calculates the orientational order of the system by employing the bond orientational order 

parameter tPN for each particle. The local value of tPN is given by (Jaster, 1999; Reis et at., 200G): 

(3.4) 

where Ni is the number of nearest neighbours of particle i and 8 ij is the angle between particles 

i and j and an arbitrary but fixed reference. In the analysis of the experimental and simulation data 
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3.5 Analysis and comparison with experiments 

Table 3.3: Detailed list of differences between experiments and simulations 

PARAMETER EXPERIMENT SIMULATION 

Total surface area 670.1 cm2 

Surface area considered 214.6 cm2 

in analysis 

100.0 cm2 

100.0 cm2 

Shape of container 

Shape of area considered 
in analysis 

Shaking axis 

Particle sizes 

Particle density 

Particle shapes 

Small-particle concen
tration 

Movement of walls dur
ing shaking 

Bottom wall shape 

Circular (292 mm diameter) Square (100 mm x 100 mm) 

Rectangular (169 mm x 127 Square (100 mm x 100 mm) 
mm) 

In the z-direction with a In the z-direction 
small acceleration «0.5%) 
in the horizontal (x-y) plane 

Diameter tolerance of 0.0254 Exactly 2.0 mm or 3.0 mm 
mm diameter 

7900 kg m-3 7000 kg m-3 

Uncertainty of 10-6 m 

Calculated by weight for the 
entire container 

Entire container shaken so 
all container walls shaken in 
phase 

Slightly convex 

Exactly spherical 

Calculated exactly 

Top and bottom walls shake 
in phase, side walls are sta
tionary 

Exactly planar 

the six nearest neighbours of each particle are considered therefore, in this case, N = Ni = 6. From 

this point forward the bond orientational parameter will, therefore, be referred to as 1/16. As a value 

of 1 for 1/16 implies hexagonal packing, deviations of 1/16 from 1 can therefore be taken as a measure 

of disorder. The smaller the value of 1/16, the less jammed the system and thus the greater the local 

disorder. This measure of disorder is then used to locate the grain boundary regions. As in the 

experiments a vallie of 1/16 <0.7 is used to define the grain boundary regions. These regions of order 

and disorder are a consequence of the initial particle packing in the system and not a result of the 

shaking behaviour. 

The packing arrangements of particles during the nllmerical simulations are fOllnd to corr('ctly 

rpprodllce sllch rpgions of crystallisation and regions of disorder. This is demonstrated in Fig. 3.6 that 

compares the d<'grec of local order (Le., '1/'6) at the position of each particle for both the laboratory 

experiulf'nts and nllmerical simulations when the small-particle concentration is 3% and 10%. A region 

of 90 mm x 90 mill has been extracted from both the simlllations and experiments to examine the 

ordering at the sallie scale. The dark bllle colour signifies ncar-hexagonal particle packing with 1h 

close to 1. Green and red colours corrm;pond to more disordered packing with '1/'6 <0.7 (Le., Gn 

regions). In the crystallised regions the hexagonal lattice is almost <kfect-frre. 

It is dear that the simulations r<'prodllce the experimentally ohserved collective ordering; regions of 

crystallisation and less ordered grain bOllndary regions. There are, however, some differences between 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

the experimental and simulation particle arrangements: in the experiments the crystallised regions 

are randomly oriented but in the simulations the crystals are all aligned. 

On closer inspection it is also evident that most of the crystallised regions in the simulations are 

aligned from the beginning (Fig. 3.7 shows the initial particle locations in the 3% and 10% small

particle concentration simulations). Initially the shape of the boundaries was not considered to be 

important in such an investigation but it is possible that, given the rigid square boundary conditions 

in the simulations, the system is acting like one globally ordered single domain, which extends across 

the entire container. If this is the case, it could be likened to the investigations of Olafsen & Urbach 

(2005) who show that for spheres arranged in a hexagonal lattice at low accelerations the particle 

positions fluctuate continuously but no particle rearrangements are observed. As the amplitude of the 

acceleration is increased the spheres begin to explore all of the volume available to them and thus the 

density of topological defects increases dramatically. To investigate further the origin of the aligned 

crystals, the small-scale particle rearrangements as well as the effect of boundary conditions, further 

work must be done. This is not, however, in the scope of the current validation excercise. 

To take a closer look at the particle dynamics, the particle rearrangements over time have been 

investigated. Plotted in Fig. 3.8 are the trajectories of the particles in the 10% small-particle con

centration simulation over the duration of a simulation. The positions of all the particles are plotted 

every 1/125 seconds to form the super-imposed image. The particles and container are plotted to 

scale with the small particles in red and the large particles in blue. Regions of string-like cooperative 

behaviour can be seen on the left-hand side of the container but there is a surprising lack of overall 

particle rearrangement. 

It has been experimentally observed that mean grain boundary area increases as a function of 

small-particle concentration and, therefore, the amount of crystallisation decreases with increasing 

small-particle concentration (Berardi et at., 2010). The numerical simulations have also reproduced 

this result. This can be demonstrated by comparing the regions of crystallisation (grains) and grain 

boundary regions in the 3% small-particle concentration simulation in Fig. 3.6(b) to those of the 10% 

small-particle concentration simulation in Fig. 3.6(d). The total area of crystallisation has decreased 

in Fig. 3.6(d) while the grain boundary regions have greatly increased in size. This is d<>monstrated 

more clearly in Fig. 3.9 that shows the trend of increasing grain boundary area with increasing small

particle concentration in both the laboratory experiments and the numerical simulations. The grain 

boundary coverage is calculated many times over the duration of each simulation and experiment. 

The mean value is plotted along with the standard deviation of the mean. One difference that can 

be noted between the simulations and the laboratory experiment is that the fradion of the total 

area covered by grain boundaries is consistently greater in the simulations than in the laboratory 
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F igur 3.6: mparisons of coil ctive ord ring in x p rim n t s a nd imulation - (a) ~o/c sma ll
parti 'l 'on ntrntioll .xp rim nt , (b) 3o/c small-part i Ie con nt ratioll ill1ulaLioll , ( ) 10% small
part icl one ntrat i n expcrim nt, (d) 10o/c small-par ide ('one nt ralion sill1ulation. , rain Boundary 
( B) r gions d t rmin d using t h algorithm of B rardi el at. (2010). The dark blue ('olour ignifies 
near-h xag n, 1 parti Ie packing wit h 1/J6 close to 1. I'e n and red ('o lours (,O ITC'. pond to more disor
d r d pa king wit h '1/)6 <0.7 (i.e., GB regions). 'co . <1 . (:~ .4) for t he definition of '1/'6. Pa rt icles a.rc not 
drawn to s al . 
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Figure 3.7: Particle arrangement at the start of s imulation . - T he locations of a ll part icles at 
the start of t he vibration phase of t he numerical simulat ions when t he small-part icle concent rat ion is 
(a) 3% and (b) 10%. Large (3 mm) particles are whi te, small (2 mm ) particles are black. Figures are 
drawn to scale. In both figures regions of crystallisat ion can be seen. 
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Figure 3.8: P art icle rearrangement during s imulations. - A super-imposed image of all t he 
particle positions at every 1/125 seconds, plotted in this way in order to see the overall displacement 
of each particle. The particles and container are drawn to scale. Large (3 mm) particles are blue 
and small (2 mm) particles are red . The results shown are for a numerical simulation using 10% 
small-part icle concentration. 

experiments. The square boundary conditions may be partially responsible bu t t he more probable 

explanation is that , as described above, in the laboratory experiments t he part icles (part icularly t he 

small ones) have a tend ncy to move to the edge of the container (d ue to off-axis shaking and the 

slight inhomog neities in shaking amplitude across the container). This means t hat t he experimental 

small-part icle concentration in the test-area is probably not exactly t he same as t h small-part icle 

oncentration in the entire experimental contain r. 

It was also found th at , simi lar to t he experiments, th total grain boundary area and grain bound-

ary 10 ations r main almost on. tant in th simu lations throughout the duration of t he shaking and 

th small particles ar almost a ll 10 a lised in grain bound ary regions (Fig. :UO). 

3.5 .2 Particl velocit i s 

In num ri al simu lations of granular materi al, in. tantan ous pfHticle velocities arc known at each 

simu lation tim st p t hus giving a v ry accurate mcanlre of t h m fi ll particle veloci ty at any mom nt. 

in time. How v r, as will b explain d below, inc particl s ollid mor fr('quent ly in a dens granular 

material than th ir po ition an be imaged, end sinc po. ition meru mements have inherent uncert ainty, 

omp ring th tru velo ity from simulations with part icl velocitie xtracted from image sequences 

i n t m aningfu l in a d ns sy t m (Xu tal. , 2004) . on quently, part icle velocity cannot be used 

as a t 01 to dir tly om par t h dynamics of a simulated granular en embl to t h dynamics of a 
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Figure 3.9: Comparison of grain boundary area cover age in s imula tion a nd exp erime nt -
The fraction of the covered surface area that is grain boundaries (Le., '1/;6 < 0.7) against small-particle 
concentration for the laboratory experiments (white, open circles) and the numerical simu lat ions 
(black, filled circles). The grain boundary coverage is calculated every 0.08 seconds over the duration 
of t he numerical simu lation and the mean value is plotted along with the standard deviation of the 
mean. The experimental data is from Berardi et at. (2010). The quantitat ive differences between 
experimental and numerical simulation results are discussed in Section 3.5.1. 
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Figure 3.10: Small part icle location - The degr of local order (Le., packing d ·nsity) at th 
position of each part icle in a numerical simu lation when th small-particle concentrat ion is 10%. Grain 
Boundary (GB) regions are determined using the algorithm of Berardi et at. (2010). Th dark blue 
colour signifies near-hexagonal particle packing with '1/;6 clos to 1. Gr en and red colours . lTespond 
to more disordered packing with '1/;6 < 0.7 (Le., GB regions) . S e Eq . (3.4) for the d ·fin it ion of '1/;6. 
The small (2 mm) particl s are a ll drawn with an open circle. T he laboratory xpcrim nt resul ts are 
not shown h re, but in both the experiments and the numerical simu lations th small particles arc 
mo tly located in grain boundaries. 
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laboratory experiment. Despite this, the relative particle speeds within a simulation or experiment can 

be used as a diagnostic to infer further details about the location and behaviour of specific particles. 

This is discussed in further detail at the end of this section. . 

To calculate experimental particle velocities as accurately as possible the particles are imaged at 

a high frame rate and the resulting particle velocities are calculated based on the particle positions in 

each con.secutive image. However, the accuracy of the experimentally determined velocity will depend 

on the frame rate and resolution of the imaging, and the subsequent particle tracking. Further compli

cations are introduced when we consider that even with very precise imaging and subsequent particle 

tracking there are inherently errors in any experiment. In order to extract meaningful information 

from the experimental data the positions of the particles must be smoothed over time. Without per

forming such smoothing the data would be dominated by noise. However, the more smoothing that 

is applied to the particle position data the more the resulting velocities are reduced. 

To demonstrate the effect of smoothing, Fig. 3.11 shows the horizontal speed of one particle in a 

numerical simulation as a function of time over a period of 0.25 seconds. The three curves shown are 

for the same particle but calculated using three different methods of sampling and analysis; the first 

shows the instantaneous particle horizontal speed output directly from the numerical simulations, the 

second shows the horizontal particle speed calculated using the position coordinates of the particle 

sampled at 125 fps and finally the third shows the horizontal particle speed calculated using the 

position coordinates of the particle sampled at 125 frames per second (fps) and smoothed over 0.1 

seconds (the technique used in the analysis of the experimental data; Berardi et al., 2010). The 

horizontal particle speed was also calculated using the position coordinates of the particle sampled 

at 1250 fps but is not shown because it is very similar to the instantaneous particle speed but with 

a smaller magnitude. The values in Table 3.4 highlight even further how great the differences in the 

mean particle horizontal speed can be depending on the method of sampling and analysis. 

In conclusion, as the experimental velocities can never be known exactly in a dense material where 

the collision rate between particles exceeds the imaging spN'd, or the distance between collisions is 

smaller than the imaging resolution, the instantaneous numerical simulation velocities can never be 

directly compared to experimental velocitips. Even the comparison of velocities sampled at the same 

frame rate and analysed using the same method is unlikely to result in an accurate comparison due to 

inherent experimental and trru:king unc('rtainties that do not exist in numerical simulations and that 

are hard to artificially introduce in simulations. 

Possible alternative solutions to allow velocity comparisons could be considered; for example, if it 

was possible to accurately quantify the level of noise in the experiments then noise could be introduced 

to the simulation data. An alternative could be to use the experimental particle-tracking algorithm to 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

track the particle motion in the simulations i. e., ray-traced images of the simulation co uld be provided 

as input to the particle tracking algorithm. However , this approach is associated with new problems 

because the particle tracking algorithm is designed to track real three-dimensional spherical particles. 

New sources of error due to poor tracking accuracy are likely to be introduced . This is discussed in 

more detail in Chapter 5 and Appendix B. 

Nevertheless, the relat ive particle velocities within a simulat ion or experiment can be used as a 

diagnostic to infer further details about the location and behaviour of specific particles. It was found , 

by invest igating the mean particle velocities in the different regions, t hat there is a direct link between 

the particle velocity and the local ordering near the particle. The mean velocity of particles contained 

in the grain boundaries is much higher than the mean velocity of particles contained in the grains, as 

expected . Therefore, the velocity of a particle in such a dense shaken system will give an indication of 

whether it is trapped within a crystallised grain or found within a disordered grain boundary region. 
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Figure 3.11 : Comparison of d ifferent methods of velocity calculation - The speed of one 
particle in a numerical simulation over a period of 0.25 seconds, calcul ated using three differellt 
methods: M thod A (white diamonds), Method C (black dots) and Method 0 (open white circles). 
Se Table 3.4 and text for explanation of the methods. 

3.5.3 Calculation of long-t rm particle displacements 

Given the difficulties involved in calculating and comparing short-term particle motion (i.e., particle 

velocities) a logical step is to consider the long-term part icle displacements. This is particularly 

appropriate for the dynamical system we a re trying to model given that it is only at long tintcscales 
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Table 3.4: The mean speed of one particle in a numerical simulation during a period of 5 seconds 
is given for the same particle but calculated in four different ways. Method A calculates the mean 
horizontal particle speed from the numerical simulation instantaneous velocity outputs. Method B 
calculates the mean particle horizontal speed using the position coordinates of the particle sampled 
at 1250 fps. Method C calculates the mean particle horizontal speed using the position coordinates 
of the particle sampled at 125 fps. Finally, Method D calculates the mean particle horizontal spped 
using the position coordinates of the particle sampled at 125 fps and smoothed over 0.1 seconds. The 
error provided is the standard deviation of the mean speed. 

Method Mean horizontal particle speed (mm S-I) 

A: Instantaneous speed 9.9 ± 5.7 

B: 1250 Cps sampling 8.5 ± 4.9 

C: 125 Cps sampling 4.4 ± 2.4 

D: 125 Cps sampling with smoothing 2.0 ± 1.1 

that the complex, collaborative string-like motion should become apparent. 

One method for investigating the long-term motion of particles is to consider the mean-squared 

displacement (MSD) profile of the system. MSD profiles are used in granular physics studies (e.g., 

Weeks et at., 2000; Xu et al., 2004) but are also extensively used in many different fields of research, for 

example, in studies of molecular and cell biology (e.g., Fritsch & Langowski, 2010; Mika & Poolman, 

2011; Sahl et at., 2010). An MSD plot indicates by what distance a particle has been displaced. The 

MSD is not the actual distance travelled by the particle (Le., including all random vibrational motion) 

but rather the net motion in a given time (Le., the displacement). Therefore, in the long-time limit 

the MSD measurements focus on larger distances, where the experimental uncertainties are relatively 

less important. We note that based on the accuracy of the experinH'ntal particle tracking, it can be 

assumed that once we get to displacements of one pixel or more the 11SDs are real and not dominated 

by errors. 

The MSD of a system of N particles is calculated using the following equation: 

1 N 
MSD(T) = N:L I(ri(t + T) - ri(t))1 2 

i=l 

(3.5) 

where r(t) is the position of particle i at time t, and T is the time st.ep bet.ween the two particle 

positions used to calculate the displacement. 

The shape of the MSD of the shaken system is an indicator of whether the numerical simulations 

can successfully capture the experimentally observed complex long-term dynamics. There should be 

three distinct regions of the MSD profile if the dynamics are captured correctly. The MSD curve 

would be expected to rise initially because the particles exhibit diffusive motion as they wiggle around 

within the "cages" set up by their neighbours. On short timescales, the particles effectively do not 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

"notice" the cage and simply diffuse within the cage. On longer timescales, the cage confines their 

motion and therefore the average displacement cannot increase with increasing measurement time. 

This leads to a characteristic plateau in the MSD. For long enough times, if the system is not fully 

jammed, the particles will be able to break out of their cage and rearrange. This leads to a rise 

in the MSD curve back to a diffusive characteristic. Cage breaking involves larger-scale motion and 

slower dynamics that are more easily compared between experiment and simulations. Conceptually, 

the timescale of breaking out of the cage characterises how far from jamming the system is. For the 

experimental conditions, the cage breaking time was found to be on the order of tens of seconds. 

The baseline simulation curve in Fig. 3.12 demonstrates that the particles in the numerical simula

tions of this shaken system are able to reproduce the predicted dynamical evolution (Le., the predicted 

MSD profile). This is the first indicator that, even though a hard-sphere method that resolves only 

two-body interactions is being used, we are capable of reproducing complex long-term and large-scale 

collective particle dynamics. The obvious differences in the magnitudes of the experimental and sim

ulation MSD plClteau values are likely to be due to pixel noise in particle position detection in the 

experiments. The plateau of the experimental MSD profile in Fig. 3.12 is consistent with pixel noise 

(one pixel is equal to 0.264 mm, and thus an average change in apparent particle position of one 

pixel due to noise would lead to an MSD of order [0.264 mmj2 = 0.07 mm2). This means a direct 

quantitative comparison of the magnitudes of the experimental and simulation MSD plateaus would 

be unreliable. 

Nevertheless, the MSD plots can still be used to qualitatively compare experiments and simulations 

by looking at the "cage-breaking" timescale. The cage-breaking timescale is defined as the time at 

which the MSD begins to rise again. This will tell us the timescale that is needed for the jammed 

particles to escape their cages. Considering the MSD of the baseline simulation in Fig. 3.12 and 

comparing it to the experimental MSD it can be seen that, even though the magnitudes are different, 

the simulations capture the correct dynamics of the system because the cage-breaking timescale and 

the slope of the two MSD curves are very similar. 

As mentioned in Section 3.5, in the experiments the small particles have a slight tendency to 

segregate near the containers walls as a result of off-axis shaking. To verify that this docs not influence 

the experimental MSD profiles in any way, the MSD profiles were recalculated considering only the 

large particles. Figure 3.13 shows the MSD profiles for all particles, as in Fig. 3.12, and also the MSD 

profiles for only the large particles. Apart from a small quantitative difference there is no change 

to the form of the MSD profiles. It can, therefore, be assumed that the slight segregation of small 

particles near the containers walls in the experiments does not affect the MSD profiles. 
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3.5 Analysis and comparison with experiments 
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Figure 3.12: Comparison of simulation and experiment MSD - The mean-square displacement 
(MSD) curves for the laboratory experiment with 10% small-particle concentration (dotted line) and 
for the baseline numerical simulation also with 10% small-particle concentration (solid line). The 
shape of the MSD curve for the baseline simulation is very similar to the shape of the laboratory 
experiment MSD curve. The large magnitude discrepancy between experimental and simulation MSD 
curves is probably due to experimental measurement error (see Section 3.5.3) . 
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Figure 3.13: Influence of small particle segregation on MSD profiles - The mean-square 
displacement (MSD) curves are shown for the laboratory experiment with 10% small-particle concen
tration (dotted line) and the ba..,elille numerical simulation (solid line) also with 10% small-particle 
concentration. The MSD profiles calculated using only the large particles are shown as the thick 
da.<;hed lines. 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

3.5.4 Calculation of string-like collective motion 

As previously mentioned in Section 3.5.1, the behaviour of caged motion means that a particle is 

always surrounded by the same neighbours. Jammed granular systems thus exhibit a characteristic 

timescale in which particles undergoing caged motion escape their cage (Aichele et at., 2003; Donati 

et at., 1998; Zhang et al., 2009). This mean time to escape defines a timescale over which string-like 

motions should be observable. Likewise, as described in Section 3.5.3, the same sorts of ensembles also 

exhibit a characteristic mean-squared displacement profile: over short «1 second) timescales motion 

is diffusive, over longer timescales (seconds) displacement is minimal and over long timescales (lOs of 

seconds) displacement is once again diffusive. The characteristic length scale, as introduced in Section 

3.3, is a function of this diffusivity and the characteristic time (provided by the statistics of motion). 

Particles whose displacement is greater than that characteristic length scale over the characteristic 

time are identified as mobile particles. Some of the mobile particles are seen experimentally to exhibit 

cooperative motion with a string-like appearance (granular strings). 

The presence of mobile particles and cooperative string-like motion in the simulations were con-

firmed using the same algorithms as for the experiments of Berardi et at. (2010). The timescale 

associated with cage-breaking, t*, is given by the location of the peak of the non-Gaussian parame

ter (}2 ( r). This non-Gaussian parameter, plotted in Fig. 3.14 for the baseline simulation with 10% 

small-particle concentration, is calculated using the following equation, 

1 MFD(r) 
(}2(r) = 2 [MSD(r)]2 - 1 (3.6) 

where the MSD of a system of N particles is calculated using Eq. (3.5) and the mean displacement 

to the fourth power, MFD, is given by, 

1 N 
MFD(r) = NLI(ri (t+r)-ri (t))1 4 (3.7) 

i=l 

where r(t) is the position of particle i at time t, and r is the time step between the two particle 

positions used to calculate the displacement. 

Next, the van Hove correlation function of the system at t* (Le., G(r, t*)) is calculated and com

pared to a purely diffusive system Le., to particles undergoing random walk motion. The van Hove 

correlation function is a space-time correlation function which gives the probability of finding a par

ticle at position r at time t = t*, given that there was a particle at the origin at time t = 0 (Hopkins 

et al., 2010). For a set of N particles with time-dependent position coordinates rj(t*) the van Hove 

correlation function is defined as follows: 
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5~--------~--------~--------~ 

1 

2000 4000 6000 
Time (frames) 

Figure 3.14: The non-Gaussian parameter - The non-Gaussian parameter (l2(r) as defined in Eq. 
(3.6) is plotted for the baseline simulation with 10% small-particle concentration. The peak of this 
curve gives the characteristic timescale associated with cage-breaking, t·. For this example t· = 322 
frames. 

1 / N N ) 
G(r, t·) = N \t; f; 8(r + rj(O) - riW) (3.8) 

where (.) represents an ensemble average and 8(.) is the three-dimensional Dirac delta function. 

The van Hove correlation function G(r, t·) is plotted in Fig. 3.15 for the baseline simulation with 

10% small-particle concentration (dashed line). This is compared to the profile that would be expected 

from a purely diffusive system i.e., for particles undergoing random walk motion (solid line). The 

intersection of these two curves gives a length-scale r·, which is used to identify mobile particles: 

particles moving a distance greater than r· in a time interval t· are mobile. 

From the mobile particles, the subset that are also members of strings are then determined. Con

sider two mobile particles i and j, at times t and t + t·. If particle i at t + t· has moved into particle 

j's position at t (or vice versa) then the two particles are considered part of the same string. Of 

course, particle i will rarely occupy exactly particle j's original position, so a cut-off distance, ~c, is 

defined, which is how close particle i has to be to particle j's position. For historical reasons, this ~c 

is chosen to be 0.6 times a large particle diameter (Donati et al., 19!)8). It should be noted that the 

absolute values of the average number of strings and string length are dependent on one's choice of 

the value of ~c. However, the overall trend in these parameters with respect to particle concentration 
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3. PARTICLE DYNAMICS IN A SHAKEN GRANULAR MATERIAL 

Figure 3.15: The van Hove correlation function - The van Hove correlation function G(r, t*) 
as defined in Eq. (3.8) is plotted for the baseline simulation with 10% small-particle concentration 
(dashed line). Also shown is the profile that would be expected from a purely diffusive system i.e., 
for a particle undergoing random walk motion (solid line). The intersection of these two curves gives 
a length-scale r*, which is used to identify mobile particles. For this example r* = 0.37 mm. 

is insensitive to the exact choice of ~c. 

As in the experiments, the granular strings were located in the grain boundary regions and not 

within the grains. The number of granular strings at a given time during the simulations and the 

average string length (in number of particles) were also analysed for each small-particle concentration 

(Figs. 3.16 and 3.17). It was experimentally observed that as the concentration of small particles is 

increased, the scale of the cooperative motion also increases, i.e., the number and size of the granular 

strings increase with increasing small-particle concentration (Berardi et al., 2010). The numerical 

simulations reproduce the correct dependence on small-particle concentration, with both the number 

and length of granular strings increasing with small-particle concentration. 

The experimental and simulated systems were not the same size and thus do not contain the 

same number of particles. In order to quantitatively compare the average number of granular strings 

detected per timestep, the number of strings detected is normalised by dividing by the surface area 

of the experiment or simulation. Figure 3.16 demonstrates that the normalised average number of 

granular strings detected in the numerical simulations does show the correct dependence on small

particle concentration, i.e., the larger the concentration of small particles, the more granular strings 

are detected. It must be noted that the magnitudes of the normalised values are not the same and the 
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gradient of the increase in collective motion with small-particle additive is not exactly the same in the 

numerical simulations and the experiments. This may be a result of the different boundary conditions, 

the differences in initial configurations of the grains or may be due to experimental uncertainties that 

are not taken into account here. However, it is clear that the simulations are behaving as expected, 

at least qualitatively. 

A direct quantitative comparison investigating the average size of the granular strings in the system 

and how this depends on small-particle concentration can also be performed. It is demonstrated, in 

Fig. 3.17, that not only do the numerical simulation results show the correct dependence of granular 

string length on small-particle concentration but they also reproduce almost exactly the average size 

of the granular strings found in the experiments. This final test demonstrates clearly the capabilities 

of this adaptation of pkdgrav to accurately model the key features of the collective ordering and 

motion of a shaken granular material in a dense regime. 
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Figure 3.16: Quantitative comparison of average string frequency - Average number of granular 
strings normalised by the surface area considered for the analysis. The laboratory experiment (open 
circles) and the numerical simulations (solid circles) are plotted as a function of additive concentration, 
defined as the percentage of total area covered by the small particle additive. The error bars, which 
are sometimes smaller than the size of the markers, are the normalised standard error of the mean 
for one experiment at one small-particle concentration. As each experiment mea.<;ures thousands of 
strings, it is expected to sample all configurations and so the standard error is reported and not the 
standard deviation. The experimental uncertainties are not taken into account here. 

3.5.5 Sensitivity to simulation parameters 

One of the clear advantages of numerical simulations over experiments is the ability to investigate a 

much wider parameter space, often including environmental conditions or material properties that are 

not ea.<;ily investigated experimentally. Conversely, one of the key drawbacks of numerical simulations 
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Figure 3.17: Quantitative comparison of average string length - Average granular string length 
in number of particles as a function of additive area coverage, defined as the percentage of total area 
covered by the small particle additive from the laboratory experiment (open circles) and the numerical 
simulations (solid circles). The error bars, which are smaller than the size of the markers, are the 
standard error of the mean for one experiment at one small-particle concentration. As each experiment 
measures thousands of strings, it is expected to sample all configurations and so the standard error is 
reported and not the standard deviation. The experimental uncertainties are not taken into account 
here. 

is the capacity to "tune parameters" to sometimes unrealistic values in order to match the desired 

outcomes. 

Here the results of several investigations performed into the sensitivity of the simulations to the 

internal parameters are presented. These investigations have two aims: firstly, to develop our un

derstanding of how the simulation parameters influence the particle behaviour in such a system, and 

secondly, to allow us to conclude beyond any doubt that pkdgrav can accurately model the correct 

behaviour and physics of granular materials in a dense regime as a result of shaking and that the 

results are not random and are in fact closely related to the initial conditions. 

Several investigations were performed varying the key internal parameters of the numerical simu

lations. Given the volume of tests performed, only the important results and trends will be discussed 

in detail; however, details of all the simulations performed can be found in Table 3.5.5. In each of 

these tests the simulation set-up was identical to the one described in Section 3.4. The surface area, 

total surface coverage and initial particle packing configurations were unchanged. 

The first set of investigations focussed on the influence of changing the coefficients of restitution 

of the particles and the walls with particular attention paid to the resulting MSD profiles as a way 

of interpreting the system behaviour. As discussed in Chapter 2 there are two types of coefficient of 

restitution: the normal coefficient of restitution (where 1.0 would mean completely elastic collisions) 
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and the tangential coefficient of restitution (where 1.0 would apply to completely smooth surfaces). 

By changing these parameters a system can be produced where there is a varying degree of energy 

dissipation and coupling between particles and between particles and walls. It is noted that for large 

coefficients of restitution, particularly the normal coefficient of restitution of the particles, there is 

an increase in the MSD profile only at very long timescales and thus the particles, while losing less 

energy in each collision, need a longer time to break out of their local cage. Conversely, low coefficients 

of restitution result in particles breaking out of their cage rapidly (Fig. 3.18). From this it can be 

concluded that lower coefficients of restitution, i.e., lower particle velocities and more inter-particle 

and inter-wall coupling, are likely to result in more complex cooperative motion despite the fact that 

the low coefficients also reduce the overall energy of the system. 
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Figure 3.18: MSD profile demonstrating sensitivity to coefficients of restitution - The mean
square displacement (MSD) curve for the ba.<;eline numerical simulation with 10% small-particle con
centration is shown (solid line). Also shown for comparison, and to demonstrate the sensitivity of 
the simulations to different parameters (see Section 3.5.5), are two extreme 10% small-particle con
centration numerical simulation MSD profiles: ca.r.;e A in which the particles break out of their cage 
very early (dashed line) and ca.r.;e B where the particles remained jammed over much longer timescales 
(da.r.;hed - dotted line). The parameters for cases A and B are, respectively: normal coefficient of 
restitution of the particles = 0.1 and 0.9; tangential coefficient of restitution of the particles = 0.5 and 
0.9; normal coefficient of restitution of the walls = 0.5 and 0.9; tangential coefficient of restitution of 
the walls = 0.5 and 0.9. 

A separate investigation considered the effect of changing the simulation timestep on the system 

dynamics. The simulation timestep was changed so that for a large particle starting from rest and 

falling under Earth's gravity it would take 130, 217, 650, 1300 and 6500 timesteps to fall one particle 

diameter. The data output frequency wa.r.; kept constant at 125 Hz. It was found that, although 

the mean particle velocities remain unchanged at all times during the simulations regardless of the 

timestep, a certain small variation in the MSD is noted (Fig. 3.19). However, the overall MSD profiles 
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are consistent and qualitatively similar. Additionally, there is no trend in the variations of the MSD 

profiles with decreasing timestep; as the simulation timestep decreases there is no convergence to a 

more accurate MSD profile. Therefore, it can be concluded that the variations in MSD profiles, caused 

by changing the timestep, are most probably random and, as long as the timestep is small enough, 

they are not critical. 

The final investigation of the simulation parameters considered the impact of changing the simu

lation output frequency, or the rate at which the data is sampled, while keeping the timestep of the 

numerical simulations constant. As discussed in Section 3.5.2, the data sampling frequency can have 

a large influence in the measured velocities of the system. First the influence of sampling bias on 

particle position was considered. The simulation output frequency was varied (125 Hz, 250 Hz, 417 

Hz, 625 Hz and 1250 Hz) and the mean particle position (in the vertical z-direction) was calculated 

and plotted for each output. Note that in order to have an output frequency of 1250 Hz the time step 

had to be decreased by an order of magnitude. Figures 3.20 and 3.21 show the influence of changing 

sampling (output) frequency on the results. There is a clear sampling bias at small output frequencies. 

Unsurprisingly this sampling bias also influenced the velocities of the particles. Figure 3.22 shows an 

example of this where the mean velocities (z-direction) of all particles are plotted over time during a 

shaking simulation for three different output frequencies (125 Hz, 625 Hz and 1250 Hz). 

Any potential bias in the horizontal positions and velocities of the particles would be much harder 

to detect given that the particles are not confined to a small space, nor are they accelerated along 

these axes at a regular frequency. Therefore, to verify if this sampling bias was influencing the results, 

the MSD profile was calculated for each of the sampling frequencies. It was found that, despite the 

bias in the vertical positions and velocities, 1\ISD profiles were largely unaffected by the changes in 

sampling frequency and thus are unlikely to be affected by sampling bias (Fig. 3.23). 

However, it must also be noted that simulations are "perfect" in the sense that they do not contain 

inherent real-world characteristics. Therefore, these types of biases are much more evident than they 

would be in laboratory experiments. Nevertheless, as the sampling frequency can be chosen with 

much greater flexibility in numerical simulations, such simulations could be an invaluable tool to 

help experimentalists determine what level of sampling frequency is necessary to avoid any potential 

sampling biases. 
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F igure 3.19: MSD profile demonstrating simulation timest e p - The mean-square displacement 
( 1SD) curves for numerical simulations with 10% small-particle concentration with varying simu lation 
timesteps. Th simula t ion timestep was changed so t hat for a large particle start ing from rest and 
fa lling uncler Eart hs gravity it would take 130 (th ick solicl line), 217 (dashed-dotted line), 650 (dash .J 
line) and 1300 (thin solid line) t imesteps to fall one particle diameter. Thi gives simulation timesteps 
of 2.13 x 10- 5 , 1.28 x 10- 5 , 4.26 x lO - G and 2.13 x 10- G seconds, r('spective ly. All j\ISD curves ar(' 
alcllia ted using particle coord inates outpu t at 125 fps. 
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Figure 3.21: Sampling bias in the z-position of large particles - The variation in time of 
the mean large particle position (in the vertical z-direction) is shown for three different sampling 
frequencies: 1250 fps (green), 625 fps (blue) and 125 fps (red) . There is a sampling bias when the 
sampling frequency is small . The base of the conta iner vibra tes between -0.07 mm < z < 0.07 mm . 
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Figure 3.22: Sampling bias in the z-velocity - The variation in time of the m an particl v 'loeity 
(in t he vertical z-direction) is shown for thr e different sampling frequ nei s: 1250 fps (gr en), 625 
fps (blue) and 125 fps (r d). There is a sampling bias when the sampling fr quency is small. 
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Table 3.5: List of all the different simulations performed over the course of this study. The parameters 
in bold are the baseline parameters used in this study. en and et are the normal and tangential 
coefficients of restitution, respectively. 

Simulation timestep en et en et 

(number tsteps to fall Id) (particles) (particles) (walls) (walls) 

130 0.1 0.1 0.1 0.1 

130 0.5 0.5 0.5 0.5 

130 0.9 0.9 0.9 0.9 

130 0.5 0.1 0.1 0.1 

130 0.9 0.1 0.1 0.1 

130 0.1 0.5 0.5 0.5 

130 1.0 0.5 0.5 0.5 

130 0.1 0.9 0.9 0.9 

130 0.5 0.9 0.9 0.9 

130 0.1 0.5 0.1 0.1 

130 0.1 0.9 0.1 0.1 

130 0.5 0.1 0.5 0.5 

130 0.5 1.0 0.5 0.5 

130 0.9 0.1 0.9 0.9 

130 0.9 0.5 0.9 0.9 

130 0.1 0.1 0.5 0.1 

130 0.1 0.1 0.9 0.1 

130 0.5 0.5 0.1 0.5 

130 0.5 0.5 1.0 0.5 

130 0.9 0.9 0.1 0.9 

130 0.9 0.9 0.5 0.9 

130 0.1 0.1 0.1 0.5 

130 0.1 0.1 0.1 0.9 

130 0.5 0.5 0.5 0.1 

130 0.5 0.5 0.5 1.0 

130 0.9 0.9 0.9 0.1 

130 0.9 0.9 0.9 0.5 

130 0.4 0.4 0.6 0.6 

l:m 0.3 0.9 0.7 0.95 

130 0.3 0.6 0.5 0.5 

130 0.4 0.8 0.3 0.95 

130 0.8 0.9 0.6 0.95 

217 0.8 0.9 0.6 0.95 

650 0.8 0.9 0.6 0.95 

1300 0.8 0.9 0.6 0.95 

6500 0.8 0.9 0.6 0.95 

130 0.4 0.4 0.6 0.6 

130 0.3 0.9 0.7 0.95 

130 0.3 0.6 0.5 0.5 

130 0.4 0.8 0.3 0.95 
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Figure 3.23: MSD profile demonstrating sensitivity to sampling (output) frequency - The 
mean-square displacement (MSD) curves for the numerical simulation with 10% small-particle con
centration are shown calculated using particle coordinates output at 1250 fps (solid line) and 125 fps 
(dotted line). 

3.6 Placing the simulations in a varying gravitational context 

Finally, we apply our measure of collective dynamics and fragility - string length and number - to 

simulate conditions that are hard to replicate experimentally. First, we consider the consequences of 

varying the external gravity on string frequency and length. Next, we demonstrate one of the unique 

abilities of our code: the ability to model inter-particle gravity. Dy varying the particle density we 

examine what happens to our granular system when the gravitational forces between the particles 

become increasingly strong. 

3.6.1 Varying the external gravitational acceleration 

In this section, we consider the consequences of varying the external gravitational acceleration on string 

frequency and length. This demonstrates the ability of our code to simulate the range of gravitational 

environments that can be encountered among the solid planetary bodies within our solar system. The 

external gravity is varied from 0.01 - 10 9 between numerical simulations. The particle density remains 

unchanged and the vibrational amplitude and frequency remain the same as in the experiments and 

baseline simulations. In addition, each simulation has an identical initial configuration (Le., identical 

initial particle locations). 

In the reduced-gravity simulations (when 9 « 1) the gravitational acceleration is of a magnitude 
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similar to that found on the surfaces of asteroids. In addition, the frequency of the vibrations roughly 

matches the conditions on asteroids subjected to seismic shaking (Richardson et al., 2004, 2005). 

Although vibrations due to seismic shaking on an asteroid are not likely to act always in the same 

direction, string-like collective motion can still be expected in excited, heterogeneously sized and 

shaped regolith. However, grain boundaries would not be expected to occur in regolith. In the ordered 

and idealised system of equal sized spheres the grain boundaries are the heterogeneous regions where 

collective rearrangements take place. In glassy Le., disordered systems, string-like motion is expected 

to occur everywhere. Nevertheless, these simulations have demonstrated that we have the capability of 

varying the external gravitational acceleration and have shown the sensitivity of the idealised system 

to such variations in the external gravitational acceleration. 

It is found that the length and the frequency of strings decrease with increasing external gravita

tional acceleration (Fig. 3.24). This indicates that decreasing the external gravitational acceleration 

makes the granular ensemble more fragile when subjected to local excitation amplitudes. At the same 

time, cooler, less energetic systems appear to become less fragile. 

3.6.2 Varying the inter-particle gravitational acceleration 

In this section, one of the unique abilities of the code is demonstrated: the ability to model inter

particle gravity. Dy varying the particle density over several ordNs of magnitude it is possible to 

examine what happens to the granular system when the gravitational forces between the particles 

become increasingly strong. In this investigation the external gravitational field was removed (Le., 

the system is in zero-gravity) and the vibrational amplitude and frequency remain the same as in the 

experiments and baseline simulations. Again, each simulation has an identical initial configuration 

(Le., identical initial particle locations). 

The measured resulting changes in string properties with varying particle density, and thus varying 

inter-particle gravity, are shown in Fig. 3.25. This system has a natural length-scale, which is the 

distance between particles at which the gravitational potential energy between two particlC's is equal 

to the mean particle kinetic enC'rgy. For ell(:h simulation we have dC'terminC'd this natural length-scale 

for both the large and the small particles. It is found that, for the largest particles (which are the most 

numerous), the naturallmlgth-scale is equal to one particle diameter for particles of d('nsity -1.5 x 

1013 kg m-3 (for the fnnallpr particles, the density giving a naturalll'ngth-scale of approximately one 

part ide diameter is slightly larger). This indicates that, at the smaller densities that have bet'n tested, 

the dynamics of the system are dominated by the kinetic energy of the particles and at the largest 

densities the gravitational potential energy may begin to play an important role in the dynamics of 

the system. The analysis and simulations indicate that the scale of the collective motion dffreases in 
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Figure 3.24: Effect of varying external gravity on collective motion - (a) Average number of 
granular strings and (b) average granular string length as a function of varying external gravity for 
simulations with 10% small-particle concentration. The errors bars, which are sometimes smaller than 
the markers, are the standard error of the mean for one simulation at one small-particle concentration. 
As each simulation is thousands of frames, it is expected to sample all configurations and so report 
the standard error and not the standard deviation. 
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the region where the gravitational potential energy between particles is of a comparable magnitude to 

the mean particle kinetic energy (Fig. 3.25). This may be because the inter-particle gravity is acting 

like an adhesive force between particles thus reducing the fragility of the system. A full study would 

be needed to confirm this, but this is outside the scope of this thesis. 

It should be noted that the densities considered for this investigation are unrealistically large. 

However, the pair-wise gravitational attraction between two identical particles in contact, Fg ex p2r 4, 

where p is the bulk density of the particles and r is the radius. Therefore, this study varying density 

is equivalent to a study where the radius of the particles of standard density of 103 kg m-3 is varied 

from ",1 mm to ",400 m. In future studies it may be useful to consider a full 3d system to investigate 

in more detail the role that self-gravity plays in affecting collective motion. 

3.7 Chapter conclusions and discussion 

The work in this chapter has demonstrated that the implementation of the hard-sphere discrete element 

method in the N -body code pkdgrav is capable of simulating the key features of the complex collective 

motion of a particular densely packed, driven granular system. \Vhile there are some clear differences 

in the experiment and simulations, the overall dynamics of the experiment have been reproduced 

either qualitatively or, where appropriate, quantitatively. 

As a first test it was shown that the numerical simulations correctly reproduce the regions of 

crystallisation (grains) and regions of disorder (grain boundaries) found experimentally. The diffi

culties involved when trying to compare experiments and simulations quantitatively were discussed 

and it was concluded that, due to inherent experimental and tracking errors, particle velocities are 

not a meaningful variable to compare. This is particularly true in a dense material where the colli

sion rate between particles exceeds the imaging speed, and the distance between collisions is smaller 

than the imaging resolution. It was suggested that mean-squared displacement (MSD) profiles are a 

more reliable means of comparison and have matched the experimental cage-breaking timescale (Le., 

the timescale at which jammed particles may escape their cage of neighbours) and gradient of the 

subsequent rise of the MSD profile. As a final test the granular system was examined for mobile 

particles and string-like collective motion. In previous studies such string-like motion has been found 

to be a signature of fragility: an important material property that indicates how quickly a material 

softens under increasing external forcing. It was found that mohile particles are present and that the 

numerical simulations reproduce the key features of the experimentally observed string-like collective 

motion of such mobile particles even though the simulations are based on pairwise collisions only. 

Just as in the experiments, it was demonstrated that the scale and frequency of occurrence of the 
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Figure 3.25: Effect of varying self-gravity on collective motion - (a) Average number of granular 
strings and (b) average granular string length as a function of varying particle density for simulations 
with 10% small-particle concentration and inter-particle gravity. The errors bars, which are sometimes 
smaller than the markers, are the standard error of the mean for one simulation at one small-particle 
concentration. As each simulation is thousands of frames, it is expected to sample all configurations 
and so report the standard error and not the standard deviation. 
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collective motion of the shaken granular system can be increased by the addition of small particles. 

The close match found between experimental and simulation results during a quantitative comparison 

of the average size of the granular strings is further validation of the numerical scheme. It was also 

successfully demonstrated that in this dense regime the behaviour and physics of the shaken granular 

matter predicted by the numerical simulations are not random and are closely related to the particle 

parameters and simulation initial conditions. 

Based on the experience gained during this comparison it is suggested that, due to the complexity 

of experiment and simulation comparison, if a fundamental step is to perform validation tests of simu

lations, the experiments should be designed in collaboration with the modellers in advance. This gives 

the modellers a better understanding of the experiment but also allows the experiment to be designed 

in a way that is easier to model (e.g., with simple boundary conditions). However, it should always be 

taken into account that in experiments, particle positions are only sampled with uncertainty and in 

finite time intervals, and thus displacements on longer time intervals and over larger distances (e.g., 

MSD and granular strings) provide better comparison points. Numerical simulations can also be a 

very useful tool to help determine what parameters sensitively affect the behaviour of the experimental 

system. Once this is known, those parameters can be controlled and measured with particular care in 

the experiments. 

As mentioned above and discussed in detail in Section 3.3, previous studies have shown that the 

presence of granular strings indicates that a material is fragile, i.e., prone to more sudden, avalanche

like failures. However, short granular strings indicate a more ductile behaviour. Flow of granular 

material has been inferred from observations of the asteroid Itokawa's surface taken by the Hayabusa 

spacecraft and from observations of the asteroid Lutetias surface taken by the Rosetta spacecraft (see 

Chapter 1 for details). As noted by Miyamoto et al. (2007) there are strong indications that gravels 

on Itokawa, based on their locations and morphological characteristics on the surface of Itokawa, were 

relocated after their accumulation/deposition, implying that the surface has been subject to global 

vibrations. These vibrations are likely to have triggered global-scale granular processes including 

landslide-like granular flows and particle sorting that result in the segregation of the fine gravels 

into areas of potential lows. However, from the existing obHervations, one cannot easily diHcriminate 

between gradual and abrupt changes on Itokawa's surface. From a strictly mechanical point of view, 

some differences may be expected between these two modes of migration. SimulationH in conditions 

close to the asteroid environment are required to understand what these differences could be and 

which circumstances are necessary to lead to the obHerved characteriHtics. Such an understanding is 

crucial for interpreting obHervations of asteroid surfaces, and to derive the regolith properties. For 

instance, the presence of granular strings could be one possible explanation for observed changes, if it 
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was possible to assess that those changes occurred suddenly. 

Finally, having the number and length of strings as a metric of collective motion and fragility 

allows us to take full advantage of the possibilities that are opened up by the simplicity of hard

sphere simulations: self-gravity can be included, external gravity can be varied, and their effect on 

the indicators of fragility of the granular material can be explored. It was found that external gravity 

changes collective behaviour: ensembles of particles exhibit more collective motion and, therefore, 

appear more fragile when held in place by lower external gravity. The fragility of planetary bodies is 

particularly important as it is potentially related to the onset of sudden fracture or failure events of 

the body. 

Finally, having the number and length of strings as a metric of collective motion and fragility 

allows us to take full advantage of the possibilities that are opened up by the simplicity of hard 

sphere simulations: self-gravity can be included, external gravity can be varied, and their effect on 

the indicators of fragility of the granular material can be explored. It was found that external gravity 

changes collective behaviour: ensembles of particles exhibit more collective motion and, therefore, 

appear more fragile when held in place by lower external gravity. The fragility of planetary bodies 

is particularly important as it is potentially related to the onset of sudden fracture or failure events 

of the body. The simulations varying the inter-particle gravity of the system suggest that collective 

motion and thus, fragility, may depend closely on the balance between the gravitational potential 

energy and the kinetic energy of the system. This interesting discovery is highly relevant for small 

bodies and would be very interesting to consider in future studies. 

Currently this work considers only a quasi-2d system. However, the advantage of the numerical 

code pkdgrav is that we can easily extend this to a fully 3d system. As the analysis indicates that 

collective behaviour is correctly captured in the simulations, string lengths and numbers may also be 

measured in 3d as metrics for fragility. This study is a first step that is necessary to ensure that the 

physics involved in the system we investigated is well computed and that gives us confidence that we 

can accomplish the next steps, which are to apply it directly to actual planetary science problems. 

Using the numerical simulations it would be possible to investigate what happens when the small

particle additive concentration is increased above 10%, something which has never been tested ex

perimentally. It could be investigated whether the scale of collective motion continues to increase or 

if there is a limiting small-particle additive concentration above which the scale of collective motion 

either decreases or remains constant. Numerical simulations would allow us to perform investigations 

that are difficult to access with experimental observations such as investigating collective motion 

within the bulk of a 3d granular system or investigating the fragility of bodies to deformations, e.g., 

due to tidal forces. The role of rotational versus translational motion in driving string formation is 
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also an interesting physics question, which could be addressed with the simulations but is outside 

of the scope of this current study. Additionally, the influence of boundary conditions, the tangential 

coefficient of friction and also cohesion on the formation of granular strings could be explored in future 

work. 
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Chapter 4 

The AstEx Experiment: Design and 

Procedures 

4.1 Summary of Chapter 

The dynamics of granular materials are involved in planetary and small body evolution but appear to 

also be critical for the design and/or operations of landers, sampling devices and rovers. The AstEx 

experiment aims to develop a greater understanding of the mechanical response of granular material 

subject to external forces in varying gravitational environments. 

AstEx, a parabolic flight experiment, was selected through the competitive European Space Agency 

(ESA) research student competition 'Fly your Thesis' in December 2008. The full experiment, entitled 

'Simulating Asteroidal Regoliths: Implications for Gcology and Sample Return', flew as part of ESA's 

51st Microgravity Research Campaign in November 2009. The flight campaign was operated from 

I30rdeaux in France by a company called Novespace. 

The AstEx experiment uses a microgravity modified Taylor-Couette shear cell to investigate gran

ular flow caused by shear forces under the conditions of parabolic flight microgravity. The aim of 

the experiment is to characterise the response of granular material to rotational shear forces in a 

microgravity environment. A particular emphasis has been put on investigating the steady state flow 

profiles, the mechanism of granular convection and the memory effects of sheared glass beads in the 

diff(~rent gravitational regimes. 

This chapter discllsses the motivation behind the AstEx experiment, the technical dl.'Bign details, 

the experimental procedures and the data that were collected during the microgravity flight campaign. 

The data analysis pipeline will be presented in Chapter 5 and the results and interpretation will be 

presented in Chapter 6. 
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It must be noted that Dr. Ben Rozitis (currently a post-doctoral research fellow at The Open 

University, UK) was instrumental in getting the AstEx parabolic flight experiment selected to fly 

through the 'Fly your Thesis' programme. He, along with Thomas-Louis de Lophem (an engineer 

currently working for Electrabel, Belgium), also made significant contributions to the design of the 

AstEx experiment. As a result, many of the detailed descriptions of the experimental design presented 

in this chapter are based on documents which were compiled collaboratively by the three of us. The 

hardware was then constructed by Kevin Dewar and Damian Flack (both engineers in the PSSRI 

workshop at The Open University). The experimental procedures were planned by myself and the 

microgravity experiments were carried out by myself, Ben Rozitis and Thomas-Louis de Lophem. 

4.2 Motivation for AstEx 

As discussed extensively in Chapter 1, despite their very low surface gravities, asteroids are often 

covered by regolith, a layer of granular material, that can range from a fine powder (particles of a few 

microns in size) to a gravel-like structure of varying depths (particles of a few centimetres or metres). 

Therefore, understanding the physics of granular material is important for the interpretation of space

craft observations (images, spectral observations, or topography) but is also critical for the design and 

operations of landers, sampling devices and rovers. The AstEx experiment was designed to study the 

mechanical response of granular material subject to shear forces in a microgravity environment using 

a Taylor-Couette shear cell. 

Couette flow, a term named after the French physicist Maurice Couette, was first used in the field 

of fluid dynamics. It refers to the laminar flow (a streamlined flow in parallel layers within which 

there are no cross currents or eddies) of a fluid between two parallel plates, one of which is moving 

relative to the other. In this simple Couette geometry the two plates cannot extend infinitely in the 

flow direction, and so, in order to study shear-driven flows, Sir Geoffrey Taylor created a Couette 

shear cell using rotating co-axial cylinders. It was using this geometry that Taylor discovered the 

Taylor vortex flow (Taylor, 1923). Taylor vortices are formed when the angular velocity of the inner 

cylinder is increased above a certain threshold and the Couctte flow becomes unstable. Since this 

discovery, the circular Couette shear cell, also known as the Taylor-Couette shear cell, has been used 

in countless experiments in fluid dynamics and, more recently, in studies of granular material. 

Although a similar experimental set-up can be used to study both fluids and granular materials 

the two media react very differently to shear stresses. Neglecting possible edge effects and effects due 

to the curvature of the shear cell, the Couette (angular velocity) profile of a Newtonian fluid (a fluid 

for which there is a linear relationship between the stress and the strain) is a decreasing function 

124 



4.2 Motivation for AstEx 

across the entire shear cell width (Le., linearly decreasing with increasing r). 

To demonstrate this Fig. 4.1 shows the theoretical Couette profile of a Newtonian fluid (solid 

line). Also shown in Fig. 4.1 is the Couette profile of granular matter consisting of spherical glass 

beads (grain diameter, d = 4 mm) from an experiment performed as part of this thesis (open circles 

with error bars). The fluid deforms uniformly whilst the granular material develops a shear band; 

a narrow zone of large relative particle motion bounded with essentially rigid regions. Almost all of 

the energy input into the granular system by the inner cylinder is dissipated by friction within this 

narrow region producing large velocity gradients. Shear bands mark areas of flow, material failure, 

and energy dissipation, and as such they are important in many geophysical processes. 
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Figure 4.1: Comparison of the Couette (angular velocity) profile of a fluid and a granular 
material - The normalised angular velocity profile of a sheared granular material is shown (open 
circles with error bars) and compared to the theoretical angular velocity profile of a Newtonian fluid 
(solid line). Vo* = Vo/w where VB is the mean particile angular velocity and w is the inner cylinder 
angular velocity. A region of local failure of the granular material near the shearing surface can be 
seen. This is known as a shear band. 

The AstEx team chose to use the simplest Taylor-Couette geometry as shown in Fig. 4.2. There 

are two concentric cylinders; the outer cylinder has an inner radius of 195 mm and the inner cylinder 

has an outer radius of 100 mm. The outer cylinder is fixed and its inside surface is rough with a 

layer of particles, the outer surface of the inner cylinder is also rough but it is free to rotate, and the 

floor between the two cylinders is smooth and fixed in place. The gap between the two cylinders is 

filled with granular material (grain diameter, d = 3 or 4 mm) upon which the rotating inner cylinder 

applies shear stresses. 

Various different configurations of the Taylor-Couette shear cell have been used to study the effect 

of shear stresses on granular materials experimentally. For example, I30cquet et al. (2001) shear a 

granular material in a Taylor-COllette cell with a rotating inner cylinder and stationary outer cylinder. 
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Figure 4.2: The Taylor-Couette Geometry - a = Inner Cylinder Radius, b = Outer Cylinder 
Radius, W = Width of Shear Region, r = Radial Distance, () = Angular Distance, w = Inner Cylinder 
Angular Velocity. Image from Toiya (2006). 

The inner cylinder is connected to the motor via a spring that allows either stick-slip motion or steady 

shearing depending on the parameters. By performing force measurements they determined that the 

shear force acting on the moving cylinder is independent of shearing velocity. The dynamics of 

individual particles were also investigated by measuring the mean velocity of particles on the top

surface. They conclude that the normalised velocity profiles are independent of shearing velocity and 

of the type of motion of the inner cylinder (i.e., stick-slip or continuous sliding). 

Khosropour et al. (1997) investigated the size segregation of a binary mixture of spherical glass 

particles in a Taylor-Couette geometry, where the cylinders are made of smooth glass and the flow 

is generated by the shearing motion of the inner cylinder. The trajectories of 1, 2, and 3 mm glass 

particles, placed at the bottom of the cell, were followed as they moved through a 1 mm medium. 

They observed that the larger particles rose to the top and remained on the surface. However, the 

small particles (those comprising the medium) exhibited convective-like motion rising at the outer 

radius and falling at the inner radius. Toiya (2006) has also seen evidence for granular convection in 

a Taylor-Couette experiment in which the bottom plate is attached to the rotating inner cylinder and 

the outer cylinder is fixed. In their experiments, when the filling height is large enough for the effect 

of the bottom plate to be negligible on the top surface, the velocity of particles on the top surface in 

the radial direction (Vr ) has a dip near the centre of the shear band (Fig. 4.3 (a)). This indicates that 

a convection roll is possibly centered around the shear band. A diagram explaining why such a dip in 

radial motion implies convection may be occuring is given in Fig. 4.3 (b)-(c). 

The most researched type of convective flows in granular matter are vibration-induced cOIlvective 

flows. Convective flows have been observed, for example, in many experiments performed by vibrating 
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Figur 4.3: Schematic to expla in convection in a Taylor-Collette shear cell- (a) Steady-state 
V/ for 1 mm particles fr01l1 Toiya (2006). ega.tive valu('s indicate that the rad ia.l velocity points 
toward the inner wall. Locat ions of minima move clos('r to the innC'r wall for greatC'r fillin g height. 
~: = Vrla, a nd ,.. = rid, wllC're d is a particle diametC'r. (b) A dip in the radial velocity profile 
impli '8 that pn.rticl s a1' movillg towards the inner shearing ylindcr as shown by tl)(' dir('ction of th(" 
nrrows in this image of th top s lIrface of th(' AstEx slwar cel l. If t ll('re i. a constant flu x of particles 
towards th illn .r cylinder then th particles must a lso be moving dowll t he inner cylinder wall as 
::;hown ill t.he two sch(,llIatics (c) of radial fl ow in a Taylor- 011("1,1,' shear cell. TIl(' 111('IU1 negative 
radial l1lotion implies that convect ive flows are occ uring. However, from imaging just the top smfncc 
it i. not possibl to know wheth r th .fC is one la rg' ollv('ctive cell wit hin th(' bulk or s('veral smaller 
ones. 
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,-------,y 

(a) 

(b) 

Figure 4.4: Longitudinal Vortices in Granular Flows - (a) Sketch of t he experimental setujl of 
Forterre & Pouliquen (2001). The three pictures correspond to top views of the free surface li t from 
the side at three different locations along t he slope. e = 41 0

, hg = 13 mm. The sheet laser light is 
used to measure the surface deform ation. (b) Sketch of t he flow in a cross section. Images both takell 
from Forterre & Pouliquen (2001). 

granular material in a direct ion parallel to the extefll al gravitational fi eld i.e., vert ical shaking (e.g., 

Eshuis et al., 2010; Hsiau & Chen , 2000; Rodriguez-Linan & Nahmad-Molina ri , 200G; 'rai et at. , 2(10). 

Convective flows have also been seen when the axis of vibration is parallel to the external gravitat ional 

field i.e., horizontal shaking (e.g., Liffman et al. , 1997; Raihane et at., 2009; Saluena & Poschel , 2000; 

Tennakoon et al., 1999). Forterre & Pouliquen (2001) have also found evidence for convect ion in rapid 

granular flows down rough inclined planes. Using t he experiment shown in Fig. 4.4 (a) they found 

an instablity in the granular flow. From measurements of the surface velocities t hey have showll that 

t his instability is associated with the formation of longitudinal vortices in the granular How. T he 

mechanism they propose is based on the density profile inversion: it can be seen in Fig. 4.4 (b) that 

t he dense (thus heavy) part of the flow moves down (in the plane perpendicular to the How direct ion) 

while the dilute (thUS light) part moves up. However, they note that in a granular dissipative gas (s ll ch 

as they have in the rapid flow), the density profile actually results from a complex balance betweell 

gravity, collisions and dissipation , and its prediction is not straightforward . 
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Granular convection is a process often invoked by the community of small body scient ists to 

interpret t he surface geology of asteroids. l\liyamoto et al. (2007) suggest that t he arrangements 

of the gravels 011 Itokawa's surface are la rgely due to granular convective processes. It is suggested 

(Asphaug, 2007) that piles of aligned boulders are formed where convection meets a boundary layer, 

perhaps analogous to miniature mountain uelts (Fig. 4. 5). Miyamoto et al. (2007) have a lso proposed 

that apparent. upstream sloping, or seas. on Itokawa could be caused by convective surfaces. However , 

8ince Itokawa has long lost any internal heat source capable of driving convection, the energy source 

'YOLlId have to be a granular thermal inpu t (Asphaug, 2007). As discussed in detail in Chapter 1, t his 

energy could come from small impacts on the asteroid from micrometeorites. 

Figure 4.5: Convection currents in the Earth's mantle - It is theorized that convection currents 
within the Earth 's mant le causc thc creation of new oceanic crust at t he mid-oceanic ridges. Oceanic 
crust is d<.'s troyed at areas where this crust type become'S subclucted under lighter cont incntal crust. 
This process also creates the deep oceanic t renches (Source: U.S . Geological Survey. Image taken 
from http: / / www.co arth .oT,q/al' t idc/ Plate_tectonics). 

When discussing il11ages of boulders sitting on top of fine grains in grav itat ionally stable orienta-

tions 011 I tOkaw8 (s c images in Chaptcr 1) Miyamoto ct al. (2007) suggest t hat t lwse boulders arc 

stranded by vibmtion-illdll c('d collvectiolls. Simila rly, Asphaug et al. (2001) discuss the poss ibli ty 

that t h large ulocks crowding the regoli t h of E ros may have risen from below. It has beell suggest.ed 

that dynamic segregat ion , by tile Brazil-nllt cf-F ct. (sec Scction l.G.2), may bc ea..,icr to a('hievc on 

asteroids than 011 planets. III a latcr art icle it is also stated t hat, "all other cOllsiderat iolls aside, 

gJ"fmulnr conv'ctivc pro cssing is favoured by microgravity"( Asphaug, 2007). 

In a liquid or gas, natura l c:ollvcctiv' flows are ini t iated due to tcmpC'rat.urc gradients wit hin thC' 

llledium. T h t 1111> ratur differences affect the density and subsequently the relat ive bouya ncy of 

the' fillid or gas. Bouyan y va riations can a lso be introduced du C' to other materia l properties and, in 

an xterna l g rav it.a.tional fi .Id , t.his can IC'ad to gravitc tional conv 'clion. Once t h(· pressure gradicnt 

is r mov d s lich as ill th case whcn t here is no external gnwitat ionai field. conve ·t ive Hows d uc 

to buoya ncy can no longer occur . This has bt' 'n dC' Jl1onstrateu by many experiments designed to 

investigate COny 'ctive flows in liquid. and gases in a microgravity nvirol11nent (e.g., Olson &, l\ fill cr, 
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2009; Shevtsova et at., 2010; Zhou et at., 2002). 

From all of the experimental results presented above it is clear that convection can occur in a 

granular material. However, in all of these experiments there is a buoyancy force because a pressure 

gradient occurs within the medium due to the Earth's gravititational field. It has not been possible to 

find any published research investigating convective granular flows in a microgravity environment, but 

intuitively we may expect that, as for liquids and gases, granular convection can not occur without 

buoyancy. 

The statements related to granular convection on asteroids (Asphaug, 2007; Asphaug et ai., 2001; 

Miyamoto et ai., 2007) now seem a little surprising given our hypothesis that granular convection de

pends strongly on the external gravitational field: a weak gravitational acceleration, such as is found 

at the surface of small bodies, means a smaller pressure gradient near or on the surface which may 

reduce the efficiency of granular convection. As this has never been directly investigated experimen

tally this is one of the aims of the AstEx experiment. Examining the radial velocity profiles of the 

particles undergoing a constant shear rate experiment in microgravity (as already performed on the 

ground; Toiya, 2006) would allow, for the first time ever, a direct comparison of the mechanism of 

granular convection in a microgravity environment. 

Performing a constant shear rate experiment with the Taylor-Couette shear cell in different gravi

tational environments allows us to investigate how the granular flows differ between the gravitational 

regimes and to investigate how convective flows change in the different gravity regimes. One further 

subject of interest that can be studied during a constant shear rate experiment is dilatency. The 

concept of dilatency (sec Section 1.5.3) describes how a compacted granular material must expand 

in order to undergo shear. Experiments of sheared granular materials have never been performed at 

constant volume without exerting a variable pressure as, under the force of gravity, this is not physi

cally possible due to this principle of dilatency. Removing the external gravity and fixing the volume 

of the granular material would allow, for the first time, shear experiments of granular material to be 

performed at constant volume without any confining pressure. 

As just mentioned there are many interesting questions that can be answcred by performing con

stant ShNtr rate experiments. However, it is not only constant shear rate experimellts that are of 

iuten'st. Toiya (2006) invcstigated memory effects in a sheared granular material using a Taylor

Couette geometry where the bottom plate is attached to the rotating inner cylinder and the outer 

c:ylinder is fixed. Using this experimental set-up it hM been shown that the flow of granular mat

ter is strongly influenced by the network of direct contacts with neighbouring particles (Flllk et al., 

2008; Toiya, 2006). This contact network, in turn, is shaped by how the material evolved with time. 

\Vh(~n uniform Hhcar or compression L .. applied a stronger conta.ct network in the direction of fore-

130 



4.2 Motivation for AstEx 

ing develops. When the shear direction is reversed, or the direction of compression is changed, the 

material rearranges until it forms a new contact network that can best support the new direction of 

compression or shear (Falk et al., 2008). This is illustrated' in the schematic in Fig. 4.6; the force 

chains aligned to cause jamming in one direction are not suited to jam under the reverse driving. 

Therefore, time is required to re-form a force chain network subsequent to reversal of shear direction. 

This is further emphasised in Fig. 4.7 which shows the results of investigations into particle velocity 

distributions in a Taylor-Couette shear cell during constant shear rate and shear reversal experiments. 

The six lines show the angular velocity measured in six concentric rings during the experiment just 

described. When sheared in the initial direction the system reaches steady state during which three of 

the six rings do not experience any appreciable flow. If the driving is discontinued and then reapplied 

the system reaches the same steady state immediately. However, if the driving is stopped and then 

applied in the reverse direction, a transient sets in during which flow is evident both in the regions 

that were flowing and in the previously jammed regions. Average flowing velocities in all regions are 

faster initially and drop off with roughly the same time-scale in all regions. The implication is that 

regions that normally do not move under steady shear, move significantly during reversal of the shear 

direction (Falk et al., 2008; Toiya, 2006). 

Studying the reversal of shear in a granular material in microgravity has the potential to shed light 

on different behaviours that are evident when granular material is sheared in different directions, such 

as the transient weakening found to occur on the ground. Additionally, the flow fidds during the shear 

reversal experiment.s of Falk et al. (2008) are accompanied by compaction due to gravity. It is not 

clear how the force chains would break and reform in the absence of a preferred guiding direction such 

as gravity. If the same characteristic transient weakening of granular material during shear reversal 

is also observed in microgravity this could potentially be exploit.ed to make a more power-efficient 

asteroid surface sampling mechanism. 

The geology and dynamics of granular materials on the surfaces of asteoroids could also dep('Ild 

on the direction of shear that they have und<'rgone. For inst.ance, impact plwnomcna (Holsapple 

et al., 2002; Pa.olicchi et at., 20(2), tidal forces from planetary encounters (BoU.ke & Mclosh, 19!1G), 

and YORP spin lip (Bottke et al., 2002b) (see Section 1.2) could apply shear forces to t.he surface. 

Therefore, asteroid surface mat.erhlls may not necessarily behave as one might expect. 

In summary, there are many int.eresting qllest.ions t.hat can be answered by pNforming experiment.s 

of granular ml\t<~rial subject to slwar forces in a microgravity environment using a Taylor-Couette shear 

cell. To try to address as many of t.hese qllestions as pOf';sible the AstEx experim('nt hn.'i several k('y 

research objPctivps: 

1. To invest.igat.e how a st.eady st.ate granular flow induced by rotat.ional shear forces in mkrogravity 
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Figure 4.6: Schematic of shear reversal experiments - The breaking and re-forming of a contact 
network through shear reversal in dry granular matter in a Taylor-Couette geometry is illustrated 
schematically. The arrows indicate the relative movement of the cylinder walls and the red li nes 
through the part icles in the upper diagrams indicate the st ress transmission. The posit ive ancl negative 
signs show the principal direction of the stress t ransmission. When shear is started opposite to t he 
prior shear direction, t ransiently the material compacts and is easy to shear. Image frolll Falk et at. 
(200 ). 

differs from a steady state granular flow on Earth ind uced by rotational shear forces. 

2. To investigate if granular cony ct ion occurs in our granular system on the ground an I, if it docs, 

to determine if t he convection is enhanced or reduced in microgravi ty. 

3. To investigate if hysteresis (memory effects) that leads to a t ransient weakening of t h ' granular 

material occuring after shear reversal is enhanced or reduced in t he microgravity environment . 

4. To investigate how a granular material behaves when maintained at a constant volulIle without 

any confining pressure during shear (possible only in microgravity). 

4.3 Creating a microgravity environment 

In order to reduce the ambi nt gravitational acceleration during our experiments to l 'vels close to 

those found a t the surface of an asteroid we must find a way of acld ving microgravity. Microgravity, 

t he condi t ion of relative ncar weightlessness, can only be achi ved on Earth by jJlI t ting an object 

in a state of fr -fall. T here are several possible ways to do t his and many of t hese ar ' dis 'ussed 

b low. T he first possibility would be to use a drop tower. The drop tower contains a fre '-standing 

chamber within a concrete shell (this prevents th transmission of wind-induc d vibra tion , which 

could otherwise result in t he airt ight drop capsule hitting the walls). The duration of free- fall dejJends 

on the height of t he tower and the degree of evacuat ion (some faci lities perform drops at ve ry low 

pr sures to remove aerodynamic drag, others do not at tempt to create vacuum condi t ions). The 
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Figure 4.8: The Bremen Drop Tower Facility. - (a) The ZARM Drop Tower in Bremen. Im
age from the ZARM Drop Tower Bremen General Information (2000). (b) Standard drop capsule 
(pressurizable cover is removed). Image from the ZARM Drop Tower User Manual (2011). 

drop tower at the Centre of Applied Space Technology and Microgravity at the University of Bremen 

(Fig. 4.8 (a)), for example, has a 123-metre-high drop tube (actual drop distance is 110 m), which is 

pumped down to about 10 Pa ('" 10-4 atmospheres) prior to every free-fall experiment. This facility 

can provide 4.7 seconds of weightlessness with release of the drop capsule (Fig. 4.8 (b)) and this can 

be increased to 9 seconds with the use of a catapult. 

Parabolic flights can also provide a microgravity environment. Such flights are normally operated 

using modified comercial aeroplanes. During each parabola of a parabolic flight there are three dis

tinct phases: a ",20 second ",1.8 9 injection phase as the plane accelerates upwards, a ",22 second 

microgravity phase as the plane passes through the top of the parabola (during this period the pilot 

carefully adjusts the thrust of the aircraft to compensate for the air drag so that there is no lift), and 

finally, a ",20 second", 1.8 9 recovery phase as the plane pulls out ofthe parabola. Figure 4.9 shows a 

schematic explaining this process. During one flight there are several parabolas (31 with Novespace in 

Europe) and each flight campaign consists normally of several flights (3 with Novespace). This means 

that, with Novespace, there are 93 parabolas in one flight campaign giving approximately 30 minutes 

of (disconnected) microgravity in total. 

A third way of achieving microgravity is using a sounding rocket l . Sounding rockets are divided 

into two parts: the payload and a rocket motor. After the launch, as the rocket motor consumes its 

fuel, it separates from the payload and falls back to Earth. The scientific payload, which must be 

IThe name sounding rocket comes from the nautical term "to sound"which means to take measurements (http : 
/ /www.nasa.gov/missions/research//-BO'Imding.html). 
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28,OOOft .. 

24,OOOft 

20 sees 22 sees 20 sees 

Figure 4.9: The sequence of events during a parabolic flight - Schema tic explaining t he three 
distinct phases during a parabola: a ",,20 second "" 1.8 9 injection phase as the plane accelerations 
upwards, a rv22 second microgravity phase as the plane passes through the top of the parabola, and 
finally a rv20 second rv1.8 9 recovery phase as the plane pulls out of t he parabola . The alt itude of the 
aircra ft va.ries from rv6 to rv8.5 km. Image from CNES. 

fully automated , continues on a parabolic trajectory iuto space a.nd theu comes back down to Earth 

with the help of a pa rachute. The scient ific payloads a re carried to alt it udes of approximately 100 km 

and data is often collected and returned to Earth by telemetry links, which transfer t he data from the 

pa.yload directly to researchers on the ground. 

Flying an experiment on the International Space Station (ISS) is another possible way of obta ining 

microgravity. The ISS is in a low-Eart h orbit and provides a pla tform suita ble for long-term micro-

gravity experiments and microgravity experiments t hat require human researchers. If an experiment 

could be fully a.utoma ted it could also be put into a.n unmanned orbita l flight to achieve a very long 

period of microgravity. 

Magnetic levitation, a t echnique in which magnetic fields are used to coun teract gravi ty and 

sll spend an object , can a lso be used to simulate l1Iicrogravity. However, this is not a poss ible opt ion 

for our xperiment because, even if we were to levitate the AstEx shear cell , the individua l grains 

would still f, el the gravitational field . 

Another way of simulating a microgravity environment is neutral buoyancy; a techniquc which is 

used extensively ill astronaut training. A laboratory designed to perform such simulations consists 

of a large pool of wat('l' and tests a re performed underwater on equipment (such as robots, satellites 

and spacesui ts) specially d signed to be neut rally bouyant . eutral buoyancy is achieved when t he 

buoyant force is eqll al to the for of grav ity (i.e., th object has an equa l tendency to float ru it 

do sink). As t h forces can el out th re is no net force and the resul t is similar to micrograv ity. 

Of course, wh n using ncutral buoyancy th re are clearly effects of d rag from the water which would 

not b pre. 'nt in microgravi ty. Similarly to the problem for t he magnetic levitation, if we wanted to 

perform ollr xperiment in a neut ral buoyancy laboratory we would need to make every pa rticle in 

our xp riment neutrally buoyant . Addi t ionally, we do not want to have any influence of fluid s on 

135 



4. THE ASTEX EXPERIMENT: DESIGN AND PROCEDURES 

Table 4.1: Comparison of the different ways of achieving microgravity. The information for this table 
was taken from the ZARM Drop Tower Bremen General Information (2000). 

Level of microgravity Reduced gravity Manual access 

time 

Drop Towers 10-5 _ 10-6 9 ",10 sees no 

Parabolic Flight Aircraft 10-2 _ 10-4 9 ",20 sees yes 

Sounding Rockets 10-4 _ 10-5 9 minutes no 

Unmanned orbital vehicles 10-5 9 weeks to months no 

Manned Space Station 10-3 _ 10-5 9 hours to months yes 

our experiment. For both of these reasons it can be concluded that neutral buoyancy is not a feasible 

option for the AstEx experiment. 

Table 4.1 compares the advantages and disadvantages of each of the different ways of achieving 

microgravity that could physically work for the AstEx experiment: drop towers, parabolic flight 

aircraft, sounding rockets, unmanned orbital vehicles and the ISS. As can be seen in the table, the 

microgravity time available and the quality of the microgravity vary greatly between methods. 

In order to asses the best option for the AstEx experiment we need to have an idea of the timescales 

that will be required to perform the experiment. Figure 4.10 displays the characteristic timescales 

for a shear reversal experiment previously conducted on the ground (Losert & Kwon, 2001). After 

rotation of the inner cylinder is started at a rotation frequency of 0.02 Hz, a steady flowing state is 

reached within the first 0.4 seconds. When the motion of the cylinder is stopped and is restarted 

in the direction opposite to the prior shear direction, the steady flowing state is reached only after 

several seconds. A single complete shear reversal experiment takes ",20 seconds, which is similar to 

the microgravity time available during a single parabola of a parabolic flight. 
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Figure 4.10: Characteristic timescales of shear motion and shear reversal. - Average particle 
velocity as a function of time at different distances from the inner cylinder. Inner cylinder motion is 
started at t=Os. Previous motion caused by the inner cylinder is shown on the left and motion caused 
by shear reversal is shown on the right. The frequency of inner cylinder rotation was 0.02 Hz. Image 
from Losert & Kwon (2001). 

If the AstEx experiment could be fully automated it could fly on a sounding rocket. However, it 
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would be difficult within just one flight of a sounding rocket to perform the many experiments needed 

to ensure reproducibilty of the results. Therefore, assuming that the AstEx experiment requires a 

human researcher, and that the timescale required for the shear reversal experiments is approximately 

20 seconds, we are left with the choice of performing our experiment in a parabolic flight aircraft or on 

the ISS. Finally, in order to minise the cost of the experiment, we decided a parabolic flight campaign 

was probably the most feasible way forward. 

4.4 AstEx experimental hardware 

Described in this section is the hardware developed for the AstEx experiment. This section is based 

upon two documents that were compiled collaboratively by the AstEx team. The first document 

is the Experiment Safety Data Package (ESDP), a report on all the technical aspects of the AstEx 

experiment rack: size, mass, nature of all the components, resistance to shocks, behaviour in zero-g, 

electrical requirements, etc. The second document is a technical report about the AstEx experiment 

prepared for the ESA Erasmus Archive! . 

4.4.1 The AstEx experimental rack 

Figures 4.11 and 4.12 show how a Taylor-Couette shear cell is mounted inside the A300 Zero-G aircraft 

for testing in microgravity conditions. The experiment rack consists of two parts: a test compartment, 

and a laptop work station. The test compartment is where the experiments take place and it contains 

one removable shear cell at a time. Built into the test compartment is a motor powered by an inverter, 

an enclosed toothed belt pulley system, four illumination lights, and two high-speed cameras. Situated 

next to the test compartment is the laptop work station where two laptops are mounted to allow two 

experimenters to control the various components of the experimental hardware and to perform the 

experiments. The entire experiment rack is 1006 x 1250 x 750 mm in size, and has a total mass of 

",170 kg. 

4.4.2 The microgravity-modified shear cell 

The flow of granular material due to shear forces is studied using Taylor-Couette geometry as described 

above in Section 4.2 and Fig. 4.2. Figure 4.13 is a photograph of a single shear cell. The shear cells are 

mounted on a polycarbonate base 650 mm long and 450 mm wide before being placed into position 

in the experiment rack. Only one shear cell can be attached to the experiment rack at one time. The 

outer cylinder of each shear cell is made from a cast Acrylic tube with a 400 mm outside diameter 

'This document can be found here: 
http:// ero. spaceflight. esa. int/?pgexprecf3id=9 J 39f3t=264 J 532.544 f3oss=rozitis 
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Figure 4.11: Fron t view of the AstEx experimental rack - Design drawings of the AstEx exper
imental rack (front view). 

MotolTop 
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Figure 4.12: Rear view of the AstEx experim ntal rack - Design drawings of t he AstEx 
experimental rack (back view). 
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and a 5 mm wall thickness and the inner cylinder is made from the same material but with a 200 

mm outside diameter and a 3 mm wall thickness. This gives a gap size of 95 mm between the inner 

and outer cylinders, or ...... 32 bead diameters if 3 mm size beads are used. Both the inner and outer 

cylinders are 200 mm in height. When filled with beads to a height of 100 mm the whole unit (shear 

cell+base+beads) has a total mass of "'27.5 kg. The polycarbonate base features two handlcs used 

to carry and shake the shear cell. The outer wall of the inner cylinder is coated in a layer of beads 

to give a frictional surface. The inner surface of the outer cylinder is also coated in a layer of beads 

because this makes it closer to a possible real-world situation. This also avoids potential packing 

crystallisation from occuring - something which has been observed in other experiments that had a 

smooth outer wall (e.g., Wang et al., 2008). The inner cylinder has a steel shaft running through the 

centre and is attached to the outer cylinder by two bearings contained inside a housing unit. This 

steel shaft attaches to the driving shaft and transmits the torque produced by the motor to the inner 

cylinder. 

Figure 4.13: An AstEx Shear Cell - A photograph of the AstEx microgravity modified Taylor
Couette shear cell. 

Figure 4.14 shows the internal workings of a shear cell. In a normal Taylor-Collctte shear cell the 

granular material does not have a top constraint (e.g., Toiya, 2006). This allows the granular material 

to dilate and compact during shear experiments. However, without a top constraint in microgravity 

the granular material will just float away. To keep the granular material contained a movable and 

transparent pressure di:-;k is used. It is loaded by 3 weak springs to apply a very small force u:-;ing 
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sprung loaded ro ller balls (Fig. 4. 15). A more detailed discussion of the pressure plate is provided in 

Section 4.4.4. One of the transparent pressure disks was designed so that it can also be fixed in place 

to allow experiments to be performed at constant volume. To maintain a granular seal t he spaces 

between all moving parts are < 0.5 mm to prevent a single glass bead from escaping. 
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Figure 4.14: Internal workings of a microgravity shear cell - (1) Housing unit with bearing (2) 
Movable pressure disk (3) Pressure springs (4) Steel shaft (5) Fixed outer cylinder (6) F ixed bottom 
plate (7) Rotating inner cylinder (8) Camera viewport. 

Figure 4.15: The ball transfer unit - The ball transfer unit us d in the AstEx pressure plates. 

Since the shear cells are self-contained units each shear cell conta ins glass beads of a certain size 

t hat cannot be easily exchanged. The granular materia l (glass beads) fill s the shear cells to a height of 

100 mm. The glass beads used in the AstEx experiment were soda lillle glass beads with a dellsity of 

2.55 g em -3. In total three complete shear cells were built: one with 3 mm glass beads (",0.37 mi llion 

beads), one with 4 mm glass beads (",0.16 mi ll ion glass beads), and on - constant vo lu me shear cell 

containing 3 mm glass beads (1"V0.37 million beads) . The shear cells weI' designed so t hat they could 

be easily exchanged between flights when the plane is on the ground . This allows a ll three shear cells 

to be flown during the parabolic flight campaign; one per flight. 

140 



4.4 AstEx experimental hardware 

4.4.3 Shear cell mounting 

Figure 4.16 indicates how a shear cell is mounted inside the experiment rack. The shear cell itself is 

attached to the polycarbonate base via two aluminium securing bars. When a shear cell needs to be 

replaced the aluminium bars are undone, removed and then replaced again once the new shear cell is 

in position. The polycarbonate base, with a shear cell attached , is secured to the rack by four guide 

rods running through four holes in the polycarbonate base. Once in place t here are two sliding locking 

bars to connect the two guide rods on each side of the shear cell. When these bars are locked the 

polycarbonate base is fixed securely in place. When the locking bars are undone t he polycarbonate 

base is free to slide vertically up and down the guide rods. 

During a parabola the polycarbonate base is always locked in place to allow experiments to be 

performed. It is unlocked during level flight to allow the experimenters to shake the shear cell between 

parabolas to reset the granular material contained inside the shear cell for t h _ next experimental test 

(see the experimental proc dures in Section 4.5 and Appendix A). 

3 

Figur 4.16: h ar cell mounting - (1) Shear e ll. eeuring bars (2) Guide rods (3) Sliding locking 
I rs (4) Si l nt blocks (5) Support structure. 

4.4.4 Count racting imperfect m icrogravity 

Th microgravily I1vironm nt n a paraboli flight is not perfe t; there are small flu tuat ions which 

Novcspace aim to maintain within the limits of O±O.05 g. This means that at tim s the experim nt 

will experi nce small amounts of negative g. It is uncertain whether t his negative 9 will reset t he 
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grain contact network. To avoid the potential problematic effects of having negative gravity acting on 

the granular material the AstEx experiment was designed to ensure that all gravity fluctuations are 

positive. This is achieved by exerting a very low positive force on the top surface of the beads using 

the sprung loaded movable pressure disk described in Section 4.4.2. 

The packing fraction for randomly packed spheres ranges from 0.555 (in the a 9 limit) to 0.645 

(Onoda & Liniger, 1990). Assuming that, in 1 g, the beads initially fill the shear cell to a height of 

100 mm with a packing fraction of NO.6 then, if in microgravity the beads in the AstEx experiment 

dilate to a packing fraction of 0.555 the filling height would increase by 8.1 mm to 108.1 mm. If during 

the course of the experiments the beads then rearranged themselves to have the maximum random 

packing fraction (Le., 0.645) the filling height would change to 93 mm. For simplicity, we assume that, 

theoretically, the filling height can vary between 100 ± 8.1 mm during the course of an experiment. 

The mass of beads contained in the shear cell, assuming an initial packing fraction of 0.6 and a 

filling height of 100 mm is 13.47 kg. The force required to counteract the maximum amplitude of 

the gravity fluctuations (0.05 g) is 6.6 N. This force is distributed between 3 springs; each, therefore, 

exerts 2.2 N. A spring, which will provide a roughly constant force at all filling heights in the range 

100 ± 8.1 mm, would be very long and have a very low spring constant. This is, unfortunately, not a 

fea.<;ible solution. The solution chosen was to assume the springs each provide a force of 2.2 N at the 

normal filling height (packing fraction = 0.6), a foree of 0 N at the minimum filling height (packing 

fraction = 0.645) and a maximum force of 4.4 N at the maximum filling height (packing fraction = 
0.555). This is rea.sonable as the negative gravity fluetuations oecur during the microgravity phase 

when the part ide packing fraetion is at its low('st. Therefore, the pressure exerted is greatest ill 

mierogravity and this will counteract any effects of the negative gravity. Using these three forces at 

the three different filling heights and Hooke's Law l the required spring constant was calculated to be 

0.272 N mm-I. 

Although not perfectly constant, the pressure plate with these weak springs (Fig. 4.14) should 

"imulate the efI'ect of very low positive gravity. During the mierogravity phase of a parabola the par

ticles in the experiment will experience an effective gravity fluctuating between 0 and 0.1 9 depending 

on the partklH packing fraction. This is equivalent to pwssure variations of between 0 and 149 Pa 

assuming that the pressme is equally distributed over the entire area of the plate. 

Aircraft vibrations may also reset the contact networks s<'t up in the granular material. To get 

statistically valid results the experiment ideally needs to be free of aircraft vibrations and free of 

gravity jitters during the microgravity phases. To minimise these effects we attempt to isolate the 

shear cell from the aircraft vibra.tions. This is done by mounting silent blocks (a type of vibration 

I Hooke's Law states that F = kJx, where k is the spring coru;tllnt and 6X is the diHplac;e/lwnt of the spring. 6% is 
given by, 6X = Xo - x" where Xo is the free length and XI is the compretilif-'<1 length of the spring 
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isolator made of rubber) between the two strut profiles on which the shear cell is resting and the rest 

of the support structure frame (Fig. 4.16 ). 

4.4.5 The mechanical system 

The rotation rate for the inner cylinder of the shear cell was required to be very low i.e., <1 RPM. 

To provide the driving force a Watt Drive HU50C 64K4 inline helical geared motor is used. It is a 

three phase motor l and is controlled by a Moeller DF51-322-025 three phase inverter. The motor 

operates at 120 Wand runs at 1330 RPM. However, the motor has an in-built gear system with a 

ratio of 123.14:1, giving an output speed of 10.8 RPM. To achieve the desired rotation speed for the 

experiment a toothed belt pulley system is used to achieve the final 10:1 reduction in rotation rate. 

The driving shaft of the pulley system connects to the shaft of the inner cylinder via a pin and groove 

slotting principle. The inner cylinder shaft then rotates the inner cylinder at the desired very slow 

speed of <1 RPM. The specific rotation speed is set by the inverter, and a load trip is programmed 

to protect the shear cell if the torque transmitted to the inner cylinder becomes too great. 

4.4.6 Data collection 

Two high-speed cameras (Matrix Vision Blue Fox 120aG) image the top and bottom glass bead layers 

of the shear cells. The cameras, which each have a resolution of 640 x 480 pixels, are mounted to 

the experiment rack in the test compartment and image the glass beads through camera viewports 

built into the shear cells (see Figs. 4.11-4.14). Four energy-saving reflector lamps are mounted next to 

the cameras (two for each camera) to illuminate the glass beads. For the particle tracking algorithm 

(see Chapter 5) to be accurate particles must move <1/10 d hetwe<'ll consecutive frames (where d 

is the particle diameter). The fastest rotation rate used for the AstEx expprimcnts is 0.1 rad s-1 

which corresponds to a maximum speed of 10 mm s-1 at the inner shear cdl. The smallest particles 

used in the AstEx experiment (3 mm diameter) will take a minimum of 0.03 seconds to move 1/10 

d, therefore, a minimum frame rate of 3:1 fps is required for the part ide trarking algorithm. It Wf\.o; 

decided to use a frame rate of 100 fps. 

Two laptops are required for the AstEx experiment to collect and store data. One laptop controls 

the top camera and the second laptop controls the bottom camera and the motor. It was, of course, 

also important to ensure that the laptops do not have inbuilt frcefall sensors! 

It was intended to take 10,000 images with each camera during each experimental run. Tht:'sc 

10,000 images were to be recorded into the random access memory of the laptop (one laptop per 

I A three phase motor means the three circuit conductors carry three alt.ernat.ing CUlTent.s (of the same frequency) 
which reoch tlll'ir instantanoous peak values at difTerent times. One conductor is taken as the reference and the other 
two currents are dolayoo in time by one-third and two-thirds of olle cycle of the ele(:tric CUlTent. This dl'\ay betwl,(,U 
ph!\S('f! has the e/Tect of giving constant power transfer over each cycle of the current. 
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camera) during the experiment and then written to the laptop hard drive afterwards. For this to 

be succesful during the flight, the '" 6 GB of data had to be saved to the hard drive within the 

time between parabolas (Le., in less than two minutes). Saving the data using the standard software 

provided with the cameras was not fast enough and so Dr. Ben Rozitis wrote a special AstEx data 

acquisition software to optimise the process of recording the data. 

4.4.7 Health and safety requirements 

Since the glass beads used in this experiment are small (3-4 mm) they are given the same precautions 

as a fluid onboard a parabolic flight and, therefore, require double containment. The shear cells 

themselves are self-contained units and act as a single layer of containment. The acrylic used to make 

the shear cells is a high resistance polymer that is used to make bullet-proof windows. Finite Element 

Analyses performed by Thomas-Louis de Lophem show that the shear cell itself is able to withstand 

up to 40 g when filled with 15 kg of beads (this is well above the estimated 9 g peak force that could be 

experienced during a crash landing l ). In addition, to reinforce the structural strength still further, the 

shear cell is fitted with metallic U-shaped clamps and coated with an adhesive film. Therefore, even if 

the acrylic material was to fail, it would be prevented from shattering by the adhesive film. However, 

if in the very unlikely scenario that some fragments were ejected they would then be contained by the 

5 mm thick external polycarbonate panels that form the double containment shell. These panels are 

also reinforced by an adhesive film. 

Half of the top panel is able to slide open to give access to the shear cell in order to shake it and 

exchange it. This sliding access door has an interlock safety switch to automatically stop the motion 

of all moving parts of the experiment when the door is open. This ensures that no contact can be 

made with any moving parts at any time (despite the fact that the shear cell and polycal'bonate base 

also serve as a physical Larier to the moving parts). 

The complete electrical system of the experiment is protected by a single, easily accessible emer

gency stop button. In the event of an emergency, actuating this Lutton will cut off all 220 V AC 

power to the equipment. The electrical system is also protected by a differential circuit-breaker rated 

at 30 mA, and a fast-blow fuse rated at 6 A. Individual components of the experimental hardware are 

also protected by their own fuse but of lower values specific to their needs. 

Finally, before loading the experiment into the aircraft it was also covered in foam padding to 

prevent any accidents from occuring during the parabolas. 

1 It i.'i a Nuvespace requirement that the experiment be able to withstand the 9 9 peak force that could be experienced 
during a craah landing. 
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4.4.8 Hardware modifications during flight campaign 

All of the above details describe how the AstEx experiment was designed, prepared and built before 

going to Bordeaux for the two-week flight campaign. However, during the first week of the flight 

campaign (the preparation week) many further modifications were made to the AstEx experiment. 

These changes were made either upon request from the safety engineers (from ESA, Novespace or the 

Centre d'Essai en Vol [CEVj), or in order to improve the performance of the experiment. 

4.4.8.1 Changes requested by safety engineers 

During the preparation week the AstEx team were requested by the parabolic flight safety team to 

implement several changes. The changes requested were the following: 

• Installation of extended handle bars to make the lifting and shaking of the shear cell easier. See 

before and after photos in Fig. 4.17 (a) and (b). 

• Installation of additional motor grounding wires to provide further redundancy to the electrical 

system. 

• Addition of protective plastic covers to the light switches as they were directly switching 240 V. 

See before and after photos in Fig. 4.17 (c) and (d). 

• Addition of a removable strap around shear cell mounting and experiment rack to increase the 

number of attachment points from 5 to 6. Although 5 attachment points are more than sufficient 

for the normal operation during parabolic flight, it. was felt that the complete rack did not have 

the sufficient safety margin during a crash landing i.e., when the peak forces are ",9 g. This 

strap was added before take-off and landing but was removed once the aircraft had reached level 

flight to allow the experiments to be conducted. See before and after photos in Fig. 4.17 (e) and 

(f). 

• Have a pair of gloves available that must be worn during lifting and shaking of the shear cell 

in order to protect the experimenters hands from being accidently cut from sharp edges, and to 

protect them from being burnt from the light bulbs 

4.4.8.2 Changes to improve experiment performance 

In the final month before the flight campaign several last minute design changes to the experiment were 

requested following the safety reviews conducted by Novcspace, ESA, and the CEV. As a result, the 

experimental hardware was fully finished just a few days before the campaign started, leaving insuffi

cient time for the AstEx team to properly test and debug the experiment in its fully integrated form. 
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Figure 4.17: Before and after photos of the hardware changes requested during the 
parabolic fligth campaign - (a) Original shear cell handle bars, (b) Extended shear cell handle 
bars, (c) Unprotected switches, (d) Switches after the addition of protective plastic covers, (e) Re
movable attachmeut strap removed (f) Removable a.ttachcmcllt strap in place. 
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4.4 AstEx experimental hardware 

This testing and debugging phase therefore occurred during the preparation week of the parabolic 

flight campaign. 

During testing it was quickly discovered that when the motor is running it can cause an image 

transfer error in the data connection between the high-speed cameras and the laptops. This was 

occurring for roughly a third of all images taken and this would have been an unacceptable loss of 

data for the intended parabolic flight experiments. By showing that the problem still occurred when 

the laptops and high-speed cameras were run from the laptop batteries only i.e., by separating the two 

power supplies, we were able to identify the source of the problem to be electromagnetic interference 

from the motor and its inverter. Similarly, the motor inverter data connection to one of the laptops 

was unstable and the communication repeatedly timed out. These problems did not manifest when 

the components of the experiment were tested individually but only when tested as a whole unit. 

Unfortunately, the motor inverter was placed right next to the laptops and the USB data cabl!'s 

and could not be moved. The problem of electrical intereference was reduced by making three changes: 

• The USB data cables were all coverered with aluminium foil to act as a shield. 

• The USB data cables were moved as far away from the motor and inverter as possible. 

• By finding the optimal laptop/high-speed camera/motor inverter connection combination. 

After making these changes the problems occurred far less frequently but they did not disappear 

completely. If the experiment is to fly again the motor inverter should definitely be placed on the 

opposite side of the experiment rack and a special electromagnetic interference dampening device for 

the motor inverter should be installed. It would also be useful to coat the USB data cables in proper 

shielding tape. 

As mentioned in Section 4.4.6, it was initially intended to take and save 10,000 images for each 

experimental run using the data acquisition software written by Ben Rozitis to optimise the process of 

recording the data. This was tested several times before the campaign and did work very well as long 

as the laptop hard drives were running fast and efficiently. To ensure the laptops were fast and efficient 

it became routine to defragment the laptop hard drives on a regular basis between testing and between 

experiments. However, on one occasion in the days leading up to the first flight, the defragmentation 

process had the opposite effect on one of the laptop hard drives: the speed at which the data was 

saved was reduced drastically. At this slower speed it would not have been possible to save all of 

the images to the hard drive between parabolas. The problem was resolved by partitioning the slow 

laptop hard drive into two separate disk drives and completely re-formatting one of them. When the 

data acquisition software was rerun from the freshly formatted partition it was running at full speed 
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again. It still remains unknown as to why the defragment at ion process had such a counterintuitive 

effect. 

4.5 AstEx experimental procedures 

During the microgravity flight campaign there are three flights and in each flight there are 31 parabolas. 

As mentioned in Section 4.3 and shown in the schematic in Fig. 4.9, during each parabola there are 

three distinct phases: a '" 20 second - 1.8 9 injection phase, a ",,22 second microgravity phase, and a 

- 20 second - 1.8 9 recovery phase. Between the end of one parabola and the start of the next there 

is a 2 minute 1 9 rest period. This means the starts of the parabolas are 3 minutes apart. After each 

set of 5 parabolas it is standard procedure to take a longer 1 9 rest of 4-8 minutes. The experimental 

procedures during a flight must be carefully designed for such an environment and then executed with 

scrupulous timing otherwise there is a risk of losing data. There are two different experimental modes 

used during the microgravity flight campaign: 

• Mode 1 - The motor rotates the inner cylinder in the same direction for the full 20 seconds of 

microgravity . 

• Mode 2 - The motor rotates the inner cylinder in one direction for the first 10 seconds of 

microgravity and then stops and reverses the direction for the remaining 10 seconds. 

The first mode allows experiments to be perform<.->d investigating the steady state flow of granular 

materials under a constant shear rate. Thl) second mode allows experiments to be performed inves

tigating the flow of granular materials under a reversal of the shear direction. As we use the motor 

only to a fraction of its maximum operating power, and because it has a very large gearing ratio, the 

time taken for the motor to accelerate to the required speed or to reverse the direction of rotation is 

almost negligible. 

Only one shear cell is flown per flight. The experiment is prepared during steady flight before 

the parabola sequence begins (see Appendix A). During each parabola the same sequence of events is 

followed. Approximately 5 secowh before the start of the injection phase of the parabola the experi

menters start the high-speed camera.'l recording. During the'" 1.8 9 injection pha.-,e the experimenters 

do nothing except monitor the experilll£mtal equipment for any malfunctions. As soon a.'> the micro

gravity pha .. ,>o starts the experimenters start the motor. If the experiment is of type Mode 2 then 

halfway through the microgravity pha.,>e the direction of the motor rotation is reversed. During the 

",1.8 9 recovery phase the motor is left running. Finally, when the 1 9 rest phase starts the motor and 

high-spc'('d cameras are stopped. During the 2 minute rest period the experimenters ensure all data 
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from the high-speed cameras are saved to the laptop hard drives, and the shear cell must be prepared 

for the next experiment. The shear cells are prepared by inspecting them for any damage or leaks, and 

shaking them by hand to reset the glass beads back to a reaso~ably consistent initial arrangement and 

to attempt to remove any contact networks and possible memory effects from the granular material. 

This procedure is repeated for each parabola; however, during the longer 4-8 minute rests the motor 

rotation speed was also adjusted. After the fourth parabola in each set of five the shear cell was not 

shaken in order to determine if the shaking did or did not influence the results (see Section 5.4.3). The 

experiments that were planned for each of the three parabolic flights are described in Tables 4.2-4.4. 

4.6 Parabolic flight campaign 

4.6.1 Problems encountered during the flights 

4.6.1.1 Slow laptop hard drives due to aircraft vibrations 

The first problem encountered during the first parabolic flight was that both laptops were saving the 

high-speed camera images to their hard drives much slower than on the ground. As a result the data 

were not being saved to the hard drives in the time periods between parabolas. To reduce the time 

spent saving the data the amount of data taken during one experiment was reduced by changing the 

camera frame rate from 100 fps to 60 fps. This is still much higher than the minimum camera frame 

rate needed to allow accurate particle tracking (see Section 4.4.6). 

In addition, the length of time the cameras were taking images was also reduced during the flight 

i.e., the number of images taken per run was reduced from 10,000 to ..... 2,500. This meant that the 

camera was started a few seconds before the ",,0 9 phase and stopped a few seconds after the ",,0 9 

phase. Unfortunately, due to the changes that had to be made to the camera settings no data were 

recorded for the top camera during five of the first ten parabolas of the first flight. 

After the first flight landed the laptops returned to normal. It was determined, therefore, that 

aircraft vibrations were interfering with the hard drive write processes and making them much slower. 

Unfortunately there was no immediate fix for that problem so the camera frame rate was kept at 60 

fps for the rest of the flight campaign and betwccn 2,500 and 5,000 images were recorded for each 

parabola. 

In the current configuration the laptops are mounted directly onto the experiment base plate. If 

the AstEx experiment is to fly again and a higher frame rate is necessary, a possible solution could 

be to mount the laptops on top of foam pads/mats to absorb and dampen the aircraft vibrations. An 

alternative solution would be to replace the laptop hard drives with expensive solid state hard drives 

as they have no mechanical moving parts and would, therefore, be completely immune to the aircraft 
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Table 4.2: Planned Experiments for Microgravity Flight 1: ''Constant'' Pressure, 4 mm Beads. 

Parabola Number 1-4 5 6-9 10 11-14 15 16-19 20 21-24 25 26-29 30 

Bead Size (mm) 4 4 4 4 4 4 4 4 4 4 4 4 

Motor Rotation Rate (rad 5-
1

) 0.025 0.025 0.025 0.025 0.05 0.05 0.05 0.05 0.1 0.1 0.1 0.1 

Experimental Mode 1 1 2 2 1 1 2 2 1 1 2 2 

~I Shake before parabola? Y N Y N Y N Y N Y N Y N 
~ 
~ 
0 
~ 
u 
~I Table 4.3: Planned Experiments for Microgravity Flight 2: "Constant" Pressure, 3 mm Beads. 
Pot 
0 Parabola Number 1-4 5 6-9 10 11-14 15 16-19 20 21-24 25 26-29 30 Z 
< Bead Size (mm) 3 

0 
3 3 3 3 3 3 3 3 3 3 3 Lo":) 

Z ..... 
C Motor Rotation Rate (rad 5-1) 0.025 0.025 0.025 0.025 0.05 0.05 0.05 0.05 0.1 0.1 0.1 0.1 
10-4 
r:J) Experimental Mode 1 1 2 2 1 1 2 2 1 1 2 2 
~ 
0 Shake before parabola? Y N Y N Y N Y N Y N Y N 

~ 
Z 
~ 

~ 
10-4 

~I 
~ 

Table 4.4: Planned Experiments for ~Hcrogravity Flight 3: Constant Volume, 3 mm Beads. 
Pot 
><1 
~ 

Parabola Number 1-4 5 6-9 10 11-14 15 16-19 20 21-24 25 26-29 30 

>< Bead Size (mm) 3 3 3 3 3 3 3 3 3 3 3 3 
~ 
E-t Motor Rotation Rate (rad 8-1) 0.025 0.025 0.025 0.025 0.05 
r:J) 

0.05 0.05 0.05 0.1 0.1 0.1 0.1 

< Experimental Mode 1 1 2 2 1 1 2 2 1 1 2 2 
~ Shake before parabola? Y N Y N Y N Y N Y N Y N = E-t 
~ 



4.6 Parabolic flight campaign 

vibrations. 

4.6.1.2 Motor inverter connection timeouts 

During the first flight the data connection from the motor inverter to one of the laptops timed out 

multiple times i.e., the data connection was interupted. Reinitialising the connection would have taken 

more time than was available between parabolas so the motor inverter data recording was suspended. 

This meant that for much of the first flight we do not have a record of the motor performance. The 

electrical time out was possibly caused by electromagnetic interference, or due to the laptop hard drive 

slow down (see above). During the second and third flights the data connection timed out only once, 

meaning that an almost complete record is available of the motor performance from those flights. As 

the motor data is not used in the experimental analysis the electrical time-outs did not cause any 

problems. However, should the motor data be deemed important the problem would be prevented in 

the future by minimising the electromagnetic interference and laptop aircraft vibration problems as 

already described above. 

4.6.1.3 Stuck shear cell 

As described in Section 4.5, it was standard practice for one of the experimenters to shake the shear 

cells betwL>en experiments to attempt to remove any contact networks and possible memory effects 

from the granular material. During the third flight it became increasingly difficult to shake the shear 

cell between parabolas 11 and 17. Then finally, during parabola 18, the shear cell became permanently 

stuck. Unfortunately, this means that the motor was not started during parabolas 18 and 19 whilst 

attempts were being made to free the shear cell. However, during one of these parabolas the high-speed 

cameras were still started providing useful data on how the beads behaved in imperfect microgravity 

conditions without any shearing force applied (see Chapter 5). Despite the shear cell being stuck 

several centimetres above its normal position the drive shaft was still able to rotate the inner cylinder. 

Experiments were, therefore, performed as normal for the remaining parabolas of the third flight 

experiments but without the shaking of the shear cell between experiments. 

After the campaign had finished the experiment was transported back to the workshop at The 

Open University to free the stuck shear cell using a blow torch. Inspection of the shear cell drive 

shaft afterwards indicated that the two drive shafts had corroded and bonded together in the humid 

environment of the Novespace workshop. The corrosion occurred because the drive shafts were made 

out of mild steel which was a cheaper alternative to stainless steel. If the experiment is to fly again 

then the shear cell drive shafts should be remade out of stainless steal to prevent this problem from 

reoccurring. 
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Figure 4.18: The quality of microgravity - Two examples of t he gravity data during the micro
gravi ty phase of a parabola showing the acceleration in the z-direction (dashed black line), in the 
x-direction (dashed-dotted red line) and in t he y-direction (solid green line). (a) An example of a 
good parabola when the gravity levels remain within ± 0.05 9 (b) An example of a bad parabola when 
the gravity levels are, at times, much larger than ± 0.05 g. 

4.6.1.4 Quality of the microgravity 

One of the major issues during the parabolic flight campaign was the quality of the microgravity. 

Alt hough t he majori ty of the microgravity periods of t he parabolas during the first two fiights remained 

within the anticipated limi ts of ±0.05 9 the quali ty of the t hird flight was very poor. A combinat ioll of 

t urbulence and la rge cumulonimbus clouds tha t had to be avoided meant that during t he microgravity 

port ion of the parabola there were often gravity fluctuations much larger than ± 0.05 g. III Fig. 4.18 

the gravity data from two example parabolas are shown. Figure 4.18 (a) is an example of a good 

parabola, and Fig. 4.18 (b) is an example of a very poor parabola. 

4 .6.1.5 Quality of the hypergravity 

Originally the AstEx experiment was not intended to take advantage of the "-'1.8 9 period of t he 

parabolas. However, for reasons t hat will be discuss d in Section 4.6.2, in t he t hird flight experim nts 

were performed regularly during t he second "-'1.8 9 phase of t he parabola. At t he beginning of t he 

second hypergravity phase there is a sharp change from microgravity to having a vert ical acccleratioll 

of approximately "-'1.8 g. Next, t he gravity level remains at approximately "-'1.8 9 for 15-20 seconds 

and t hen finally t here is a decrease in vert ical acceleration back to the steady flight 1 9 level. However, 

t he gravity level sometimes has large flu ctuations around ",1.8 9 and t he t ransit ion from the vert ical 

acceleration of ",1.8 9 to 1 9 during this part of t he parabola is not always smooth. In Fig. 4. 19 t he 

gravity data from two example parabolas are shown. Figure 4. 19 (a) shows a parabola in which t he 

vert ical acceleration in second hypergravity phase remains relat ively constant around ",,1.8 9 and t hen 
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Figure 4.19: The quality of microgr avity - Two examples of the gravity data during a full pa rabola 
showing t he acceleration in t he z-direction (dashed black line), in the x-direct ion (dashed-dotted red 
line) and in t he y-direction (solid green line). (a) The vertical acceleration in second hypergravity 
phase of t his parabola remains relatively constant around ",-, 1.8 9 and then there is a smooth transition 
from "'-' 1.8 9 to 1 g. (b) The vertical acceleration in second hypergravity phase of this parabola has 
large fl uctuations and then during the transition the vertical accelerat ion drops to <0.7 9 before finally 
reaching 1 g. 

there is a smooth transition from "'-' 1.8 9 to 1 g. Figure 4.19 (b) shows a parabola in which the vertical 

acceleration in second hypergravity phase of this parabola has large fluctu ations and then during the 

t ransit ion t he vertical acceleration drops to < 0.7 9 before fin ally reaching 1 g. 

4.6.2 Problem s encountered b etween t he flights 

4 .6 .2 .1 J a mmed constant volume shear cell 

After t he second fl ight the pressure plate was to be replaced with the constant volume shear cell lid. 

However, t h constant volume lid had be n placed onto a spare shear cell during transport and it had 

become attached to this shear II. T he metal of the two part had bond d and , even with lubricant , 

hot water, bru te force , mall ts and the help of ha lf the taff of Novespace it was not possible to remove 

it. As a result w w re, unfortunately, forced to abandon the onstant volum xperiment. It was 

decid d to re-fl y t he 4 mm constant pr ssur shear cell with slightly altered procedure. 

During the thi rd flight the procedur s for the microgravity phases were kept identical to the first 

two flights for reprod ucibility but tit "'-' I. 9 ph, es wer also lIsed. As described in S ct ion 4.5, during 

th fi rst two flights th motor continued to run duri llg the second "",1. 9 phase of each parabola but 

often t he imaging stopped. During the third fl ight, in every parabola wh re shear reversal was not 

p rfonned in microgravity, sh ar reversal was performed in the second "",1.8 9 phase of the parabola. 

T he e new proced ures mean that shear rev rsal data is available in three different grav ity regimes ("",0 

g, 1 g, and "'-'1.8 g). 

153 



4. THE ASTEX EXPERIMENT: DESIGN AND PROCEDURES 

After transporting the experiment back to the workshop at The Open University it was found that 

the drive shaft was once again to blame for the bonded lid. As mentioned in Section 4.6.1.3, this 

design fault can easily be rectified if the experiment is to fly again by remaking the drive shaft out of 

stainless steel. 

4.7 Collected data during flight campaign 

Constant shear rate and shear reversal experiments were carried out in microgravity and 1 9 with 

granular materials of two different particle sizes (3 mm and 4 mm diameter), and with three different 

shear rates (0.025, 0.05 and 0.1 rad 8- 1). In some parabolas experiments were also conducted in 

the -1.8 9 regimes giving data for three gravity regimes (1 g, ",,0 g and -1.8 g). We additionally 

conducted a few experiments in which we did not shake the granular material prior to the parabola 

in order to determine if the shaking did or did not influence the results. 

Two experiments were performed where the beads were imaged without the motor rotating during 

steady 1 9 flight before the parabolas started. Two more experiments were performed where the beads 

were imaged dming the period of microgravity also without the motor rotating. These experiments 

should give us an indication of the infltll'nce of the aircraft vibrations and fluctuating gravity levels 

on the movements of the beads. This is discussed further in Chapter 5. 

Ou average images were taken at a rate of GO fps on both cameras simultaneously and we were 

able to cullnet on average -68 seconds of data per parabola. 

4.7.1 Summary of data collected 

A summary of the experiments performed and data collected during the parabolic flight campaign 

are given in Table 4.5. In some parabolas we were unable to collect data due to the issues outlines 

in Section 4.6.1. In Table 4.5 the paraholas during which we encountered prohlems have only been 

included if we got enough useful data from either or both cameras. 

During the flight campaign some experiments were also performed betw(~cn flights, on the ground, 

with the A:stEx (:xpcriment in its finaJ location in the plane. The details of all of these experiments and 

the data collected are given in Table 4.6. Due to the restricted time available, and the issues discussed 

in Section 4.6.1, experiments were not performed for both bead siz(:s at all rotational velocities. 

Several months after the flight campaign further ground-based tests were perfonlCd in the labora

tory at The Open University. Many cxperinwnts were perfornwd (uniform shear and shear reversal) 

with both bead sizes and at all three inner cylilld(~r rotational velocities. Unfortunately, when the data 

were analysed (using the methods desc:rib(!d in Chapter 5) the part ide dynamics were wry different 
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Table 4.5: A summary of the experiments performed during the 3 parabolic flights. Column 5 is the 
number of parabolas during which we performed each experiment and were able to record useful data 
over the course of the ESA 51st Parabolic Flight Campaign (*one parabola was aborted during the 
3rd flight). The other columns show the details of the different experiments performed throughout 
the campaign. 

Particle size Angular velocity ",0 9 phase Recovery ",1.8 9 phase No. of parabolas 

(mm) (rad 8- 1 ) (Uniform shear/ (Uniform Shear/ during which 

Shear reversal) Shear reversal) data collected 

3 0.025 Uniform Uniform 5 

3 0.025 Reversal Uniform 4 

3 0.05 Uniform Uniform 5 

3 0.05 Reversal Uniform 5 

3 0.1 Uniform Uniform 5 

3 0.1 Reversal Uniform 5 

4 0.025 Uniform Uniform 5 

4 0.025 Reversal Uniform 10 

4 0.025 Uniform Reversal 5 

4 0.05 Uniform Uniform 6 

4 0.05 Reversal Uniform 6 

4 0.05 Uniform Reversal 6 

4 0.025 Uniform Uniform 6 

4 0.1 Reversal Uniform 8 

4 0.1 Uniform Reversal 5 

4 0 2 

Total number of parabolas used out of a possible 92· 88 

to the experiments performed during the flight campaign. Specifically, the particle velocities were 

found to be larger in the tests performed in the laboratory compared to the tcsts performed during 

the flight campaign. The exact cause for this difference is unknown but it may be due to the fact 

that, after the bonded components of the shear cells were separated, they were well lubricated before 

being put back together. Therefore, there may be less friction between the components of the shear 

cell which increases slightly the rotational velocity. Another possibility is that the glue used to attach 

the particles to the outer wall of the inner cylinder has, over time, rubbed off onto the particles ill 

the shear cell and is now providing a cohesive force betwecn the particles. '\Thatevcr t.he reason may 

be for the difference the result Is that, although these laboratory experiments are useful for certain 

tests, only ground-based data collected during the flight campaign can be used to compare directly 

with the microgravity expf'riments. 

4.8 Chapter conclusions 

The AstEx parabolic fljght experimcnt was selectcd through a highly competit.ive process to be part 

of ESA's 'Fly your Thesis' programme. The experimf'nt, which investigates granular flow caused by 
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Table 4.6: A summary of the experiments performed in the plane but on the ground over the course 
of the ESA 51st Parabolic Flight Campaign. 

Particle size Angular velocity Type of experiment No. of experiments 

(mm) (rad S-I) (UnifOl'm shear/ performed 

Shear Reversal) 

3 0.025 Uniform 2 

3 0.025 Reversal 2 

3 0.05 Uniform 1 

3 0.05 Reversal 2 

3 0.1 Uniform 2 

3 0.1 Reversal 2 

4 0.025 Uniform 2 

4 0.025 Reversal 3 

4 0.05 Uniform 4 

4 0.05 Reversal 3 

4 0.1 Uniform 0 

4 0.1 Reversal 0 

shear forces in a Taylor.Couette shear cell, was designed by the AstEx team, built at the workshop 

at The Open University and then flew as part of ESA's 51st Microgravity Research Campaign in 

November 2009. Useful data was collected in a total of 88 parabolas (out of a possible 92) making the 

experiment a huge success, particularly for a student team who had previously had no experience of 

experiment design and development. 

Designing, building and flying a parabolic flight experiment was a very different process, in many 

ways, from how the AstEx team had imagined. Throughout the entire process from selection to the 

post-flight treatment of the eollect.ed data, the AstEx team were mnstantly learning. The lessons we 

learned eover mally different aspects, which include learning how to write successful proposals and 

sell our science, the hands on experience of designing and building an experiment which can produce 

valuable science yt~t satisfy incredibly strict health and safety requirements, being responsible for a 

budget, being responsible for our own public outreach 1, and having the ability to deal quickly and 

(·tIieiently with problems in a stressful environment! 

4.8.1 Lessons learned 

Highlighted below are a few of the key l(~ssons the AstEx team have learnnd which we fed are important 

to kepI> in mind for future flights and would also be useful information for future 'Fly your Thesis' 

teams. 

1. The design and construction of a parabolic flight experiment is an iterative process 

right up until the day of the first flight 

ISllC the wel.mit.e http://www.oTJen.ac.uk/pssri/astex/ designed, cOllstructlld, written and updated my myself. 
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4.8 Chapter conclusions 

There are three entities involved in running a parabolic flight campaign: Novespace, ESA, and the 

CEV. The first entity a team deals with after selection is Novespace. Teams are requested by Novespace 

to have the design finalised several months before the flight ~ampaign. However, as the experiment 

is designed and built expect many changes to be requested (sometimes major) by Novespace. They 

have several safety reviews of the design and can come to examine the experiment in person. Each 

safety review and visit is likely to result in requested changes being made to your experiment until 

they are convinced it meets all the necessary safety requirements. 

Next, once Novespace are satisfied with your experiment they will pass your design documents on 

to ESA. The ESA safety review, which takes place just a few weeks before the flight campaign, may 

again result in more changes being requested despite Novespace being satisfied. 

Finally, upon arrival at Novespace in Bordeaux for the parabolic flight campaign, Novespace, ESA 

and the CEV will all examine the experimental hardware, test the electrical wiring, and request to 

have the operating procedures demonstrated. Again, at this stage, just a few days before the first 

flight, it is likely that further changes or additions to your experiment will be requested before getting 

the final approval to fly. 

2. Expect the unexpected - especially when it comes to safety 

A parabolic flight environment is potentially a very dangerous one. ESA, Novespace and the CEV 

have a responsibility to ensure that the experiment will not put yourself or any other passengers at 

risk at any time. Any risk, however minor, of damage to the plane or injury to passengers is unac

ceptable. Understandably this responsibility is taken very seriously and the experiments must meet 

all requirements. However, it is highly likely that, even if you think you have considered absolutely 

everything and put in place all the necessary safety precautions, you will still be asked to do more to 

improve the safety! By the time we flew, the AstEx experiment had 4 levels of containment for the 

glass beads, was capable of withstanding over 40 9 of acceleration, and was almost completely bullet 

and bomb proof as well! 

3. De prepared for the paperwork 

The majority of the time spent working on a parabolic flight experiment in between selection and 

flight is consumed with paperwork. The ESOP (Experiment Safety Data Package mentioned in Section 

4.4) is a long document which mllst be continually updated, reviewed and modified. It contains very 

detailed design drawings, electrical diagrams, measurements and calculations. Do not under estimate 

the time it will take to complete this document to t.he required standards .. 

4. Plan carefully and ensure you have time for testing 

As a result of t.he points 1-3 above, running out of time during the experiment preparation is very 

likely. It is very important to ensure there is enough time to test and debug the experiment before 
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flying. Unfortunately, this is something that the AstEx team were not able to do. As a result there 

were many issues that were not discovered until during the parabolic flight campaign. 

If we were to do it all over again we would do everything possible to ensure we had a fully 

functional experiment a few weeks before the first flight. This would allow time for detailed testing 

of the hardware and would also provide test data so that the data analysis could also be tried and 

tested. When analysing the data it is possible that you will come across things that you would like to 

include in your experiments (Le., additional measurements or slight changes to the set up). Allowing 

time to look at some test data before the flight will provide the opportunity to make such additions 

or changes. 

4.8.2 Design changes for future flights 

The AstEx experiment worked very well but it could still be improved. Based on our experiences 

during the parabolic flight campaign a list has been made of the design changes the AstEx team 

would like to implement before any future flights. The AstEx team would like to: 

• Remake the mild steel shaft and mild steel fittings using stainless steel to avoid all problems 

with corrosion. 

• Rearrange the components inside the experimental rack to try to minimise electromagnetic in

terference from the motor and inverter. 'Ve would also add a special electromagnetic interference 

dampening device for the motor inverter, and coat the USB data cables in proper shielding tape. 

• Use solid-state hard drives to ensure no problems are caused by the aircraft vibrations when 

trying to save the data. 

• Implement a nwthod of measuring the torque, and thus the shear strength, during the experi

ments. 

• Implement a method of measuring the height of the pressure plate, and thus the dilation of the 

granular material, during the experiments. 

• AdjUHt the camera illumination lights so that their reflections off the pressure disks do not appear 

in the images. 

• Add in small accelerometer to the experiment, which is synced with the cameras, to record the 

gravity variations. 
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Chapter 5 

The AstEx Experiment: Data 

Analysis 

5.1 Summary of Chapter 

This chapter describes how the data obtained during the parabolic flight campaign (as described in 

Section 4.7.1) are processed through the AstEx data analysis pipeline. The data analysis pipeline 

starts with the analysis of images and continues through to calculations of partide velocities with 

many intermediary steps. A detailed uncertainty analysis is performed and then, finally, a study is 

presented which considers the effect of all factors that may influence the measured particle velocities 

and, thus, the final experimental results. Although some examples of processed data are given in this 

chapter the results are not discussed in detail until the following chapter. As a result, there are no 

detailed discussions of granular material dynamics in this chapter. 

5.2 Determination of particle velocities 

5.2.1 Particle tracking 

The raw data from the AstEx experiment are images. On average -4000 images were taken with 

both the top and the bottom cameras during each of the experiments. The first step in the data 

processing pipeline is to analyse these images, which involves detecting the particles in each image 

and then tracking the particles between consecutive frames. 

In each image approximately 600 particles can be seen (Fig. 5.1). Almost every single one of these 

particles is identified and subsequently tracked between consecutive images using an adaptation of a 
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5. THE ASTEX EXPERIMENT: DATA ANALYSIS 

subpixel-accuracy particle detection and tracking algorithm (Crocker & Grier, 19!)6). 

This particle tracking process is completed in several stages. First, a band pass filter is applied 

to smooth the image and subtract the background. Then, the individual particles must be identified. 

This is done using an algorithm that specifically searches for local brightness maxima. To aid particle 

detection, particle size (in pixels) must be specified. A pixel is then selected as a candidate particle if 

no other pixel within the radius of the particle is brighter. 

Next, the accuracy of the particles' position is improved. To do this the weighted centroids of 

the pixels in the regions around the locally brightest pixels are calculated and the centroid locations 

are then adjusted accordingly. At this stage a precise li::;t of particle coordinates in one image can 

be produced. In Fig. 5.2 these position coordinates are plotted over the original image to verify the 

accuracy of the detection. 

The following step is to detect the particles in all of the images taken during an experimental run 

and, finally, to construct two-dimensional pa.rticle trajectories from the list of particle coordinates 

determined for each frame (i.e., at discrete times). The algorithm which performs this task outputs 

the original data sorted into a series of trajectories assuming that no particle moves more than one half 

of a particle diameter in between frames (the results of the tracking are better if particles move less 

than one tenth of a particle diameter in between frames). Each of the identified particle trajectories 

(sometimes referred to as particle tracks) is assigned a unique ID number and a list containing the 

coordinates of the particle trajectories at each discrete time is produced. 

Finally, a test must be perform£'d to determine if the particles have been tracked to sub-pixel 

accuracy. The test involwR plotting a histogram of the fnwtional part of both x and y coordinates 

for all particle trajectories at each time. This test indicates whether there is any pixel biasing, i.e., if 

the cmtre of the particles are preferrentially located within certain regions of the pixels. In an ideal 

case, for large enough numbers of particles, these histograms should be flat showing that the partide 

positions are randomly distributed and that there is no bias in the results (Fig. 5.3 (a) and (b)). If this 

is the case then the centres of the particles are located with an accuracy of approximately 1/10 pixel. 

As is sometimes the case, the histograms do not appear flat (Fig. 5.3 (c) and (d)) and the parameters 

must be adjusted and the partide trU(;king process reinitiatcd (if sub-pixel accunwy is desired). 

5.2.2 Calculating the pixel scale 

The pixel scale WILS calculated using the check beads: t1wsc are beads which are glued to the top 

surfa(~e of the confining pressure plate. The real separations were measured, centre to centre, with 

vernier callipers. The mf'asured distances, shown in Fig. 5.4, are for the 4 mm shear cell and have 

an estimated uncertainty of ± 0.2 mm. The check beads were thml identified in the images and their 
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5.2 D etermina tion of pa rticle ve loci t ies 

Figlll'c 5. 1: A stEx example image - An rXil llJplr ill tage obta inrcl of t he' top lflye r of beads during 
a ll experilll ent. Part of t he inncr cy linder wall is s(,e'n O il t he right an cl part of the oll ter cyli lld('l' wall 
is 5e'('11 Oll the Ie' ft . T li t' two large bright whi te' spots are t lie' reflect ions of t. he lall1Jls 0 11 t Il(' PI'(,SS IIl'(' 

pl ntc. Fur t her reflections can also be se'cn close to t.he oll ter cylillder and close to (li e' in Jle r Cy lill<l('f. 

F ig lll'!' 5.2: AstEx example imago showing d etected pa rticles - Exall1 plc' of all t II(' part ic l!'s 
d('« 'I't<'d (hlt lP circlc's) ill or\(' irllage' (I)('fol'<' Hlly fil tNing). Ma ny poin ts ,Ir(' incol'lw'( Iy i<ll' l1 ( ifi('d liS 

par t iele's. Pa rt. of t.he i II liN ('yli lIder wall is S(,(, II 011 t he right a nd part of t lIP Oil t ('1' <'y l i 11<1('1' \Va II is 
Se('11 0 11 tlw 1(,1'1,. 
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0.2 0.4 0.6 0.8 
Decimal of x coordinate 

(a) 

0.2 0.4 0.6 0.8 
Decimal of x coordinate 
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0.2 0.4 0.6 0.8 
Decimal of y coordinate 
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0.2 0.4 0.6 0.8 
Decimal of y coordinate 
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1 
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Figure 5.3: Histograms demonstrating pixel biasing - Histograms of the fractional part of partide 
coordinates for a set of data. (a) and (b) shown the x and y coordinates for data with no pixel bia.'ling. 
(c) and (d) shown the x and y coordinates for data with pixel biasing. 
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centres were locatl'd (Fig. 5.5). 

56.2 mm 

o 

o 
~ 

5.2 D et ermination of particle velocities 

75.2 mm 

74.7 mm 
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o 
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54.5 mm 

Figure G.4: The dis tances between check bead s in mm - T hl' mf'Hs lIrC'd sf' paratioll dista ll( 'C's for 
t he chcck hea.ds O il the ,1 1\1111 shear cel l. The dist.allces have an 11ncertaint." of ± 0.2 III Ill . 

Fig1ll"c 5.5: The dis tances between check beads in pixe ls - T Ill' che('k bends (ic\C'llt ifi C'd by t he 
particle t mckill~ algorit.hlll ) in a ll im age alld th (' distancC's betw('('n t helll ill pixc' ls. 

The pixe l sca le ItL I he height o f the dlcck I)('ads (i.e. , O il tIl<' s urftH'l' of 111(' Ill'('SSlIrl' pial e), f011I1<1 

by c0111par illg UI<' illter-particle distal1ccs ill pixels nnd 111111 , is fi.43 ..j. 0 ,02 pi xC' ls flInl - l
. 

The viewi ng g£'olllPtry o f UJ(' check Iwads ill ('o ll lpariso ll I () I hI' top laYN of Iwads \\'il hill I hI' slwcH 

cel l is shown in Fig. !i.G. The pixe l scal(' t1111t has 1)('('11 caict ilnl ('d for t he check h('ads Oil I he surfan' of 

the presslir platC' will not be Lh(' sanw n.'i the pixcl1-icalc for t he layer of IWIlII:-; b('low I hI' prpsslln' pial p . 

T he clista lJ('C' from the calIl N(\. to the t.op of t h(' press tlrC' plate is 141 111111. T IH' check hr~a ds Oil t h!' 

fiurfn c() flrc 4 IlIITl in diameLc' r and tlH'Y sit at a ck'pth of Hf1 ProxillJ at.C' ly 2111111 illto till' pn'1-is lln' platf' (a 
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small hole was made to accommodate them). T he pressure plate has a thickness of 5 mm. Therefore , 

assuming the pressure plate is resting on the top laycr of beads <.:Ontained bclow, the Jifferellee in 

height between t he top of t he check beads and t he top of t he beads below will be 7 mm. T he distnllC'c 

to the camera from t he check beads, R l , is 139 mm aile! the distallce from the top layer of beads below 

t he pressure plate, R2, is 146 mm. The pixel scale (PS) will oecreru:;e with distallcc from the CallWl'a 

according to 1/ R, where R is t he clistance to the camera. T herefofe P S2 = P S, (R, / R2 ). As:",millg 

the pixel scale at t he check beads (P S2 ) is 5.43 ± 0.02 pi.xels mm- 1 we can then determine that t he 

pi.xel scale at the top layer of beads in t he shear cell (P S l) is 5. 17 ± 0.02 pixels lllI1l - ' . 

Pixel scale derived 
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valid at this height 
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Check beads 

Pixel scale for top 
layer of beads valid 

at this height 

Inner cylinder 

Figure 5.6: The As tEx v iewing geometry - The viewing geom try of the eh k bC'ads which a rC' 
glued to the top of t he confining pressure plate and the top layer of Iwads conta iJl('d wit h ill thc sh ar 
c 11. 

For t h bottom camera, where there arc no check b ads, th pix{'l scal was culc ulated by choosillg 

s veral part icles in a line from within a crystalli 'ed r gion (the bottom surfac(' WitS very crystll llis('d). 

T he distance b tween t he centres of a ll of t hese part icles an 1)(' combined wit h the known part icle 

raelius to calculate t h pixel scale. In t he few la boratory-based fllns that wet' also perfortn e'd with 

n·) pressure plate (sec Section 5.4.1) t he' pix I scal on the top surfa,ce was calC'lIlated as I;\.CC ll l'Uteiy as 

possibl using b('ad diam('ters. 
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5.2 Determination of particle velocities 

5.2.3 Calculating the centre of the shear cells 

Before any radial and angular displacements or velocities can be calculated t he centre of the two 

dimensional disk must be known (i.e., the centre of the two concentric cylinders) . 

The first step was to take one image and identify, by hand, several points distributed around 

the walls of the two cylinders. Points were chosen on the inner wall of the outer cylinder and on 

the outer wall of the inner cylinder (Fig. 5.7). This then gives a series of points for the large cylin-

U) 100 
Q) 
X 
Q. 

-200 Q) ...... 
al 
c 
-e 300 
o 
o 
() 

~400 

100 200 300 400 500 600 
X coordinate (pixels) 

Figur 5.7: Points used to calculat the centr of the h ar cells - The 3 points selectee! by 
hand on the inn r wall of t h Ollt r cylinder (left) and t he 32 points selected on t he outer wall of t he 
illn I" cylinder (right ). 

T calculate th . Iltl" points accurately it was n essary to minimise th difference between the 

knowll ra Iii and the calculated radii for a given set of c ' ntre poillts. To do this the Slimmed functions 

of A a.nd B as shown below « <1s. (1:::.1) and (5.2)) w re minimised. T he values of the two centre 

oord inntes that orr spond to th minimum values of A and B a rc thus t he ntrc coordinate, for 

h two cylind rs. 

A = t (RL - J(XL i - X )2 + (YL i - Yc)2f (5.1 ) 
i = J 
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B ~ t. (RS - J (XSj - Xc)' + (Y Sj - YC)' ), (5.2) 

Where RL = 195 mm x pLxel scale and RS = 100 mm x pixel scale. (X c, Yc ) are t he coordinates of 

t he centre position. As the circle centre coordinates and the ci rcle radii a re now known the full circle 

solutions can be plotted and compared to the original image to check for accuracy (Fig. 5.8). The 

coordinates found for the cent res of the two cylinders are (in pixels) : 

• Outer cylinder: (1103.41, 253.63) 

• Inner cylinder: (1103.61, 255.73) 

This disagreement is 0.04 mm in the x-direction and 0.41 mm in the y-direc tion (this corresponds 

to within 1/ of a 4 mm particle diameter or better in both cases). From t his point onwards the mean 

of this cent re position (1103.5, 254.7) is assumed for both cylinders for the normal set-up during the 

pa rabolic flight campaign. 

1500 .---~----~--~----~---, 
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~- .. .. , - 1000 ~ en , 
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X \ 
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--- , 
Q) ...... 
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~ I 
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0 , 
U , 

-500 
, 

>- , , ------ .. -, 

- 1000
0 500 1000 1500 2000 2500 
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Figur 5. : The final circle solutions - T he circle solutions for t he two 'ylil1dcrs, found via lIIin
imisation of the difference b twe n t h known radii and the calculated radii plott('d over the' origillal 
image. The solid black lin and t he dash d red line show the best fi t circle' solutioll for t il<' illn('l" alld 
outer cylinders, respectively. 

As ment ioned in Chapter 4 t her 'w re two cameras: on to imag th top surface a lld on ' to illlag 

t h bot tom surface. As also discussed in Section 4. 7.1 som addi t ional ('xpcrirn('nts were performed 

in the laboratory at T h Op n University several months aft r th parabolic flight C!ullpaign. III th e' 

la boratory tests the camera was not pia d in exactly th sam location as for the flight 'f\lIIpaign 

tests. Therefore, for each of the different geometries (including when t he shear ('(, 11 I)('cHill (' stuck at 
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5.2 Determination of particle velocities 

Table 5.1: The pixel scale and centre of the shear cells for each of the 8 different types of experiment 

Type of Experiment Camera Pixel' Scale Center of the 

(pixels mm- l ) shear cells (pixels) 

Flight campaign: normal set-up Top 5.17 (1103.5, 254.7) 

Flight campaign: normal set-up Bottom 5.6 (-507.0, 209.7) 

Flight campaign: end of Flight C Top 5.5 (1150.4,256.9) 

Flight campaign: end of Flight C Bottom 5.25 (-453.3,210.0) 

Laboratory based experiments: Top 5.25 (1108.5,260.1) 

rerun of Flight A 

Laboratory based experiments: Top 5.25 (1078.1,250.3) 

rerun of Flight B 

Laboratory based experiments: Top 5.25 (1108.5, 260.1) 

rerun of Flight A, no pressure plate 

Laboratory based experiments: Top 5.25 (1073.5, 245.4) 

rerun of Flight B,no pressure plate 

the end of Flight C) the pixel scale and the centre of the shear cells must both be calculated. A 

summary of the different geometries and the results of the pixel scale and locations of the centres 

of the shear cells are given in Table 5.1. Note that, although the data from the laboratory tests 

performed at The Open University are not used for comparison with the microgravity experiments, 

they are used for some tests such as to determine the influence of the pressure plate on the granular 

material (see Section 5.4.1). 

5.2.4 Removing spurious particles 

During the particle detection and tracking there are many points in the field of view which have been 

incorrectly classified a.., particles by the particle detection algorithm. These spurious particles, which 

can be seen in Fig. 5.2, are caused, for example, by reflections of the lamps on the pressure plate or 

by reflections of particles in the walls of the shear cell. 

To remove sllch spurious particles they must first be identified. This is done by determining the 

intensities and sizes of the tracked particles. Normally the spurious particles lie outside the normal 

range. Figure 5.9 shows the particles in one image plotted a.., a function of their brightness. Figure 

5.10 shows the same particles plotted as a function of particle size. The average brightness and particle 

size per particle trajectory are calculated and then, using the information obtained from the plots, a 

filtering criterion is applied to the data to remove the spurious data points from tracked-particle data. 

The spuriolls particles Olltside the shear cell i.e., with radii greater than that of the outer cylinder 

or less than that of the inner cylinder, are filt.ered out using the calculated radial coordinates of the 

shear cells as boundary conditions. 

Figures 5.11 and 5.12 demonstrat.e a fully filtered image with no spurious part.icles. All spurious 
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particles have been removed by a combination of pa rticle bright ness fi ltering, particle size filt ering 

and radial boundary filtering. As can be seen in F ig. 5.12 , real pa rticles are also sometimes lost in 

t he filtering process. This, unfortuna tely, occurs in regions of high interest , such as near the inner , 

rot ating cylinder on the top surface. A check, performed later in Section 5.4.2, demonstrates t hat 

losing these particles does not influence the measured particle dynamics . 
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Figure 5.9 : Tracke d particles plotted as a functio n of t h e i r brigh t n ess - Pa rt icles detec ted 
in one frame a r plotted in the location t hey were detected . T he colour represents t heir bright ll(,ss . 
P a rt icles a re not drawn to scale. 

5.2.5 P a rticle lifetimes 

Once the t racking has been performed a nd the spurious pa rticle!; have' be' ' II flltC're'd Ollt it is t hell 

p os ibl to invcstigat t h pa rt id tracks. F irst, t il pa rticl' lie t illles a re cO llsid(' red (i.e., tl)(' 1(, llgt h 

of the pa rt icle t ra ks) a nd t hen , in t he n xt s t ion, t he loc-ations of t he first and last a ppearaIIC '(' 

of each pa rticle a rc examined . To investigate t he pa rt ic1 ' li~ ' times, two x{\I llple ('X perilllC'llts W(' I"{ ' 

consid red for both the top a lld bottom cam ras. T he first 'xampie is one which is like ly to havc' thc' 

longest lasting particle t racks of a ny xperim nt i. ' ., a ll ('xperim lit wit h ti l(' :~ IIIIIl beads a lld ti l(' 

s low st motor rotation rat. The s ond ex, mpl is Iik Iy to have t h<' shor t('st particle' tra(' ks of a llY 

xperimcnt i.e., an experiment wit h the 4 mill Iwads and t he fastest Illotor rotat iOIl rat!'. 

To analyse t h mean t rack lengths as a function of distanc frolll t he moving illlle r cylilldPr t il( ' 

pa rti cl s a re separa t d , according to t heir rad ia l posit ion , into equal cylindric'al rings (rc' fC' rr( d to as 

radia l bins) reaching from the inn r cylind r wall to th ' out r cylinder wall (Fig. 5. 1 :\). Thc' II lC'iU I 

particle t rack lengths in each of t hes radia l bins, and for ach of h four different typ 'S of nlll are 

g iv n in Ta bl 5.2. From th 'se r sui ts w can draw s veral concl us ions. F irst, as c'x ]>c'C'te'c1, t hl' II lC'fU I 
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Figure 5.10: Tracked particles plotted as a function of t heir size - Particles detected in one 
frame are plotted in the location they were detected. The colour represents their detected size. 
Particles are Ilot drawn to scale. 
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< igllf(' ri. 11 : L a i n f parti les t hat hav urvived the filtering - Lo at ions of particles 
d ,t('ct 'd in ( lie fram nftN the filtNing proe s. Parti les hay bc n flit r d as a fun t ion of t h ir 
radial positi n, siz' an el brigit t llcss. purioLls palt i I s remain. Particles are not. drawn to seal . 
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Figure 5.12: Locations of particles that have surv ived the filtering plotted over the orginal 
image - The locations of the particles from Fig. 5.11 plotted over the original image to demonstrate 
which particles have survived the filtering process. The locations of all particles initially detected, 
including spurious particles, can be seen in Fig. 5.2. 

track lengths are shorter for the larger particles at the fastest angular velocity t han for the smaller 

particles at the slowest angular velocity. The mean track lengths are also longer on the bottom surface 

than on the top surface for all experiments. This is mostly because there is less motion in general 

on the bottom surface but also because in the radial bins where there is the most motion (i.e., radial 

bin 1), there are no light reflect ions so the particles do not disappear and reappear. The tracks 

are, unsurprisingly, shortest in the inner radial bins where the particles move fastest. The shortest 

mean track length in any radial bin is only 191 frames ("-'3 seconds) . T his occurs, as expected, on 

the top surface, in the inner rad ial bin for the largest beads moving at the fastest angula r velocity. 

Unfortunately, the short-lived particles occur in locations which are also the regiolls of interest (i .e., 

close to the shearing surface). However , as only sets of two consecutive frames are used to calcul ate the 

particle velocities (see Section 5.2.8), the short track lengths do not influence the measured velocities. 

This is verified in Section 5.4.2. 

5 .2.6 Particle births and deaths 

To continue the investigat ions of the particle tracks, the first and last appearance of each particle are 

examined. The first instance a particle is detected in an exper iment will be referred to as its "birth" 

and the last instance a particle is detected wi ll be referred to as its "death". Or, in otherwords, a 

particles is "born" when it appears for the first time and "dies" when it disappears for the last t ime. 

Most particle births and deaths should be located at the edges of the fi eld of view and around the 
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Figure 5.13: Example image showing the radial b ins used during the analysis - One image 
with the boundaries of the five radial bins plotted over the top. The particles are split into these 
radi al bins based on their radi al position . Radial bin 1 is closest to t he inner, rotating, cylinder (i.e., 
furthest to t he right in this image) . 

Table 5.2: M an particle track length in each of five radial bins are given for four different types of 
run. Bin 1 is th c10s st to the inn r cylind f . 

Mean Particle 'frack Le ngth (frames) 

Binl Bin 2 Bin 3 Bin 4 Bin 5 

3 mm beads, 0.025 rad S- I , Top surface 326 862 9 8 102-1 982 

3 mm beads, 0.025 rad S - I , Bollom surface <16-1 869 109<1 111 8 Jl44 

<1 mm beads, 0.1 rad S - I , Top surfac 19 1 28 913 1057 991 

4 mm beads, 0.1 rad S - 1 , Bollom surface 206 952 11 25 1078 67 1 
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5. THE ASTEX EXPERIMENT: DATA ANALYSIS 

light reflections. 

First, taking a constant shear rate ground-based experiment with an inner cylinder angular velocity 

of 0.05 rad s-l as an example, the locations of the particle births and deaths are plotted. Figure 5.14 

shows the locations of the birth and death of all particles on the top surface (a) throughout an entire 

experiment (Le., including the time before the motor is switched on and after the motor is switched 

off) and (b) during a 20 second period of motor rotation of the same experiment. Note that in the 

second plot there are many fewer particles. This is because those particles that are born before the 20 

second period of motor rotation are not plotted. Likewise, those particles that die after the 20 second 

period of motor rotation are also not plotted. 

There are more particle births in the top right of the image and more particle deaths in the bottom 

right of the image. It can, therefore, be concluded that the motor is rotating from large to small y 

(Le., towards the bottom of the page as drawn in Fig. 5.14). As there are so few particles in the 

second image this demonstrates that most particles, especially in the middle of the field of view, have 

long lifetimes and, therefore, are born before the 20 second period of motor rotation and die after the 

20 second period of motor rotation. This implies that there are only very few particle tracks affected 

by the light reflections. 

To see exactly how many particles are being born and are dying near the light reflections or at the 

edges of the field of view, a 3d plot was produced showing the number of particle births and deaths at 

each location (Fig. 5.15). Figure 5.15 shows the number of births and deaths at each location on the 

top surface during a 20 second period of motor rotation. These figures show that the areas affected 

by the light reflections in the bulk are very well defined and are localised in just a few places. The 

same exercise is repeated for the bottom surface of the same ground-based experiment. Figure 5.16 

shows the location of all births and deaths on the bottom surface (a) throughout an entire experiment 

and (b) during a 20 second period of motor rotation of the same experiment. Figure 5.17 shows the 

numbers of births and deaths at each location on the bottom surface during motor rotation. The 

highly localised nature of the births and deaths due to the light' reflections is even more evident on 

the bottom surface. 

From this analysis it can be concluded that the overall particle dynamics are unlikely to be influ

enced by the particles appearing and disappearing near the light reflections as there are many more 

particles completely unaffected by the light reflections than there are particles affected. 

5.2.1 Smoothing the data 

Using the particle positions in each frame, the average angular displacement and velocity of every 

particle can be computed. However, in order to extract meaningful information from the raw tracking 
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Figure 5.1 4: The locations of parti I births and d ath on the top s urfa ce - T he locat ion of 
th first tim a parti I is d teet d (i. e., t h 10 ation of its "birth") is represented by a red ci rcle and 
the locatioll of th lru t tim a pa rti I is d t eted (i.e., the location of its <Cd ath") is repr ent d by a 
bllle ross. Lo ati n of all part i I birth. and deaths are. hown (a) t hroughout an ('nt ir experiment 
and (b) during a 20 s .cond period of onstant mot r rotatioll at 0.05 rad 5 -

1 on t he ground . 
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Figure 5.15: N u mber of part icle bir t hs and deaths on t he top s urface - The numb r of particle 
births (a) and deaths (b) in ach location on the top surfac of a 20 second period of onstnnt il1lH.'r 
cylinder rotation at 0.05 rad S- I . This xp riment was p rform d 011 the ground. 
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Figure 5.16: T h location o f particl b irths and d ath on th bottom urfnc - 'I'll(' location 
of a parti I birth is l' pI' S ntcd by a r d circle and t h . location of a parti I d, th is represent, d by a 
blue cr . scs. Lo at iolls f a ll particle birt hs and deaths a rc howl! (a) throughout an clltir experiment 
and (b) during a 20 second pC'fiod f onstant motor rotatiol! at 0.05 rad 5 -

1 
011 the ground . 
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Figure 5.17: Number of particle births and deaths on the bottom surface - Thc numbcr [ 
particle births (a) and deaths (b) in ach location on th bottom surfac of a 20 l)ccond p 'rioel of 
constant inner cylinder rotation at 0.05 rad S - l . This experiment was pcrform d on t h ground . 
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5.2 Determination of particle velocities 

data the positions of the particles must be smoothed over time. Without performing such smoothing 

the data would be dominated by noise. First, the particle positions (in Cartesian coordinates) are 

smoothed using a smoothing algorithm. The standard smoothing function available in Matlab employs 

a moving average filter. It was decided to employ a slightly more complex algorithm to perform a 

local regression weighted linear least squares fit. This algorithm, also known as a loess model (first 

proposed by Cleveland, 1979) separates the data into small subsets and then each subset is fit using 

a polynomial. The data in the subset are then weighted using least squares giving more weight to 

the points whose value are close to the value of the polynomial fit and less weight for those points 

whose values are far from the value of the polynomial fit. For the case of the AstEx data a second 

order polynomial is used. The size of the subsets of data are determined by the span of the smoothing 

algorithm: the wider the span, the more data that will be included in the subset. 

The loess model is more computationally demanding than some other types of smoothing function 

(such as linear least squares regression), although, one of the main advantages of this method is that 

there is no need to specify a global function to fit a model to the data (as the data are fit in localised 

subsets). Another advantage of the loess model is that it prevents deviant points from distorting the 

smoothed points (Cleveland, 1979), something to which the standard moving average filter may be 

susceptible. 

5.2.8 Calculating mean particle velocities 

After the particle trajectories have been tracked, filtered and smoothed as described above, the in

stantaneous particle velocities are calculated in a process involving several steps. First, the smoothed 

positions for each particle (in Cartesian coordinates) are adjusted, using the coordinates at the centre 

of the cylinders as calculated in Section 5.2.3, so as the centre of the shear cells lies at position (0,0). 

The particle positions are then transformed from Cartesian coordinates to Polar coordinates. 

Next, the angular and radial displacements, betwccn every two consecutive frames, are determined 

for each particle. Finally, using the camera frame rate and the pixel scale determined in Section 5.2.2, 

the angular and radial dil;pla.cements are converted into an instantaneous angular and radial velocity 

in units of rad s-1 and mm S-I, respectively. 

Once the instantant-'Ous particle velocities have been calculated the particles are then separated, 

according to their radial position, into radial bins reaching from the inner cylinder wall to the outer 

cylinder wall (Fig. 5.13). Once the particles have been divided into radial bins the mean angular 

and radial particle velocities per bin can then calculated as a function of time during the experiment. 

The mean angular and radial particle velocities per radial bin will be referred to as V9 (t) and Vr(t), 

respectively. 
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5. THE ASTEX EXPERIMENT: DATA ANALYSIS 

The experiments were all controlled by hand and, therefore, the time at which the motor starts, 

relative to when the cameras start recording, varies between experiments. To be consistent during the 

analysis the motor start time was defined as the moment when Ve(t) in the inner radial bin reaches 

(1/5) w where w is the inner cylinder angular velocity. In all experiments there is an initial acceleration 

of the particles after the motor is turned on. The mean particle velocity then takes 1-2 seconds to 

reach a steady state. Therefore, any steady state analysis discussed in the following sections and in 

Chapter 6 considers particle motion starting from 3 seconds after the motor start time. This moment 

is, henceforth, referred to as the analysis start time. 

U nsurprisingly, Ve (t) and Vr (t) are highly dependent on both the span of the smoothing algorithm 

(Figs. 5.18 and 5.19) and the size (and number) of the radial bands (Figs. 5.20 and 5.21). It is, 

therefore, important to always ensure that the same degree of smoothing has been applied to the 

data and the same number of radial bins used when making direct comparisons between any two 

experiments. When choosing the degree of smoothing it is important to attempt to retain as much 

information as possible about the particle behaviour without allowing the data to be dominated by 

noise. In the majority of the analyses performed with the AstEx data the smoothing algorithm has 

been applied with a span of two seconds (between 120 and 196 frames depending on the camera frame 

rate). 

One key feature that is evident in all of these plots of mean particle velocity as a function of 

time, but particularly in the plots of mean angular velocity (Figs. 5.18 and 5.20), is the presence of 

large-scale correlated fluctuations. There appears to be correlated motion from the inner to the outer 

radial bin. The source of these fluctuations, which are affecting all particles across the entire width of 

the shear cell, was originally unknown. After extensive research into all of the possible causes of such 

fluctuations, the conclusion was made that they are not caused by any hardware issues, nor are they 

introduced during the particle tracking or binning processes. The cause is real events occuring within 

the granular material, probably linked to force chain breaking and reforming. A full report on how 

this conclusion was made and all of the tests performed investigating the correlated and fluctuating 

particle velocities and associated issues can be found in Appendix n. 

Considering the plots of mean radial velocity versus time (Figs. 5.19 and 5.21) it can be seen that 

the magnitude of the mean particle radial velocity is generally small «1-2 mm S-I) and that the mean 

radial velocity always fluctuates around zero. To determine if there is any bulk motion of part ides in 

the positive or negative direction the radial velocities of particles must be binned over a longer period 

of time. 

Figure 5.22 shows the mean particle radial velocity in the inner radial bin (of five) as a function of 

time for a ground-based experiment (0.05 rad s-1 inner cylinder angular velocity and 4 mm particles). 
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Fig ure 5.1 : E ft ct of m oo t hing on mean p a r t icl angular velociti s - T he particle have been 
spli t into fiv radial bins and t h m a n Vo for ach radial bin is plotted as a fun ction of t im . In each 
of th thr figur a dif} r nt I v I of smoothing has bern appli d to t he da a b for calculating the 
m an Vo . A smoothing span of (a) one s cond (60 fram es), (b) two sC'concis (120 fr am s) and (c) four 
s conds (240 fr am s) hay b ' n applied , resp ctiv Iy. 1'h exp rim ' nt used as an example here i a 
c n. tant shear rate exp ril1l ent p rform d in lIlicrograv ity with 4 mm particles a nd an inner cylinder 
angula r velocity of 0.05 rad 5 - 1. The r spective rad i, I bills, with bin 1 being th lose t to the inn 'r 
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F igure 5.19: Effect of smoothing on mean particle radial velocities - T h particle's havc /)e'cn 
spli t into five radial bins and t he mean Vr for ach radial bin is plotted as a fun t ion of tilllC. In ('(tch 
of the t hree figures a different level of smoothing has been applied to t he data beforc calculatillg the 
mean Vr . A smoothing span of (a) one second (60 frames), (b) two seconds (120 frames) and (c) four 
seconds (240 frames) have be n applied, respectively. The experiment used as (t il xarnple h 're is a 
constant shear rate experiment p rformed in microgravity with 4 nun part icles and an inner 'ylinder 
angular velocity of 0.05 rad S- I . T he respective rad ial bins, with bin 1 being t h clos st to t he illller 
cylinder, a re: bin 1 (green), bin 2 (blue), bin 3 (r d), bin 4 (cyan), bin 5 (black). 
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Figure 5.21: Effect of d ecreasing radial bin width (and increasing radial bin number) on 
mean particle radial velocities - T he particles have been split into fi ve radial bills and the mean Vr 
for each rad ial bin is plotted as a function of t ime. In the three plots t he particles have been spli t into 
(a) five, (b) ten and (c) fifteen radial bins, respectively. T he experiment used as an 'xampl bere is a 
constant shear rate experiment performed in microgravity with 4 mm part icles and an inner cylinder 
angular velocity of 0.05 rad S-1. For each figure the span of t he applied smoothing is 2 seconds (120 
frames). The respective rad ial bins, with bin 1 being the closest to t he inner cylinder, are: bin 1 
(green), bin 2 (blue), bin 3 (red), bin 4 (cyan), bin 5 (black). Where appropriate, bins 6-10 usc the 
same colours as bins 1-5 but with a dashed line and bins 11-15 usc the same colours as bins 1-5 bu t 
with a dashed-dotted line. 
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Figure 5.22: Mean radial velocity averaged over different sizes of time bin - The mean Vr of 
the inner radial bin (of five) as a function of time for the top surface in a ground-based experiment. 
The inner cylinder has an angu lar velocity of 0.05 rad s- I and the particles a re 4 mm in diameter. 
The mean particle rad ia l velocity has been averag d over time periods of (a) 1 second , (b) 2 seconds, 
(c) 5 seconds and (d) 10 seconds, respectiv ly. The mean Vr per time bin is plotted and the error bars 
represent the scatter of v locities (standard devi ation ) within the given time period. 

The particle velocities have be n averaged over different time periods. The mean part icle rad ial 

velo ity in the given time p riod and the scatter of velociti s (standard deviation) wit hin that t ime 

period are plott d. In this example it call b s en t hat, as the size of t he t ime bin increases above 1 

s cond, the net n gat ive motion of the particles is asier to see. However, a time bin size of 10 seconds 

is too large for the AstEx data given th 22 second duration of t he micrograv ity phase. Therefore, a 

tim bin of 2 or 5 seconds wi ll b us d wh 'n examining the hang of Vr over t ime. 

In ord r to ompar xp rim nts at differ nt inner y linder rotationa l velocities and with different 

bead sizes, an attempt is made to normalise th resu lts . Th mean pa rt icle angular velocity, Yo, will 

often be plotted in its normalised form , 

(5.3) 
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where w is the inner cylinder angular velocity. Similarly, the mean particle radial velocity, Vr , will 

often be plotted in its normalised form, 

V:* = Vr 
r (aw) (5.4) 

where w is again the inner cylinder angular velocity and a is the inner cylinder radius. To normalise 

also the rate of shear, the mean particle velocities are often plotted as a function of the inner cylinder 

displacement rather than against time. The inner cylinder displacement, in particle diameters, is given 

by (awt)/d, where a is the radius of the inner cylinder, w is, once again, the inner cylinder angular 

velocity, t is time and d is the particle diameter. 

This provides a way of comparing different types of experiments with different particle sizes and 

at different shear rates. However, in the following sections the mean particle velocities will not always 

be plotted against inner cylinder displacement. This is because, for the AstEx experiment, the time 

at which events occur e.g., the transitions between the gravity regimes, is very important for some 

types of analy!>is. Therefore, the approach for representing the time will be chosen depending on the 

goal of the analysis. 

5.2.9 Mean velocity profiles 

To calculate the mean particle velocity profile (Le., mean particle velocity as a function of distance 

from the inner shearing cylinder) the particles are first separated into radial bins. Next, the mean 

particle velocity in each of the radial bins is calculated over a period of fifteen seconds (Le., from the 

analysis start time to the analysis start time+15 seconds). Fifteen seconds was chosen as this is a 

long enough period of time to obtain reasonable statistics and it also falls well inside the duration of 

microgravity during each parabola ( ",22 seconds) 1. 

To calculate the mean angular velocity profiles one hundred radial bins were used. An example of 

an angular velocity profile for the top surface of the 4 mm beads on the ground at an inner cylinder 

rotational velocity of 0.05 rad 8- 1 is shown in Fig. 5.23. The normalised mean particle angular velocity, 

Ve* (see Eq. (5.3)), is plotted as a function of distance from the inner cylinder (Le., distance from the 

shearing surface) in particle diameters. 

The radial velocity profiles are calculated in the same manner as the angular velocity profiles. 

However, the radial bins used to represent the mean radial velocity profile need to be sufficiently large 

to capture the small-scale motion in the radial direction but also sufficiently small to ensure that 

important details are not being masked during the radial binning process. The mean radial velocity 

ITests were also performed taking two periods of 7.5 seconds instead of one 15 second period. The mean velocity 
profiles for the two shorter time periods are consistent to within error bars and also lie within the error bars of the mean 
velocity profile of the 15 second period. 
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Figure 5.23: Mean angular velocity profi le example - Vo* (see Eq. (5.3)) is plotted as a fun ction 
of distance from the inner cylillder. The experiment is a constant shear rate experiment with an inner 
cylinder angula r velocity of 0.05 rad S- 1 on the ground : (a) Full angular velocity profile. (b) Angular 
velocity profile of the shear band (Le., of t he first 8 part icle diameters). The error bars represent thf' 
stalldard deviation of Vo* over t he fiften second t ime period (this will be defined as the S2 scatter of 
Vo* in Sect ion 5.3.2) 

profi le for one experiment is calculated using 5, 10, 20 and 30 radial bins and the results are shown 

in Fig. 5.24. In the t ltese fi gures the normalised mean rad ia l velocity, 11,:" (sec Eq. (05.4)), is plotted a.c; 

a fun ct ion of distanc from the inner cylind r. This exercise has demon. trated that some information 

is being overlooked when using 05 or 10 rad ia l bins. Additionally, no more information is gained in 

having 30 rad ial bins instead of 20 radia l bins. Therefore, it was decided t hat 20 rad ial bins was the 

most suita ble -Itoice alld t hat t it is Ilumber of bins should be used from now on when comparing the 

m an rc d ial velocity pl'ofil _. 

5.3 Unc rtainty analysis 

In t it AstEx xperim nt t her • is a ll tin ' rtflinty introduc d to the data dur ing the part icle detection. 

T his will be dis tl ss .d in tit first of th two s ct,iolls dealillg with the tin ertainty analy is in the AstEx 

data. 1 h s· olld s t ion wi ll c1 escrib an analy. is p rform d to understand th d ifferent cont ributions 

t t il(' till ertain ty of t it m .3011 velocity values c ming frOI11 t h atter of part icl veloci t ics b tw en 

particl ,ov r im and , ven tl a lly, betw en differ nt xp rim nts of the sallle type. 

5 .3 .1 Estimating the observational une rtainty 

T h obs .rvatiollal un erta in y aris s from t he particle tracking which, if performed COlT ctiy, locates 

th centr s of t h particles with an accuracy of 1/10 of a pix 1. In this s ct ion, by working throtlgh 

t h st ps involv d to go from part icl ordinatc in art ian coord inates to angu lar and radial 
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Figure 5.24: Choosing the bin size for radial velocity profiles - Vr* (see Eq. (5.4) is plotted as a 
function of distance from the inner cylinder for one experiment using (a) 5, (b) 10, (c) 20 and (c) 30 
radial bins. The error bars represent the standard deviation of Vr* over the fiften second time period 
(this will be defined as the S2 scatter of Vr* in Section 5.3.2). The experiment is ground-based with 
4 mm bea.ds and an inner cylinder angular velocity of 0.05 rad 8- 1. 
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5.3 Uncertainty analysis 

velocities, an estimate will be made of the uncertainties in the instantaneous and mean angular and 

radial velocities of the particles due to the uncertainty in the particle detection. 

The first step after particle detection and tracking is to convert the Cartesian position coordinates 

of each particle (x, y) and associated uncertainties (&x, &y) to Polar coordinates. The r coordinate is 

given by, 

(5.5) 

and the 0 coordinate is given by, 

(5.6) 

Assuming that ox is equal to Oy then we can define an error in the position, dp, which will be, 

&p= v2dX. (5.7) 

The rand 0 coordinates will then have associated uncertainties of, 

dr = v26p (5.8) 

and 

(5.9) 

Then two consecutive radial positions of the particle (rl and r2) are combinnd to give a radial dis

placement (Sr) between the two consecutive frames, 

(5.10) 

with 

&Sr = 2&p. (5.11) 

Similarly, two consecutive angular positions (01 and ( 2 ) are combined to give the angular displacf'ment 

(So) between the two conspcutive frames, 

(5.12) 
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with 
2 

8So = -8p. 
r 

(5.13) 

Finally, the radial di<;placement (Sr) in pixels is then converted into an instantaneous radial velocity 

(Vr ) in mm s-1 using the following equation, 

(5.14) 

with 

8V. = 2fps 8 
r PS P (5.15) 

where PS is the value of the pixel scale and fps is the number of frames taken by the camera every 

second. Then the angular displacement (So) is converted into an instantaneous angular velocity (Vo) 

in rad s~1 using the following equation, 

Vo = fpsSe. (5.16) 

The angular velocity will, therefore, have an uncertainty given by, 

(5.17) 

It is then possible to estimate the minimum and maximum values of 8Vo and tSVr • As mentioned 

in Section 5.2.1, if the partide detection and tracking is performed correctly then the centres of the 

particles are located with an accuracy of'" 1/10 pixel, therefore 8p = 1/10 pixel, or for the case of the 

normal set-up when PS = 5.17 pixels mm- 1, we have t5p = 0.019 mm. Assuming the camera frame 

rate is 60 fps (as was the ca.'le for most of the experiments) this gives, for the normal sft-up, c5Vr = 

0.45 mm s-1. Assuming the range of r in the field of view is 100 mm < r < 195 mm, the range of c5Vo 

is then 0.011 rad 8-1 < c5Vo < 0.023 rad S-1 with the largest uncertainty in 8Vo being the closest to 

the inner cylinder. Full calculations are given in Appendix C. Table 5.3 gives 6Vr and the maximum 

6Vo for ea.ch of the different experiment set-ups used for this thesis. 

However, this uncertainty is the maximum possible error in the instantaneous velocity for one 

particle. It is not the uncertainty in the mean partide velocity over its lifetime. The maximum 

uncertainties in the mean angular and radial displacements of a particle over the lifetime of a particle 

track are, 

!:.Sr = 28p (5.18) 
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and, 

2 
!::.So = -6p 

r 

5.3 Uncertainty analysis 

(5.19) 

respectively. This gives an uncertainty in the mean velocities over the particle's lifetime of, 

!::.Vr = !::.!.r 
A 

(5.20) 

2 
(5.21 ) !::.Vr = =6p 

A 

and, 

!::.Vo = !::.!.o 
A 

(5.22) 

2 
(5.23) !::.Vo = -=:6p 

rA 

where A is the mean track length of the particles. We can then estimate the maximum uncertaint.y in 

the mean velocity of a particle over its lifetime by making use of the mean particle lifetimes from Table 

5.2. We will estimate the maximum values of !::. Vr and!::. Vo in t.he inner radial bin for an experiment 

with the shortest possible particle tracks (i.e., the experiment given as an example in Table 5.2 with 

4 mm beads and an inner cylinder angular velocity of 0.1 rad s-I). For the inner radial bin of this 

experiment where r '" 110 mm, A = 191 frames. This is equivalent to 3.18 seconds. As stated above, 

6p = 0.019 mm for the case of the normal set-up. Therefore, the larg('-st possible uncertainties in the 

mean particle velocities for the top surface of the normal set-up (Le., for particles close to the inner 

cylinder in an experiment with the shortest particle tracks), are!::' Vr '" 0.013 mm s-1 and ~ t'o '" 

1.1 x 10-4 rad 8- 1• Given in Table 5.3 are the worst case !::. Vr and !::. Vo for each of the different 

experimcnt Bct-upS used for this thesis. 

Note, there are alHo two other uncertainties in the AstEx data: the uncertainty in the pixel scale 

(as described in Section 5.2.2), and the uncertainty in the centre of the two cylinders (as described 

in Section 5.2.3). The uncertainty in the pixel scale, which is on the order of ± 0.02 pixels mm -1, is 

negligible. 

If there is an uncertainty in the centre of the two cylinders (6Xe, 6Ye) then this would influence 

the individual particle angular and radial velociti('-s. If the error is in the y-direction then, for particles 

in approximately half of the field of view, Vo would be slightly too large and, for particles in the other 

half of the field of view, Vo would be slightly too small. However, in all of the AstEx analyses a mean 

Vo is calculated in a radial bin. These radial bins encompas both halves of the field of view (i.e., the 
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Table 5.3: The observation errors in Vr and Ve for all the different experiment set-ups. 8V;. and H'9 are the ma.ximum possible uncertainti£'s in the instantaneous 
radial and angular particle velocities, respectively. LlVr and Lll'9 are the maximum possible uncertainties in the mean radial and angular particle velocities, 
respetively. In these calculations A is assumed to be 3.18 seconds on the top surface and 3.43 seconds on the bottom surface (see Table 5.2). 

Type of Experiment Camera Pixel Scale Camera frame 5\.',- max 5\;' max A~~ max At;, 
(pixels mm- I

) rate (fps) (mm 5-1 ) (rad 8-1 ) (mm 8-1 ) (rad 5-1) 

Flight campaign: normal set-up Top 5.17 100 0.75 0.038 0.013 1.1 x 10-4 

Flight campaign: normal set-up Bottom 5.6 100 0.64 0.035 O.otl 1.0 x 10-4 

Flight campaign: normal set-up Top 5.17 60 0.45 0.023 0.013 1.1 x 10-4 

Flight campaign: normal set-up Bottom 5.6 60 0.38 0.021 0.011 1.0 x 10-4 

Flight campaign: end of Flight C Top 5.5 60 0.40 0.021 0.011 1.0 x 10-4 

Flight campaign: end of Flight C Bottom 5.25 60 0.41 0.023 0.013 1.1 x 10-4 

Laboratory based experiments Top 5.25 62 0.45 0.024 0.013 1.1 X 10-4 
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5.3 Uncertainty analysis 

half with y > 0 and the half with y < 0) and, thus, include both particles with Vo slightly too high 

and those with Vo slightly too low. If 8Yc is large then the~e may be a surplus of particles with Vo 

too high or too low. However, assuming t5Yc is small (it was found to be '" 0.2 mm in Section 5.2.3), 

the net result is that the errors in Vo cancel out. The same is true for the radial velocities if the error 

is in the y-direction. 

If the uncertainty of the centre coordinates is in the x-direction, the angular and radial velocites of 

all particles will be affected and, as there is no symmetry, these effects will not cancel out. However, 

when calculating the centre coordinates, the x-coordinate (Xc) is very well constrained and t5Xc is 

normally much smaller than t5Yc (e.g., t5Xc was found to be '" 0.02 mm in Section 5.2.3). Given 

the small size of 8Xc and the symmetry of any errors introduced by t5Yc, we can assume that any 

uncertainties introduced by the centre of the two cylinders are negligible. 

5.3.2 Definitions of scatter types 

Each mean particle velocity (Le., Vo, v,.) calculated throughout the AstEx data pipeline presented 

above is calculated using many particle tracks, many frames and, eventually, also many experiments. 

In this section an analysis is performed to understand the different contributions to the uncertainty 

of the mean velocity values coming from the scatter of particle velocities between particles, over time 

and between different experiments of the same type. 

As has been seen In Section 5.2.8, the first step in calculating the AstEx mean particle velocities 

(angular and radial) is to separate the particles into radial bins and calculate the mean particle velocity, 

as a function of time, for each of the radial bins. During this step of the analysis each measllred mean 

instantaneous velocity (i.e., Vo(t, r) or Vr(t, r)) will have an associated scatter. This scatter, whieh 

will now be referred to as 81, is the standard deviation of the particle velocities in each radial bin 

at anyone moment in time. 81 represents the distribution of many individual particle velocities at 

anyone moment in time within one radial bin. It is this scatter which is important when considering 

the significance of the mean instantaneous particle velocity as a function of time 8S it indicates how 

different the individual particle velocities in the radial band are from one another. If 81 is large at 

one instant in time this implies that, at that moment, there is a large spread of particle velocities 

within the radial band. If 81 is small this implies that there is a small spread of particle vclocitiC'.$ 

within the radial band and so all partieies are exhibiting similar behaviours. 

Next, to find the velocity profiles, the mean particle velocities in each radial bin at each frame are 

binned together over a long period oftime (normally 15 seconds). This gives a mean particle velocity 

for each radial bin as a function of distance from shearing sUl'face over many frames (i.e., Vo(r) or 

v,. (r)). The scatter associated with this mean particle velocity, which will now be referred to as 82, 
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is the standard deviation of the mean particle velocity over many frames. 82 represents the scatter 

in the mean particle velocity over time. Combining the value of the mean particle velocity (zero or 

non-zero) and the size of 82 allows a determination of whether bulk particle motion is occuring within 

the granular material. This will be further explained in Section 5.3.4 below. 

Finally, the mean particle velocities calculated for each individual experiment need to be compared. 

To do this an overall mean particle velocity is calculated for each type of experiment. The scatter 

between the individual experimental results within each group give the final scatter which must be 

considered: scatter type 83. There will be two types of 83 referred to as 83a and 83b. 83a is the 

standard deviation of mean particle velocities between experiments of the same type. 83b is the 

standard deviation of the mean 82 in mean particle velocity between experiments of the same type. 

This is explained in more detail in Section 5.3.5 below. 

The three types of scatter (81, 82 and 83) are summarised in Table 5.4 where a brief explanation 

is given as to what each one represents and what they can tell us about the experiment(s). In the 

following three sections the different scatters are presented for both the angular and radial velocities. 

5.3.3 81 

First the mean angular velocities are considered. To understand if the extent of 81 is influenced 

by inner cylinder angular veloeity, particle size, external gravitational acceleration or by the surface 

being imaged (Le., top or bottom) one experiment of each type is chosen. The experiments with 4 

mm particles are presented here. The experiments with 3 mm particles were also analysed in the same 

mann(~r and the details can be found in the Supplementary Material. 

Figures 5.25-5.26 show 81 of the normalised mean angular velocity (Vo*(t» of the inner radial bin 

(of five) in a selection of experiments. Figure 5.25 shows 81 and Vo·(t) for 4 mm particles on the 

top surface of the shear cell at three different rotational vclocities and in both 1 9 and microgravity. 

In all of these plots the data have not been smoothed so this is the scatter in the raw data. The 

angular velocities have been normalised (as doscribed in Section 5.2.8) to allow a comparison between 

the relative magnitudes of the fluctuations. The normalised scatter in the unsmoothed datu decreases 

with increasing angular velocity. This indicates that a large part of the scatter in the unsmoothed 

data may be due to experimental noise and not due to real particle motion (noise due to the scatter of 

real part ide motion would probably vary with wand thus appear the same size in each of the figures). 

The next sd of plots (Fig. 5.26) show 81 and Vs*(t) for the smoothed data of exactly the same 

exp<!riments as shown in Fig. 5.25. The particle positions have been smoothed over 2 seconds to 

remove the experimental noise b(>fore the velocities and the subsequent mean velocities and 81 were 

cakulated. As anticipated, the Ilormalised scatter of the smooth data remains relatively constant (at 
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Table 5.4: Different types of scatter discussed in the uncertainty analysis and their implications. 

Scatter type ~leasures 

81 Standard deviation of the particle velocities in a 
radial bin at anyone moment in time. 

82 

83 .. 

Standard deviation of the mean particle velocity 
in a radial bin over many frames (equivalent to 
the RMS velocity) 

Standard deviation of mean particle velocities be
tween experiments of the same type 

Significance 

If large this indicates that there is a large distribution of particle veloc
ities within the radial band at a given moment in time and so particles 
are exhibiting different behaviours. Plotting 81 as a function of time 
indicates if the distribution of particle velocities changes in time. 

=> Are all particles behaving the same way? Are there any regime 
changes? 

If large this indicates that the mean particle velocity is fluctuating over 
time. 

=> Is there persistent bulk motion? Are there lots of random velocity 
fluctuations? 

If large this indicates that the mean particle velocities from the indi
vidual experiments of the same type are very different. 

=> are the experiments reproducible on a macroscale? 

83" Standard deviation of the mean 82 scatter be- If large this indicates that the distributions of particle velocities in the 
tween experiments of the same type individual experiments of the same type are very different. 

=> are the experiments reproducible on a microscale? 
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5. THE ASTEX EXPERIMENT: DATA ANALYSIS 

a value of '" 0.3) as the angular velocity increases. This implies that the scatter in the smoothed data 

is real and not due to experimental noise. This confirms that the large scatter in the unsmoothed data 

is due to experimental noise and that most of this noise is successfully removed during the smoothing 

process. 

The same exercise was then repeated looking at the mean normalised radial velocity (Vr* (t)) of 

particles in the inner radial bin (of five). As for the angular velociti<.'B, the unsmoothed data is 

analysed first to determine the scatter in the raw data. Figure 5.27 shows 81 and Vr*(t) for the 4 mm 

particles on the top surface of the shear cell at three different rotational velocities and in both 1 9 and 

microgravity. The mean and scatters are calculated using the unsmoothed data and the mean radial 

vplocities have been normalised (as described in Section 5.2.8). The next set of figures (Fig. 5.28) 

show 81 and Vr*(t) for the smoothed data of exactly the same experiments. The particle positions 

have been smoothed over 2 seconds to remove the experimental noise before the velocities and the 

subsequent mean velocities and 81 were calculated. 

Just as for the angular velocities, the normalised scatter in the unsmoothed data decreases with 

increasing angular velocity suggesting that a large part of the scatter is due to experimental noise. 

However, unlike for the angular velocity data, the extent of the normalised scatter in the smoothed data 

also decreases with angular velocity. The magnitude of the fluctuations of V/(t) also d(~crease with 

increasing angular velocity implying that p(~rhaps the radial velocity (Vr ) is not a linearly increasing 

function with inner cylinder angular veloc:ity (w). 

The same analysis was performed for the bottom surface of the experiments and the trends, of 

constant 81 in l'o*(t) and decreasing 81 in Vr*(t) with increasing inner cylinder angular velocity, remain 

the same (Figs. 5.29 and 5.30). The same trends were found for the experiments with 3 mm particles, 

which were analysed in the same manner (se·e Supplementary .Material). 

For all experiments plotted in Figs. 5.26-5.30 the mean angular and mean radial velocities fluctuate 

in time but the extent of the scatter of particle velocities at anyone moment in time remains relatively 

com;tant. This is demonstrated more clearly in the two plots in Fig. 5.31. These plots shows the mean 

81 in Vo· and V/ for the different types of experiments. Again, it can be seen that the mean normalised 

81 in Vo* for all experimemts dOf~S not vary with inner cylinder angular velocity. However, the mean 

normalised 81 in Vr* decreases with increa ... ing inrwr cylinder angular velocity. Additionally, it can 

be seen that 81 is smaller for the 3 mm beads (represented by squares) than for the 4 mm beads 

(reprcHcnted by circles). This may be bf..'cause the motion of the smallt'r beads is iuhihitcd by the 

prCfl('llCe of the pressure plate. This will be the subject of a discllssion in Section 5.4.1. 

The error bars in Fig. 5.31, which represent the scatter in the mean 81, are both quite small and 

of a very similar size for all the experiments. This implies that there are similar distributions of mean 
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81 in all of the experiments and that these distributions are within a small range. In other words, 

there is a relatively small distribution of particle velocities within the experiments (81 in Ve* is'" 0.2 

- 0.3, 81 in Vr* is '" 0.05 - 0.2) and this is a consistent trend over many experiments. 

5.3.4 82 

To find the scatter in the mean particle velocity over time, Le., 82, the distribution in the mean particle 

velocity as a function of distance from shearing surface over many frames must be determined. First 

the mean velocities, as a function of distance from the inner cylinder, in a 15 second period of constant 

shearing (Le., Vo vs rand Vr vs r) are considered (as described in Section 5.2.9). 82 in Vo (Vr) is the 

standard deviation of the mean angular (radial) particle velocity over this 15 second time period. 

If the value of the mean Vo(r) or Vr(r) is non-zero it can be assumed that there is a net motion of 

particles. A large 82 combined with a non-zero mean velocity would mean that there is a net motion 

of particles in one direction but that there are large variations in the mean particle velocity during 

the time period. This would imply, therefore, that there is no bulk persistent motion. However, if 

82 in the mean velocity is small this implies that the particle velocities do not vary much over time 

during experiments. A small 82 combined with a non-zero mean velocity would imply that there is 

persistent bulk motion of particles. 

If the mean velocity is zero, or close to zero, and 82 is small this implies there is very little particle 

motion occuring. If the mean velocity is zero, or close to zero, but 82 is large this implies that the 

individual particles have non-zero velocities but in different directions which give an overal mean 

velocity of zero. However, in this case there is no bulk motion of particles in a given direction. 

82 is, in fact, equivalent to the root mean square (RMS) of grain velocity fluctuations often uRed 

to calculate the granular temperature of a granular medium. The RMS velocity (VRMS) is calculated 

using the following equation, 

V RMS = 
1 N 

- L:(V; - V) 
N . 1 

J= 

(5.24) 

where N is the number of particles, if is the mean particle velocit.y and V; is the instantaneous 

partide velocity. This is exactly the same equation tiRed to calculate the standard deviation of the 

mean velocit.y. As defined above, 82 is the standard deviation of the mean particle velocity over the 

15 second time period i.e., the average RMS velocity over the 15 second time period. To remain 

self-consistent we will continue to use the terminology of 82, although, we note that 82 and RMS 

velocity (VRMS) are interchangeable terms. 

82 in Vo(r) has been calculated for every experiment performed during the flight campaign and 
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Figure 5.25: Sl in Vo· for the inner radial bin of 4 mm beads on the top s urface with no 
smoothing - Ve* (defined in Eq. (5.3)) and Sl in the innel of five rad ial bins as a function of time 
in several experiments with 4 mm beads. Vo* and Sl are calculated using the raw, unsrnoot h d data: 
(a) 0.025 rad S- 1 on the ground and (b) in microgravity, (c) 0.05 rad 8 - 1 on the ground and (d) in 
microgravityand (e) 0.1 rad S- 1 in microgravity. Note that there a re no ground-ba.c;ed data available 
at 0.1 rad S- 1. 
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Figur 5.26: S1 in Vo· for the inn r radial bin of 4 mm b ads on the top surfa - Vo· (d fined 
in Eq. (5.3)) and S1 in t h inn r of five radia l bins as a function of time in sev ra l experiment with 
4 mm b ads. Vo· and 1 a re calcu lated using th smooth d data: (a) 0.025 rad S- I on the ground 
and (b) in microgravity, (c) 0.05 rad s- J on th ground and (d) in microgravily and (e) 0.1 rad S - I 

in microgravity. ote t hat t h re are no ground-bru d data availa ble at 0.1 rad S- I. 
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Figure 5.27: 81 in Vr" for the inner radial bin of 4 mm beads on the top urface with no 
smoothing - V/ (defined in Eq. (5 .4)) and 8 1 in the inner of fi ve radial bins as a funct ion of t ime 
in s vera l experiments with 4 mm beads. Vr• and S l are alculatcd using the raw, unsmooth d data: 
(a) 0.025 rad S- 1 on the ground and (b) in microgravity, (c) 0.05 rad S- 1 on t h ground a nd (d ) in 
microgravity and (e) 0.1 rad S- 1 in microgravity. ote that th r are no ground-bas d da ta availa ble 
at 0.1 rad S- 1. 
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Figur 5.2 : 51 in Vr* for th inner radial bin of 4 mm beads on the top s urfa - V/ (defined 
in Eq. (5.4)) and 51 in th inn r of five radial bins as a fun ction of tim in several experiments with 
4 ITII1l b ads. Vr* and 51 ar alculat d using th smooth d data: (a) 0.025 rad S- I on t he ground 
and (b) in microgravity, ( ) 0.05 rad s- 1 on til ground and (d) in microgravity and ( ) 0.1 rad S- I 

in mi rogravity. Not t hat ther ar no ground-bas d data available at 0.1 rad S- I . 
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Figure 5.29: Sl in Vo· for the inner radial bin of 4 mm beads on the bottom s urfac - Vo· 
(defined in Eq. (5.3)) and S1 in the inner of five radial bins as a function of time in several cxpcrirn nts 
with 4 mm beads. Vo· and Sl ar calculated using the smoothed data: (a) 0.025 rad S- I 011 til, ground 
and (b) in microgravity, (c) 0.05 rad S- 1 on th ground and (d) in microgravity and (e) 0.1 rad 8 - 1 

in microgravity. Note that th r are no ground-bas d data available at 0.1 rad 8- 1. 
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F igur 5.30: 51 in Vr* for t h e inne r r a dia l bin of 4 mm bead s on the bottom s urface - Vr* 
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5.3 Uncertainty analysis 

the full results are given in the Supplementary Material. Some examples are given in Figs. 5.32 and 

5.33 below, which show the normalised mean angular velocity, Ve*, and 82 in VB* for each ofthe (lOa) 

radial bins in several constant shear rate experiments at different inner cylinder rotational velocities. 

There are some differences in the magnitudes and shapes of the angular velocity profiles between 

ground-based and microgravity experiments and between the top surface of the granular material and 

the lower surface. These differences will be the subject of an in-depth discussion in Chapter 6. Here 

the focus remains on 82 and the implications for interpreting the results. 

From these figures we note that 82 in Ve* is largest at small distances from the inner cylinder 

where the motion is concentrated. However, the scatter is small enough, even at small distances from 

the inner cyliner, for the angular velocity profiles to be statistically significant. As Ve* is non-zero 

near the inner cylinder it can, therefore, be concluded that there is bulk motion of the particles in a 

preferential direction (as expected). Far from the inner cylinder the Ve" is close to zero and the scatter 

is very small. This implies that there is no particle motion at all in the angular direction. Similar 

trends in 82 are found both on the ground and in microgravity. 

Next, the mean radial velocity, as a function of distance from the inner cylinder, in a 15 second 

period of constant shearing (Le., Vr vs r) is considered. 82 in Vr(r} has been calculated for every 

experiment performed during the flight campaign and the full results are given in the Supplementary 

Material. Some examples are given in Figs. 5.34 and 5.35, which show the normalised mean radial 

velocity and 82 for each of the twenty radial bins in several constant shear rate experiments at different 

inner cylinder rotational velocities. Again, the discussion regarding the differences between types of 

experiment is reserved for Chapter 6 and here the discussion remains centered on 82. 

From these figures we note that 82 in Vr* is very large close to the inner cylinder and, in some 

cases, far from the inner cylinder also. This scatter appears, in most cases, to be larger in microgravity 

than on the ground. This is probably due to the aircraft environment during the flight campaign (see 

discussion in Section 5.4). In the experiments where the Vr* is close to zero and the scatter is large 

(such as the microgravity experiments in Fig. 5.34 and in the experiments of Fig. 5.35) this would 

imply that there is a large amount of random particle motion which results in a net radial velocity of 

zero. In the experiments where the Vr" is non-zero and the scatter is large (such as the ground-based 

experiments in Fig. 5.34) this implies that there is a significant amount of random particle motion but 

there is also some net motion. As the scatter is large this net motion can not be conclusively defined 

as bulk motion in the individual experiments. However, if the same trends are present in several 

experiments of the same type then the conclusion can be drawn that there is a preferred direction of 

particle motion, which may be indicative of underlying bulk particle motion. 83 in the next section 

will compare experiments of the same type to detect potential trends. 
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5.3.5 83 

In this section a comparison is performed of the mean angular and radial velocities as a function of 

distance from the shearing surface between many experiments of the same type. The mean angular 

and radial velocities of several experiments in the same group will be referred to as, Yo and Vr , 

respectively (with normalised versions Ve* = Ve/w, and Vr* = Vr/(aw) where, as usual, a is the inner 

cylinder radius and w is the inner cylinder angular velocity). 

There will be two different types of 83. The first, which will be referred to as 83a , compares the 

mean velocities between experiments of the same type. 83a is thus the standard deviation of the mean 

velocities (i.e., of Ve and v,. ). If 83a is small this implies that the mean values between experiments 

have consistently similar values and that, therefore, the experiment is reproducable on a macroscale. 

If 83a is large then the mean values will not be as meaningful. 

The second type of 83, which will be referred to as 83b, compares the 82 in the mean velocities 

b()tween experiments of the same type (Le., the 82 in Ve and Vr for each experiment which are 

equivalent to the R! .. IS velocity fluctuations in Ve and v,.). 83b is, thus, the standard deviation of the 

mean 82 from the different experiments. If 83b is small this means that 82 is similar for all of the 

experiments within the group. This would imply that all of the experiments have a similar distribution 

of mean particle velocities over the duration of the experiment (Le., the experiment is reproducable 

on a microscale). If 83b is large then this means that 82 is very different for all of the experiments 

within the group and, therefore, the distributions of mean particle velocities over the duration of the 

experiment are very different. An ideal set of experiments, which are fully reproducable, would have 

a very small 83a (Le., reprodllcable on a macroscale) and also a very small 83b (Le., reprodllcable on 

a mieroscale). 

Delow, the example is used of the 4 mm beads undergoing constant shearing with an inner cylinder 

angular velocity of 0.05 rad s-l. The full results for all experiments are given in the Supplementary 

Material. Figure 5.36 (a) and (b) show Ve* of the particles ou' the top surface of several experiments 

plotted as a function of distance from inBer cylindpr. Three curves are shown for groups of experiments 

that were pprformed on the ground, during Flight A and during Flight C, respectively. The error 

bars in thest~ plots represent 83a (Le., the standard dcviation of Ve* in each group of experiments). 

COllsidpring these two figures it can been S<l<m that, for eac::h group of experimcnt.s, the error bars are, 

therefore, S3a are very small. This implies that the mean angular velocity profiles are very similar for 

all experiments performed under the same conditions. 

Consider now Fig. 5.3() (c) and (d), which show the mean 82 of Ve* plotted as a function of distance 

from the inn()r cylinder for each of the three groups of experiments. The error bars rt'present 83b (Le., 

the standa.rd deviation of the mean 82 of Ve·). From these plots it can be SHen that S:3b is very similar 
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5.3 Uncertainty analysis 

for all groups and, as the error bars in figures (c) and (d) are small there is a similar amount of S2 

in all experiments within each group. This allows us to conclude that, not only are the mean angular 

velocity profiles similar for each experiment group, but the distributions of individial particles' angular 

velocities are also similar for all experiments of the same group. This means that, for these sets of 

experiments, the angular velocity profiles are reproducable on a macroscale and microscale. 

However, it should be noted that during Flight C S3b is large close to the outer cylinder. As Vo* is 

almost zero in this location (Fig. 5.36 (a)) this implies there is a large amount of random motion of the 

individual particles. This is probably caused by the aircraft environment and the strong fluctuations 

in the simulated gravity during this flight. This is discussed further in Section 5.4. 

The same analysis performed looking at the bottom surface reveals similar results (Fig. 5.37). The 

differences in the angular velocity profiles between different types of experiments will be discussed 

later in Chapter 6. 

The results of the radial velocity analysis using the beads on the top and bottom surfaces of the 

same experiments are shown in Figs. 5.38 and 5.39, respectively. S3a between experiments of the same 

groups is small (Fig. 5.38 (a)). This implies that the same trends are present in several experiments 

of the same type. S3b in Vr* is much larger for the microgravity experiments (particularly for Flight 

C) than for the experiments performed on the ground (Fig. 5.38 (b)). This implies that there is a 

larger distribution of particle radial velocities in microgravity. As V/ is close to zero in this location 

(Fig. 5.38 (a)) this implies there is a large amount of random motion of the individual particles, again 

probably caused by the aircraft environment (e.g., varying simulated gravity), but with no overall net 

motion. 

From these two figures the conclusion can be drawn that, in these experiments of the top surface, 

there are reproduceahle trends within the experiment groups. In microgravity there is a wide and 

varying distribution of the individual particle velocities indicating a large amount of random particle 

motion. However, on the ground the distribution of particle velocities is smaller. This smaller scat

ter, combined with the clear trend of having a preferred direction of particle mot'ion, is indicative of 

underlying bulk particle radial motion on the ground. These arguments will be invoked later during 

the discussion of granular convection in Chapter 6. 

The same analysis has been performed looking at the radial velocity profiles on the bottom surface 

(Fig. 5.3!J). Again, as S3a between experiments of the same groups is small, this implies that the 

same trends are present in several experiments of the same type. S3b is smaller on the bottom surface 

meaning that there is less random motion on the bottom surface of the experiments than on the top 

surfa.ces. Also, the distributions of particle radial velocities between experiments of the same group 

are similar (because the size of the error bars in Fig. 5.3!J (b) are small). 

209 



5. THE ASTEX EXPERIMENT: DATA ANALYSIS 

Comparing Fig. 5.38 (b) with Fig. 5.39 (b) we see that, for the experiments performed during Flight 

C, S3b is larger on the top surface than on the bottom surface very close to the inner cylinder and far 

from the inner cylinder (>6-7 d). Assuming gravity variations are the cause, this would imply that, 

at those distances, the particles on the top surface are much more sensitive to the gravity variations 

than at the same distances on the bottom surface. At intermediary distances Le., "'2-6 d, the top and 

the bottom surfaces are both similarly affected by the gravity variations. The differences in the radial 

velocity profiles between different types of experiments will be discussed further in Chapter 6. 

5.4 Factors influencing the measured particle velocities 

As described in detail in Chapter 4, the AstEx experiment had to be modified for the microgravity 

environment. As a result of the modifications to the hardware and experimental set-up, there are a 

fpw factors that may influence the measured particle dynamics, namely the presence of the pressure 

plate and the light reflections. It was also part of the experimental procedures to shake the particles 

before each experiment was performed. The aim of the shaking was to attempt to remove any memory 

effects from the granular material, thus creating a reproducable initial configuration. As we have seen 

in Section 5.3.2, experiments of the same type have similar mean velocity profiles. However, the 

influence of shaking has not yet been directly investigated. Additionally, the flight environment with 

aircraft vibrations and gravity variations may also influence the particle dynamics. All such factors, 

which may influence the measured particle velocities and thus the final experimental results, are 

considered in this section. For the factors which are constant in time and may affect certain regions of 

the shear cell, Le., due to the hardware, we examine their influence upon the velocity profiles. For the 

factors which may vary in time, such as the gravity fluctuations, we look at the velocity as a function 

of time. 

5.4.1 The direct influence of the pressure plate 

Experiments were performed on the ground with, and without, the pressure plate to determine if the 

pressure plate had any influence on the particle velocities. Figure 5.40 shows the normalised mean 

angular velocity profiles (Le., V6*(r)) of the 4 mm particles on the top surface of an experiment with 

the pressure plate and without the pressure plate. Mean angular velocity profiles are shown for three 

different inner cylinder angular velocities: 0.025 rad S-I, 0.05 rad S-1 and 0.1 rad 8- 1. The mean 

velocity profiles shown in this figure only extend up to 8 particle diameters from the shearing surface 

as further away there is very little motion and, therefore, no difference in the two profiles. The velocity 

profiles with and without the pressure plate are very similar, although, there are some irregularities in 
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the velocity profiles with the pressure plate. These irregularities seem to occur at similar locations in 

all experiments and, therefore, may be caused by an inhomegenity in the pressure plate. Part of the 

pressure plate possibly exerts more pressure on the top layer of particles, or part of the pressure plate 

is perhaps rougher than the rest. The irregularities also become very slightly more pronounced as the 

allgular velocity increases, which means that the pressure plate has a larger effect on the particles at 

larger rotation rates. 

Figure 5.41 shows the normalised mean angular velocity profiles of the 3 mm particles on the top 

surface of an experiment with the pressure plate and without the pressure plate. This time the mean 

angular velocity profiles are shown for only two different inner cylinder angular velocities: 0.025 rad 

s-1 and 0.05 rad 8- 1• Unfortunately, experiments were not performed with an inner cylinder angular 

velocity of 0.1 rad S-I. Again the mean velocity profiles shown in this figure only extend up to 8 

particle diameters from the shearing surface as further away there is very little motion and, therefore, 

no difference in the two profiles. Contrary to the 4 mm particle results, the pressure plate appears to 

have a very strong influence on the mean angular velocity profiles of the 3 mm particles. This may be 

because the filling heights are slightly different in the two shear cells; the mass of beads to be added 

to the shear cells was calculated assuming a random packing fraction of ""'0.6 and a desired filling 

height of 100 mm. It is possible that the 3 mm particles have a lower packing fraction than the 4 mm 

beads and the filling height is, therefore, slightly higher. This would mean that the pressure plate is 

exerting a slightly larger pressure on the 3 mm beads. 

However, the more likely explanation is that the rate at which tbe particles are decelerated by 

the pressure plate depends on their radius. Assuming we have one layer of mono-disperse particles 

(partide radius, " and density, p), covering a given surface area, As, and with a 2d packing fraction, 

¢2d, then the total number of particles in the layer, Np , is given by, 

/II _ A!I¢2d 
p - 11"r2 • (5.25) 

If the total force exerted on the particles by the pressure plate is, F N, then the normal force experienced 

by each partieie (FNp) on the surface layer is, 

(5.26) 

The frictiollal force experienced by each particle (Fsp) is related to the normal force experienced by 

eaeh particle via the following rdation: 

(5.21) 
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where Its is the coefficient of static friction. The resulting deceleration (ap ) of each particle in the 

surface layer due to the pressure plate is given by: 

(5.28) 

where the mass of each particle (Up) is, 

(5.29) 

Therefore, with constant total normal force, particle density, surface area and packing fraction, the 

deceleration of each particle varies inversely with r. This means that the smaller (3 mm) particles 

should be decelerated by the pressure plate more than larger (4 mm) particles, which is exactly what 

the experimental results are showing. 

5.4.2 The influence of the light reflections 

As has been seen in Section 5.2.4 (Fig. 5.12), as a result of the filtering that must be applied to 

remove spurious particles, sometimes real particles are lost. This, unfortunately, occurs in regions of 

high interest, such as near the inner cylinder on the top surface. As there are no reflections present 

when the pressure plate is removed the runs without the pressure plate permit some testing to be 

performed on how the filtering described in Section 5.2.4 affects the results. 

First, the particle tracks are filtered based only on their radial position to remove spurious particles 

outside the shear cell. The particle tracks which survive can be seen in Fig. 5.42 (a). Next, the standard 

filtering criteria on the particle size and brightness (such as used to remove spurious particles when 

the pressure plate is present) is applied. The result is that many particle tracks near the outer and 

inner cylinders are lost (becallse particles in these locations are slightly higher and thus appear slightly 

larger). The particle tracks which survive can be seen in Fig. 5.42 (b). 

The mean angular velocity profiles were calculated for both of these cases and the results are plotted 

in Fig. 5.43. The mean velocity profiles shown in this figure only extend up to 8 particle diameters 

from the shearing surface as further away there no difference in the two profiles. The profiles are 

essentially identical with a very small difference in magnitude very close to the inner cylinder and a 

small difference in the size of the scatter of particle velocities within the radial bins. However, it is 

safe to assume that the results are not influenced by the filtering, nor by the loss of some particles. 

This is because the averages are being taken over many particles and over many frames. 

Another consequence of the light reflections is that, as discovered in Section 5.2.5, some particles 

have very short lifetimes. This occurs because particles regularly disappear for a short pNiod of 
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Figure 5.40: The influe nce of the pressure plate on 4 mm bead angu lar ve locity profiles -
Vo· as a fun ction of distance from t he inner cylinder for the beads on the top slifface of an experilll cnt: 
wit h 4 mOl beads at all innN cyli/lder a /l gulnr ve locity of (a) 0.025 md s- J , (iJ ) 0.0.5 rae! s - I alld 
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Figure 5.43: Influence of filtering on mean particle angular velocity profiles - Vo· as a fun ction 
of distance from the inner cylinder for the beads on the top surface of a n experiment with 4 mm beads, 
with no pressure pla te and a t an inner cylinder angular velocity of 0.025 rad S- I. Shown is the mean Vo· 
calculated using all particle tracks (red squares) and the mean Vo· calculated using only the particles 
which survive the standard filtering criteria on the particle size and brightness (open circles) . The 
er ror bars represent the standard devia tion of t he scatter of part icle velocit ies within the radial bin 
(Le., 5 2). 

time (due primarily to the light reflections but also part ly due to vertical particle motion). Upon 

reappearing they are assigned a new particle ident ity. Unfort unately these short- lived particles also 

often occur in locations which are also the r gions of interest (Le ., c10s to the shearing surface). 

To determine if track length influences t he measured velocities, the particles in one experiment 

are separated into three groups based on their track length . A: A < 3 seconds (Group 1) , 3 < A < 6 

seconds (Group 2) and A > 6 seconds (Group 3). There are always fewest particles in group two as 

generally the particles either exist for a very short time, or xist for a long tim . The m a n particle 

angular velocity profiles for each group are shown in F ig. 5.44. Looking a t Fig. 5.44 (a) , for the two 

groups with short particle lifetimes (white circles and I' d squa r s), particles with such a track I ngth 

do not exist a t every distance from the inner cylinder. This means that the short part icle tracks are 

confined to certa in regions of t h shear cell (confirming t h findings of Section 5.2 .6 t hat only (; 'rtain 

areas of the shear cell have a high frequency of part icles appearing and disappearing) . T h rare 

also some irregularities in the mean velocity profil es for the two g roups with short particle lifetimes -

particularly for group two. However, this is not surprising as th values per radial bin for thes ' g roups 

a re the means of very few pa rt icles and so a ny unusually large or sma ll pa rt icl displacements will 

strongly influence the mean value. Figure 5.44 (b) shows that a ll mean values for t he thre groups 

a re consistent to within the error bars exc pt for one point for group two (at "-'4. 5 d from t he inn r 
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Figure 5.44: Influence of particle track length on mean particle angular velocity profiles -
VO* as a function of distance from the inner cylinder for the beads on the top surface of a ground-based 
experiment with 4 mm beads and at an inner cylinder angular velocity of 0.05 rad S- I. The particles 
have been split into three groups based on their track lengths, A, and t he mean velocity profile is 
calcu lated for each group. Black solid line with circle markers: A < 3 seconds. Red dashed line with 
square markers: 3< A < 6 seconds. Green dotted line with diamond markers: A > 6 seconds. (a) Vo* 
across the entire width of the shear cell. No error bars are shown to make it easier to see the mean 
values. (b) Vo* of the shear band (Le., in the eight particle diameters closest to the shearing surface). 
The error bars represent the standard deviat ion of the scatter of particle velocities within the radial 
bin . 

cylinder) which lies slightly above the one sigma limit [or t he mean velocity o[ group t hree. Therefore, 

we can conclude that, if there are enough particle tracks, t he track length does not affect the measured 

dynamical properties. This is probably because, a lthough t he velocities are smoothed and binned as 

explained above, t he instantan ous individual particle velocities are calculated using only sets of two 

consecutive frames (see Section 5.2. ). 

5.4.3 T he infiu nee of shaking 

During the flight campaign the standard experimenta l proc dure was to shake t he granular material 

before p rfoflning the xperim nt. Howev r, some experim nts were per[omed withou t shaking Lv 

allow a compari on to b perform d betw en the shaken and unshaken exper iments (see Section 4.5). 

First th influ n of shaking on t h 4 mm beads is investigated. The runs with an inner cylinder 

angula r velocity of 0.05 rad S- I a r tak n as an exampl af; this is th angular velocity for which t here 

ar most data availa bl [or the e b ads. The mean angllia r and rad ial v locity profiles of t h 4 mm 

par i I s on h top. urfac that hav b n shaken and that have not been shaken are shown in Fig. 

5.45. Th influ nce of haking is invest igated for ground-based experim nts (Fig. 5.45 (a) and (b)), 

[or mi rogravityexperim nts from Flight A (Fig. 5.45 (c) and (d)) and for microgravity experiments 

from Flight (Fig. 5.45 ( ) and (f)). Figure 5.46 shows th results of the same xp riments with 4 

mm particl s but for th bottom surface. There are many experiments in which the particles have 
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Figure 5.45: The influence of shaking on the top s urfac of 4 mm beads - Th left plots show 
the mean angu lar velocity, Va*' and the right plots the m an radial velocity, Vr*' bot h as a fun tion of 
distance from the inner cylinder. The mean velocity profil of particles are shown aft r shaking in 1 
9 (green diamonds in (a) and (b)), in microgravity during Flight A (blu sq uar s in (c) and (d)) alld 
in microgravity during Flight C (r d circles in ( ) and (f)). In ach plot the black triangles represent 
the unshaken version of the same experiment. The error bars are the standard d viation of Vo·' Th 
inner cylinder angular velocity in t h se examples is 0.05 rad 8 - 1. 
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been shaken so the value plotted is the mean velocity of all of the experiments (Vo* and Vr*) and 

the error bars represent the standard deviation of Vo* or Vr* (Le., S3a). There is always just one 

experiment in which the beads have not been shaken so the error bars are not shown in these plots. 

Figure 5.45 (left) shows the angular velocity profiles for the unshaken experiments lie almost 

entirely within the error bars of the mean angular velocity profiles of the shaken experiments. This 

means that on the top surface of the shear cell, the mean angular velocities of the 4 mm beads are not 

affected by the shaking of the granular material prior to the experiment. The radial velocity profiles 

(Fig. 5.45 [right]) for the unshaken experiments on the ground and in Flight C lie almost entirely 

within the error bars of the mean radial velocity profiles of the shaken experiments. However, for 

Flight A the radial velocity profile for the unshaken experiment does not lie within the error bars of 

the mean radial velocity profile of the shaken experiments. 

The angular velocity profiles on the bottom surface of the same experiments are also largely 

unaffected by whether or not shaking has occured (Fig. 5.46). The only difference is a slightly decreased 

mean particle angular velocity near the inner cylinder for the unshaken experiment in Flight C. 

However, the radial velocity profiles of shaken and unshaken particles on the bottom surface display 

more variations. For each of the three experiment types shown on the right of Fig. 5.46 the non-shaken 

radial velocity profile close to the inner cylinder lies outwith the mean shaken radial velocity profile 

and ha.':l a larger magnitude. 

Next the influence of shaking on the 3 mm beads is investigated. This time the runs with an inner 

cylinder angular velocity of 0.1 rad 8- 1 are taken as an example as this is the angular velocity for 

which there is most data available for these beads. The mean angular and radial velocity profiles of 

the 3 mm particles on the top surface that have been shaken and that have not been shaken are shown 

in Fig. 5.47. The influence of shaking is investigated for grouud*ba.<iCd experiments (Fig. 5.47 (a) and 

(b)) and for mkrogravity experiments from Flight n (Fig. 5.47 (c) and (d)). Figure 5.48 shows the 

results of the Silme experiments with 3 mm particles but for the bottom surface. Again, there are 

many expcrifnents in which the particles have been shaken so the value plotted is the mean velocity 

of all of the experiments (Vo· and V/) and the error bars represent the standard deviation of Ve· or 

Vr" (Le., 83a ). There is always just one experiment in which the beads have not been shaken so the 

error bars are not shown in these plots. 

The mean angular velocity profiles of the 3 mm particles appear also to be largely unaffected by 

the sbaking both on the top and the bottom surfaces (Figs. 5.47 and 5.48). The only exception is the 

bottom surface of the ground-based experiments: the two angular velocity profiles are quite different 

close to the inner cylinder with the uw,huken profile being much larger in magnitude. Unfortunately 

data are not available for urH;haken particles at the inner cylinder angular velocity of 0.025 ra.d 8- 1 and 

222 



5.4 Factors influencing the measured particle velocities 

0.05 rad S-1 so the same comparison cannot be made between shaken and unshaken 3 mm particles 

for these rotational velocities. 

The radial velocity profiles of the 3 mm particles for the shaken and unshaken experiments (Figs. 

5.47 and 5.48) are similar for both the top and bottom surfaces. Again, the two radial velocity profiles 

for the bottom surface of the ground-based experiment are slightly different. However, as the scale 

of radial motion is small and each curve shows the data from just one experiment this may not be 

significant. 

Given the slight differences that have been observed between shaken and unshaken radial velocity 

profiles, particularly on the bottom surface of the experiments with 4 mm particles, it was decided to 

look more closely at the radial velocity profiles on the bottom surfaces of all experiments performed 

without shaking. Figure 5.49 shows the mean radial velocity profiles of the bottom surface for all 

remaining experiment types for which data exists for shaken and unshaken experiments. In general 

the shaken and unshaken granular material have very similar radial velocity profiles, although, there 

are some exceptions (Fig. 5.49 (b)). The differences for the microgravity experiments may be due 

to the variations in particle velocity caused by gravity fluctuations (see Section 5.4.5). However, the 

reason for the differences may simply be that each curve for the unshaken experiments shows the data 

from just one single experiment (hence the lack of error bars). As ha..c; been seen in Section 5.3.2 there 

are large distributions in the radial velocities of particles in each experiment. The net particle motion 

in the radial direction (if any) is, therefore, mostly due to random particle rearrangements which just 

happen to calise slightly different net motion between the experiments (except for the top surface of 

the ground-based experiments where there is evidence of possible bulk motion). There is likely to be a 

similar amount of random particle rearrangements affecting the mean angular velocities but the scale 

of the rearrangements, compared to the amount of motion in the angular direction, is much smaller 

and so the effect is much more difficult to notice. 

In summary, as there are mostly no differences in the angular velocity profiles and only small 

differences in the radial velocity profiles it is decided that shaking the granular material using the 

method described in Chapter 4 does not influence the particle dynamics. It is probably the case, 

therefore, that all experiments performed during the flight campaign had a similar initial configuration, 

although, this is perhaps because all of the experiments also has a similar final configuration (which 

then provided the initial configuration for the following experiment). If the AstEx experiment is to 

fly again a better method of shaking the granular material may be required to fully re-set the system. 
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Figure 5.47: The influence of shaking on the top s urface of 3 mm beads - The left plots show 
the mean angular velocity, Vo", and the right plots the m an radial velocity, Vr*' both as a function 
of distance from the inner cylinder. The mean velocity profiles of particles are shown aft('!" shaking 
in 1 9 (green diamonds in (a) and (b)) and in microgravity during F light B (blue squar s in (c) and 
(d)). In each plot the black triangles repr sent the unshaken version of th \ sam(' exp rim nt . T he 
error bars a re the standard deviation of Vo". The inn r cylinder a ngular velocity ill thcs xamples is 
O.lrad s- l . 
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Figur 5.48: The influence of shaking on the bottom s urface of 3 mm beads - The left plots 
show th m an angular velo ity, Vo*' and the right plots the mean radial velocity, V/, both as a 
function of distan from the inner cylinder. Th mean velocity profil s of particles are shown after 
haking in 1 9 (gr en diamonds in (a) and (b)) and in microgravity during Flight B (blue squares in 

( ) and (d)). In a h plot th black triangl s represent the un haken version of the same experiment . 
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Figure 5.49: The influence of shaking on the bottom urface radial velocity profi les - The 
mean radial velocity, V/, as a function of distanc from the inner cylinder for the bottom surface 
of four different types of experiment: (a) 3 mm particles in microgravity (Flight D) with an inlier 
cylinder angular velocity of 0.025 rad S- 1 with shaking (blue squares) and unshak'lI (black triangl s); 
(b) 3 mm particles in microgravity (Flight B) with an inner cylinder angular velocity of 0.05 rad S- I 

with shaking (blue squares) and unshaken (black triangles); (c) 4 mm parti I s in mi rogravity (Flight 
A) with an inner cylinder angular velocity of 0.1 rad S- I with shaking (blu sq uares) and unshak n 
(black triangles); (d) 4 mm particles in microgravity (Flight C) with an inner cylind r allgular velo 'ity 
of 0.025 rad S - 1 with shaking (red circles) and unshaken (black triangles). TIl(' error bars arc the 
standard deviation of V/. 
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5.4.4 The influence of aircraft vibrations 

In this section an experiment during steady flight (Le., between parabolas), during which the cameras 

were switched on but the motor remained off, is investigated. Looking in high-resolution at any 

variations in angular and radial velocity over time should allow an estimation to be made of the 

influence of aircraft vibrations on the mean particle velocities. The variations in angular and radial 

velocities during steady flight are compared to the variations in angular and radial velocities of the 

particles on the ground with no motor rotation. 

The mean angular and radial velocities of particles on the top and bottom surfaces, as a function 

of time, with no motor rotation are shown in Fig. 5.50 for ground-based data and in Fig. 5.51 for 

steady flight data. Also shown in these figures are the angular and radial velocity variations (dV = 

V - mean V) of the inner radial bin on the top surface and of the inner radial bin on the bottom surface 

as a function of time. In order to compare the different variations in angular and radial velocities on 

the top and bottom surfaces the angular velocity is converted from rad s-1 to mm S-1 using a radial 

distance in the middle of the inner radial bin (Le., 110 mm). 

On the ground, when there is no motor rotation there is very little motion (Fig. 5.50). The 

fluctuations around zero which can be seen may be a result of movement near the experiment (people, 

machines, etc.). They may also be caused by the particle detection and tracking algorithm. If this is 

the case it is possible that there are subtle changes in lighting which cause the centres of particles to 

be detected in slightly different locations between frames thus resulting in the detection of a small, 

but non-real velocity. 

However, in Fig. 5.51 some larger fluctuations in Vo and Vr are sccn. These fluctuations, which 

are of approximately the same scale in Vo and v,. (Fig. 5.51 (e) and (f)), are caused by the aircraft 

vibrations even though, as explained in Section 4.4.4, an attempt was made to isolate the shear cell 

from the external vibrations using silent blocks. The top surface is more sensitive to the aircraft 

vibrations with the largest velocity fluctations caused by the vibrations being ",2 x 10-4 rad s-1 in 

Vo, and -0.02 mm s-1 for in Vr. 

5.4.5 The influence of gravity variations in microgravity 

In this section the high-resolution variations in angular and radial velocity over time are compared to 

the flight data to determine if the fluctuations in gravitational acceleration influence the mean particle 

velocities. One experiment is considered where, during the parabola, the cameras were switched on 

but the motor remained off. The cameras were switched on before the microgravity phase began and 

continued taking images until after the microgravity phase had ended. 

Figure 5.52 shows the mean angular and radial velocities of particles on the top and bottom 
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Figure 5.50: Particle velocity fluctuations on the ground: no motor rotation - (a) angular 
velocity of the particles on the top and (b) bottom surface divided into 5 radial bins; (c) radial velocity 
of the particles on the top and (d) bottom surface divided into 5 radial bins. The r 'spective radial 
bins, with bin 1 being the closest to the inner cylinder, are: bin 1 (grc n), bin 2 (blue), bin 3 (red), 
bin 4 (cyan), bin 5 (black); (e) angular (rcd) and radial (black) velocity variations (dV = V - m anV) 
of the inner radial bin on the top surface and , (f) bottom surface. 
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Figur 5.51: Particle v locity fluctuations during st ady flight: no motor rotation - (<I.) 
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surfaces over time during this parabola as plotted in Fig. 5.50. For both the angular and the radial 

velocity there are periods where almost no velocity fluctuations can be seen on this scale. In between 

these two "calm" periods there is a section of time with large variations in the velocity. This section 

is the microgravity phase of the parabola. During the microgravity phase there are large deviations 

from the mean on the top surface at similar times for both Ve and v;.. The bottom surface has smaller 

fluctuations in the radial and angular directions than the top surface. The largest velocity fluctations 

seen during this experiment are ",0.01 rad S-1 in Ve, and ",2 mm S-1 in Vr . These are very large 

particle velocities compared to the regular motion when the motor is on and so we decided to look at 

the gravity fluctuations causing such velocities. 

Figure 5.53 shows the variations in the acceleration (in x, y and z) during the microgravity phase 

of the parabola. The gradient of the accelerations in x, y and z is also shown. The z axis is vertical, 

x is in the axis of the aircraft and corresponds to a radial direction in our experiments and y is 

perpendicular to the axis of the aircraft and corresponds to the angular direction in our experiments. 

It can be seen that the quality of the microgravity is poor; the acceleration in the z-direction does 

not remain within the limits of ± 0.05 g. Unfortunately many of the parabolas, particularly during 

the 3rd flight (Flight C) had a poor quality of microgravity and this may influence the AstEx results. 

This gravity data for all parabolas in the flight campaign are given in the Supplementary Material. 

5.5 Chapter conclusions 

In this chapter the AstEx data pipeline has been presented. This pipeline begins with the image 

analysis (i.e., particle detection and tracking) then, through a series of intermediary steps, the particle 

velocities are determined as a function of time and as a function of distance from the shearing surface. 

In the plots of particle velocity as a function of time, corrclated large-scale fluctuations in the 

particle velocities were observed. It was found, via an in-depth investigation, that these fluctuations, 

which extend across the entire width of the shear cell, are probably caused by force chain breaking 

and reforming. 

From an analysis of the scatter of particle velocities within the experiments at any moment in 

time it was found that, during constant shear rate experiments, the distribution of particle velocities 

remains relatively constant over time. In the same sectiun (Section 5.3.2) a method was presented, 

with examples, to determine whether partick'S in an experiment are exhibiting bulk motion and 

also to determine whether a set of experiments are reproducable on a macroscalc and a microscale. 

The methodology developed will be very useful in the following chapt('r when the AstEx results are 

presented and discussed. 
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Figure 5.53: Flight C, Parabola 0 - (a) The acceleration and , (b) t he gradient of the acceleration 
during the microgravity part of t he parabola in t he z-direction (dashed black line), in the x-direct ion 
(dashed-dotted red line) and in t he y-direction (solid green line) . 

An investigation was performed into all factors which may be influencing t he particle dYllamics 

in the AstEx experiment. T he first factor considered was the pressure plate. It was found t hat the 

deceleration of the pa rt icles on t he top surface of t he shear cell , as a result of the pressure plate, varies 

inversely wit h the particle radius. As a consequence, the 4 mm part icles arc largely unafl.'ec ted by t he 

presence of the pressure plate, bu t, the 3 mm particles are strongly decelerated by the pressure plate. 

The light reflections on the pressure plate also cause some part icles to have very short lifet inles and 

others to be excluded from t he analysis altogether. It was conclud ed that the overall pa rt icle dynamics 

are unlikely to be influenced by short t rack lengths or by the pa rt icles excluded from t he analysis. This 

is because only sets of two consecut ive frames are used to calculate the pa rt icle velocities and a.lso, 

there arc many more particles compl tely unaffected by t he light refl ect ions t han t here a re particles 

a ffected. 

Shaking the granula r rnaterialusing t he method described in Chapter 4 was found not to inflllcnce 

the pa rt icle dynamics. It is likely to b the c e, ther fore, t hat all xpcrim 'nts performed during 

t he flight campaign had a simila r ini t ia l configurat ion bu t t his ini t ial configllrat ion was probably 

dependent on t he xperiment perform d just previously. If t h AstEx experiment is to fl y agaill a 

better method of shaking th granul ar materi al may be requir d to fully re-s t the granul ar mat ' ri al. 

Fina lly, the aircraft vibrations wer found to giv part icles very small v'locit i s with all estimated 

maximum value of ",,2 x 10- 4 rad S - I in Vo, and ",,0.02 mm S- l for in Vr . The varia tions ill the 

gravi tational environment were found to influence the part icles to a much gr ater ext ' nt causing 

short-term velocity fluctuations of approximately ",0.01 rad S- 1 in Vo, and ",2 mm S- I in Vr in 

the worst case, T herefore, when interpreting t h micrognwity r suIts att nt ion must b \ pa id to 

the variations in t he simulated gravity during t he parabolas in question. In addi t ion, care shollid be 
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taken to differentiate between mean particle velocities caused by continuous particle motion and mean 

particle velocities caused by large and rapid particle displacements; gravity fluctuations are likely to 

be responsible for the latter. The method presented in Section 5.3.2 to detect persistent bulk particle 

motion will be very valuable in distinguising these two types of behaviour. 

The AstEx data pipeline has been developed and tested. A method for comparing experiments has 

also been developed and we have an understanding of all of the factors influencing particle dynamics. 

Therefore, a direct and reliable comparison can now be made between the different types of experiment. 

This will be caried out in Chapter 6. 
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Chapter 6 

The AstEx Experiment: Results 

and Interpretation 

6.1 Summary of Chapter 

In Chapter 5 the AstEx data pipeline was discussed. Additionally, a method was presented to de

termine whether particles in an experiment are exhibiting bulk motion and to determine whether a 

set of experiments are reproducable on a macroscale and a microscale. In addition, the following key 

conclusions were drawn: 

• Correlated large-scale fluctuations in the particle velocities are observed that are probably caused 

by force chain breaking and reforming. 

• The 4 mm particles are largely unaffected by the presence of the pressure plate but the 3 mm 

particles are strongly decelerated by the pressure plate. 

• The light reflections on the pressure plate are unlikely to influence the overall particle dynamics. 

• Shaking the granular material before an experiment does not change the particle dynamics. 

• The aircraft vibrations do not influence the particle dynamics. 

• The particle dynamics are influenced by the variations in the simulated gravity. 

In this chapter the results from the AstEx microgravity experiment are presented and discussed. As 

outlined in Chapter 4, the AstEx experiment has several key research objectives: 

1. To investigate how a steady state granular flow induced by rotational shear forces in microgravity 

differs from a steady state granular flow on Earth induced by rotational shear forces. 
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2. To investigate if granular convection occurs in our granular system on the ground and, if it does, 

to determine if the convection is enhanced or reduced in microgravity. 

3. To investigate if hysteresis (memory effects) that leads to a transient weakening of the granular 

material occuring after shear reversal are enhanced or reduced in the microgravity environment. 

4. To investigate how a granular material behaves when maintained at a constant volume without 

any confining pressure during shear (possible only in microgravity). 

Unfortunately, due to the hardware problems outlined in Section 4.6.2, the experiments required to 

investigate the final objective could not be performed. The results and conclusions corresponding to 

the first three key objectives are presented below. 

6.2 Steady state granular flow 

Many previous ground-based experiments of granular shear with similar experimental set-ups have 

found that the angular velocity of particles decreases quickly over a few particle diameters away from 

the shearing wall and that the angular velocity profile, normalised by the shear rate, is independent 

of the shear rate (e.g., Behringer et al., 1999; Bocquet et al., 2001; Losert et al., 2000; Mueth et al., 

2000). It has already been seen in Chapter 5 that the former of these two points is also true for the 

AstEx experiments performed on the ground and in microgravity. A shear band of several particle 

d:ameters in width is seen close to the inner shearing cylinder on the top and bottom surfaces of the 

AstEx experiment in both gravitational regimes (Figs. 5.23, 5.32, 5.33, 5.36 and 5.37). 

In Section 5.3.2 the individual angular velocity profiles of many experiments were considered. In 

these experiments it was noted that 82 (see Table 5.4 and Section 5.3.2) in the mean normalised 

particle angular velocity of each experiment {VB*' see Eq. (5.3)) is largest at small distances from 

the inner cylinder where the motion is concentrated. Howe~er, 82 is small enough, even at small 

distances from the inner cylinder, for the angular velocity profiles to be statistically significant. As 

VB- is non-zero near the inner cylinder it can, therefore, be concluded that there is bulk motion of the 

particles in a preferential direction (as expected). Far from the inner cylinder VB- is close to zero and 

82 is very small. This implies that there is no particle motion at all in the angular direction. These 

trends in 82 are found in all angular velocity profiles both on the ground and in microgravity (s~'e 

examples Section 5.3.2 and full results in the Supplementary Material). The only exception is that, 

during some microgravity constant shear rate experiments, 82 is slightly larger far from the inner 

cylinder due to the random particle motion caused by the fluctations in the simulated gravity. 

In this section, which will investigate steady state granular flows, we will first test whether the 

normalised angular velocity profiles of constant shear rate ground-based AstEx experiments are in-
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dependent of the shear rate. Next, we will test whether the normalised angular velocity profiles of 

constant shear rate experiments performed in microgravity'are independent of shear rate. Finally, we 

will compare the angular velocity profiles of ground-based and microgravity experiments to determine 

whether the steady state granular flows in the two gravitational environments differ. This will be done 

by comparing experiments of the same type using the mean normalised particle angular velocities (Vo·) 

and the associated scatters (S3a and S3b), as described in Section 5.3.2. 

6.2.1 Steady state granular flow in 1 9 

Considering first the shapes and widths of the angular velocity profiles from ground-based experiments, 

it can be seen that, on the top surface (Fig. 6.1 (a) and Fig. 6.2 (a)), the mean particle angular velocity 

(vit) decays exponentially with distance from the shearing surface and the shear band is approximately 

6-7 particle diameters wide for all of the experiments. However, on the bottom surface (Fig. 6.1 (b) 

and Fig. 6.2 (b)) the shear band is much narrower (3-5 particle diameters wide) and, in the case of the 

4 mm particles especially, the angular velocity profile is very steep. It is possible that the difference 

in the angular velocity profiles results from a difference in the packing fraction between the free top 

surface and the crystallised (Le., hexagonally packed) bottom surface. Indeed, this same effect was 

found by Daniels & Behringer (2006) who reported that when a granular material is in the disordered 

state the shear band extends several particles, but while in the crystallised state, the shear is localised 

almost entirely to the first layer of particles. This hypothesis gains strength when stacked images of 

the top and bottom surfaces are considered in which several thousand images have been super-imposed 

(Fig. 6.3). The shear band near to the moving inner cylinder can be seen on the right of both images 

but it is much smaller in the crystallised granular material on the bottom surface than on the top 

surface. 

Now, comparing the magnitudes of the angular velocity profiles of ground-based experiments for 

the 4 mm and 3 mm beads in Fig. 6.1 and Fig. 6.2, respectively, it can be seen that the maximum 

value of Vo· on the top surface of experiments with the 3 mm beads is much smaller (0.5-0.6) than 

for the top surface of experiments with the 4 mm beads (0.7-0.9). This is because the motion of the 

smaller beads on the top surface is inhibited by the presence of the pressure plate (see discussion in 

Section 5.4.1). The relative sizes of the error bars means S3a (see Table 5.4 and Section 5.3.2) of Vo· 

is also much smaller on the top surface of the 3 mm particles than on the top surface of the 4 mm 

particles. This indicates that the experiments looking at the top surface of 3 mm beads are more 

reproduceable than those looking at the top surface of the 4 mm beads. This is likely to be because 

the influence of the pressure plate makes the particle velocities more homogeneous. 

It is also worth noting that the magnitudes of the angular velocity profiles of the 4 mm beads at 

237 



6. THE ASTEX EXPERIMENT: RESULTS AND INTERPRETATION 

the bottom surface (Fig. 6.1 (b» are much lower than at the top surface (Fig. 6.1 (a». This may be 

linked to the crystallisation of the bottom surface but it is perhaps more likely to be because, in 1 g, 

the particle motion on the bottom surface is resticted due to the weight of the particles above (recall 

there are "'13.5 kg of beads in the shear cell). The same difference in magnitude of Vo* on the top 

and bottom surfaces does not exist for the 3 mm beads because the motion of the top surface is also 

inhibited, albeit via a different mechanism. 

Therefore, the mean normalised angular velocity profiles at different inner cylinder angular veloc

ities (i.e., at different shear rates) are identical to within the error bars for both the 4 mm particles 

(Fig. 6.1), and the 3 mm particles (Fig. 6.2). This means that the normalised angular velocity pro

files of ground-based experiments are independent of the shear rote just as in previous experiments of 

gronular shear in a Couette geometry (see e.g., Behringer et al., 1999; Bocquet et al., 2001; Losert 

et al., 2000; Mueth et al., 2000). 

6.2.2 Steady state granular flow in microgravity 

The mean normalised angular velocity profiles for microgravity experiments at different inner cylinder 

angular velocities are shown for the 4 mm particles in Fig. 6.4, and for the 3 mm particles in Fig. 6.5. 

In these figures, and throughout this chapter, the data obtained during the different flights are treated 

as different experiment groups. This is because, during Flight C, the quality of the microgravity was 

very poor. Just as for the ground-based experiments, the normalised angular velocity profiles for 

microgravity experiments at different inner cylinder angular velocities are identical to within the error 

bars. This means that the n017nalised angular velocity profiles of constant shear rote experiments 

performed in microgrovity are independent of shear rote. 

The microgravity angular velocity profiles display the same trends as the ground-based experi

ments: on the top surface Vo· decays exponentially with distance from the shearing surface and the 

shear band is approximately 6 particle diameters wide, on the bottom surface the shear band is nar

rower and, especially in the case of the 4 mm beads, the angular velocity profile is very steep. This 

would imply that the crystallisation continues to infuence the particle dynamics in microgravity. 

Similar to the ground-based experiments, in microgravity the maximum value of Vo· on the top 

surface of experiments is much smaller with the 3 mm beads than with the 4 mm beads (Fig. 6.4 (a) 

and Fig. 6.5 (a». The pressure plate is, therefore, still affecting the 3 mm particles in microgravity. 

However, unlike on the ground, in microgravity there is not a large difference in the magnitudes of 

the angular velocity profiles of the 4 mm beads at the bottom surface compared to the top surface 

(Fig. 6.4 (b) and Fig. 6.5 (b». This is because, in 1 g, the particle motion on the bottom surface is 

resticted due to the weight of the particles above, but in the microgravity environment, this weight is 
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F igure 6.1: Normali d a ngular velocity profi les for 4 mm beads in 1 9 - Yo· plotted as a 
fun t ion of dist, nc from the inner cylinder for (a) the top surface and (b) the bottom surface of 
the ground-based experiment . Mean v 10 ity profiles a re shown for experiments with different inner 
cylind r angular v lociti s: 0.025 rad s- J (diamonds) and 0.05 rad s- J (squares). Th error bars 
r pr S nt th stand ard deviation of Yo· for ach group of xp riments (i .. , S3a ). The velocity profiles 
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Figure 6.2: Normalised angular velocity profiles for 3 mm beads in 1 9 - Vo· plotted as a 
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t he ground-based experiments . Mean veloci ty profiles are shown for experiments wit h different inner 
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(a) 

(b) 

F igm e 6.3: Superposition of exp erimental images - Stacked image made from > 4000 frames 
ta ken of (a) the top surface, and (b) the bottom surface of the granu lar materia l. On t he right, close 
to t he inner cylinder, a shear band can be seen. This shear band is much larger in t he disordered 
granu lar ma terial of the top surfac tha n in the crystallised granllla r material on the bottom surface. 

241 



6. THE ASTEX EXPERIMENT: RESULTS AND INTERPRETATION 

removed and the particles on the bottom surface can move more freely. 

Comparing the shape of the top surface angular velocity profiles of 4 mm beads obtained on the 

ground and in microgravity there is one noticeable difference: there is a reduced Vo· very close to 

the inner cylinder in microgravity that does not occur on the ground (Fig. 6.4 (a) compared to Fig. 

6.1 (a)). This dip can be explained by considering the shear cell set-up. The outer wall of the 

inner cylinder is coated with beads to make it rough. These beads are glued onto the wall of the 

inner cylinder but, due to the presence of the pressure plate, cannot extend above the height of the 

top layer of beads in the shear cell. Therefore, as the granular material dilates in the microgravity 

environment, the particles on the top surface nearest the inner cylinder will be in contact with the 

smooth surface of the inner cylinder rather than the rough surface of the glued-on beads. This will 

result in a reduced particle velocity very close to the inner cylinder in microgravity compared to the 

velocity on the ground . There is no similar dip observed on the top surface near the inner cylinder for 

the 3 mm particles (Fig. 6.5 (a)). This is probably because the particle velocities are already reduced 

by the pressure plate, but may also indicate that the glued-on beads extend slightly higher in the 3 

mm bead shear cell. 

6.2.3 Steady state granular flow in varying gravitational environments 

It has been shown that the normalised angular velocity profiles of constant shear rate experiments 

performed both on the ground and during all microgravity flights are independent of shear rate. 

Therefore, we now combine all the data from all of the experiments of each type (i.e. , experiments at 

all inner cylinder angu lar velociti s with the sam bead size, camera and gravitat iona.l cllvironlllcnt) 

to perform a direct comparison between the two gravitational regimes. The data from each flight are 

again kept separate due to the varying quality of microgravity encountered during the different flights. 

The mean normalised angular velocity profiles on the top surface are identical in both microgravity 

and on the ground for the 4 mm beads, except for the small difference in magnitud ncar the inner 

cylinder, which has been explained above (Fig. 6.6). As mentioned previously, the difference in the 

shape of the normalised angular velocity profiles on the bottom surface compared to the top surface 

is probably caused by the crystallisation (higher packing density) which is vident on the bottom 

surface in both gravitational regimes. In the case of the ground-based experiments, th difference in 

the magnitude of the normalised angular velocity profiles on the bottom surface compared to the top 

surface experiments, is probably due to the weight of the beads located above those at the bottom, 

restricting the motion of the bottom particles. 

We have seen that, in the ground-based experiments, the pressure plate has a considerable influ

ence on the top surface of the 3 mm beads (see Section 5.4.1). The decrease in the magnitude of the 
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as a function of distance from the inner cylinder for (a) the top surface and (b) t he bot tom urfa e. 
Mean v locity profiles ar shown for experiments during different flights: Flight A (blue) and Flight 

(r d) , and with different inner cylinder angular velocities: 0.025 rad S - l (diamonds), 0.05 rad S - l 

(squares) and 0.1 rad S - l (circles). The error bars represent the stand ard deviation of Vo· for each 
group of xp rim nt (i .. , 530 ) , The velocity profi les only extend up to 8 particle diameters from the 
shearing surface as further away t her is very litt le motion. 
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Figure 6.5: N ormalised a ngular velocity profiles for 3 m m b ead s in microgravity - Vo· plotted 
as a function of distance from the inner cylinder for (a) the top surface and (b) the bottom surface. 
Mean velocity profiles are shown for experiments with different inner cylinder angular velocities: 0.025 
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were performed during Flight B. The error bars represent the standard deviation of Vo· for each group 
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normalised angular velocity profiles caused by the pressure plate is systematic as it affects all experi

ments of the same type in the same manner. However, the . influence of the pressure plate does seem 

to be more important in microgravity experiments than in ground-based experiments (Fig. 6.7). This 

is probably because the 3 mm particle packing dilates in microgravity and, therefore, the particles are 

more likely to be in contact with the pressure plate than in ground-based experiments. 

Again, as for the 4 mm beads, the shapes of the normalised velocity profiles with the 3 mm beads 

are different on the top and bottom surfaces in both microgravity and on the ground (due to the 

higher packing fraction which creates a narrower shear band). However, the magnitudes of all 3 mm 

particle velocity profiles are similar on both top and bottom surfaces (because the velocities of the 3 

mm particles at the top surface are reduced by the pressure plate). The error bars of the normalised 

velocity profiles for all experiment groups on the ground and in microgravity (Figs. 6.6 and 6.7) are 

small, which means that there is a very small scatter in the mean angular velocities (Le., a very 

small 83a ). This indicates that the angular velocity profiles of constant shear rate experiments are 

reproduceable on a macroscale. 

The mean scatter of Vs· was defined as 82 in Section 5.3.2. However, we recall that this is exactly 

equivalent to the RMS velocity fluctuations. The RMS velocity fluctuations in a direction parallel 

to the mean flow (Le., VsRMS) decay as a function of distance from the shearing surface in a similar 

manner to the normalised angular velocity profiles (Figs. 6.8 and 6.9). Note that the RMS velocity 

fluctuations in a direction perpendicular to the mean flow (Le., V,.RMS) will be discussed later in 

Section 6.3. 

On the ground the mean RMS velocity fluctuations are greater on the top (free) surface than on 

the bottom surface. In microgravity the mean RMS velocity fluctuations are of a similar magnitude 

on both surfaces for the 4 mm beads and are very slightly larger on the bottom surface compared to 

the top surface for the 3 mm beads. The error bars in the plots of the RMS velocity fluctuations for 

the 4 mm beads (Fig. 6.8) are small for the ground-based experiments indicating that there is a similar 

distribution of particle velocities in all ground-based experiments. These error bars are much larger 

for the microgravity experiments (especially for Flight C) indicating that there is a larger difference in 

the distribution of particle velocities between experiments of the same type Le., there is more random 

particle motion. This is almost certainly due to the irregular and unsystematic variations in the 

simulated gravity during the microgravity phase of the parabolas. The error bars in the plots of the 

RMS velocity fluctuations for the 3 mm beads (Fig. 6.9) are quite small and similar in magnitude for 

the top and bottom surfaces of experiments in both gravitational regimes. This implies that every 

experiment of the same type with 3 mm beads has a similar distribution of particle velocities, again 

indicating that the pressure plate makes the particle velocities more homogeneous. Therefore, from 
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the above analysis we can conclude that, the ground-based and microgravity experiments with the 3 

mm beads are reproduceable on a microscale. However, due to the sensitivity of the 4 mm particles 

to the variations in the simulated gravity, the microgravity experiments with the 4 mm beads are not 

reproduceable on a microscale. 

In summary, from the experiments and analysis of steady state granular shear in varying gravity 

environments, we have learnt that: 

• The angular velocity of particles decreases quickly over a few particle diameters away from the 

shearing wall for experiments performed both on the ground and in microgravity. 

• The normalised angular velocity profiles of constant shear rate experiments performed both on 

the ground and in microgravity are independent of shear rate. 

• The normalised angular velocity profiles of constant shear rate experiments performed both on 

the ground and in microgravity are almost identical (except for a few differences caused by the 

experiment set-up). 

• A higher packing density of particles (such as at the bottom surface) reduces both the width 

of the shear band and the maximum angular velocity of the particles in experiments performed 

both on the ground and in microgravity. 

• The mean RMS velocity fluctuations (S2) in a direction parallel to the mean flow are comparable 

for experiments performed both on the ground and in microgravity 

• There are large differences in the distributions of particle velocities between experiments per

formed in microgravity (Le., a large S3b). This is due to random particle motion caused by the 

variations in simulated gravity. 

• The random particle motion caused by gravity fluctuations does not affect the mean angular 

velocities averaged over a long time period. 

• Taking all of the above into account we conclude that the effect of constant shearing on a granular 

material in a direction perpendicular to the gravity field does not seem to be strongly influenced 

by gravity. 
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Figure 6.6: Comparison of angular velocity profiles in 1 9 and microgravity for the 4 mm 
beads - Vo· plotted as a fun ction of distance from the inner ylinder on the top surface (upper plots) 
and on the bottom surface (lower plots). (a) and (c) show the entire width of t he shear cell , (b) and 
(d) show a close up of the shear band. There are three types of experiment: grou nd-based (green 
diamonds), microgravity Flight A (blue 'quares) and microgravity Flight C (red circles). For each 
typ , all experiments at all rotational velocities have been combined to prod uce the mean Vo· ' The 
error bars represent the standard deviation of Vo· for each group of experiments. 
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Figure 6.7: Comparison of angular velocity profiles in 1 g and microgravity for the 3 mm 
beads - VB· plotted as a function of distance from the inner cylinder on the top surface (upper plots) 
and on the bottom surface (lower plots) . (a) and (c) show the ent ire width of the shear cell , (b) and 
(d) show a close up of the shear band. There a re three types of experilllent: ground-based (green 
diamonds), microgravity Flight A (blue squares) and microgravity Flight C (red circles). For each 
type, all experiments at a ll rotational velocit ies have been combined to produce the mean Vo·' The 
error bars represent the st and ard deviation of Vo· for each group of experiments. 
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6.3 Convective-like flows 

6.3 Convective-like flows 

Examining the radial velocity profiles of particles can indicate whether convective-like flows are oc

curing in the experiment. Specifically, if there is a dip in the radial velocity profile near the inner 

cylinder this indicates the possible presence of a convection roll in this region (see Section 4.2 and 

Fig. 4.3). As we have seen in Section 5.3.2, S2 in the radial velocities of the particles is large in 

almost all experiments (the individual radial velocity profiles for all experiments are provided in the 

Supplementary Material). In the experiments where Vr* is close to zero and S2 is large this implies 

that there is a large amount of random particle motion that results in a net radial velocity of zero. In 

the experiments where the v,.* is non-zero and S2 is large this implies that there is a significant amount 

of random particle motion but there is also some net motion. When S2 is large any net motion can 

not be conclusively defined as bulk motion in the individual experiments. However, if the same trends 

are present in several experiments of the same type then the conclusion can be drawn that there is a 

preferred direction of particle motion, which may be indicative of underlying bulk particle motion. 

By comparing experiments of the same type using the mean particle radial velocities (Vr*) and 

the associated scatters (S3a and S3b), as described in Section 5.3.2, we will first discuss if there is 

evidence for convective-like flows in the ground-based experiments. Then we will consider the mean 

radial velocity profiles and S3 scatters of the particles in the microgravity experiments. Finally, we 

will look at the mean radial motion of particles as a function of time to determine how persistent 

the radial motion is over time. For the experiments performed during a parabola we will also have 

a unique opportunity to directly compare the radial motion of particles in an experiment as the 

simulated gravity varies from ",,0 9 to 1.8 g. This may allow a direct detection of regime changes 

between the varying gravitational environments. 

The focus in this section will mostly be on the radial velocities of particles on the top (free) surface 

of the shear cell. However, the radial velocity profiles for the bottom surface will also be presented 

and discussed at the end of the section. 

6.3.1 Radial particle motion in 1 9 

Figure 6.10 shows the mean normalised radial velocity (V/), as a function of distance from the inner 

cylinder, for the 4 and 3 mm beads on the top surface of experiments on the ground with different 

inner cylinder angular velocities. The error bars in the radial velocity profiles show the scatter of mean 

radial velocities between experiments of the same type (S3a ). We can see that, although experiments 

of the same type are not identical (the size of the error bars is non-zero), there is a reproduceable 

trend in the shape of the radial velocity profiles. All of the ground-based experiments exhibit the 
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same characteristic large dip in the top surface radial velocity profile close to the inner cylinder. The 

dips in the radial velocity profiles occur between the inner cylinder and approximately 6-7 particle 

diameters distance from the inner cylinder. This, as we have seen in Section 6.2, is approximately 

the width of the shear band. Despite the small scale of the radial motion (only a few fractions of a 

millimeter per second), there is clearly a preferred direction of particle motion in this region of the 

top surface for all ground-based experiments. We can, therefore, conclude that within the shear band 

there is a continuous flux of particles towards the inner cylinder. 

In the plots of Figure 6.10, although the dip is seen in all mean radial velocity profiles, the 

magnitude of the normalised radial velocity increases with decreasing inner cylinder angular velocity. 

This confirms that the mean particle radial velocity is not a linearly increasing function with inner 

cylinder angular velocity (as first suggested in Section 5.3.2), otherwise the dips would all be the same 

magnitude. It is not, therefore, possible to combine data from experiments at different inner cylinder 

angular velocities as we have done in the analyses of the particle angular velocities. 

The magnitude of the dip in the radial velocity profiles is smaller for the 3 mm particles than for 

the 4 mm particles (Fig. 6.10). We have already seen that the angular motion on the top surface of 

experiments with the 3 mm beads is suppressed due to the presence of the pressure plate (Section 

5.4.1), therefore, it is not surprising that the radial motion is also suppressed. Another feature, that is 

most evident in the radial velocity profiles with an inner cylinder angular velocity of 0.025 rad s-l, is 

the small positive radial velocity extending from the end of the shear band (at 6-7 particle diameters) 

to the outer cylinder. Again, in this region, the error bars are small enough to imply that this is a 

consistent trend between many experiments. We can, therefore, conclude that outside of the shear 

band there is a continuous, flux of particles away from the inner cylinder. However, this motion is on 

a much smaller scale than the inwards radial motion within the shear band. 

The mean scatter of the radial velocities in individual experiments was defined as 82 in Section 

5.3.2 and is equivalent to the RMS velocity fluctuations in a direction perpendicular to the mean 

flow (Le., V/ MS ). As for the RMS velocity fluctuations in a direction parallel to the mean flow (sec 

Section 6.2) the RMS velocity fluctuations in a direction perpendicular to the mean flow decay as 

a function of distance from the shearing surface (Fig. 6.11). The magnitude of VrRMS is smaller for 

the 3 mm beads than for the 4 mm beads. This is consistent with the angular velocity results and is 

because the pressure plate reduces particle motion. The error bars in the plots of the RMS velocity 

fluctuations are small indicating that there is a similar distribution of particle velocities in all ground

based experiments. However, it must be noted that the RMS velocity fluctuations are consistently 

larger in magnitude than the corresponding dip in the radial velocity profiles. 
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6.3.2 Radial particle motion in microgravity 

Figure 6.12 shows the mean normalised radial velocity profiles for the 4 and 3 mm beads on the top 

surface of experiments in microgravity with different inner cylinder angular velocities. In these plots 

we can immediately see that there is no longer a characteristic dip in the radial velocity profiles near 

the inner cylinder as has been observed in the ground-based experiments. 

Close to the inner cylinder the 4 mm beads appear to exhibit a slightly negative radial motion. 

However, looking carefully at Fig. 6.12 (a) we can see that the error bars are very large for the mean 

radial velocities very close to the inner cylinder (Le., 83a is large). This indicates that there is a large 

distribution of mean particle radial velocities between the experiments and that this small amount 

of negative motion at the inner cylinder is possibly not a robust and reproducible behaviour. The 

extremely large value of the mean RMS velocity fluctuations in a direction perpendicular to the mean 

flow (82) shown in Fig. 6.13 (a) confirms that there is a large amount of random particle motion in 

this region. In addition to the mean RMS velocity fluctuations being large near the inner cylinder, the 

error bars in Fig. 6.13 (a) are also very large near the inner cylinder (Le., 83b is large). This indicates 

that, in this region of the shear cell during the microgravity experiments, there is a large difference 

in the RMS velocity fluctuations between different experiments. We can conclude, therefore, that, 

on the top surface of the 4 mm beads close to the inner cylinder, the particles are undergoing a lot 

of random agitation in the radial direction. This would imply that radial motion of particles in this 

region of the shear cell is very susceptible to the variations in the simulated gravity. 

Close to the inner cylinder in the experiments with the 3 mm beads the scatter of mean radial 

velocities between experiments is much smaller (Le., small error bars in Fig. 6.12 (b», the width 

of the distributions of particle velocities within the experiments are smaller and more reproducible 

(Le., smaller mean RMS velocity fluctuations and smaller error bars in Fig. 6.13 (b». Again, this is 

probably because the motion of the 3 mm beads is suppressed due to the presence of the pressure plate 

(Section 5.4.1). This implies that the 3 mm particles are, therefore, less susceptible to the variations 

in the simulated gravity. 

In the radial velocity profiles on the top surface of all of the microgravity experiments (Fig. 6.12) 

there appears to be a small positive radial velocity extending from a few particle diameters to the outer 

cylinder. In this region of the shear cell, the error bars of the mean radial velocity profiles are small 

enough (Le., 83a is small) to imply that this is a consistent trend between many experiments. The 

mean RMS velocity fluctuations are also smaller further from the inner cylinder and for all experiment 

types, except those performed during the microgravity of Flight C, 83b is quite small at large distances 

from the inner cylinder (Fig. 6.13). This means that, in this region of the shear cell, the experiments 

are more reproduceable and there is less random agitation of the particles (except for during Flight 
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Figure 6.12: Normalised radial velocity profiles in microgravity - Vr* plotted as a function of 
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(i.e., S3a ). 

256 



4-; 

o 

4-; 

o 
;.... 
Q) 

+=> 
+=> 
cO 

6.3 Convective-like flows 

0.15 

0.1 

I 
I, 

00 5 10 15 20 25 
Distance from inner cylinder (d) 

(a) 

0.15 

0.1 

~ 0.05 

00 10 20 30 
Distance from inner cylinder (d) 

(b) 

Figure 6.13: S2 scatter of radial velocity profiles in microgravity - The S2 scatter of v,.* (Le., 
RM velo ity flu ctuat ions; s tion 5.3.2) plott d AS a fun tion of distance from the inner cylinder 
on the top surfa ' of micl'ogravity xp rill1ents (a) during Flight A (b lue squares) and Flight C (red 
circles) with 4 mm particl and (b) during Flight B (b lue squares) with 3 mm part icles . Mean resu lt 
are shown for xperiments with dif~ rent inn r ylind r angular velocities: 0.025 rad - .I (solid colour 
markers), 0.05 I'ad s - J (op n markers) and 0.1 rad S- I (b lack markers). The error bars represent th 
standa rd d viat ion of the m an S2 for each group of exp riments (i.e., S3b). 
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C). We can, therefore, conclude that there is a very small, but continuous, flux of particles away from 

the inner cylinder in the microgravity experiments. 

Additionally, the peak of this positive radial velocity seems to occur at approximately 6-7 particle 

diameters from the inner cylinder, which is the width of the shear band (Section 6.2). In other words, 

in microgravity the particles appear to have a maximum radial velocity close to the boundary between 

the shear band and the bulk of the granular material. The magnitude of the peak of the normalised 

radial velocity increases with decreasing inner cylinder angular velocity demonstrating, once again, 

that the mean particle radial velocity is probably not a linearly increasing function with inner cylinder 

angular velocity. 

6.3.3 Comparing the radial velocities in varying gravitational environ

ments 

We have seen that there is no difference in the width of the shear band nor is there a difference in the 

magnitude of the angular velocities within the shear band (see Section 6.2) between the gravitational 

regimes of microgravity and 1 g. Interestingly, we see a clear change in the behaviour of the radial 

motion of particles in the shear band between the two gravitational regimes. The radial velocity 

profiles on the top surface of the ground-based experiments exhibit a large dip close to the inner 

cylinder which is indicative of convective-like motion. However, this dip is not present in the radial 

velocity profiles of microgravity experiments. This difference between the two gravitational regimes 

implies that the mechanisms driving the radial motion of particles in the two different gravity regimes 

may not be the same. 

Figures 6.14 and 6.15 show the unnormalised radial velocity profiles on the top surfaces of the 4 

mm beads and the 3 mm beads, respectively. From all of the experiments on the ground looking at 

the top surface we can conclude that, within the shear band of constant shear rate experiments in 1 

g there is a continuous flux of particles towards the inner cylinder. The peak of this inward radial 

motion occurs in the middle of the shear band. Outside of the shear band, there is a smaller, but still 

continuous, flux of particles away from the inner cylinder. 

From all of the experiments in microgravity looking at the top surface we can conclude that, during 

constant shear rate experiments in microgravity there is a small, but continuous, flux of particles away 

from the inner cylinder starting at a distance of a few particle diameters and extending to the outer 

cylinder. The peak of this outer radial motion occurs close to the boundary of the shear band and the 

bulk of the granular material. 

The RMS velocity fluctuations in a direction perpendicular to the mean flow (Figs. 6.16 and 6.17) 

follow similar trends to the RMS velocity fluctuations discussed in Section 6.2: the mean RMS velocity 
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Figure 6.17: Comparison of 32 of radia l velocity p rofiles of the 3 mm beads on top surface 
- 32 of Vr (i .e., RMS velocity fluctuations; see Section 5.3.2) plotted as a funct ion of distance from the 
inner cylinder on the top surface of experiments with an inner cylinder angular velocity of (a) 0.025 
rad S- I , (b) 0.05 rad S- 1 and (c) 0.1 rad S- I. Results are shown for ground-based experiments (green 
diamonds) and microgravity Flight B (blue squ ares). The error bars represent the standard deviation 
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fluctuations decay as a function of distance from the shearing surface; for the 4 mm particles (Fig. 

6.16) the mean RMS velocity fluctuations are smaller on the ground than in microgravity, although, 

for the 3 mm particles (Fig. 6.17) the mean RMS velocity fluctuations are of a similar magnitude on 

the ground and in microgravity. The magnitude of the mean RMS velocity fluctuations are also much 

greater for the 4 mm beads than for the 3 mm beads. This indicates that there is a larger amount of 

random agitation of the 4 mm particles in microgravity than of the 3 mm particles (consistent with 

what has been found previously in Section 6.2). 

We have seen in Section 6.3.1 that there is a similar distribution of particle velocities in all ground

based experiments. Similarly, in Section 6.3.2 we have seen that there is a similar distribution of 

particle velocities in all microgravity experiments with 3 mm beads. However, for the microgravity 

experiments with 4 mm beads there is a larger difference in the distribution of particle velocities 

between experiments of the same type Le., there is more random particle motion. This is almost 

certainly due to the irregular and unsystematic variations in the simulated gravity during the mi

crogravity phase of the parabolas. The 3 mm beads are less sensitive to such variations due to the 

influence of the pressure plate. 

We have compared radial velocity profiles between different experiments in two different gravity 

regimes and found significant differences. However, thanks to the gravitational environment available 

on a parabolic flight, we have a unique opportunity to confirm this difference by observing regime 

changes in the same experiment as the simulated gravitational field changes. Recall, from Chapter 4, 

that during each parabola of a parabolic flight there are three distinct phases: a ",20 second ",1.8 9 

injection phase as the plane accelerates upwards, a -22 second microgravity phase as the plane passes 

through the top of the parabola, and finally a ",20 second '" 1.8 9 recovery phase as the plane pulls 

out of the parabola. For all of the constant shear rate microgravity experiments performed during the 

flight campaign, the motor and cameras were switched on just after the transition from the first ",1.8 

9 to the microgravity phase. For some experiments, the motor and camera were then left running 

throughout the rest of the parabola (Le., through the microgravity period and through the ",1.8 9 

recovery phase). 

First we consider the variation of radial velocity as a function of time in the ground-based exper

iments. The inner radial bin (of five) was chosen for the analysis as it has a width of ",6 particle 

diameters and, therefore, is approximately the size of the shear band (as we have seen above, we expect 

the inward radial motion in ground-based experiments to occur within the shear band). Figure 6.18 

shows the mean radial velocity of the inner radial bin as a function of time throughout ground-based 

constant shear rate experiments at different inner cylinder rotational velocities. Each point represents 

the mean radial velocity of the particles in the radial bin during a period of 2 seconds. The error bars 
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represent the standard deviation of the mean radial velocity in the same time period. 

In each of the six examples provided in Fig. 6.18 the radial velocity of the inner radial bin varies 

throughout time. However, despite the fluctuations, the mean values are clearly more negative than 

pusitive over the course of every experiment. This is consistent with the radial velocity profiles from 

above, which showed that, in the ground-based experiments, there is a net flux of particles towards 

the inner cylinder within the shear band. 

Now we will consider how the mean radial velocity of the particles in the inner radial bin varies 

during a parabola. Due to the problems related to data acquisition during Flight A (see Section 

4.6.1), the majority of parabolas for which the experiment was continued into the ",1.8 9 recovery 

phase occured during Flights Band C. However, as has been mentioned several times, Flight C had 

a poor quality of microgravity and, in addition, there were large gravity fluctuations during ",1.8 9 

recovery phase. Therefore, the experiments presented here are the constant shear rate experiments 

performed during Flight B. Note that the plots of radial velocity as a function of time for all constant 

shear rate experiments performed during all of the flights are provided in the Supplementary Material. 

Figures 6.19--{i.21 show the mean radial velocities of the inner radial bin of particles, as a function 

of time, during constant shear rate experiments performed during a parabola. Five example experi

ments are provided at each of the three inner cylinder rotational velocities. In all of these plots the 

microgravity period lasts from 0 to ",20 seconds after which there is a period of ",1.8 9 from ",20 to 

",40 seconds. Finally, at ;:::40 seconds the gravitational acceleration returns to 1 g. 

Again, just like for the ground-based experiments, there are fluctuations in the radial velocity over 

time. In the first 20 seconds of almost every single experiment the radial velocity fluctuates close 

to zero and often remains slightly more positive than negative. This is, once again, consistent with 

the radial velocity profiles from above which showed that within the shear band there is a small net 

positive flux of particles away from the inner cylinder. 

If there truly is a change in the behaviour of particles in different gravitational regimes we should 

see a change in the radial velocities of the particles as the simulated gravity passes from microgravity 

to ",1.8 g. This is exactly what is observed in almost every single experiment in Figs. 6.19-6.21. 

After approximately 20 seconds of constant shearing the particles, which were previously exhibiting 

small positive radial velocities, start suddenly to exhibit negative radial velocities. In many cases the 

magnitude of the negative radial velocities oeeuring in ",1.8 9 is mueh larger than the magnitude of 

the positive radial velocities oeeuring in microgravity. 

From these results it is very clear that there is a mechanism causing the inward motion of particles 

in the presence of an external gravitational field. This mechanism does not appear to be active during 

microgravity. In the next section some ideas will be proposed that may explain this mechanism. 
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Figure 6.18: Radial velocity of 3 mm particles as a function of time on the top surface in 1 
9 - Vr as a fun tion of time for the inner radial bin (of five) during six constant shear rate experiments 
performed on the ground . Shown are r suits for experiments with an inner cylinder angular velocity 
of 0.025 rad S- I (top) , 0.05 rad S- I (middle) and 0.1 rad S- I (bottom). Each point represents the 
mean Vr of the particl s in the radial bin during a period of 2 seconds. The error bars r present t he 
standard deviation of Vr in the same time period. 
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Figure 6.19: Radial velocity of 3 mm particles as a function of time on the top surface 
during a parabola with an inner cylinder angular velocity of 0.025 rad S - l - Vr as a fun ction 
of time for the inner radial bin (of five) during five constant shear rate experiments performed during 
parabolas of Flight B. Each point represents the mean Vr of the particles in the radial bin during a 
period of 2 seconds. The error bars represent the standard deviation of Vr in the same time period. 
The microgravity period lasts from 0 to ",20 seconds after which there is a period of 1.8 9 from ",20 
to ",40 seconds. Finally, at .2: 40 seconds the gravitational acceleration returns to 1 g. 
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Figure 6.20: Radial ve locity of 3 mm particles as a function of time on the top urfac 
during a parabola with an inn r cylinder angular velocity of 0.05 rad - 1 - Vr as a fun tion 
of t im for the inn r radial bin (of five) during five constant shear rate experim nts perform d during 
parabolas of F light B. Ea h point represents the mean Vr of the particles in the radial bin during a 
p riod of 2 onds. The error bars r present t he standard deviation of Vr in the same t ime period. The 
mi rogravity p riod lru ts from 0 to ",20 seconds after which there is a period of 1. 9 from ",20 to 
",40 s onds. Finally, at ;::: 40 s conds th gravitational acceleration returns to 1 g. 
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Figure 6.21 : Radial velocity of 3 mm particles as a function of time on the top surface 
during a parabola with an inner cylinder angular velocity of 0.1 rad S - 1 - Vr as a function 
of time for the inner radial bin (of five) during five constant shear rate experiments performed during 
parabolas of Flight B. Each point represents the mean Vr of the particles in the radial bin during a 
period of 2 seconds. The error bars represent the standard deviation of Vr in the same time p riod . 
The microgravity period lasts from 0 to rv20 seconds after which there is a period of 1.8 9 from rv20 
to rv40 seconds. Finally, at 2: 40 seconds the gravitational acceleration returns to 1 g. 
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6.3.4 Convective-like flows in varying gravitational environments 

We have found that, within the shear band of constant shear rate experiments in 1 g, there is a 

continuous flux of particles towards the inner cylinder. The peak of this inward radial motion occurs 

in the middle of the shear band. Outside of the shear band, there is a smaller, but still continuous, flux 

of particles away from the inner cylinder. It has been explained that a net inward flux of particles near 

the inner cylinder is perhaps indicative of convective-like flows (see discussion above and in Section 

4.2). From the results presented above looking at the radial velocity profiles on the top surface and the 

variation of the radial velocities as a function of time on the top surface, we have concluded that there 

is a mechanism causing the inward motion of particles in the presence of an external gravitational field 

and that this mechanism does not act during microgravity. Therefore, there is evidence for possible 

convective-like flows in ground-based experiments and in experiments performed in ",1.8 g, but not 

in microgravity experiments. 

We can perhaps understand the mechanism driving the convective-like motion of the granular 

material on the top surface by drawing some similarities with the instability mechanism proposed 

by Rajchenbach (1991) to explain internal convective motion in a cohesion less granular material 

submitted to vertical vibrations in the presence of an external gravitational field. Rajchenbach (1991) 

explains that the RMS velocity fluctuations of particles in a vibrated granular material increases with 

the decreasing bulk density of the granular material (p(r)). Invoking the principal of dilantency (i.e., 

a compacted granular materal must dilate before changing shape, in order to let individual particles 

move past their neighbours l ) we can assume that the free surface of the vibrated granular material is 

the least dense region of the granular material. Also, as the vibrated granular material is compressible 

in nature, then dp/dp >0, where p is the pressure2 • Therefore, in such a vibrated granular material 

the pressure, density and RMS velocity fluctuations (VRMS) of the grai~s depend on their depth (as 

measured from the free surface). At the free surface the pressure and density will be low but VRMS 

will be high. The inverse will be true for the grains at the bottom surface. It is then suggested that, 

as there is an inhomogeneity of V RMS , there is a net flux of particles from highly mobile, less dense 

regions to more dense regions with lower mobility (Rajchenbach, 1991). In this mechanism the analog; 

of the temperature gradient, which acts on the Brownian diffusion, is the gradient of compactivity. 

Consider, in a similar manner, the AstEx experiments performed on the ground. In the shear cell 

we have a granular material which will dilate as it is sheared. The grains on the top (free) surface will, 

therefore, be less densely packed than the grains in the bulk of the granular material. We have seen 

above (Figs. 6.8-6.9), that the RMS velocity fluctuations of the particles near the inner cylinder are 

lSee Section 4.2 for a more detailed discussion of dilatency. 
2Note that the quantity c = [dP/dp]l/2 is the velocity of compression waves in the dilated medium constituted of 

randomly agitated grains (Rajchenbach, 1991). 
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Figure 6.22: Schematic diagram explaining the convective- like flows in the ground-based 
AstEx experiments - Schematic of convective-like flows as viewed from (a) the ::l ide and, (b) above. 
in the field of view of the camera. The red arrows show the direction of particle motion (larger arrows 
imply a larger flux of particles) . On the top surface there is a net inward flow of partides within the 
shear band and a smaller net outward flow of particles outwith t he shear band. 

greater on the top surface than on the bottom surface meaning that, in agreemellt with Rajcheubach 

(1991), the RMS velocity fluctu ations decrease with increasing density and pressure. There is then a ll 

inhomogeneity in the RMS velocity fluctu ations in the ground-based AstEx experiments. Following 

the logic presented above there will then be a net flux of partides from the highly mobile, less dense 

region of the free surface to the more dense regions with lower mobility in the bulk of the granular 

material. This explains why, in the ground-based experiments, the particles ncar the inner cylinder 

appear to be flowing from the top surface into the bulk of the granular materiul and establishing 

convective-like flows. The same mechanism will act on our experilllent whenever shear is occming ill 

the presence of an external gravitational field because there will be a pressllCc and density gradient 

from the top (free) surface to th bottom surface. 

If, as a I' suit of such a mechanism, there is a convective-like flow of particles 'stablished wi thin 

the shear band from the free surface n ar the inner cylinder into the bulk of the granular material, the 

particles must resurface some time later. This resurfacing will ca lise a small lIpwards flow of particles 

near the edge of the shear band . Then, upon reaching the surface, the par tid '5 will ither move 

towards the inner cylinder, or towards the outer cylinder. This process may initiate> a second , smaller 

convective flow towards the outside of the shear cell. This is illu ~t rated in the schpll1 atic ill Fig. 6. 22 

(a). The resulting motion on the top surface, as observed by the camera, would be an inward flux of 

particles within the shear band and a smaller outward flux of part icles outwith the shear bane\. This 

is illustrated in the schematic in Fig. 6.22 (b). This may, th refore, explain why we have observed the 

smaller, but still continuous, flux of particles away from the inn r cylinder outside of the shear band . 

If this is the mechanism dnving the convective-like flows, we can now und rstancl why the inward 
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radial motion stops when the external gravitational field is removed. In the absence of an external 

gravitational field the granular material will dilate and the vertical pressure and density gradients will 

be removed. If the density becomes homogenous from the top to the bottom of the shear cell, the 

RMS velocity fluctuations should also become homogeneous from the top to the bottom of the shear 

cell. There no longer exists, therefore, a gradient of compactivity from the top to bottom of the shear 

cell. Therefore, in the absence of an external gravity field, there is no vertical inhomogeneity and, 

thus, no net flux of particles from the top surface into the bulk. 

However, the granular material in the shear cell will still try to dilate under shear, even in mi

crogravity. In this case, as there is no external gravitational field acting, the granular material can 

dilate horizontally, away from the shearing surface. This dilation may be responsible for the small, 

but continuous flux of particles away from the inner cylinder starting at a distance of a few particle 

diameters and extending to the outer cylinder during constant shear rate experiments in microgravity 

(see Section 6.3.2). 

Interestingly, this dilation will probably create a density gradient from the inner to the outer 

cylinder with the lowest density region being found close to the inner cylinder. Then, if we have a 

density gradient in our system we will also have a gradient of compactivity and an inhomogeneity of 

the RMS velocity fluctuations. This time the gradient of the RMS velocity fluctuations is decreasing 

horizontally away from the shearing surface, rather than vertically from the free surface into the bulk 

of the material. This inhomogeneity may then cause a net flux of particles to move from the more 

mobile, less dense regions of the shear cell near the inner cylinder to the more dense regions with 

lower mobility close to the outer cylinder and this may, in turn, even cause a convective-like flow to 

be established from the inner to the outer cylinder. 

As the experments we have performed in microgravity are very short (",20 seconds) it is not 

possible to determine whether the outward motion of particles in microgravity is a transient phase 

due to the initial dilation of the granular material, or whether, indeed, a convective-like flow has been 

established in the horizontal direction. It is also still not understood why the peak of the outer radial 

motion occurs close to the boundary of the shear band and the bulk of the granular material. 

6.3.5 Radial motion of particles on the bottom surface 

We will now consider the radial motion of the particles on the bottom surface of the shear cell in the 

varying gravitational regimes. Figure 6.23 shows the normalised radial velocity profiles for the 4 mm 

and the 3 mm particles on the bottom surface of ground-based experiments. These plots are shown on 

the same scale as the previous normalised velocity profiles on the top surface (Fig. 6.10). We can see 

immediately that, for both bead sizes, the scale of motion is much smaller on the bottom surface than 
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on the top surface. This is probably because the particle motion on the bottom surface is restricted 

by the weight of the particles situated above, but may also be partly a result of the crystallisation in 

the bottom surface, which makes it more difficult for particles to move and to rearrange. 

The radial motion of the particles on the bottom surface in the ground-based experiments also 

appears to be random: sometimes the mean radial motion is inwards, and outwards. This implies 

that there is not a continuous flux of particles in a preferred direction on the bottom surface as we 

have seen on the top surface. This means that, if a convective cell does exist in the ground-based 

experiments, it does not extend all the way to the bottom of the shear cell. The small amounts of 

radial motion on the bottom surface are probably due to random particle rearrangements. 

The individual plots of radial velocity as a function of time on the bottom surface of the ground

based constant shear rate experiments (see the Supplementary Material) show the mean radial veloc

ities of the inner radial bin fluctuating above and below zero during constant shearing. This confirms 

that there is no continuous inward or outward movement of the particles. 

Consider now the radial motion of particles in microgravity (Fig. 6.24). Immediately we can see 

that there appears to be some inward radial motion on the bottom surface during the microgravity 

phase. However, looking more closely at individual radial velocity profiles on the bottom surfaces in 

all experiments (see the Supplementary Material) we can see that in some experiments there is a net 

inward motion but in others there is a net outward motion of the particles. Often there also appears 

to be a small amount of outward motion immediately next to the inner cylinder (this can also be seen 

in Fig. 6.24 (a)). At slightly larger distances from the inner cylinder (",,2-3 particle diameters), there 

appears to be some inward motion. Additionally, the RMS velocity fluctuations are, in general, very 

large for all the microgravity radial velocity profiles on the bottom surface (Le., the error bars of the 

individual radial velocity profiles are large). This implies that there is a wide distribution of particle 

radial velocities during constant shearing in every experiment. 

The individual plots of radial velocity as a function of time on the bottom surface of the mi

crogravity constant shear rate experiments (see the Supplementary Material) show, just as in the 

ground-based experiments, mean radial velocities of the inner radial bin fluctuating above and below 

zero during constant shearing. Nonetheless, despite the extensive random motion which occurs, there 

does seem to be a slight preference for particles to exhibit a small net negative radial velocity. This net 

negative radial velocity often results from one or two large spikes in motion rather than a continuous 

flux of particles. 

Considering closely the normalised radial velocity profiles in Fig. 6.24 we can see that, unlike for 

the normalised radial velocity profiles on the top surface, there does not seem to be any trend with 

increasing or decreasing inner cylinder angular velocity. 

272 



6.3 Convective-like flows 

Recalling the gravitational conditions of the parabolic flight will perhaps help us to understand the 

origin of this radial motion. Before the micro gravity phase begins there is a period of approximately 

20 seconds when the simulated gravity is ",1.8 g. During this hypergravity phase the particles in the 

shear cell will be pressed strongly towards the bottom of the shear cell. Then, when the transition to 

microgravity occurs the particles will start to move into a relaxed state. The vertical stress will be 

released but, because of the finite width of the shear cell, the horizontal stress will remain unreleased. 

The remaining horizontal stress causes a small horizontal flow because, in microgravity, the particles 

can slide past one another more easily (this horizontal motion cannot occur during 1 9 or during 

the ",1.8 9 phase as the particles do not have space to move past one another). Note that this is the 

exact mechanism that has been proposed by Taguchi (1992) to explain elastically induced convection in 

vibrated granular materials. The difference is that, in a vibrated granular material, the transition from 

compressed material to material in free fall occurs every oscillation cycle (provided the acceleration 

amplitude of vibration is greater than gravity). In our system the parabola provides just one cycle 

from -1.8 9 to microgravity and back to ",1.8 g. However, during the parabolas with large gravity 

fluctuations it is possible that mini-cycles of the same effect could occur during the microgravity phase. 

In the absence of the moving inner cylinder we would expect the horizontal stress to cause the 

particles to move away from the cylinder walls into the bulk of the granular material. Note that this 

is actually what we have witnessed, very close to the inner cylinder, in some experiments. However, in 

our experiment the material close to the inner shearing cylinder will be more dilate that the material 

further from the inner cylinder (again, due to Reynold's dilatency principle). It is possible that the 

less densely packed beads move more quickly into a relaxed state once the vertical stress is released 

(i.e., upon entering microgravity). This would mean that the packing density of the beads near the 

inner cylinder would decrease slightly more rapidly than the packing density of the beads further 

from the inner cylinder. If the beads near the inner cylinder decrease in packing density they will 

leave a small volume of space into which other particles can move. This space provides a preferential 

direction for the horizontal flow of particles further from the inner cylinder. The rate of motion of 

the particles towards the inner cylinder will depend on the time it takes for the packing of the beads 

near the inner cylinder to dilate and create the necessary space. This timescale probably depends on 

the configuration of particles, the inner cylinder rotation rate and on the quality of microgravity. 

Another possible explanation for the more rapid dilation of the particle packing near the inner 

cylinder could be that, during the -1.8 9 phase when the particles are pressed strongly towards the 

bottom of the shear cell, they rearrange slightly to form a more dense, lower energy, arrangement. 

However. the particles glued to the inner cylinder will not move. This means that there could be 

a larger vertical stress on the particles in contact with the glued-on particles. When the transition 
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from I'V 1.8 9 to microgravity occurs and the vertical stress is removed the particles near the inner 

cylinder may then move upwards more suddenly than the other particles in the shear cell thus dilating 

the material near the inner cylinder more rapidly and creating the necessary space for the horizontal 

motion of particles on the bottom surface. 

These are just some possible explanations. Additional experiments (or numerical simulations) 

would be needed to confirm them or to determine other causes. However, whatever the mechanism 

acting on the bottom surface, it is not producing the same kind of continuous bulk flow of particles 

toward the inner cylinder as we have seen on the top surface in the presence of an external gravitational 

field. 
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plotted as a function of dist ance from the inner cylinder for the microgravity experiments (a) during 
Flight A (blue squares) and Flight C (red circles) with 4 mm particles and (b) during Flight B (blue 
squares) with 3 mm particles. Mean velocity profiles are shown for experiments with different inner 
cylinder angular velocities: 0.025 rad s- 1 (solid colour markers), 0.05 rad s- 1 (open markers) and 0.1 
rad S- 1 (black markers). The error bars represent the standard deviation of Vr* for each group of 
experiments (i.e., S3a ). 
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6.4 Hysteresis of granular material 

As discussed in Section 4.2, the flow of granular matter has been shown in previous experiments 

to be strongly influenced by the network of direct contacts with neighbouring particles (Falk et al., 

2008; Toiya, 2006). This contact network, in turn, is shaped by how the material evolved with 

time. When uniform shear or compression is applied a stronger contact network in the direction of 

forcing develops. When the shear direction is reversed, or the direction of compression is changed, the 

material rearranges until it forms a new contact network that can best support the new direction of 

compression or shear (Falk et al., 2008). This causes a temporary weakening of the granular material 

and, consequently, regions that normally do not move under steady shear, move significantly during 

reversal of the shear direction (Falk et al., 2008; Toiya, 2006). This was illustrated in Fig. 4.6 (Section 

4.2). 

In this section we will first examine whether transient weakening is observed upon shear reversal 

in the AstEx experiments in 1 g. Then, we will examine whether transient weakening occurs in the 

absence of gravity. Finally, a technique for quantifying the extent of the transient weakening will 

be presented and a quantitative comparison will be made of the transient weakening between the 

gravitational regimes. 

6.4.1 Detecting transient weakening after shear reversal 

By considering plots of the normalised angular velocity as a function of inner cylinder displacement 

for each of the radial bins in a shear reversal experiment, we can examine the mean particle angular 

velocities before and after shear reversal. In Fig. 6.25 an example of a ground-based shear reversal 

experiment with 4 mm particles is given. The upper plots shows the shear reversal as viewed on the 

top surface while the lower plots shows the shear reversal as viewed on the bottom surface of the same 

experiment. The moment when shear reversal occurs is when the angular velocity of the inner (green) 

radial bin passes through zero. Shown for clarity are both the unnormalised and normalised plots. 

However, in subsequent analyses only the normalised plots will be considered. Similar plots for every 

shear reversal experiment performed during the flight campaign can be found in the Supplementary 

Material. 

In the plots of the top surface it can be seen that, just after the point of shear reversal, there is 

a transient period during which the average flowing velocities in the previously flowing regions are 

faster. These increased velocities drop off with roughly the same timescale in all regions. However, 

on the bottom surface the shear reversal does not seem to temporarily increase the angular velocities 

of the particles. 
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This would imply that transient weakening does occur in our experiment on the ground but only 

on the top (free) surface and not on the bottom surface where the granular material is crystallised and 

confined by the weight of the beads located above. 

6.4.2 Transient weakening in microgravity 

Now we will investigate if transient weakening of the granular material occurs after shear reversal in the 

microgravity environment. Figure 6.26 shows plots of the normalised angular velocity as a function of 

inner cylinder displacement for the top surfaces of three example shear reversal experiments performed 

in microgravity at three different inner cylinder angular velocities. In each of these three plots there 

is a transient period during which the average flowing velocities in the previously flowing regions are 

faster. In addition, the regions which were not previously flowing move significantly during reversal 

of the shear direction. This behaviour is not confined to the regions near the inner cylinder. In fact, 

particle motion can be observed across the entire width of the shear cell. This is particularly evident 

in Fig. 6.26 (a). 

Figure 6.27 shows the results of the same microgravity shear reversal experiments but this time 

looking at the bottom surface. Unlike in the ground-based experiment, in microgravity transient weak

ening is observed on the bottom surface. In the ground-based experiments the weight of beads located 

above those at the bottom prevents an increased velocity of the particles. However, in microgravity 

the particles on the bottom surface exhibit larger velocities just after shear reversal as this weight no 

longer exists. 

This means that transient weakening occurs in our experiment in microgravity on both the top and 

bottom surfaces. Additionally, shear reversal in microgravity has been seen to induce motion across 

the entire width of the shear cell, even in previously jammed regions. 

In the next section we will discuss how the extent of transient weakening can be quantified. This 

will then allow a direct comparison of the behaviour of the granular material under shear reversal in 

microgravity and on the ground. 

6.4.3 Quantifying the hysteresis 

Recall, from Section 5.2.8, the motor start time is defined as the moment when the mean angular 

velocity in the inner radial bin reaches (1/5) w where w is the inner cylinder angular velocity and the 

analysis start time is defined to be three seconds after the motor start time. Here the shear reversal 

time is defined as the moment when the mean angular velocity of the inner radial bin passes through 

Orad s-l. 

To quantify the degree of transient weakening occuring in the granular system after shear rever-
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Figure 6.25: Shear reversal experiment with 4 mm beads in 1 9 - Vo (left ) and Vo· (right) for 
each radial bin versu inner cylinder displacement in particle diam ters for shear r versal experiments 
p rformed on the ground. (a), (b) Top surface and (c), (d) bottom surface with inner cylinder angular 
velocity of 0.05 rad S- 1. There are ten radial bins for each experiment. The order, from closest to 
the shearing surface to furthest away: solid green, solid blue, solid red , solid cyan, olid black, dashed 
green, dashed blue, dashed r d , dash d cyan and dashed black. The numbered markers indicate (1) 
the analysis start tim , (2) analysis start time plus the time required for the inner cylinder to rotate 
5 d, (3) shear reversal time and (4) shear reversal time plus the time required for the inner cylinder 
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Figur 6.27: Bottom surface during a shear reversa l experiment with 4 mm beads in 
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sal we first calculate the mean angular displacement travelled by the particles undergoing constant 

shearing for a strain of five particle diameters i.e., during an inner cylinder displacement of 5 d1 • 

This is calculated as a function of distance from the inner cylinder. To calculate the mean angular 

displacement travelled by the particles the location of each particle at both the analysis start time and 

after the time required for the inner cylinder to rotate 5 d are found (these two times are indicated in 

Figs. 6.25-6.26 by the markers 1 and 2, respectively). The displacement of a particle is then given by 

the absolute difference between the two angular coordinates. The particles are then separated into ten 

radial bins and the mean angular displacement of all particles within the radial bin is found (So(r)). 

Next the mean angular displacement is calculated, in exactly the same manner, for the particles 

undergoing the same strain immediately after shear reversal i.e., starting from the shear reversal time 

and ending at the shear reversal time plus the time required for the inner cylinder to rotate 5 d (these 

two times are indicated in Figs. 6.25-6.26 by the markers 3 and 4, respectively). 

Finally, the mean extra displacement, L e , of particles during the transient state just after shear 

reversal is calculated, as a function of distance from the inner cylinder. This is given by the difference 

in the mean angular displacements travelled by the particles (for a strain of 5 d) just after shear 

reversal and during steady state shear. This is the same approach that was used to quantify the scale 

of the transient weaking in Toiya et al. (2004). 

Figure 6.28 (a) shows the mean particle angular displacements for a strain of 5 d under constant 

shearing and immediately after shear reversal for an example ground-based experiment with 4 mm 

particles and an inner cylinder angular velocity of 0.05 rad S-l. The extra displacement travelled 

by the particles just after shear reversal is shown in Fig. 6.28 (b). In the example ground-based 

experiment shown there is a mean extra displacement of '" 0.5 d close to the inner cylinder just after 

shear reversal. Further from the inner cylinder, at a distance of ~7 d there is no extra displacement 

of the particles after shear reversal. 

An identical analysis is performed looking at the bottom surface of the same experiment (Fig. 

6.29). In this example we can see that particles on the bottom surface near the inner cylinder have 

a negative extra displacement. This means that they move less distance just after shear reversal 

compared to during steady state shear. This agrees with our initial assessment based on the plots of 

angular velocity as a function of time that transient weakening does occur in our experiment on the 

ground, but only at the top (free) surface and not at the bottom surface where the granular material 

is crystallised and confined by the weight of the beads located above. 

1 A strain of 5 d is equivalent to an inner cylinder angular displacement of -0.2 rad for the 4 mm beads and -0.15 
rad for the 3 mm beads. 
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6.4.4 Hysteresis in varying gravitational environments 

The mean angular displacement of particles undergoing a strain of five particle diameters is calculated 

for all experiments (constant shear rate and shear-reversal experiments in microgravity and on the 

ground) for which there are sufficient data. In other words, this is calculated for all experiments that 

neither end before the inner cylinder has moved 5 d, nor in which shear reversal, occurs before the 

inner cylinder has moved 5 d. The mean angular displacement of particles undergoing a strain of 

five particle diameters just after shear reversal is also calculated for all shear reversal experiments for 

which there are sufficient data. 

The mean angular displacements under constant shear and after shear reversal are then calculated 

for each experiment type (80 (r)). This allows a calculation to be made of the mean extra displacement 

of particles after shear reversal (Le(r)) for each experiment type. 

Consider first the extra displacement travelled by particles just after shear reversal for a strain 

of 5 d on the top surface (Figs. 6.30 and 6.31). Close to the shearing surface the reversal of the 

shear direction causes a larger extra displacement in 1 g than in microgravity. However, far from the 

shearing surface, there is a larger extra displacement of particles in microgravity compared to that in 

1 g. In fact, in 1 g there is absolutely no movement in the regions far from the inner cylinder just after 

shear reversal. However, in microgravity we observe motion of the particles across the entire width of 

the shear cell just after shear reversal. This confirms our initial findings from Section 6.4.2. 

This implies that the spatial extent of the transient weakening is enhanced in the microgravity 

environment meaning that the transient shear band after reversal of shear direction is wider in micro

gravity than on the ground. However, close to the shearing surface the transient weakening may be 

reduced in the microgravity environment. 

Perhaps, due to compression of the granular material in the presence of an external gravitational 

field, a stronger contact network has formed in the ground-based experiments than in the microgravity 

experiments. The breaking of a stronger contact network may then cause an enhanced transient 

weakening compared to the weakening observed in the microgravity experiments. However, it would 

seem that, although the contact network may be weaker in microgravity, the influence of any change 

in the contact network may be felt by the granular material over much larger distances. The difference 

may also be enhanced by a weaker coupling between the granular material and the shear cells walls 

in microgravity than on the ground. 

On the bottom surface of the shear cell (Figs. 6.32 and 6.33) the extra displacement travelled by 

the particles just after shear reversal for a strain of 5 d is smaller, at all distances from the inner 

cylinder, for the ground-based experiments compared to the microgravity experiments. Indeed, the 

extra displacement is often negative close to the inner cylinder for the ground-based results meaning 
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0.025 rad S- I and (b) 0.05 rad S-I. Le(r) is given for each experiment type: ground-based (green 
diamonds), microgravity Flight A (blue squares) and microgravity Flight C (red circle). The error 
bars represent the scatter of Le(r) between different exper iments of t he same type (equivalent to S3a). 

that the particles in this region move less distance just after shear reversal than during steady state 

shear. This is probably because, in 1 g, the weight of beads located above the bottom surface is 

strongly inhibiting the flow of granular material. However, this negative ext ra displacement is also 

observed in some of the microgravity experiments (Fig. 6.32 and Fig. 6.33 (b)). It is, therefore, possible 

that t he cause is the crystallised packing of the granu lar material rather than t he weight of the beads. 

6.4.5 Transient weakening in hy p ergravity 

Now we will inv stigate t he extent of the transient weakening of the granular material just after sh a r 

rev rsal in the th ird gravitational nvironment: the ",1.8 9 phase of the parabola. Figures 6.34 and 

6.35 show plots of t he normalis d angular velocity as a function of inner cyl inder displacement for 

th top and bottom surfaces, respectively. The results of three example shear reversal experiments 

perform d in the hypergravity environment at three different inner cylinder angular velocities are 

shown. In each of t he three plots of th top surface a period of transient weakening can be seen. This 

t ransient wakening becomes less obvious in the plots of the bottom surfac . This is consistent with 

the 1 9 resul ts in which transient weakening was observed on the top surface and not on t he bottom 

surface. 

Unfortunately, there is no way of knowing exactly when the transitions from microgravity to 

hypergravity to 1 9 occurl . It is, therefore, very difficult to accurately calculate the mean displa ement 

I We cou ld perh aps consider IJsing the plots of radial veloc ity as a function of time to determine when the regime 
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of particles during steady state shear for the ",1.8 9 regime. However, we can calculate t he mean 

displacement of particles ju. t a fter shear reversal in '" 1.8 9 and compare t his to the meall displacement 

of part icles just a fter shear reversal in 1 9 and in micrograv ity. 

The results of thi omparison can be seen in Fig. 6.36 for the top surface and in Fig. 6.37 for the 

bottom surface. Th mean <.Iisplac ment of particles jllst after shear reversal in t he ",1. 9 regime i 

very similar to the mean displacemellt of particles just a fter shear reversal is 1 g. By comparing t he 

",1. 9 and 1 9 results to the microgravity results in Fig. 6.36, we can conclude t hat when an exte1'1wl 

gravititational field is present, the particles on the top surface that a7'e close to the inner cylinder 

mov further for a given strain after shear r vel'sal than wh n there is no external gravititational fi eld 

present. However', far from the shearing surfac , the particl s on the top surface move further for a 

given stmin after' shear T v rsal when there is no external gmvititational fi eld pr sent. 

ow, by comparing the ",1. 9 and 1 9 results to the microgravity r ul ts in F ig. 6.37, we can 

con lude that th particles on the bottom smjace, at all di tances from the shearing smj ace, move less 

for a given strain aftel' shear r'eversal when an ext mal gmvitational fie ld is present than when there 

is no extem ,al gravititational fi ld present. 

change b tween microgravity and ", I . 9 occurs but t his is not likely to be very acc urate given t he la rge flu ctuations in 
such plots. 
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Figure 6.36: Comparison of mean displacement on the top surface just after shear reversal 
in three gravity regimes - Mean displacement of parti les for a strain of 5 d just after shear reversal, 
as a fun ction of distance from the inner cylinder. Resul ts with inner cylinder angular velocities of (a) 
0.025 rad s- l, (b) 0.05 rad S - l and (c) 0.1 rad S - I are shown for fom different types of experiment: 
ground-based (gr n diamonds), microgravity during Flight A (blue squares), microgravity during 
Flight C (r d circles) and during t he 1.8 g period of Flight C (black triangles). 
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Figure 6.37: Comparison of mean displacement on the bottom surface just after shear 
reversal in three gravity regimes - Mean displacement of particles for a straiu of 5 d just after 
shear reversal, as a function of distance from the inner cylinder. Results with inner cylinder angul ar 
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microgravity during Flight C (red circles) and during the 1. 9 period of Flight C (black t riangles). 
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6.5 AstEx Conclusions 

6.5.1 Steady state flow in varying gravitational environments 

From ground-based experiments of steady state granular shear we have found that, as in previous 

experiments (e.g., Behringer et al., 1999; Bocquet et at., 2001; Losert et al., 2000; Mueth et al., 2000), 

the angular velocity of particles decreases quickly over a few particle diameters away from the shearing 

wall for experiments performed on the ground and the angular velocity profiles in constant shear rate 

experiments performed on the ground, normalised by the shear rate, are independent of shear rate. 

However, from our experiments of steady state shear of a granular material in microgravity we have 

also shown that the same is true in the absence of an external gravitational field. In fact, in the AstEx 

experiment, the normalised angular velocity profiles in constant shear rate experiments performed 

both on the ground and in microgravity are almost identical (except for a few differences caused by 

the experiment set-up). 

Comparisons of the steady state flow on the top (free) surface and on the crystallised bottom 

surface of the shear cell have confirmed the findings of Daniels & Behringer (2006) who discovered 

that when a granular material is in the disordered state, the shear band extends several particles. 

However, while in the crystallised state, the shear is localised almost entirely in the first layer of 

particles. The AstEx experiment has also shown that a higher packing density of particles reduces 

both the width of the shear band and the maximum angular velocity of the particles in experiments 

performed in microgravity. 

The mean RMS velocity fluctuations in directions parallel to, and perpendicular to, the mean flow 

decay as a function of distance from the shearing surface. The mean RMS velocity fluctuations in a 

direction parallel to the mean flow are comparable for experiments performed both on the ground and 

in microgravity. The mean RMS velocity fluctuations in a direction perpendicular to the mean flow are 

smaller for the ground-based experiments than for the microgravity experiments. This difference, and 

the large differences found in the distributions of particle velocities between individual experiments 

performed in microgravity, are due to random particle motion caused by the variations in simulated 

gravity. However, the random particle motion caused by gravity fluctuations does not affect the mean 

angular velocities averaged over a long time period. Taking all of the above into account we conclude, 

therefore, that the effect of constant shearing on a granular material in a direction perpendicular to 

the gravity field does not seem to be strongly influenced by gravity. 

However, we note that shear depends on many factors, for example, wall friction, the effective 

pressure forcing particles against the side boundaries, the velocity difference between the particles 

and the walls and the grain characteristics (e.g., Knight, 1997; Luding, 2008; Mair et al., 2002). 
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There are many more experiments, or indeed numerical simulations, which could be performed to 

investigate the influence of these factors in varying gravitational environments. Given the densely 

packed nature of the granular material in the AstEx experiment the soft-sphere discrete element 

method implementation in pkdgrav, currently under developement, is likely to be the most suitable 

numerical method. 

6.5.2 Convective-like flows in varying gravitational environments 

The radial velocity profiles of the particles on the top surface of the experiments on the ground have 

shown that, within the shear band of constant shear mte experiments in 1 9 there is a continuous flux 

of particles towards the inner cylinder. The peak of this inward mdial motion occurs in the middle 

of the shear band. Outside of the shear band, there is a smaller, but still continuous, flux of particles 

away from the inner cylinder. Experiments in microgravity looking at the top surface of the particles 

have shown that, instead of having an inward radial motion, during constant shear mte experiments 

in microgmvity there is a small, but continuous flux of particles away from the inner cylinder starting 

at a distance of a few particle diameters and extending to the outer cylinder. The peak of this outer 

mdial motion occurs close to the boundary of the shear band and the bulk of the gmnular material. 

We have examined how the mean particle radial velocities in a region close to the inner cylinder 

vary in time over the course of a parabola when the simulated gravity changes from microgravity to 

",1.8 9 to 1 g. From these results it is very clear that there is a mechanism causing the inward motion 

of particles on the top surface in the presence of an external gmvitational field. This mechanism does 

not seem to be active in microgmvity. 

It has been explained that a net inward flux of particles near the inner cylinder is perhaps indicative 

of convective-like flows in the granular material (see discussions in Section 6.3 and in Section 4.2). 

The AstEx results would indicate, therefore, that convective-like flows are occuring in the presence of 

an external gmvitational field but not in microgmvity. However, it was shown that in the presence of 

an external gravitational field there is no continuous bulk motion on the bottom surface of the shear 

cell during constant shear rate experiments. This means that, if a convective cell exists in the gmnular 

material in the presence of an external gmvitational field, it does not extend all the way to the bottom 

surface. 

A possible mechanism driving the convective-like flows has been suggested in Section 6.3.4 by 

drawing some similarities with the instability mechanism proposed by Rajchenbach (1991) to explain 

internal convective motion in a cohesionless granular material submitted to vertical vibrations in the 

presence of an external gravitational field. The grains on the top (free) surface of the experiment 

are less densely packed and have larger RMS velocity fluctuations than the grains in the bulk of 
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the granular material (as densely packed granular material dilates during shear). It was suggested 

that an inhomogeneity of the RMS velocity fluctuations exists, therefore, in the ground-based AstEx 

experiments and so there is a net flux of particles from the highly mobile, less dense region of the 

free surface to the more dense regions with lower mobility in the bulk of the granular material. This 

may explain why, in the ground-based experiments, the particles near the inner cylinder appear to 

be flowing from the top surface into the bulk of the granular material. The same mechanism will 

act in our experiment whenever there is an external gravitational field because, in the presence of an 

external gravitational field, there will be a pressure and density gradient from the top (free) surface 

to the bottom surface. Finally, the outward flux of particles that is observed outside of the shear 

band in the ground-based experiments can perhaps be explained by the presence of a second, smaller, 

convective roll acting in the opposite direction to the inner convective roll (see Section 6.3.4). 

We suggest that, in the absence of an external gravitational field, the granular material will dilate 

and the vertical pressure and density gradients will be removed. Then, if the packing density becomes 

homogeneous from the top to the bottom of the shear cell, the RMS velocity fluctuations should 

also become homogeneous from the top to the bottom of the shear cell and there is no longer an 

inhomogeneity between the top surface and granular material inside the shear cell. This explains why, 

in the absence of a gravitational field, evidence of convective-like flows is not observed. 

An explanation has also been proposed for the small, but continuous flux of particles away from 

the inner cylinder that has been observed during constant shear rate experiments in microgravity. 

This mechanism assumes that the granular material in the shear cell will still try to dilate under 

shear, even in microgravity. In this case, as there is no external gravitational field acting, the granular 

material can dilate horizontally, away from the shearing surface thus causing the observed outward 

motion of the particles. 

However, it was noted that this horizontal dilation will probably create a density gradient from 

the inner to the outer cylinder with the lowest density region being found close to the inner cylinder. 

Then, if we have a density gradient in our system we will also have an inhomogeneity of the RMS 

velocity fluctuations, which may cause a net flux of particles to move from the more mobile, less dense 

regions of the shear cell near the inner cylinder to the more dense regions with lower mobility close to 

the outer cylinder and may even cause a convective-like flow to be established from the inner to the 

outer cylinder. 

As the experiments we have performed in microgravity are very short (",,20 seconds) it is not 

possible to determine whether the outward motion of particles is a transient phase due to the initial 

dilation of the granular material, or whether, indeed, a convective-like flow has been established in 

the horizontal direction. It is also still not understood why the peak of this outer radial motion occurs 
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close to the boundary of the shear band and the bulk of the granular material. 

It was also found that there there is a net, but not continuous, inward flux of particles on the 

bottom surface of the shear cell during constant shear rate experiments performed in microgravity. A 

suggestion was made that this inward radial motion is linked to the vertical and horizontal stresses 

acting on the particles during the initial ",1.8 9 phase of the parabola and during the transition from 

'" 1.8 9 to microgravity. More precisely, as the simulated gravity moves from '" 1.8 9 to microgravity, 

the vertical stress on the particles will be released. However, because of the finite width of the shear 

cell, the horizontal stress will remain unreleased and may cause a small horizontal flow. The preferred 

direction of this flow would be towards the less dense regions of particles near the inner cylinder. This 

is just a possible suggestion. However, whatever the mechanism acting on the bottom surface, it is not 

producing the same kind of continuous bulk convective-like flow of particles toward the inner cylinder 

as we have seen on the top surface in the presence of an external gravitational field. 

The mechanisms proposed in this chapter are just some possible explanations for the observed 

radial motion of particles. There are perhaps other mechanisms at play. Although granular convection 

in a Taylor-Couette shear cell has been observed several times experimentally (e.g., Khosropour et al. 

(1997), Toiya (2006)) there is no consensus on the mechanism driving such convection. However, 

several mechanisms, including those discussed in Section 6.3.4, have been proposed to explain the 

formation of convective flows in a vibrated granular material. For example, it has been suggested 

that convection in a granular material is directly linked to the interaction of grains with the container 

walls: reducing the friction of the wall, i.e., reducing the coupling between the particles and the walls, 

results in reduced convection (Knight et al., 1993). The strong influence of the walls on convective 

flows has also been demonstrated in two-dimensional numerical simulations of a vibrated granular 

material by Gallas et al. (1992). Savage (1988) proposed that the vibrating base sends 'acoustic' waves 

upwards through the granular material which create the recirculating flows. These waves 'fluidise' the 

granular material but are in turn attenuated because of the dissipative nature of the collisions between 

the 'fluidised' particles. More recently Rodriguez-Linan & Nahmad-Molinari (2006) proposed that 

granular convection in such a system is driven by shearing internal forces. Nonetheless, as explained 

by Rodriguez-Linan & Nahmad-Molinari (2006), despite the fact that such granular convection in 

a vibrated granular material has been studied using particle velocimetry (Garcimartin et al., 2002), 

magnetic resonance imaging (Nagel, 1992), positron emission tracking (Wildman et al., 2001) and 

high-speed photometry methods (Garcimartin et al., 2002; Philippe & Bideau, 2003), the underlying 

mechanism remains poorly understood. 

Perhaps the AstEx results will already help the community of granular physicists to move one step 

closer to developing a more complete understanding of the convective processes occuring in the Taylor-
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Couette shear cell. We could also consider performing more microgravity experiments to investigate 

the convective-like flows in more detail. For example, having faster inner cylinder rotation rates 

may increase the scale of the granular convection making observation of the radial particle motion 

easier. Alternatively, we could consider using tracer beads to track the bulk motion. However, it is 

unlikely that the rv22 seconds of microgravity during a parabola would be sufficient to observe large 

radial displacements even at higher inner cylinder angular velocities. If this were found to be the 

most suitable experiment for such an investigation then we should perhaps consider the option of 

sub-orbital flights, which provide approximately 5 minutes of microgravity time. However, these are 

not currently available. 

Another option is, of course, to use our numerical model to simulate the dynamics of the granular 

material in our experiment over long periods of time. Three dimensional numerical simulations using 

the soft-sphere discrete element method implementation in pkdgrav would allow an investigation of, 

for example, the sensitivity of the convective processes to the elasticity and friction of particles and 

the walls, the inner cylinder rotational velocity and the varying gravity. 

6.5.3 Hysteresis in varying gravitational environments 

We have observed the occurence of hysteresis, in the form of transient weakening just after the reversal 

of shear direction, in three different gravitational regimes: 1 g, rv 1.8 9 and microgravity. By considering 

the mean extra displacement of particles just after shear reversal, i.e., the difference in the mean 

angular displacements travelled by the particles (for a strain of 5 d) just after shear reversal and 

during steady state shear, we have been able to quantify and compare the extent of the hysteresis in 

the different gravitational regimes. 

We have observed that, close to the shearing surface, the reversal of the shear direction causes a 

larger extra displacement in 1 9 than in microgravity. However, far from the shearing surface, there is 

a larger extra displacement of particles in microgravity compared to that in 1 g. This implies that the 

spatial extent of the transient weakening is enhanced in the microgravity environment meaning that 

the transient shear band after reversal of shear direction is wider in microgravity than on the ground. 

However, close to the shearing surface the transient weakening may be reduced by the microgravity 

environment. 

From the experiments of shear reversal, looking at the bottom surface, we have observed that 

the particles on the bottom surface at all distances from the shearing surface move less for a given 

strain after shear reversal when an external gravitational field is present than when there is no external 

gravititational field present. In addition, the extra displacement on the bottom surface is often negative 

close to the inner cylinder for the ground-based results meaning that the particles in this region move 
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less distance just after shear reversal than during steady state shear. This negative extra displacement 

is also observed on the bottom surface in some of the microgravity experiments and, therefore, it is 

probable that the cause is the crystallised packing of the granular material rather than the weight of 

the beads located above the bottom surface. 

By comparing the mean displacement of particles just after shear reversal in ",1.8 g, 1 9 and 

microgravity we have found that when an external gravititational field is present, the particles on the 

top surface that are close to the inner cylinder move further for a given strain after shear reversal 

than when there is no external gravititational field present. However, far from the shearing surface, 

the particles on the top surface move further for a given strain after shear reversal when there is no 

external gravititational field present. 

We have have also shown that, the particles on the bottom surface at all distances from the shearing 

surface move less for a given strain after shear reversal when an external gravitational field is present 

than when there is no external gmvititational field present. 

It was suggested that, perhaps, compression of a granular material in the presence of an external 

gravitational field increases the coupling of the granular material to the walls and creates a stronger 

contact network between the particles than in microgravity. The breaking of a stronger contact network 

may then cause an enhanced transient weakening in the presence of an external gravitational field, 

with respect to the transient weakening that may occur in microgravity. However, it would seem that, 

although the contact network may be weaker in microgravity the influence of any change in the contact 

network i.e., during reversal of shear direction, is felt by the granular material over much larger 

distances. 

6.6 Implications of the AstEx results for asteroids 

As mentioned in Section 4.2, granular convection is a process often invoked by the community of small 

body scientists to interpret the surface geology of asteroids. In fact, Asphaug (2007), state that, "all 

other considerations aside, granular convective processing is favoured by microgravity". However, the 

AstEx experiment has demonstrated that granular convection due to density and pressure gradients 

induced by an external gravitational field in a sheared granular material may actually be less efficient 

in microgravity. This conclusion was drawn as the convective-like flows which occur in our experiment 

in the presence of an external gravitational field do not occur during microgravity. Therefore, a weak 

gravitational acceleration, such as is found at the surface of small bodies, may reduce, rather than 

favour, the process of granular convection. This means that, in the presence of a weak gravitational 

field, any granular processes involving granular convection may require much longer timescalcs than 
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the same convective processes would require in the presence of a strong gravitational field. 

On the other hand it must be noted that most of the discussions related to granular convection 

on asteroids (Asphaug, 2007; Asphaug et al., 2001; Miyamoto et al., 2007) seem to be focused around 

processes causing particle size segregation such as the Brazil-nut effect. However, as discussed in 

Chapter 1 it is not universally agreed that the Brazil-nut effect is caused by convection. The effect is 

believed by many to be due to mechanism of percolation or sieving: the shaking creates small gaps 

that are preferentially filled by small particles, the net effect being that the larger particles move 

upwards. We can imagine that particle segregation, driven by such a mechanism, may occur in the 

reduced-gravity environments found on asteroids. 

It is important, therefore, that the correct terminology is used when discussing granular processes 

on planetary surfaces. Granular convection, for example, may lead to particle segregation but particle 

segregation does not always have to be caused by granular convection. Indeed, in Section 1.6.2 

some examples are given of the occurence of particle segregation in a granular material which do 

not depend on convective-like flows. However, many of the other segregation mechanisms proposed 

(Le., percolation or sieving) are gravity-driven so we may also expect such mechanisms to become less 

efficient as the external gravitational acceleration decreases. Indeed, recent numerical simulations of 

the Brazil-nut effect have shown that the velocity at which a large intruder in a granular material 

rises is reduced as the external gravity decreases (Tancredi et al., 2011). 

Space agencies are planning sample return missions to near-Earth asteroids to bring back to Earth 

a pristine sample of an asteroids surface e.g., Osiris-Rex and Hayabusa-2 (NASA and JAXA missions, 

respectively) which have already been selected for flight and MarcoPolo-R, a proposed mission led by 

ESA. These missions aim at investigating early Solar System processes by applying the vast array of 

laboratory analytical tools to the returned samples. Their scientific aims are, among others, to link 

meteorite classes to asteroid classes, and study components (such as interstellar grains, organics and 

volatiles) that do not survive the atmospheric entry or terrestrial contamination of meteorites. To 

ensure that the returned samples are unaltered there may be a requirement that the sample should be 

retrieved from a sufficient depth to ensure large surface temperature variations did not affect it. Also, 

sufficient sample mass must be returned to satisfy some of the ground-based laboratory analyses of 

rare components. 

The AstEx experiment has shown that the effect of constant shearing on a granular material in 

a direction perpendicular to the gravity field does not seem to be strongly influenced by gravity. 

This means that shear bands can form on asteroid surfaces just as they do here on Earth. The 

AstEx experiment has demonstrated that transient weakening of granular material occurs during 

shear reversal in microgravity. This behaviour may, therefore, be exploited to make an asteroid 
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surface sampling mechanism. For example, to loosen the granular material on the surface of an 

asteroid a device could be used which reverses the direction of shear from time to time rather than 

using rotation in purely one direction. This may help to loosen and collect the required mass of 

regolith more rapidly or in a more power-efficient manner. Similarly, this method could be used to 

dig deeper into the regolith layer without consuming more power. 

However, it must be noted that the transient weakening observed in the AstEx experiment in the 

different gravitational environments suggests that, perhaps, compression of a granular material in the 

presence of an external gravitational field creates a stronger contact network between the particles 

than in microgravity. The breaking of a stronger contact network may then cause an enhanced 

transient weakening in the presence of an external gravitational field, with respect to the transient 

weakening that may occur in microgravity. This means that, in the low-gravity environment of an 

asteroid surface, while transient weakening will still be experienced by the granular material close to 

the location of shear reversal, it may not weaken the material as much as if the shear reversal occured 

in the presence of a stronger gravitational field. 

However, from the AstEx results, it would seem that, although the contact network may be 

weaker in microgravity the influence of any change in the contact network i.e., during reversal of 

shear direction, is felt by the granular material over much larger distances. In the AstEx experiment 

there was absolutely no motion at all at the outer edge of the shear cell during constant shearing 

in microgravity (except for the random motion due to the gravity fluctuations). However, just after 

shear reversal the particles at the very outer edge of the cylinder (i.e., at >30 particle diameters from 

the shearing surface) moved! This may have very important implications for our interpretation of 

asteroid surfaces. If, for instance, a rubble pile asteroid has undergone shear forces in one particular 

direction for some period of time e.g., due to tidal forces from planetary encounters (Bottke & Melosh, 

1996) or YORP spin up (Bottke et al., 2002b) (see Section 1.2), a very extended contact network may 

develop. Then, if an event was to occur which shears the surface in a different direction e.g., an impact 

(Holsapple et at., 2002; Paolicchi et at., 2002) the consequences could be incredibly long range. 

Perhaps, then, a small event, e.g., a meteorite impact, on one side of a small rubble pile asteroid 

could destabilise regolith on the other side of the asteroid causing a granular flow. This would occur, 

not necessarily via seismic shaking, but via the long range transmission of forces through the contact 

network. This could mean that the asteroid surfaces are even more unstable than previously imagined. 

However, this also means that the consequences of, e.g., a meteorite impact, may be very different 

depending on the impact angle and location, and depending on the prior history of the asteroid surface. 

The AstEx experiment has found some exciting results but, clearly, there is much more work still 

to be done. There still remain several important, but unanswered questions. Some examples of such 
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questions are given below. 

• What is the mechanism driving convective-like flows in a Taylor-Couette shear cell filled with 

granular material? 

• What is the minimum pressure/density gradient required to foster convection? 

• We must also consider that, on an asteroid, granular flows are not necessarily confined to the 

surface. In that case, the lithostatic pressure gradient from the surface to the interior of an 

asteroid may provide the necessary pressure gradient1• What is the smallest asteroid for which 

the lithostatic pressure gradient is sufficient to foster convection? 

• Can granular convection occur in the absence of a gravitational field if there is a gradient in the 

granular temperature? 

• In the AstEx experiment the effect of shear reversal was felt across the entire shear cell. How 

extended can the force chain network be in microgravity? Over what distance can any changes 

in the force network be felt? 

• Another important point that must be noted is that all of the above conclusions were found in 

an experiment in which confinement exists. What happens when there is no confinement? 

Many of these questions cannot be answered by experiments. Luckily with pkdgrav we have the 

appropriate numerical tool. 

1 Ignoring the rotation of the body, a spherical asteroid with a constant bulk density of p has pressure P at a distance 
r from the center: 

271' 2 2 2) P(r) = -Gp (R -r 
3 

(6.1 ) 

where G and R are the gravitational constant and the radius of the body, respectively (e.g., Scheeres et al., 2010). 
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Chapter 7 

Conclusions 

Granular materials (regolith) are extremely common at the surface of all solid planetary bodies. There 

is also evidence that this regolith is very complex and continues to be dynamically active. Therefore, 

the dynamics of granular materials are involved in many aspects of the evolution of solid bodies. 

Understanding the physics of this granular material is important for the interpretation of spacecraft 

observations (images, spectral observations, or topography) but is also critical for the design and 

operations of landers, sampling devices and rovers. 

This thesis had two key components, both of which aim to increase our understanding of granular 

dynamics in varying gravitational conditions. The first component was dedicated to the validation of 

a numerical code to model the dynamics of granular material in varying gravitational environments 

such as on asteroids, Mars and the Moon. The second component focussed on the AstEx parabolic 

flight experiment with the aim of characterising the response of granular material to rotational shear 

forces in a microgravity environment. 

More precisely, the first component focused on validating the hard-sphere discrete element method 

implementation in the parallel N-body code pkdgrav to simulate the dynamics of granular material. A 

key strength of this numerical tool is the capability to model granular material in varying gravitational 

environments. The granular dynamics modifications that were made during this thesis were reported 

in Chapter 2 and have been published (Richardson et at., 2011). The modifications consist primarily 

of providing wall "primitives" to simulate the boundaries of the experimental apparatus. Certain 

primitives can also have translational or rotational motion, although to a limited extent. With this 

wide range of boundary conditions ("walls") we are able to represent the different geometries involved 

in experimental setups, but more generally provide the needed particle confinement and possible 

external forcings, such as induced vibrations, for small-scale investigations of regolith dynamics in 

varying gravitational environments (different surface slopes, etc.). Our approach is designed to be 

general and flexible: any number of walls can be combined in arbitrary ways to match the desired 

configuration without changing any code, whereas many existing methods are tailored for a specific 
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geometry. 

Before we can simulate granular interactions on planetary bodies, the simulations must first be 

able to reproduce the dynamics of granular materials in more idealised conditions and match the 

results of existing laboratory experiments. As part of this thesis, several validation tests have been 

performed to demonstrate correct dynamic behaviour of the granular assembly as modelled with our 

numerical method. One simple validation test investigating granular flow in a tumbler was presented 

in Chapter 2 and were included in Richardson et al. (2011). The observed behaviour in our tumbler 

simulations shows that the code correctly models the transitions from global regimes with increasing 

tumbler rotational velocity. However, it was found that this numerical approach currently favours 

dilute or fluid flows over dense granular flows. 

Next, as a stringent test of the numerical code the complex collective ordering and motion of 

granular material was investigated by direct comparison with laboratory experiments (see Chapter 

3 and Murdoch et al., 2012a). In these simulations a layer of granular material is vibrated between 

two plates. By performing a detailed comparison with experimental results it was demonstrated that 

the new adaptation of the parallel N-body hard-sphere code pkdgrav has the capability to model 

accurately the key features of the collective motion of a granular material (consisting of two different 

particle sizes) as a result of shaking. An in-depth discussion highlighting the difficulties involved in 

comparing experimental and simulation data directly was also included. These validation exercises 

have demonstrated that the hard-sphere implementation in pkdgrav is valid for modelling granular 

material in dilute regimes and is also capable of reproducing the dynamical behaviour of a specific 

dense system. 

Previous studies have shown that collective motion is an indicator of fragility, which is particularly 

important to planetary bodies as it is potentially related to the onset of sudden fracture or failure 

events on the body. The sensitivity of our numerical simul~tions to variations in self-gravity and 

external gravity was also investigated in Chapter 3 and it was found that external gravity changes 

collective behaviour: ensembles of particles exhibit more collective motion and, therefore, appear more 

fragile when held in place by lower external gravity. The results, therefore indicate that decreasing 

the external gravitational acceleration makes the granular ensemble more fragile when subjected to 

local excitation amplitudes Le., it is more prone to sudden, avalanche-like failure. 

The second major component of this thesis, the AstEx parabolic flight experiment, flew in the ESA 

51st Microgravity Research Campaign in November 2009 after being selected though ESA's highly 

competitive 'Fly your Thesis' progamme. The AstEx experiment, the first of its kind, investigated 

granular flow caused by shear forces in a microgravity modified Taylor-Couette shear cell. The ex

perimental design, development and data analysis were all performed as part of this thesis. The full 
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experimental design was reported in Chapter 4 (and in Murdoch et al., 2012b) and the data analysis 

pipeline was presented in Chapter 5. In Chapter 6 three detailed investigations were performed. The 

first investigation examined how steady state granular flows induced by rotational shear forces differ in 

microgravity and on Earth. The second investigation considered if granular convection occurs in our 

granular system on the ground and, if it does, to determine if the convection is enhanced or reduced 

in microgravity. The third and final investigation considered if hysteresis (memory effects), that leads 

to a transient weakening of the granular material after shear reversal, are enhanced or reduced in the 

microgravity environment. 

Through the AstEx experiment, we found that the effect of constant shearing on a granular material 

in a direction perpendicular to the gravity field does not seem to be strongly influenced by gravity. 

Additionally, convective-like flows seem to occur in the AstEx experiment in the presence of an external 

gravitational field but not in microgravity (see Murdoch et al., 2012d). The AstEx experiment has, 

therefore, demonstrated experimentally for the first time that granular convection is less efficient in 

microgravity. Therefore, a weak gravitational acceleration, such as the one found at the surface of 

small bodies, may reduce the process of granular convection. This means that, in the presence of a 

weak gravitational field, any granular processes involving granular convection may require much longer 

timescales than the same convective processes would require in the presence of a strong gravitational 

field. These results contradict previous hypotheses which suggest that "granular convective processing 

is favoured by microgravity" (Asphaug, 2007). 

The AstEx experiment has also demonstrated, for the first time, that transient weakening of 

granular material occurs during shear reversal in microgravity (Murdoch et al., 2012c). However, the 

transient weakening observed in the AstEx experiment in the different gravitational environments 

suggests that, perhaps, compression of a granular material in the presence of an external gravitational 

field creates a stronger contact network between the particles than in microgravity. The breaking of 

a stronger contact network may then cause an enhanced transient weakening in the presence of an 

external gravitational, with respect to the transient weakening that may occur in microgravity. This 

means that, in the low-gravity environment of an asteroid surface, while transient weakening will still 

be experienced by the granular material close to the location of shear reversal, it may not weaken the 

material as much as if the shear reversal occured in the presence of a stronger gravitational field. 

However, from the AstEx results, it would seem that, although the contact network may be weaker 

in microgravity, the influence of any change in the contact network is felt by the granular material over 

much larger distances. This may have very important implications for our interpretation of asteroid 

surfaces. If, for instance, a rubble pile asteroid has undergone shear forces in one particular direction 

for some period of time e.g., due to tidal forces from planetary encounters (nottke & Melosh, 1996) 

305 



7. CONCLUSIONS 

or YORP spin up (Bottke et at., 2002b), a very extended contact network may develop. Then, if an 

event was to occur which shears the surface in a different direction e.g., an impact (Holsapple et at., 

2002; Paolicchi et al., 2002) the consequences could be incredibly long range. For example, perhaps 

an event, e.g., a micrometeorite impact, on one side of a small rubble pile asteroid could destabilise 

regolith on the other side of the asteroid causing a granular flow. This would occur, not necessarily 

via seismic shaking, but via the long range transmission of force through the contact network. This 

could mean that asteroid surfaces are even more unstable than previously imagined. However, this 

also means that the consequences of, e.g., a micrometeorite impact, may be very different depending 

on the impact angle and location, and depending on the prior history of the asteroid surface. 
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Chapter 8 

Future perspectives 

Granular dynamics are involved in a vast number of geological processes and as a result there are 

countless possible applications to which our numerical simulations could be applied. Landslides, for 

example, are not considered directly in this thesis, but are of major importance for the resurfacing 

of many planets, as illustrated by studies of Lajeunesse et al. (2010), Lucas et al. (2010), Lucas 

& Mangeney (2007) and Mangeney et al. (2007). We could also use our numerical simulations to 

investigate the scaling laws presented by Hatano (2007, 2008a,b, 2010). These scaling laws consider, 

for example, the properties of granular rheology near the jamming transition and the dynamical 

heterogeneity in a sheared granular material. Experimental and technological developments mean 

that impacts into granular materials can be performed in the laboratory at higher and higher impact 

velocities (e.g., Kadono et at., 2010). These developments will provide new data for comparison with 

numerical simulations. 

Great advances are being made in robotic planetary exploration and as a result there are many 

new and exciting space missions being planned to perform detailed investigations of rocky planetary 

bodies in our solar system. It is important to continue to increase our understanding of the different 

environments that will be encountered in planetary exploration to help in the design of any space 

mission (robotic or human), which will interact with the regolith-covered surface of planetary bodies. 

All of the current and planned space missions to, for example, Mars, Mercury, Venus and small 

bodies will return high-resolution images to Earth. These images will provide scientists will more data 

of landslides, craters, dunes, gullies and many more geological features involving regolith in varying 

gravitational and environmental circumstances. The study of the physics of granular material will be 

vital to truly achieve the common scientific objective of all of these planetary science missions, which 

is to understand the geology of the bodies' surfaces. 

Of particular interest is the current idea of a future human mission to a near-Earth asteroid; both 
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NASA and ESA are investigating the feasibility of such a mission. Before undertaking such a mission 

it is clear that a full understanding of the threats and dangers to the astronauts must be understood. 

Many of the risks associated with such a mission arise from the unknown environment, therefore, the 

greater an understanding we can develop of the asteroid surface and physical properties, the lower the 

risk involved in a human (or robotic) mission. 

8.1 Future code development 

The studies presented in Chapter 2 and Chapter 3 aim to evaluate one component of the overall 

approach, namely the hard-sphere discrete element method. It was demonstrated that the implemen

tation in pkdgrav of this approach, which is valid for dilute regimes (e.g., planetary rings), is capable 

of reproducing the complex dynamical behaviour of a specific dense system as well. The next step will 

be to validate the implementation of the soft-sphere approach (Schwartz et ai., 2012) that is needed 

for the study of dense systems with many enduring particle-particle contacts. 

The soft-sphere method accounts for enduring, multi-particle (>2 particle) contacts by tracking 

the dynamics of the contacts. In order to model short range interactions such as collisions and contacts 

between particles, soft-particle methods relate the interaction force between two discrete particles to 

the overlap of the particles that serves to represent the deformation at contact (Fig. 8.1). Different 

numerical codes use different force laws to model the interaction. One approach, and possibly the most 

simple, is to calculate the resulting force using the linear spring dashpot model in which the particle 

contact is viewed as a damped harmonic oscillator and the force model involves a linear repulsive and 

linear dissipative force (Luding, 2004). However, there are numerous force laws for normal (head

on) contacts that have been proposed in the literature (e.g., Brilliantov et ai., 1996; Kuwabara & 

Kono, 1987; Lee & Herrmann, 1993; Thornton, 1997; Walton & Braun, 1986) and the nature of the 

corresponding predictions can differ significantly even for simple two-body normal collisions (Shafer 

et ai., 1996; Stevens & Hrenya, 2005). The effects of static friction and background friction can also 

be incorporated into soft-particle molecular dynamics and there are models which consider cohesion 

and thus possible plastic deformations at the point of contact (for a full discussion on these models 

see Luding, 1998, 2004). 

The use of a soft-sphere simulation approach has several advantages. Since it is a force-based 

simulation, it is easy to augment the physics of interaction to include non-gravitational effects such 

as cohesion between touching grains (see Section 1.2.6 and Scheeres et al., 2010) as well as exploring 

the effects of different grain strength and surface roughness models (Sanchez & Scheeres, 2011). As 

collisions are not predicted in advance, complicated particle and boundary geometries can be imple-
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Figure 8.1: Soft sphere model particle overlap - Two particle contact with overlap 8. The 
interaction force depends on the overlap of the particles. 

mented. Further, it is possible to simulate and track the transmission of forces through grains (e.g., 

Goldshtein et al., 2002; Wada et al., 2006). 

However, the soft-sphere method also has two important disadvantages: it is difficult to accurately 

determine values for the numerous input parameters and it is relatively computationally intensive, 

which limits either the length of a simulation or the number of particles. Several soft-sphere codes 

take advantage of parallel processing capabilities to scale up the number of particles or length of the 

simulation (e.g., Cleary & Sawley, 2002; Kacianauskas et al., 2010). Some soft-sphere methods also 

have the capability to include rotational degrees of freedom, inelastic collisions, and often complicated 

geometries (including polyhedra; e.g., Cleary & Sawley, 2002; Fraige et al., 2008; Latham et al., 2008; 

Szarf et al., 2010). 

As described in this thesis, in the hard-sphere method all particles are assumed to be perfectly 

rigid and, in between collisions, the particles move independently of one another. Collisions, which 

occur when the distance between two particles is equal to the sum of their radii, are treated as 

instantaneous point-contact events between rigid spheres. In the hard-sphere method the collisions 

are both binary and instantaneous, therefore, an event-driven algorithm can be employed to resolve 

collisions by anticipating trajectory crossing. This provides hard-sphere codes with a major time 

advantage in the resolution of a single collision; what requires dozens of time-steps for a soft-sphere 

code is resolved by hard-sphere codes in a single calculation (see Fig. 8.2 for a schematic explaining 

this). However, both methods have their respective strengths; the hard-sphere method permits longer 

time-steps in the dilute regime (see Section 1.5) and requires fewer material parameters, while the 

soft-sphere method enables more realistic treatment of friction, and is better suited to true parallelism 

(Schwartz et al., 2011). 

Eventually we would like to develop a hybrid method that includes both the hard-sphere and the 

soft-sphere approaches. For example, study of granular avalanches on asteroid surfaces could benefit 

from such hybridisation, since in an avalanche flow, the particles close to the top of falling particle 

layer, which undergo many collisions, exhibit fast, dilute flows, while particles at the bottom are in 
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G 0 Hard and Soft 
- Collisions in pkdgrav 

Figure 8.2: Comparison of collisions in the hard- and soft-sphere methods - In the hard-sphere 
method (HSDEM) particles are perfectly rigid and collisions are instantaneous. In the soft-sphere 
method (SS DEM) particles are allowed to overlap and the interaction force depends on the overlap of 
the particles. The hard-sphere method has, therefore, a major time advantage in the resolution of a 
single collision compared to the soft-sphere method. Image credit: S. Schwartz. 

slow, dense flows, i.e., particles remain in contact with neighbours for long intervals. In the meantime, 

the code's ability to create arbitrary shapes through particle bonding, and to vary the external gravity, 

can still be exploited with the hard-sphere approach to investigate particle motions ill dilute and/or 

highly energised environments. Taking again the example of a granular avalanche, the dilute layer 

could easily be studied with our hard-sphere approach, as Khakhar et at. (1997) did by separating the 

granular material in a rotating drum into a "rapid-flow region" and a fixed bed. \Ve coulcl also study 

the evolution of ejecta from impacts or the t1uidisation of energised regolith on small-bocly surfaces, 

such as regolith motion resulting from the sudden impact of a small projectile on an asteroid's 5ll1'face, 

as well as particle ring dynamics (e.g., Perrine et at. 2011), tidal encounters (for which the encounter 

time is short or comparable to the dynamical time; e.g., Richardson et al., 1998), and 50 on. 

In addition to the implementation of the soft-sphere approach and eventually the hybrid method 

that switches between both approaches as ne ded, planned futllfe code development includes add ing 

support for rigid and semi-rigid particle aggregates (see Richardson et at., 2009) that wOllld allow 

study of more complex particle shapes in simlllations of granular dynamics. We will also improve the 

degree of sophistication of the numerical code by adding new capabili ties to model relevant processes 

such as wind flow. In addition, we would like to include cohesive forces and electrostatic forces into the 

code. Another planned development is to give particles a thermal expansion coefficient . This wou ld 

allow the granular material to also respond to different thermal environments. We will also deve'lop 

the code to be able to model the presence of liquids in betwe n particles. Each n w code devclopm nt 

will be compared to laboratory experim nts before being appJi d to planetary science applications. 
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8.2 Future research projects 

Some ideas for future projects are discussed below. 

8.2.1 Further AstEx experiments 

The AstEx experiment worked very well considering it is the first experiment of this kind and produced 

some very interesting results. However, there are many more experiments that could be performed 

requiring minimal changes to the current set-up. We would nevertheless strive to implement the design 

changes listed in Section 4.8.2. Some future microgravity experiments that could be performed include 

experiments at constant volume as originally planned, or investigating the influence of polydispersity 

and of varying particle properties (Le., density, friction). With the added torque sensor we would also 

have the possibility of considering more closely the influence of changing external gravity on the shear 

stress. 

8.2.2 Numerical simulations of the AstEx experiment 

To develop a better understanding of the mechanism driving convective-like flows in a Taylor-Couette 

shear cell filled with granular material we could perform numerical simulations using pkdgrav. As 

there is no time limit on the simulations, as long as we have access to free CPUs, we can investigate 

slow but long-term granular bulk flows. By performing simulations with varying external gravity we 

can investigate if there is a minimum pressure/density gradient required to foster granular convection. 

We may find that granular convection will always occur if a pressure gradient exists, but the timescales 

involved are strongly dependent on the external gravity. 

8.2.3 Avalanches in varying gravitational conditions 

Hofmeister et al. (2009) used the Bremen drop tower to test the flow of glass beads at reduced gravity 

levels of 0.01-0.3 g. A 4 x 4 x 15 cm3 box of material was housed in a centrifuge, such that terrestrial 

gravity vanished at drop, allowing 4.7 seconds of microgravity. Different morphologies are observed 

at the end of drop-tower flight; the horizontal extent of the avalanches decreases with decreasing 

gravity. As the final angle of repose should be independent of gravity this implies there are some 

cohesive forces acting on the granular material. Wei have already performed several simulations with 

the hard-sphere code to model the case of an avalanche without cohesion (Fig. 8.3). In addition, I 

have already performed an extensive investigation into the influence of simulation parameters on the 

angle of rcpose. In the future we will model the avalanche with cohesive forces between the particles 

IThis work was done in collaboration with Kevin J. Walsh who is currently at the Southwest Research Institute, 
Boulder, Colorado, USA. 
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(a) (b) 

Figure 8.3: An example avalanche s imulation - (a) The intial particle locations; (b) the final 
particle locations after the avalanche. The residual gravity in this example is 0.1 g. 

in order to help to explain the experimental results and to advance our understanding of the role of 

cohesion in granular flows in low gravity environments. 

8 .2.4 Compaction of asteroid regolith 

As described in Chapter 1 asteroids experience both seismic shaking and large temperature variations. 

Also mentioned in Chapter 1 is the fact that granular materials experience compact ion due to thermal 

cycling and gent le shaking. The final packing fraction of the compacted granular material is strongly 

dependent on the rate of thermal cycling or tapping. It would be very interest ing to investigate how 

compact the regolith of an asteroid may be. This could be done experimentally, or with numerical 

simulations, using estimates of the thermal cycling rates and seismic shaking properties available in 

the literature. It would also be int resting to study if the rate of compaction changes with varying 

external gravity. 

8.2.5 Ejecta and regolith formation 

The debris ejected from an impact crater normally follow ballist ic trajectories from their launch 

position within the final crater. Scaling laws for ejecta velocity profiles on airless bodies weI' first 

constructed experimentally by Housen et at. (1983). However, scaling laws predicting that small 

(D < 70 km) rocky asteroids should be barren (Hou en, 1992), appear to be in contradiction with the 

presence of regolith on Itokawa (",0.3 km) , Eros (",17 km) and all other asteroids visited by spacecraft. 

Another poorly constrained surface process involving granular material is the form ation of secondary 

craters from the relatively low-velocity impacts of ejecta of a primary crater. As discussed by McEwen 

et at. (2005) it is still unclear whether small craters on Mars and the Moon are dominated by primary 

impacts or by secondary impacts of ejecta from much larger primary craters. Ivanov (2006) suggests 
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that if the currently observed meteoroid flux in the Earth-Moon system is approximately the same 

as in the last 100 Ma then most of the small «200 m) craters, counted on the young «100 Ma) 

lunar surface are primary, not secondary craters. Werner et al. (2009) argue that obvious secondary 

craters can be recognized and eliminated from the counts when making age determinations based 

on crater counts. However, they also acknowledge that there are sometimes ambiguous situations in 

which it is not possible to clearly distinguish primary from secondary craters and, therefore, crater 

counts become more difficult or are impossible. The possibility to identify secondary impact craters 

and to determine the conditions of their formation is fundamental to improve chronology of solid body 

surfaces by crater counting. 

For high impact velocities large plastic deformation or phase changes of particles may occur and, 

therefore, our numerical code is not a suitable tool to model this process. Secondary craters, however, 

are produced via low-velocity impacts into granular material. As the impact velocities are normally 

lower than the material sound velocity (e.g., a few km S-l for silicates) we can use our numerical tool to 

investigate the secondary crater formation process in the context of low-velocity impacts. This study 

would aid in the identification of secondary impact craters on planetary surfaces and contribute to 

the longstanding controversy about the relative abundances of small primary craters versus secondary 

craters on the Moon and other solid planetary bodies (Ivanov, 2006; McEwen et al., 2005; Werner 

et al., 2009). 

8.2.6 Crater collapse 

During the impact crater formation process the crater cavity passes through several stages arriving at 

an intermediate morphology called the transient crater. It is so-called because all gravity-dominated 

craters will undergo some subsequent gravitational collapse and modification immediately after ex

cavation. In small craters the steepest part of the rim collapses into the crater bowl to produce a 

pool of broken rock in an otherwise unmodified transient crater. Large craters collapse more spec

tacularly, giving rise to central peaks, wall terraces, and internal rings in still larger craters. These 

are called "complex"craters (Melosh, 1989). The transition between simple and complex craters de

pends on l/g, suggesting that the collapse occurs when a strength threshold is exceeded. However, 

the effective strength during collapse is very low: only a few bars, and with little or no internal fric

tion. This behaviour requires a mechanism for temporary strength reduction. Several models for this 

process, including acoustic fluidisation and shock weakening, have been considered by recent investi

gations. Acoustic fluidisation, involving vibration of granular material, appears to produce results in 

good agreement with observations (Melosh & Ivanov, 1999). Wiinnemann & Ivanov (2003) have per

formed 2d hydrocode simulations of crater collapse demonstrating the depth-diameter dependence in 
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Figure 8.4: Secondary craters - THEMIS visible image of Mars showing clusters of irregular shallow 
craters, perhaps secondaries from a larger crater. The circular bowl-shaped craters (6 are easily seen; 
the largest is 2 km diameter) are likely primaries. Image taken from McEwen et al. (2005). 
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an acoustically fluidized target. Collins et at. (2002) have also used hydrocode simulations to investi

gate dynamic collapse of the Chicxulub crater. Recent field evidence for acoustic fluidisation in crater 

collapse (Yokoyama et at., 2011) offers further support for the acoustic fluidisation model. However, 

a consensus about operating mechanisms during the collapse of impact craters has not been reached. 

Further study is therefore needed to fully understand softening mechanisms such as acoustic fluidisa

tion. It is possible that to fully understand the process of gravitational collapse and the role played 

by acoustic fluidisation the particles should be treated distinctly and all collisions between particles 

should be resolved. We could, therefore, use our numerical method to test the acoustic fluidisation 

model (in 3d). 

8.2.7 Crater degradation 

After the initial gravitational collapse described in the previous section there are other processes 

that shape, modify and remove craters such as wind erosion and subsequent impact cratering due to 

micro-bombardment, which can destroy or cover up pre-existing craters (de Pater & Lissauer, 2001). 

The crater degradation due to gravitational collapse and other modification processes means that 

the sharp rims of fresh craters become rounded while the interior slopes become shallower. Continued 

degradation causes a reduction in the height of the crater rim, and infilling produces a broad, flat 

crater floor at a higher elevation than the original cavity (Craddock et al., 1997). It is, in principle, 

possible to estimate the age of a crater by determining the maximum slope of the inward crater rims. 

Qualitatively, the smaller the slope the more degradation has occurred and thus the older the age of 

the crater (Fig. 8.5). Using the recently released Lunar Reconnaissance Orbiter (LRO) data, Bouley 

& Daratoux (2011) have been able to study precisely the morphology of small craters (D < 1 km) 

and to observe the diversity of degradation features. 

Evidence from Mars Global Surveyor has shown that there has been substantial modification of 

Martian craters by dust infilling in ancient cratered terrain (Hartmann et at., 1999). We will study 

the long-term evolution of the crater morphology due to wind erosion, the main agent of crater 

degradation on planets such as Mars (or Venus). This is very important for the case of Mars, as 

there is approximately 3.5 Ga of history during which the erosion was limited to wind erosion (and 

impact erosion). There are many examples of crater degradation under such conditions and in various 

terrains (sedimentary rocks, massive volcanic rocks, cemented ash deposits, etc.). In particular, the 

impact craters on the flanks of large shield volcanoes experience very strong and regular catabatic 

winds every night (Spiga et al., 2011). The wind velocity is well quantified, regular and understood 

to have been behaving in the same way for billions of years. This particular case, therefore, offers an 

excellent target for numerical modelling. We can use the known parameters to model the effect of 
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Figure 8.5: Crater degradation - Image of various stages of crater degradation and maximum rim 
slopes for a crater diameter of 200 m in the Mare Imbrium on the lunar surface. 30° is the slope of a 
fresh crater and 5° is the slope of an old crater. Image from Bouley & Baratoux (2011). 

wind erosions on impact craters of various diameters and compare directly to observations. 

Michel et al. (2009) estimated the age of asteroid Itokawa (at least ",75 Ma, and maybe as much as 

1 Ga) by calculating the time needed to accumulate the observed craters on the asteroid's surface and 

also taking into account several processes, which can affect crater formation and crater erasure on such 

a low-gravity object. For instance, impact-induced seismic shaking, which causes the regolith to move, 

may erase small crater features and thus explain their paucity compared to predictions of dynamical 

models of projectile populations (e.g., Michel et al., 2009; Richardson et al., 2004). However, the 

predicted motion of regolith due to seismic shaking has never been explicitly demonstrated. Further 

work needs to be done investigating and quantifying this effect. The effects of seismic shaking on 

crater morphology are also interesting for larger bodies such as the Moon. We can perform numerical 

simulations to investigate directly the scaling laws relating the timescale of crater degradation to the 

ratio of shaking acceleration to gravitational acceleration. This research is vital to interpret the crater 

population on asteroids, and the impact cratering history of these bodies. 

Another crater modification process we could investigate is the surface modification on small bodies 

(e.g., asteroids) due to tidal forces during close encounters with the Earth and other planets. It has 

been proposed that tidal stress on the surfaces of asteroids during planetary encounters is strong 

enough to disturb and expose unweathered surface grains and is the most likely dominant short-

term asteroid resurfacing process (Marchi et al., 2006; Richardson et al., 1998). Recent research has 

reinforced this theory by demonstrating that asteroids that have had a close encounter with the Earth 

have fresher surfaces (Binzel et al., 2010). However, the resurfacing predicted to occur during these 
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close encounters has never been modelled directly. We could investigate, using numerical simulations, 

the degree of resurfacing that can occur on an asteroid surface during a close planetary encounter. 

8.2.8 Testing of asteroid surface sampling devices 

As discussed in Chapter 1, the properties of regolith on the surface of asteroids vary greatly from one 

small body to the other. As we are unlikely to have any information about the surface properties 

before arriving at the asteroid it is important that the sampling mechanism can deal with a large 

range of possible surface properties and, in particular, a large range of particle sizes. Several kinds 

of sampling devices (e.g., cylindrical corers, brush wheels, etc.) can be constructed using the wall 

primitives available in our numerical method. The individual walls in the numerical simulation can 

be given rotational or translational motion to mimic the workings of the sampling mechanism. The 

efficiency of the devices (Le., how much surface material is captured) could then be tested under 

different gravitational conditions and for different particle size distributions. 
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Appendix A 

Checklist of procedures during 

flight 

BEFORE 1ST PARABOLA 

1. Turn on power 

2. Switch on laptops 

3. Remove securing strap 

4. Start web camera software running 

5. DriveSoft2 (Laptop 1 only): 

5.1 Add Inverter 

5.2 Click on 'All Parameters' 

5.3 Click on 'Upload' 

5.4 Start active monitoring 

5.5 Change motor speed if required 

6. Cameras: 

6.1 Check settings are correct 

6.2 Start camera software 

6.3 Select the listed camera 

6.4 Take an initial image sequence 

6.5 Press any key to continue 

AFTER ALL PARABOLAS 

1. Turn motor off 

2. Laptop 1: Close camera software 

3. Close DriveSoft2 Monitor window 

4. Laptop 1: Click on 'Offline' 

5. Laptop 1: Close the DriveSoft2 software 

6. Laptop 1: Stop web cam software 

7. Laptop 1: Shut down 

8. Laptop 2: Close camera software 

9. Laptop 2: Stop web cam software 

10. Laptop 2: Shut down 

11. Turn off power to experiment 

12. Add securing strap 
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Appendix B 

Investigating the particle velocities 

As mentioned in Section 5.2.8, all figures of mean particle velocity as a function of time, particularly 

those of mean particle angular velocity, exhibit large-scale correlated fluctuations. Examples of such 

fluctuations are shown in Fig. 5.18 and Fig. 5.20. These fluctuations are affecting all particles across 

the width of the shear cell but the source was unknown. This appendix explains the steps taken 

to investigate and understand the origins of these large-scale velocity fluctuations. These investiga

tions are mostly focussed around the angular velocities of the particles as they permit the correlated 

fluctuations to be seen more clearly. 

B.1 Investigating the source of the large-scale velocity flucta

tions 

First, it was considered that perhaps an uneven camera frame rate could cause the fluctuations. This 

could be occuring as some cameras, when recording directly to disk in a windows environment, skip 

frames or take frames at uneven times. By verifying the camera statistics and checking the frame 

rate (as output during the experiments) it was determined that this was not occuring. Next, we 

considered if the fluctuations could be occuring due to a bias in the particle tracking. The variations 

occur simultaneaously across the entire width of the shear cell and this means that they cannot be due 

to any localised biasing. Large-scale pixel biasing was checked for and ruled out during the process 

of particle tracking (see Section 5.2.1). The source cannot be noise either as the fluctuations are too 

regular and are correlated between the different regions of the shear cell. The in-depth investigations 

of these fluctuations and conclusions are described below. 
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B.l Investigating the source of the large-scale velocity fiuctations 

B .l.l Method of binning 

To be certain the flu ctuations were not being introduced within the analysis an alternative method 

was developed to calculate the mean particle velocities. This alternative method first calculates the 

displacement vectors between every set of consecutive frames for each particle (in Cartesian coordi

nates). T his coordinate system is then transformed into polar coordinates (again using t he coordinates 

at the centre of the cylinders, as calculated in Section 5.2.3). The angular displacement , between two 

consecutive frames, are determined for each particle. The displacements over a defined t ime interval 

(e.g., 1 sec) are summed giving total angular displacement per part icle, per time interval (i.e., one 

value per particle, per time interval). Then, as for the nominal method , once the particle displace

ments have been calculated the particles are then separated into radial bins and the mean particle 

angular velocity per bin is calculated, as a function of t ime, during the experiment (Fig. B.1 ). In 

this example of a constant shear rate experiment the imaging frame rate was 60 fps. The part icle 

displacements are binned over a time interval of 1 second (i.e., 60 fps). Although much of the high 

resolution data is lost in comparison with the nominal method t he large-scale correlated flu ctat ions 

across the width of the shear band can st ill be seen. As we a r interested in more high resolu tion data 

this method will not be us cl in future analyses. Howev r, we have ruled out the method of velocity 

cal ulation as th source of t he flu ctuat ions. 
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Figur B.1: M a n particle v locit ies calculated with t h e a lternative smoothing method. -
An a ltern ativ m thod is Llsed to smooth and bin the data to determin if th flu ctuations are being 
introcluc d with in th analysi. In th is method the high resolu t ion data is lost but t he large-scale 
corr lat d flu ctation aero s the width of the sh ar band an t ill be seen. The experiment usecl as an 
xampl h r is a onstant shear rate experiment perform cl in microgravity with 4 mm particles and 

an inn r ylinder angular v loeity of 0.05 rad S- I . 
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Figure B.2: Mean particle velocities for ground-based experimental runs - The mean velocities 
in two ground-based experiments with 4 mm particles undergoing a constant shear rate experiment are 
shown. In (a) the inner cylinder angular velocity is 0.025 rad S- l , (b) the inner cylinder angular velocity 
is 0.05 rad S- l. For both experiments the span of the applied smoothing is 2 seconds (120 frames) 
and the shear cell has been split into ten equal radial bins. The large-scale correlated fluctuations can 
be seen to also occur in the ground-based experiments. 

B.1.2 Gravity variations 

The next investigation aimed at determining if the gravity fluctuations were the cause of the large 

sale fluctuations. As described in Section 4.6.1 there were often large gravity flu ctuations over the 

course of one parabola. If there is a shift, e.g., from positive to negative gravity, then the particles in 

the top layers will tend to force themselves upwards onto the pressure plate, momentarily increasing 

the friction and slowing them down. This effect would potentially apply to all radial zones at the 

same time and would affect the particle velocities proportionally, possibly producing correlated spikes 

and troughs as the microgravity environment changes. However, rather than try to correlate the 

microgravi ty flu ctuations with the large-scale flu ctuations, we decided to look at some ground-based 

constant shear ra te experiments. The same correlated flu ctuations are found in the ground-based 

results (Fig. B.2). The fluctuations cannot , therefore, be arising from the gravity variations over the 

course of a parabola. 

B.1.3 Pressure plate 

The velocity variations could be occuring simultaneously across the shear cell if the pressure exerted 

by the pressure plate changes. If, for example, the pressure plate is applying more than the average 

pressure (e.g., due to microgravity variations or particle packing rearrangements) then the surface 

layer beads may slow down due to more friction being exerted upon them. If on the other hand the 

pressure plate is applying less pressure than the average pr ssure then there is less friction allowing 

the beads to move more freely. So, if the pressure plate moves up and down, t he pressure is varied 
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Figure B.3: Mean particle velocities for experiments without the pressure plate - The mean 
velocities in two ground-based experiments without the pressure plate in place are shown. In both 
experiments there are 4 mm particles undergoing a constant shear rate with a rotation rate of (a) 0.025 
rad S- l and (b) 0.05 rad S-l. For both experiments the span of the applied smoothing is 2 seconds 
(120 frames) and the shear cell has been split into ten equal radial bins. The large-scale correlated 
flu ctuations can be seen to also occur in the ground-based experiments with no pressure plate. 

uniformly across the shear cell possibly causing the fluctu ations to appear at the same time across it. 

This is not something that cou ld be easily predicted or detected directly (we did not have a camera at 

the side to see if the pressure plate moves up and down or not) . To determine whether the pressure 

plate may be causing these vari ations we p rformed tests without t he pressure plate (Fig. B.3). In 

these two examples of experiments without the pressure plate the large-scale correlated flu ctuat ions 

can still be seen. Therefore, we can conclude that the pressure plate is not t he cause. 

B.1.4 External vibrations 

Next, we considered the possibility that there were external vibrations causing the correlated particle 

movement wit hin the shear ell. These external vibrations could be caused by aircraft vibrations, 

vibrations from the xp riment itself or simply vibrations caused by movem nt near the experiment 

(peopl , machin s etc.). If there were any vibrations these would cause the particles and the camera 

to move independ ntly of one another. By stacking together all of the images taken over the course of 

an experimental run any vibrational mov ment shou ld be easily det cted. Figures B.4 and B.5 show 

stack d images from the top camera and the bottom camera, resp ctively, in which several thousand 

images hav been sup r-imposed. The shear band n ar to the moving inner ylinder can be seen 

but oth r than within this shear band t h r is no blurring in the images alld thus no independent 

movement b tw en the particles in th shear cell and the camera. Several different experimental runs 

were analys d like this (from the ground-based runs and the flight) and t he images are consistenly 

clean. 
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Figure B.4: Superposition of experimental images taken using the top camera - Stacked 
image made from > 4000 frames taken with the top camera looking down on the top surface of the 
shear cell. 

Figure B.5: Superposition of experimental images taken using the bottom camera - Stacked 
image made from > 4000 frames taken with t he bottom camera looking up to the bottom surface of 
the shear cell. 
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B.lo5 Motor 

As a final check we considered the possibility that the motor was not rotating at a constant rate and 

the variations in speed were being transmitted to the particles. As the motor is controlled by an 

inverter its rotation speed should be very accurately defined by the frequency at which the inverter is 

operating. The arrangement of the motor and inverter set-up was chosen to ensure that the output 

speed should be very constant. However, it is envisageable that some small variations in rotation rate 

could be caused by bad coupling between the motor and shear cell, or by poor coupling between the 

small and large gears of the pulley (the belt between the two gears is made of a rubber-like material 

which might flex). 

There are 233 parameters output to file describing the behaviour of the motor over the course of one 

experimental run. However, there are only two parameters that show any real time response to what 

the motor is doing: the output frequency and the output current. When plotted versus time there 

is absolutely no change in the output frequency over the course of one experimental run (Fig. B.6). 

However, there is a small variation in the current consumed by the motor over several experimental 

runs (Fig. B.7). The output current varies by ± 0.01 A over the course of an experimental run which 

corresponds to a fluctuation of < 2% in the output current. However, it is important to note that the 

values of the current are only accurate to 0.01 A. The timescales of the variations are on the order of 

1-2 seconds i.e., the output current increases or decreases away from the mean value for approx 1-2 

seconds at a time. In principle these small changes in the current consumed could be an indication of 

changes in the motor speed. However, these fluctuations could also be an indication of the mechanical 

stress on the motors shaft; the more stress the greater the current required to maintain a constant 

rotation rate. Therefore, given the small variations, which are of the same order of magnitude as the 

accuracy of the data, and the different possible causes for the fluctuations it was decided that this 

was not a reliable method of detecting changes in the inner cylinder rotational velocity. 

An alternative method was devised to try to measure more directly any variations in the inner 

cylinder rotation rate; stickers were placed on the top surface of the moving cylinder (Fig. B.S). The 

motor was turned on and the stickers were imaged as they rotated with the inner cylinder. The stickers 

were then tracked using the particle tracking algorithm giving x and y coordinates for the centres of 

all of the stickers for every frame. The nominal smoothing technique (as described in Section 5.2.7) 

was employed, with a smoothing span of 1 second (62 frames), to remove noise from the raw tracking 

data. In order to convert from Cartestian to Polar coordinates a best-fit geometric circle (formed by 

the locations of the centre points of the stickers over the course of the experiment) was calculated 

(Fig. B.9). The angular motion of the stickers could then be analysed. 

First, the change in angular position (theta) over time was investigated for all of the stickers. 
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Figure B.6: Variations of the motor output frequency during flight based experiments 
- Both figures are for the 4 mm particles undergoing five experiments i.e., each 'spike' corresponds 
to one experimental run. In figure (a) the rotation rate is 0.025 rad S-1 and the output frequency 
remains constant at 10.8 Hz while the motor is on. In figure (b) the rotation rate is 0.05 rad s-1 and 
the output frequency remains constant at 21.8 Hz while the motor is on. 
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Figure B.7: Variations of the motor current consumption during flight based experiments
Both figures are for the 4 mm particles undergoing five experiments i.e., each 'spike' corresponds to one 
experimental run. In figure (a) the rotation rate is 0.025 rad s-1 and the mean current consumption 
is ",0.55 A. In figure (b) the rotation rate is 0.05 rad s-1 and the mean current consumption is ",0.6 
A. The current measurements are accurate to 0.01 A and the fluctuations are of same magnitude. The 
timescales of the these variations are on the order of 1-2 seconds. 
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The angular positions of all stickers appear to change at a constant rate as would be expected for 

a constant rotation rate (Fig. B.10). However, when a more detailed investigation was performed of 

the rate of change of the angular position with time, i.e., the angular velocity, it was discovered that 

there were some variations. In Fig. B.ll it can be seen that these variations in angular velocity do not 

occur for all stickers at the same time so the change can not be attributed to a change in rotational 

velocity of the inner cylinder. Neither can the variations be attributed to an error in either the central 

coordinates of the circle used to transform the coordinates or due to a slightly strange viewing angle 

as the variations do not show a steady increase nor a steady decrease with x or y coordinates. 

It was found that the variations in angular velocity are directly linked to the angular position of 

the stickers. In other words, for certain values of theta the angular velocity is greater and for others it 

is smaller. All stickers have the same changes at the same angular position (Fig. B.12), but not at the 

same time. Therefore, when the mean velocity of all of the stickers was plotted as a function of time, 

Fig. B.13, there are clear fluctuations. The rotational velocity of the inner cylinder in the example 

shown in Figs. B.10-B.13 was 0.1 rad s-l. The mean angular velocity of the stickers after tracking, 

smoothing and conversion to polar coordinates was 0.099 ± 0.003 rad S-I. However, the maximum 

amplitude of the fluctuations of angular velocity for the individual particles is much larger. 

We can, therefore, conclude that the method of tracking and analysis does give reasonable results 

but it is very important to understand the cause of these small velocity fluctuations as these could, 

in principle, be the source of the large-scale correlated fluctuations witnessed in the mean angular 

velocities of the particles, or be the cause of other, undetected, inaccuracies. 

Figure B.8: Example image showing locations of stickers on moving cylinder - These blue 
stickers were placed around the rim of the moving inner cylinder and were subsequently tracked to 
determine if there were fluctuations in the cylinder rotational velocity. 
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Figure B.9: B est-fit circle from sticker centre coordinates . - This best-fit geometric circle 
(formed by the locat ions of the centre points of the stickers over the course of the experiment) was 
calculated. The centre point was used to convert the sticker positions from cartestian to polar coor
dinates. 
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Figure B.lO: Angular position of s tickers as a function of time - T he change in t he angular 
position (theta) is plotted for several stickers against time. Each line represents a different sticker 
and the angular position appears to change at a constant rate as would be expected for a constant 
rotation rate. 
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Figure B.ll: Angular velocity of stickers as function of time - The angular velocities of several 
st ickers a re plotted against time. Each line represents a different sticker. There are large variations 
in angular velocity for all stickers but these do not occur for all stickers at the same time. 
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Figure B.12: Mean angular velocity of stickers as a function of angular position - The 
angular velocities of several stick rs are plott d against angular position (theta). Each line represents 
a different sticker. Th re are large variations in angular velocity and these all seem to occur at the 
same angular positions. 
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Figure B.13: Variation of mean angular velocity of stickers with time - The mean angular 
velocity for all of the stickers is plotted against time. 

The above analysis was performed again but with no smoothing. This allows an investigation of 

the raw data at high resolution and a closer look at the effect of the smoothing algorithm. First, the 

individual particle angular velocities were plotted as a function of angular position. As there is no 

smoothing the angular velocity at each point is calculated using the angular position of a sticker in 

two consecutive frames as detected by the tracking algorithm. In Fig. B.14 the fluctuations of the 

sticker angular velocities with angular position are shown at high resolution. The first plot shows 

the variation of angular velocity for several stickers after the position data has been smoothed over 

1 second. Each line represents a different sticker and the time between consecutive frames (Le., data 

points) is 1/62 seconds. The second plot shows the unsmoothed angular velocity of each sticker. The 

values at each frame are connected with lines to allow the small-scale fluctuations to be seen more 

clearly. In the third plot the lines are removed and there is clearly a distinct quantisation occuring. 

Although the mean angular velocity value is approximately 0.1 rad s-l the actual values of angular 

velocity are clustered around 0.05 and 0.13 rad s-l. These fluctuations and quantisation were an 

unexpected discovery and the next section discusses the possible causes. It would appear, from Fig. 

B.14, that smoothing helps to reduce the problem. This is further demonstrated in Fig. B.15 which 

shows the effect of smoothing on the distrubution of individual particle angular velocities. Before the 

data are smoothed the angular velocities are quantised around the same two distinct values seen in Fig. 

B.14. After the data have been smoothed the angular velocities have a guassian like profile, centred 

around the mean angular velocity. We can, therefore, conclude that smoothing helps to eliminate the 

problem of quantisation of small-scale fluctuations but we still do not understand the original cause. 
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Figure B.14: Small-scale fluctuations in the sticker angular velocities - (a) Angu lar velocity 
calcu lated after having smoothed the position data (smooth ing span of 1 second ). Each line represents 
one sticker. (b) Unsmoothed angular velocity with lines drawn to see the jumps for each particle mor 
clearly. (c) Unsmoothed angular velocity with lines removed to show quantisation more clearly. 
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Figure B.15: The effect of smoothing on the distribution of angular velocities - The distri
bution of angular v locities, Vo are shown with (a) no smoothing, and (b) smoothing with a span of 
1 second (62 frames). 
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B.2 Investigating the source of the small-scale fluctuations 

and quantisation 

As described above, the discovery of small-scale fluctuations and quantisation in the angular velocity 

of the sticker velocities when looking at high resolution was unexpected. In order to understand 

the possible consequences of the quantisation, the cause must first be understood. This section 

describes several different tests that were performed to find the origin of the small-scale fluctuations 

and quantisation. 

B.2.1 Tracking stationary stickers 

To determine the source of the small-scale fluctuations, stickers were placed on non-moving parts of 

the experiment. This way there could be no influence of moving parts and, as the stickers should 

have no motion at all, the cause of the small-scale fluctuations and quantisation should be easier to 

determine. The locations of the stationary stickers are shown in Fig. B.16. The stationary stickers 

were tracked in the same way as the moving stickers discussed in Section B.lo5. No smoothing was 

performed. As the particles were randomly placed on the equipment a central position cannot be 

easily defined. Therefore the Cartesian coordinate system is used for the analysis of these stationary 

particles and not the Polar coordinate system. 

Figure B.16: Example image showing locations of stickers on stationary parts of the shear 
cell - These blue stickers were placed around the shear cell to help determine the source of the 
small-scale fluctuations and quantisation. 

From the plot of unsmoothed x and y velocites (Fig. B.17) we can see large fluctuations. As the 

stickers are stationary this means that the difference in location between detected positions changes 
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Figure B.I7: Variation of x and y instantaneous velocities of the stickers with time - (a) 
U nsmoothed V x, (b) U nsmoothed V y . Each colour represents a sticker. 
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Figure B.I8: Variation of x pos ition with time for one sticke r - (a) Rapid flu ctuations of x 
posit ion of one sticker in a short t ime period (",1 second) . (b) Variation of x position of the same 
sticker over a longer time period ('" 13 seconds) . 

from one frame to the n xt. Th quantisation occurs at different times for different stickers, therefore, 

we can assume that an uneven camera frame rate is not a possible cause. Figure B.I8 (a) shows 

a plot of x position flu ctu ations for one particle over short period in t ime showing how the centre 

shifts backwards a nd forwards, from one side of the actua l position to the other. The timescale shown 

on this plot is 1 second . A longer t imescale is consid r d in Fig. B.18 (b) and it is here t hat the 

qllantisation becomes more evident. Small , sllbpixcl level, fluctuations are to be expected from the 

tracking algorithm but very large jumps of > 1/2 pixel are unusual. 

We considered the possibility that either motor induced vibrat ions or the lighting conditions were 

responsible for the small-scale flu ctuations and quantisation. Perhaps, for example, the lights were 

fli ckering and this was altering the detected location of the particle centres between frames. everal 

tests were perform d imaging and tracking the stationary stickers with several motor speeds and 

under various illuminat ion condi t ions (several combinations of the lamps and also under natural 
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Table B.l: The motor and lighting conditions of a selection of tests performed with the stationary 
stickers. The mean x and y velocities calculated after the stickers have been tracked and the standard 
deviation in the mean velocities are reported. 

Motor speed Lighting Conditions Mean V., Mean VII 
(rad .-1) (pixels S-I) (pixels s-l) 

0.1 All lamps on -0.002 ± 5.9 0.004 ± 11.4 

0.1 All lamps off -0.020 ± 11.7 -0.005 ± 8.7 

0.05 Lights on, over-exposed 0.003 ± 5.7 -0.009 ± 8.0 

0.025 Lights on, over-exposed 0.005 ± 5.9 0.000 ± 12.0 

0.0 All lamps on 0.005 ± 5.9 0.000 ± 6.3 

0.0 Left lamps only 0.000 ± 6.2 0.001 ± 9.65 

0.0 Right lamps only 0.000 ± 7.0 0.000 ± 6.3 

0.0 All lamps off 0.000 ± 4.0 -0.001 ± 7.2 

0.0 All lamps off 0.000 ± 7.3 0.000 ± 8.4 

lighting provided by a large window in the ceiling of the laboratory). No difference was found in the 

size of the fluctuations for different motor speeds nor was there a difference when the motor was off 

completely. The scale of the fluctuations and quantisation did, however, become worse under some 

specific illumination conditions (e.g., when using natural lighting the amplitude of the fluctuations in 

position was sensitive to clouds passing in front of the sun). Nevertheless, no matter which lighting 

conditions were used, the quantisation and fluctations were still present. Given in Table B.l are the 

conditions of a selection of tests performed, and the resulting x and y velocities, as well as the standard 

deviation in the velocities. The large standard deviation in the results is present in all runs showing 

that it is not being caused by the lighting conditions. 

B.2.2 Tracking stationary particles 

The next idea was that perhaps the quantisation originated because the stickers are flat and they, 

therefore, do not have the correct Gaussian profile for the centroiding algorithm (see Section 5.2.7). 

Using one of the ground-based runs performed previously, the positions of about 20 particles in the 

very middle of the shear cell were tracked and analysed while the motor was off. The locations of 

these particles are shown in Fig. B.19. Small-scale fluctuations « 0.2 pixels) in the particle positions 

were still found but no quantisation was detected (Fig. B.20). As a result, it is possible that the small 

fluctuations are in fact due to pixelation and are inherent to the software. If this is the case, this is, 

therefore, unavoidable experimental noise that should even out over time. The quantisation probably 

arises due to the poor results of this particle tracking algorithm when tracking the flat stickers. To 

verify that this is really the case some simple simulations were performed. These are discussed in the 

next section. 
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Figure B.19: Example image showing locations of mid place particles - These particles, from a 
ground-based run, were chosen to investigate the fluctuations and quantisation in spherical particles. 

Figure B.20: Variation of position with time for one stationary particle - (a) x coordinate, 
and (b) y coordinate, of a stationary mid-place particle plotted against time. 
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B.2.3 Simulations to investigate small-scale fluctuations and quantisation 

To determine if pixelation is the cause of the small-scale fluctuations and quantisation some simple 

simulations were developed to model how an hypothetical particle is recorded by the camera and 

then tracked by the particle tracking algorithm. The first simple test was to generate test images of 

a number of small black "circles" (not perfect, but pixelated to be more realistic) randomly placed 

on a white background (Fig. B.21). In some simulations the particles remained stationary and in 

others the particles moved with a random, but constant, velocity. The sets of generated images were 

processed in an identical manner to the images of the stickers and particles discussed above. It was 

found that in the simulations of stationary particles, the output of the tracking and analysis is correct 

and the particle positions never change during the simulations. In the simulations of moving particles, 

as the particle velocities are constant, the tracked position coordinates should vary smoothly in time. 

However, there are small-fluctuations in the tracked position coordinates (Fig. B.22). So it would 

appear that the small fluctuations are, as predicted above, an inherent and unavoidable part of the 

software. On the otherhand, the cause for the quantisation is still unclear . 

• • • •• 
• , 

•• 
•• • •• 

, .. 

• 

Figure B.21: Generated Particles - An example test image that was generated. There are a number 
of small black "circles" (not perfect, but pixclated to be more realistic) randomly placed on a white 
background. 

It was considered that the problem of quantisation could be arising because the particle size and 

shape is changing slightly between frames. This could occur when particles move a very small (sub

pixel) distance between frames: the particle detection algorithm may detect the particle to be a slightly 

different size and shape thus potentially confusing the centroiding algorithm. To examine how the 

change in particle shape may affect the tracking algorithm a second second set of simulations were 
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Figure B.22: Variation of tracked position with time for one hypothetical particle - (a) x 
coordinate, and (b) y coordinate, of a simulated particle plotted against time. 

developed. 

First, a large grid of squares is defined. Within each large square, a 10 x 10 grid of smaller squares 

is defined. We then use the analogy that each large square is equivalent to a pixel. A hypothetical 

"particle" is generated with a given centre point and radius. If the centre of a small square is inside 

the radius of the hypothetical particle, then the small square turns from white to black. If> 50% of 

the small squares within a large square are black then the large square (i.e., 'pixel') turns from white 

to black (see schematic in Fig. B.23). 

The "particle" is given a two dimensional velocity and the position of the particle is propagated 

over several timesteps. The shape 'detected' at each timestep is recorded. Some example images from 

one simulation are shown in Fig. B.24. Note, the hypothetical particles are never circular as they are 

made using a grid of squares; the closest shape to circular we ever get is shown in the attached Fig. 

B.24 (a). 

Figure 0.25 shows the tracked x and y trajectories of one such simulated particle. The tracking 

algorithm detects the centre of the particle to be fluctuating, with occasional much larger jumps in 

position. In reality, the centre of the simulated particle moves at a constant velocity. However, in the 

plots of particle velocity (calculated using the particle position data from the tracking algorithm) as 

a function of time (Fig. D.26) there are very large fluctuations. The magnitude of the tracked particle 

velocity vari('~ from almost 0 pixels/frame all the way up to 2.5-3 pixels/frame. There are also at least 

two, if not three, levels of fluctuations: those around 0.5, 1.75 and 2.75 pixels/frame for the x velocity 

and around 1, 1.75 and 3.25 pixels/frame for the y velocity. 

In summary, the change of particle shape with time, or pixelation of particles, is likely to be where 

the quantisation is originating. The effect of pixelation became obvious when tracking the stickers 

because the effect is exaggerated in the cases where only a few test particles are available. Under 
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B. INVESTIGATING THE PARTICLE VELOCITIES 

Figure B.23: Schematic of the grid used to 'detect' particles - A large grid of squares is defined . 
Wit hin each large square, a 10 x 10 grid of smaller squares is defined. We then use the analogy that 
each large square is eq uivalent to a pixel. A hypothetical "part icle" is generated with a given centre 
point and radius (see red circle) . If t he cent re of a small square is inside the radius of t he hypothetical 
particle, t hen the small square t urns from whi te to black. If > 50% of the small squ ar s wit hin a large 
square a re black then the la rge square (or pixel) t urns from white to black. 

t hese ci rcumstances there are few position coordina tes to work wit h when trying to choose the good 

parameters to avoid pix lation. T he fact that the stick rs and simulated par-ticl '8 arc llon-drcuhu, 

completely fl at images will only have incr ased the problem. When dealing wi t h the fea l glass beads 

t here are many more par t icles and th y have much longer lifet imes so t he pararu ·t rs for t h t racking 

a lgori t hm can be adjusted much mor accurately based on th larg volume of position data ava ilabl '. 

T he accuracy of the tracking will a lso b much improved due to t he sub-pixel r 'solu t ion we call obta in 

for truly spherical and not circular part icles. 

From these investigations we can conclude that t he small-seal ' fluctuations a re a normal, inh ' r 'nt 

and unavoidable part of t he tracking software. T he quant isation, however, a rises rill to poor choice 

of parameters and due to non-spherical particles: t he a lgorithm cannot accurately d t ct the cent r s 

of part icles which have non-gaussian profiles. As long as careful at tention is paid to th • choice of 

pa rametres, and real par t icles a rc used , t he quant isation should not occur and t he results of the 

pa rt icle t racking algori thm should be reliable. T hese ffects are, t herefore, unlikely to be ca using t he 

larg -scale fluctuations in the mean part icle vclociti 
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B.2 Investigating the source of the small-scale fluctuations and quantisation 
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Figure D.24: Simulated camera detection of particles - The hypothetical "particle" generated 
and shown in Fig. 0.23 is given a two dimensional velocity. The position of the particle is propagated 
over several timesteps. These plots show some example shapes of the 'detected' particle at each 
timestcp. 
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B. INVESTIGATING THE PARTICLE VELOCITIES 

280 210 

(i) 275 :£f 200 
Q) Q) 

:§, 270 x 

E,190 
Q) Q) 

1il 265 1il 
c: c: 
'6 'E 180 
.... 260 0 8 0 
(,) 

~ 170 )( 255 

250
0 20 40 60 80 100 

160
0 20 40 60 80 100 

Time (frames) Time (frames) 

(a) (b) 

Figure B.25: Variation of tracked position with time for one hypothetical particle - (a) x 
coordinate, and (b) y coordinate, of a simulated particle plotted against time. 
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Figure B.26: Variation of tracked velocity with time for one hypothetical particle - The x 
velocity (solid line), and the y velocity (dashed line), of a simulated particle are plotted against time. 
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B .3 Force chain detection 

B.3 Force chain detect ion 

As all of the possible artificia l causes for the large-scale correlated flu ctuations have been ruled-out 

they must, therefore, they must be real. It is likely that they are being caused by force chains within 

the granular material breaking and reforming across the width of t he shear cell. If force chains are 

the cause it is possible that, from time to time, there is a bulk rearrangement of the granular material 

within the shear cell. To attempt to detect such a bulk rearrangement, one particle from the outermost 

radial bin (of five) was chosen. The outer radial bin was chosen as particles move less and , therefore, 

bulk rearrangements may be more obvious. The distances from this particle to all other particles 

in the shear cell were calculated. A histogram was then made showing the distribution of distances 

from this pa rticle to all others (Fig. B.27). Throughout the experiment, while the motor is switched 

on, the distances from this particle to all other particles were recalculated and a histogram is made 

every 0.1 seconds representing the distribution of distances. If there is a large bulk rearrangement 

in the granular material then it is possible that there may be a sudden change in the shape of the 

distribution at a moment in time. A movie was made of the histograms to attempt to detect any such 

sudden changes in hape of the distribution. This exercise was repeated for every part icle in the outer 

radial bin (of five radial bins) and the histogram movies were compared to determine if there was any 

evidence for sudden bulk rearrangement a nd , therefore, possible evidence for force chain breaking and 

reforming. Unfortunately, it was difficult to detect any dramatic changes in the distribution shapes 

byey. 
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Figur B .27: lnt rparticle distance distribution - The distribution of distances from one particle 
in th out rmost radial bin (of five) to all oth r particles in t h field of view at one instant in t ime. 

N xt, th m a n distanc from each particle in the outer radial bin to all of the other particles in 
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B. INVESTIGATING THE PARTICLE VELOCITIES 

the field of view was calculated as a function of time. Again, if there is a large bulk rearrangement 

in the granular material then it is possible that there may be a sudden change in the mean distance 

from each particle in the outer bin to all of the other particles. Figure B.28 (a) shows the mean 

distances from each particle in the outer of five radial bins to all of the other particles in the field of 

view as a function of time. The experiment in this example is a ground-based experiment with 4 mm 

beads with a rotation rate of 0.05 rad S-1. It appears as though there are correlated fluctuations in 

the mean inter-particle distance throughout the radial bin. To verify this the normalised mean inter

particle distances (Le., the mean inter-particle distance at each instance in time divided by the mean 

inter-particle distance throughout the 20 second period) are plotted as a function of time for each 

particle (Fig. B.28 (b)). A clear correlation is evident. Finally, in Fig. B.28 (c) the mean normalised 

inter-particle distance over all particles is plotted on the same plot as the normalised velocity, VO· 

(V9• = V9 /w where w is the inner cylinder rotational velocity). Although the fluctuations in mean 

inter-particle distance and mean particle velocity do not overlap exactly it is possible to see how the 

two events may be linked. As mentioned in Chapter 1, force chains are a very complex and non

linear phenomenon and so, if the fluctuations are due to force chain breaking and reforming, it is not 

surprising that the correlation is not a simple one. 

The same exercise was repeated for all particles in the inner radial bin (Fig. B.29). The first thing 

to note when comparing the results of the particles in the inner radial bin to those in the outer radial 

bin is that the mean inter-particle distance for each particle in the inner radial bin varies much more 

over the time of the experiment. This is not surprising as the particles in the inner radial bin are 

moving much more rapidly than those in the outer radial bin. As a result of the motion it is difficult 

to detect any correlated events such as we have seen for the particles in the outer radial bin. 

Although some evidence has been seen for possible force chain breaking events, this is not an 

effective method of quantifying the contact networks and the force chain breaking and reforming 

events within the granular material. A more reliable method could be to use the time evolution of 

the broken-links network as described in Herrera et ai. (2011). In their analysis a link between two 

particles is considered "broken" if the two particles that were once in contact move away from each 

other some time later (see schematic in Fig. B.30). The research described in Herrera et ai. (2011) 

focusses on the broken network because they are primarily interested in the propagation of fracture 

events in a granular material undergoing shear. However, it would also be possible to consider the 

network of persistent links rather than broken links. It may not, however, be possible to perform such 

an analysis with the AstEx data as 3d particle coordinates are normally used. For the experiment 

analysed in Herrera et ai. (2011) the particle positions are obtained in 3d using a laser sheet scanning 

approach (Slotterback et ai., 2008a). 
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Figure B.28: Investigation of mean inter-particl distance from particles in the outer radial 
bin to all other particles - (a) The m an distan e from eaeh particle in th outer of five radial bins 
to a ll of the oth I' parti I . in the field of vi w ~ a function of t ime for a ground-based experiment 
with 4 mm b ads with a rotation rate of 0.05 rad S- I . Each line repre. ents a different part icle in 
the outer radial bin. (b) The normalis -d mean inter-pa rti Ie distance (i . . , the mean inter-parti I 
distance at ach instanc in t ime divided by the mean inter-particle distance throughout the 20 second 
p ri d) as a fun ct ion of time. Each line r pr s nts a different particle in t he out r radial bin. (c) The 
m an valli of th normali ed inter-particl distance, i. ., mean over all particles (black, solid line) 
and the normalis d v loeity of th inn r of five radial bin, Vo*, where Vo* = Vo/w where w is the inner 
ylinder rotational v 10 ity (r d , dash d lin ). 
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Figure B.29: Invest igatio n o f mean inter-par t icle dis t a n ce from par ticles in the inner r adia l 
bin t o a ll other p art icles - (a) The mean distance from each particle in the inner of five radial bins 
to all of the ot her particles in the field of view as a function of t ime for a ground-based experiment 
with 4 mm beads with a rotation rate of 0.05 rad S- I . Each line represents a different particle in 
the inner radial bin. (b) The normalised mean inter-particle dist ance (Le., the mean inter-part icle 
distance at each instance in time divided by the mean inter-particle distan e throughout the 20 second 
period) as a function of t ime. Each line represents a different particle in the inner radial bin. (c) T he 
mean value of the normalised inter-part icle distanc, Le., mean over all particles (black, solid li ne) and 
the normalised velocity of the inner of five radial bins, Vo*' where Vo· = Vo/w wh re w is the inner 
cylinder rotational velocity (red, dash d line) . 
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Figure B.30: T h e broken- links network - A schematic of t he defini t ion and growth of th broken
links network from Herrera et at. (2011 ) 
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Appendix C 

Calculation of the observational 

error in Vr and VB 

The r coordinate is given by, 

and the 0 coordinate is given by, 

() = tan-1(y/x). 

As rand () are both functions of x and y we can use partial derivatives to propagate the uncertainties. 

For example, given Z = t(a, b), 

( at )2 (at )2 
8Z = 8a 8a + ab 8b 

where 6a is the uncertainty in a and 6b is the uncertainty in b. 

Therefore, the uncertainty in r is given by, 
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C. CALCULATION OF THE OBSERVATIONAL ERROR IN VR AND V9 

Assuming that Ox is equal to oy then we can define an error in the position, op, which will be equal 

to, 

Therefore, 

The uncertainty in () is given by, 

op = Jox2 + oy2 

op = Jox2 + ox2 

op = V2ox. 

Again assuming that Ox is equal to oy and, therefore, op = V2ox, 
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Then two consecutive radial positions of the particle (rl and r2) are combined to give a radial dis

placement (Sr) between the two consecutive frames, 

with 

oSr = ";20r2 

oSr = J40p2 

oSr = 20p. 

Similarly, two consecutive angular positions ((h and ( 2) are combined to give the angular displacement 

(80 ) between the two consecutive frames, 

with 

080 = ';2002 

2 
080 = -op. 

r 

Finally, the radial displacement (8r ) in pixels is then converted into an instantaneous radial velocity 

(v,.) in mm 8- 1 using the following equation, 
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C. CALCULATION OF THE OBSERVATIONAL ERROR IN VR AND Vo 

with 

where PS is the value of the pixel scale and Ips is the number of frames taken by the camera every 

second. Then the angular displacement (So) is converted into an instantaneous angular velocity (Vo) 

in rad S-l using the following equation, 

Vo = IpsSo. 

The angular velocity will have an uncertainty given by, 

aVO = IpsaSo 

aVo = 21ps ap. 
T 
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