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PREFACE

This two-volume book on the mechanics and the flow of granular materials
is a collection of 46 papers contributed by some of the world’s leading experts
on the subject. It is meant to serve as a survey of recent works on the mechanics,
flow and general transport properties of granular materials, i.e., assemblies (ag-
gregates) of distinct (discrete) unit entities (grains, particles, etc.). However, the
fundamental purpose of this book is to provide a foundation for bridging the gaps
that have existed among seemingly distinct areas of research that nevertheless have
been directed towards the same goal, i.e., the understanding of the behavior of
granular materials. Examples of diverse fields dealing with all aspects of granular
materials are pharmacology, agriculture, ecology, geotechnics, geophysics, stellar
physics, nuclear engineering, defense, manufacturing, mathematics-statistics,
molecular physics and biomedicine-biometrics. In all of these fields of activities
the behavior of granular assemblies is of fundamental and critical importance and
poses interesting problems. Problems of immediate interest include the granular
jams in capsule and other granular transport, the phenomena of vibratory den-
sification, fluidization, and liquefaction, random packing and critical phenomena,
determination of the velocity distribution function for colliding rough inelastic
particles, dynamics of planetary granular rings and electromagneto-granular
anomalies. Many fundamental problems remain to be solved. For example, can
it be shown that the critical density of random close packing of equal sphere is
(2/n) = 0.6366197?

The mechanics and flow of granular materials and bulk solids will undoubted-
ly become much more important in the very near future.

The first volume of this book concentrates on the following areas:

1. Random Packing of Granular Materials

2. General Morphological Characterization and Measurements
3. Statistical Mechanical Considerations

4. Electrical, Thermal and General Transport Properties.

The second volume of this book concentrates on the following main areas:

1. Granular Materials Rapid Flow, General Dynamics and Fluidization
2. Granular Materials and Soil Mechanics.

I hope that the publication of this book will materially contribute to the
growth of our understanding of the behavior and the characteristics of granular
materials. I would like to thank many friends and colleagues who have generously
helped me throughout the preparation of these volumes. Among these I would
specifically like to thank Dr. Alexander A. Hayday, Chairman of the Mechanical
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and Industrial Engineering Department at Clarkson (where the Granular Mate-
rials Research Laboratory is housed), Dr. N. L. Ackermann, Chairman of the Ci-
vil and Environmental Engineering Department at Clarkson, and Professors G. Ah-
madi and S. P. Lin for their continuous support and encouragement throughout
the preparation of these volumes. I wish to thank all of the authors for their coop-
eration. I would also like to thank a number of research experts who have been
most kind in helping me prepare these two volumes, who, however, due to pressure
from other commitments, could not make a contribution in time to be included
in these two volumes. Among these are Professors N. L. Ackermann, G. K. Bat-
chelor, A. Blinowski, C. Brennen, M. M. Carroll, H. Colijn, S. C. Cowin, P. Cun-
dall, J. Curran, R. Davies, R. A. Davis, K. J. Euler, J. Ghaboussi, R. L. Glicksman,
A. S. Goldberg, D. A. Grivas, M. E. Harr, K. Hashiguchi, G. M. Homsy, I. Ishi-
bashi, J. T. Jenkins, D. Jeffrey, G. De Josselin de Jong, J. R. Johanson, B. H. Kaye,
R.P. King, J. Konishi, M. M. Mehrabadi, T. P. Meloy, N. Moroto, Z. Mréz,
S. Nemat-Nasser, S. Niisek, J. W. Nunziato, M. Oda, R. Oliver, G. D. Parfitt, S. O.
Passman, H. B. Poorooshasb, C. H. Rochester, B. Rohani, P. W. Rowe, R. H. Sa-
bersky, M. Satake, S. B. Savage, P. J. Sherrington, A. Shokooh, A. J. M. Spencer,
O. L. Strack, F. Tatsuoka, I. G. Vardoulakis, O. T. Walton, K. Yamaguchi and O. C.
Zienkiewicz.

I hope to be able to incorporate the contributions from the above experts
in future volumes on the mechanics and flow of granular materials.

Special thanks go to my wife Jamileh for her patience during the prepara-
tion of this work and to Ms. Rhonda L. Price for typing and preparation of the
manuscripts.

Finally I would like to thank Dr.-Ing. Reinhard H. Wohlbier, Publisher of
Trans Tech Publications, and his staff both in the USA and the Federal Republic
of Germany for the generous help, encouragement and cooperation extended to
me throughout the preparation of this work.

January 1983 Mohsen Shahinpoor
Potsdam, NY 13676

Whatsoever things are true, whatsoever things are honest, whatsoever things
are just, whatsoever things are pure, whatsoever things are lovely, whatsoever things

are of good report; If there be any virtue, and if there be any praise, think on these
things.

Philippians 4:8



LIST OF CONTRIBUTORS

Numbers in parentheses indicate the pages on which the authors’ contributions
begin.

G. AamaDp1, Department of Mechanical and Industrial Engineering, Clarkson Col-
lege of Technology, Potsdam, N.., USA (497), (641)

U. Ts. ANDREs, Department of Mineral Resources Engineering, Royal School of
Mines, Imperial College of Science and Technology, London, England (331)

B. F. BaAckMAN, Boeing Commercial Airline Company, Seattle, WA, USA (259)

G. Y. BALaDI, Geomechanics Division, Structures Laboratory, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi, USA (745)

A. BAR-CoHEN, Department of Mechanical Engineering, Ben Gurion University,
Beer Sheva, Israel (529)

J. Bopziony, Strata Mechanics Research Institute, Polish Academy of Sciences,
Krakow, Poland (129)

J. K. BEDDOW, Division of Chemical and Materials Engineering, The University
of Iowa, Iowa City, USA (107)

J. G. BERRYMAN, Lawrence Livermore National Laboratory, P.O. Box 808, L-200,
Livermore, CA, USA (1)

C. B. BRowN, Department of Civil Engineering, University of Washington, Seat-
tle, WA, USA (259)

J. L. CHERMANT, Equipe Materiaux-Microstructure, Laboratoire de Crystal-
lographie, Physique et Chimie du Solide, L.A. 251 Ismra-Universite, Caen,
France (157)

A. R. CorraDI, Sonorex Tape S.P.A. — Cazzogo, S.M., Italy (375)

G. M. CoLver, Department of Mechanical Engineering, Iowa State University,
Ames, Iowa, USA (355)

M. CosTER, Equipe Materiaux-Microstructure, Laboratoire de Crystallographie,
Physique et Chimie du Solide, L.A. 251 Ismra-Universite, Caen, France (157)

L. W. DE BACKER, Agricultural Engineering Department, University of Louvian,
Louvian-La-Neuve, Belgium (339)

L. DrAGUSIN, Catedra Mathematici II, Institutul Politechnic Bucuresti, Bucarent,
Romania (761)

J. L. FINNEY, Crystallography Department, Birkbeck College, London, England (19)

D. GELDART, School of Chemical Engineering and Powder Technology, University
of Bradford, Bradford, West Yorkshire, England (553)

K. GoroH, Department of Energy Engineering, Toyohashi University of Technology,
Tenpaku-Cho, Toyohashi, Japan (41)



XXVIII LIST OF CONTRIBUTORS

H. HartaNo, -Research Laboratory of Resources Utilization, Tokyo Institute of
Technology, Yokohama, Japan (565)

J. HmaAkA, Department of Chemical Engineering, Doshisha University, Kyoto City,
Japan (53)

K. HUTTER, Laboratory of Hydraulics, Hydrology and Glaciology, ETH Zurich,
Switzerland (613)

K. IiNnoya, Department of Industrial Engineering Aichi Institute of Technology,
Toyota, Japan (589)

M. IsumA, Research Laboratory of Resource Utilization, Tokyo Institute of
Technology, Yokohama, Japan (565)

K. IsHiHARA, Department of Civil Engineering, University of Tokyo, Japan (903),
(929)

J. P. JErNoT, Equipe Materiaux-Microstructure, Laboratoire de Cristallographie,
Physique et Chimie du Solide, L.A. 251, Ismra-Universite, Caen, France (157)

W. S. JopreY, Rural Route 4, Amherst, N.S., Canada (75)

P. W. JowitT, Department of Civil Engineering, Imperial College of Science and
Technology, London, England (259)

K. I. KaNnATANI, Department of Computer Science, Gunma University, Kiryu,
Gunma, Japan (273)

T. Kawal, Institute of Industrial Science, University of Tokyo, Tokyo, Japan (779)

R. KitaMUrA, Department of Ocean Civil Engineering, Kagoshima University,
Kagoshima, Japan (285)

J. Kiougek, The J. Heyrovsky Institute of Physical Chemistry and Electrochemistry,
Czechoslovak Academy of Sciences, Prague, Czechoslovakia (179)

W. Kraj, Strata Mechanics Research Institute, Polish Academy of Sciences, Krakow,
Poland (129)

S. LowEeLL, Quantachrome Corporation, Syosett, New York, USA (193)

K. MakiNo, Department of Chemical Engineering, Kyoto University, Kyoto City,
Japan (53)

E. MARrGARITA-EGLIT, Department of Hydromechanics, Moscow State University,
Moscow, USSR (577)

H. Masubpa, Department of Chemical Engineering, University of Hiroshima,
Higashi-Hiroshima, Japan (589)

H. Matsuoka, Department of Civil Engineering, Nogoya Institute of Technology,
Nagoya, Japan (813), (837)

D. R. McKENzig, School of Physics, The University of Sydney, Sydney, Australia
(415)

R. C. McPHEDRAN, School of Physics, The University of Sydney, Sydney, Australia
(415)



LIST OF CONTRIBUTORS XXIX

J. Munro, Department of Civil Engineering, Imperial College of Science and
Technology, London, England (259)

T. Naka1, Department of Civil Engineering, Nagoya Institute of Technology,
Nagoya, Japan (837)
V. N. NikoLAEVsK], Institute of Physics of the Earth, USSR Academy of Sciences,
Moscow, USSR (855)

H. OcHial, Department of Civil Engineering, Nagasaki University, Nagasaki, Japan
(871)

S. Ocawa, Computer Center, National Aerospace Laboratory, Chofu, Tokyo, Japan
(601)

C. Orr, Micromeritics Instrument Corporation, Norcross, GA, USA (207)

N. PHAN-THIEN, California Institute of Technology, Pasadena, CA, USA and
Department of Mechanical Engineering, The University of Sydney, Sydney,
Australia (415)

T. ScHEIWILLER, Laboratory of Hydraulics, Hydrology and Glaciology, ETH,
Zurich, Switzerland (613)

M. SHAHINPOOR, Granular Materials Research Laboratory and Department of
Mechanical and Industrial Engineering, Clarkson College of Technology, Potsdam,
N.Y., USA (297), (641)

M. SHMBO, Division of Information Engineering, Hokkaido University, Sapporo,
Japan (669)

J. E. SHIELDS, Quantachrome Corporation, Syosset, New York, USA (193)

S. L. Soo, Department of Mechanical and Industrial Engineering, University of
Illinois at Urbana-Champaign, Urbana, IL, USA (675)

N. G. STANLEY-WooD, Postgraduate School of Studies in Powder Technology,
University of Bradford, Bradford, West Yorkshire, England (221)

T. TakAHAsHI, Disaster Prevention Research Institute, Kyoto University, Kyoto,
Japan (699)

N. TAKEUCHI, Systems Research Laboratory, Kyowa Engineering Consultants Co.,
LTD, Tokyo, Japan (779)

Y. TanaBasHI, Department of Civil Engineering, Nagasaki University, Nagasaki,
Japan (871)

Y. ToBiTA, Department of Civil Engineering, Tohoku University, Sendai, Japan (885)

E. M. Tory, Department of Mathematics and Computer Science, Mount Allison
University, Sackville, Canada (75)

I. TowHATA, Department of Civil Engineering, University of Tokyo, Tokyo, Japan
(903)

K. UMEYA, Applied Chemistry Department, Faculty of Engineering, Tohoku Univer-
sity, Sendai, Japan (719)



XXX LIST OF CONTRIBUTORS

O. J. WHITTEMORE, Department of Mining, Metallurgical and Ceramic Engineer-
-ing, University of Washington, Seattle, Washington, USA (249)

Y. YaAMADA, Department of Civil Engineering, University of Tokyo, Tokyo, Japan
(929)

T. YamanoucHI, Department of Civil Engineering (Suiko), Kyushu University,
Fukuoka, Japan (871)

E. YanaGisawa, Department of Civil Engineering, Tohoku University, Sendai, Japan
(947)

H. YosHma, Department of Chemical Engineering, University of Hiroshima,
Higashi-Hiroshima, Japan (589)



SECTION 1

RANDOM PACKING OF GRANULAR MATERIALS



CONTENTS

PREFACE .c 50600 mimsmes s omsamsses ey s s v e s m ey eews XXV

LIST OF CONTRIBUTORS ...ttt iiiiiiianeenn. XXVII

RANDOM PACKING OF GRANULAR MATERIALS

I — DEFINITION OF DENSE RANDOM PACKING

J. G. Berryman
L ADSIIaCt ..ot 1
I IOtTOUUCHON wswvemsmecesmmsasmainim o masissHme Ny in: W 1
2, Nearest-Neighbor Defifition . :...usisssesasmssosmassssnsssanss 3
3. Rigid SPHEres cncsumimsssimisaspoirsmnsasmesmimeimiseinianss 6
4. Rigld DisSKS :cwiusnssnsnrimsnssmsaansmsanimess SRR BEE R RS R R 10
5. Discussion and Conclusions ...............c.ciiiiiienananna... 14
6. Acknowledgments .................. .. ... .. ... e e 15
7. ReferenCes . . ... ..ottt 15

II — STRUCTURE AND PROPERTIES OF GRANULAR MATERIALS:
GUIDELINES FROM MODELLING STUDIES OF LIQUIDS
AND AMORPHOUS SOLIDS
J. L. Finney

L. IntrodUucCtion .. ........inint ittt e et et 19
2. Laboratory Models: Dense and Loose Packings ................. 21
3. Sequential Computer Construction Methods .................... 25
4. Collective Rearrangements . ...............cuiuireuenenennennn.. 26
4.1 — Gas Compression Methods .............. ... ... ... ...... 28
4.2 — Molecular Dynamics .............couiiiinininnn.. 28
5. Methods of Structural Characterization ........................ 29
6. Modeling Multicomponent Systems ....................cc.o..... 33
7. References . .........ouiiiii i e 37

III — RANDOM STRUCTURE OF PARTICLE ASSEMBLIES
AND PHYSIOCHEMICAL PROPERTIES OF LIQUIDS
K. Gotoh

I. Abstract ......... ... .. ... ..., e 41



VI

1.
2.
3.

4.
5.

CONTENTS

INtrOdUCHION. s iosinias sisansiniasiassnsosdasmis sms imssoimims
Simplified Approach to Physiochemical ........................

Spatial Structure of Equal Spheres in Random Assembly .........
3.1 — Average Nearest-Neighbor Spacing .......................
3.2 — First-Layer Neighbors ........ ... ... ... . ...
3.3 — Coordination Number ............ ... it iiineininnn..
Concluding Remarks ........... ... it

RefOIENCES . . o ittt e e

IV — A NEW STATISTICAL STANDPOINT OF THE

L
I1.
1.

2.

3.

4.
5.

V_

p—

PARTICLE PACKING STRUCTURE OF POWDER
RANDOM PARTICLE SYSTEM
K. Makino and J. Hidaka

ADStraCt . e
Introduction .. ......... it e e
Modeling of Powder Random Particle System ..................

1.1 — Case Where Component Powder

Particles Make a Steady Random Movement ..............
1.2 — Case Where Component Particles are in Stationary State ...

Particle Density Original Wave of

Powder Random Particle System ........... ... ... .. ..........

2.1 — Relation Between Particle Density Around Specified

Particle and That on Z-Plane ........... ... . ... .. ......

2.2 — Representation on Z-Plane of Radial Periodicity of Particle

Density Around Specified Particle ........................

2.3 — Relation Between Particle Density Original Wave Function

and Particle Density Around Specified Particle ............

Estimation and Validity

of Radial Distribution Function by This Model .................

3.1 — Case of One-Component Powder

Random Spherical Particle System .......................

3.2 — Case of One-Component Powder

Random Spherical Particle System (Dispression System) .. ...
ConCIUSION ... e
REfEIeiees s mmintamsns inins iBIRasOiWaImiERinssnsmns ENEELIRIE

COMMENTS ON SOME TYPES OF RANDOM PACKING
E. M. Tory and W. S. Jodrey

A DS TaACt .. e
INtrodUCtION . ..t ittt e e e e e

Random Placement of Points in R™ ...........................
2.1 — Distribution of ktH Nearest Neighbors ...................

53
54
55

56
56

57

58

60

62

65

65

67
71
72



Bl

CONTENTS VII

Random Packing of Hard Rods ............ ... ... o it 79
3.1 — Equilibrium Distribution of Hard Rods ................... 79
3.2 — Random Sequential Packing of Hard Rods ................ 80
Random Sequential Packing in R™ ........ ... ... ... ... ... .. 82
4.1 — Packing of Squares, Cubes, and Hypercubes ............... 82
4.2 — Random Placement of Disks ............. ... oin... 87
4.3 — Random Placement of Spheres .......................... 89
Gravitational PACKING . w:ivmewesmsss smamsisesimasesssionsnnsnsmes 91
5.1 — Pure Gravitational Packing of Equal Disks ................ 92
5.2 — A Markov Chain Approach

to Sequential Gravitational Packing ...................... 92
Cooperative Models for Dense Random Packing ................ 101
Acknowlédgment ::::vsssivisnimiisinaisiRairipaims@uins sning 101
ReferenCes s suivsiniisiniasi s saifsaRaids:@nisintias dhimsanias 102

GRANULAR MATERIALS MORPHOLOGICAL CHARACTERIZATION
AND MEASUREMENTS

VI —

II.
II1.
IV.

V.
VI.

THEORY AND APPLICATIONS OF MORPHOLOGICAL ANALYSIS
J. K. Beddow

Table Of CONLENS v :umswssmsvssnimesnmssnswsnasssinssessssnesas 107
Purpose of Morphological Analysis ........................... 108
Theory of Morphic Descriptors ............cc.iuiniirenenennn.. 109
Experimental . ........ ... ... ... 110
APPLCAtIONS ... .o 113
A. General . ... e 113
B. Relating the Mode of Origin of Particles to the Morphology .. 114
C. On Relating Particle Behavior to Morphology ............... 116
D. Materials Processing and Morphology ....................... 119
E. Textural Analysis .............c.iiniir i, 119
Future Developments . .............iuuiiinininiienennenennn. 121
References . ...... ...t e 125

VII — ON CERTAIN GEOMETRIC CHARACTERISTICS

OF A SINGLE CONVEX GRAIN
Jakub Bodziony and Wladyslaw Kraj

ADSETACE 65 cvie s s 5800550505 508 555 5w 5 50k 2505 308 555 w08 25 m e s w58 v e 129
Introduction . ..........c. .t e 129
Equivalence of Feret’s Diameter

and the Total Mean Curvature of a Grain ...................... 131
Natural Characteristics of the Size and Shape of a Grain ......... 132



VIII CONTENTS

4. The Projection Method .......... .. ... .. i iiinnenan..
4.1 — Surface Area of a Grain ............ ...,
4.2 — The Total Mean Curvature of a Grain ....................

5. The Section Method of Determining the Numerical Characteristics
of The Geometric Structure of a Granular Material .............

6. Final Remarks ... ...ttt ettt et e e
7. References .. ...t e e e e

VIII — UNDERSTANDING OF THE MICROSTRUCTURE
OF SINTERED MATERIALS
J. L. Chermant, M. Coster, and J. P. Jernot
Lo ADSITACE cuicasiusnimussc@asmsiinisiRuisiRuisinusss@usmians
1. INtrOdUCHION = cuissaunssosminsaasasisinesssnss@ssaisssnsssiss

2. Development of the Model ................ ... ... ...........
2.1 — Change in the Specific Surface Area Per Unit Volume
of Material .c::simosmicaisiseissdni@sansmssnsss i5ssmans
2.2 — Change in the Specific Surface Area Per Unit Weight
Of Matetial c:s:usimsdaimsdnimssnianisiamifidhini dninida
2.3 — Establishment of the Relationship Between the Mean Free Path
in the Porous Phase and the Normalized Density ...........

3. Semi-Theoretical Evaluation of the Model ......................
4. Experimental Results .......... ... ... ... . i,
S DISCUSSION .ottt ittt e et e et e e e
6. ConClUSION . ... . ittt it e e e e
T. References .. ... ..ottt e e

IX — CHARACTERIZATION OF POROUS MATERIALS USING
MERCURY POROSIMETRY
J. Kloubek
1, INtrOdUCHION . o:wimssmssnsmasasassosmmesseuwsssimssmissmsaasns
2. Parameters of Washburn Equation ............................
3. Methods of 6, Determination ..................c.cciiiunenn...
4. Hysteresis Phenomena ............ ... .. ... . ...
5. Characteristics of Pores Based on Contact Angles ...............
6. ConCluSIONS ... .ttt e
7. References . .........oouiuiiiiie ittt e e

X — RECENT DEVELOPMENTS IN MERCURY POROSIMETRY
S. Lowell and J. E. Shields



CONTENTS
2. Intrusion-Extrusion Hysteresis ...............ccovireninennnnnn.
3. Pore Potential ...:.:-.iisiiesicnimiini®nivishiaisnissduisigs
4. Equivalency of Mercury Porosimetry and Gas Adsorption ........
5. Contact ANgle .. ...t
6. Instrumental Methods ........... ... .. ... ...
. REfEIENCES . ..ottt

XI — RECENT ADVANCES IN PARTICLE SIZE MEASUREMENT
Clyde Orr

I ADSETACE . o caicve v miawie s o s 858505 50855 0 im0 2 5 em e mome o 6 om mm i B om et m o
1. Introduction . .........c.iiiui i e
2. Photon Correlation Spectroscopy . ...........ouiuiiieerenennn..
3. Light Scattering .. ... ...ttt

3.1 — Single Particles .............. ..

3.2 — Multiple Particles ........ ... ...,
4. Hydrodynamic Chromatography (HDC) ........ ................

41 — Column ... e

42 — Capillary . ...
5. Field-Flow Fractionation .....................ciiiiiniinennn. ..
6. Ferrographic Analysis ..............i ittt
7. Centrifugal Sedimentation ......................iiiriiirinan...
8. Coulter Counter (LPS) ... .. i
9: REIEIEHEES vssmimuraimsrasemssi@nesi@asimsisi e nissmains s

XII — TOPOGRAPHY OF COMPRESSED
AND NON-COMPRESSED PARTICULATE SOLIDS
N. G. Stanley-Wood

L. Introduction . ... ...ttt e

1.1 — Fluid Bonds in a Porous Media ..........................

1.2 — Flow of Fluids Through Porous Media ...................

1.3 — Stereological Measurements ......................c.......

1.4 — Topography of Granules or Particulate Solids ..............

2. Mesopore Space Distribution .............. ... i,

2.1 — Porous Matrix Models ............... ... iiiiuiinan..

2.2 — Pore Space Characterization ....................c.ocuun...
2.3 — Adsorption and Desorption

Capillary Condensation Equations .......................

2.4 — Non-Porous t-Curves ...............iiuiiuinnnannennnnns

2.5 — Adsorption on Porous Surfaces ..........................

3. Micropore Space Distributions .........................o.u....

4. Mercury Porosimetry ...................... R @RS E R

5. RefEreNCes: c.ivsmsissmnsssausfsdasis iasanimishsnssasisenisinns



X

CONTENTS

XIIT — POROSITY AND PORE SIZE DURING CERAMIC PROCESSING

W 0 AN h W=~

0. J. Whittemore
ADSIIACE oot e 249
Introduction . ........ ..ttt e 249
Particle Size, Distribution and Shape .................... e 250
ComPaCtiON ...ttt e 251
Other Forming Methods ............. ... ... iiirirarnnn... 252
Firing .o e 253
) 4 1153 1 7 254
SOMIMATY swsmesmisesuiEesivsmasiv s iiEeeusNiiSsnoi e iasanis 255
AcknowledgMents: :c:onisusasasintbmissdasmsesinassims:ssaass 255
RETETETICES 5 s s 55 5155 95 5 508 52676 516 5 5.8 815 55,8050 8 19 608l 855 808 G556 2 5875 0 0 8 256

GENERAL STATISTICAL/MECHANICAL CONSIDERATION
IN GRANULAR MATERIALS

XIV — STATISTICAL MECHANICS OF GRANULAR MATERIALS

BN =~

B. F. Backman, C. B. Brown, P. W. Jowitt, and J. Munro

ADSHTACE s w5005 58.0 0555505855558 5 §55.5 585 100150 ns0 w0 im ors o200 oo o 259
ODJECHIVE: 5.5 5575 5,555,505 75516 58 6 0056515 507 021020810 o0 01 200 00 010 o0 800 8 0 im0 259
Maximum Entropy Principle ........... ... ... ... ... .. .. ..... 260
Theoretical Model ......... ... .. 261
Kinematic and Packing .......... .. ... ... .. . . ... 262
4.1 — Volume and Relative Approach .......................... 262
4.2 = POTOSILY .ttt 263
4.3 — PacKing ...t 265
DYNaAmMICS .ottt e 265
5.1 — Relative Approach and Contact Force .................... 265
5.2 — Internal and External Forces ............................ 266
5.3 — Incremental Bulk Modulus .............................. 266
Application: Speed of Sound ............... ... .. .. .. ... ... 267
Evidence and Discussion .................c.iuirininrininennnn. 268
7.1 — Random Heap Evidence ................................ 268
7.2 — Natural Granular Material Evidence ...................... 270
Future Studies .............oiiiiiiiiiiii i 270

References . ... 271



