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Quest for statistical mechanics theory of complex granular matter based on micro
x-ray CT and particle-based simulation
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This research project aimed at constructing a statistical mechanics theory

of complex granular materials based on the results of state-of-the-art visualization techniques such
as x-ray micro CT and low vacuum SEM as well as Discrete Element simulation. In particular, we
focused on the effect of grain shape and adhesive force and (1) the relation between particle
orientation statistics and the mechanical properties of the bulk material was obtained using x-ray
micro CT observation of 3D printing ellipsoid grains of various shape, (2) statistical properties of
grain shape-induced clustering was clarified by 2D DEM with elliptic particles, (3) cell stresses
acting on the grain cell structure formed in 2D DEM packings were defined and its stress-structure
correlation was confirmed, and (4) a SEM observation of submerged clay aggregates under shear was
successfully made.

X cT SEM (DEM)



B X C—19,. F—19—1, Z—19 ({38)

1. ARFARETOER
1.1 TEHHE - thBIFHES

MR EHI HROMEICTH Y, Fex XD EITfER, ZREFH L TEE L TWD . Hilsss s
Z LR, L ONRICHIAT 5720120, TONEEEAREERLS PRITIMLERDD.
INETEROHMBEOME N FET VL, @RMEIOBEmNEKRET VEBELZLO
(Drucker-Prager €7 /L' X° Cam-clay €7 /l, I T ETAMEBETLRE) THY, R
ORI~ T=H>, FRERCKE + 72 & 0 Helg i B 20 A BHT 6 2 HEi Y Bl 22 S50 F CoIRE T
S, BEFEBRICLVEUICARTA—FZ2RDDHZETHHRAETHY, 2L OHEFND
5. —HT, BEEAGMEL, MEME, EEME LS, K 0BMERMEHIX LT, F2KEMHEE
PREED D B EREE~DOBESCRWIERE 2 0, HHERFM T CoRZICE L TE, TRBED
KFRe, b2 bl REM TCOBERRBRNEHTE W2, IWEE THRITE RV OREIRT
B 5. FRTHMO RS Ko THEMMER 2L L T 581E, EROET L TIERT A—F D
MR Z D 2 DN IEHE ICIREE L 705 .

& MM NI BRI T OESIRTH Y, MEMIMEDOEARIE, R CRLEE o3 A <okl 1T
W7 ) R Ok B B AR Chi s Tt A 5 —3 3 U ([E#)=° van der Waals J172 &) D
FANFRER E o TWD., ZZTEHEARDIL, 20k kA7 —/LOBRLEEL, B
M7ERICRIRTE 5, EWVWHZETHD. T7hbb, ki rWENOMA BT e T V(B
RN FET V)BT L, BEARRRENRL T PMEOZ b % BARICIV ATeZ ENTE S L
fFEsns.

ZD X RBEID, BUEE TIZWL OO FHET VOBMABREI N TWER, &
N THREREZFT TR, ZORMO L LTAIIE S a Y =27 FTHEALTWDDNR, (a)
AR 7RI TREE DS, T X L TH Y 25, ML POIERNCHESWTIRE-STWNL LS THD
Z&, W)avA RO X BREMENIEFITNENENDS, o LVKFREE-T-RETER
—HZH 2 DRSS T T VOV R 2 [ZBEWSOHh 52 L, L) 25 THD. Fic()
W, R B - S & W o TERPREOENC, BRI 7R 580 BRI 7R B £ TR IS A
HETIVDRFIZORND LD THDH. ZOFTIVIEROGEL 725 1FHRNIHHIFETH D.
1.2 YEZHES

19 AR5 20 HACHIEEIC 20 THESE SNT-#EEH12R1E, B3RV 7 b~ 2 — D48 T
TR & 7e i B2 281 7278, 20 tHACHL 212 72 o T 2 3 A B VTR IR RS08) 702 & D [E AR 1
DESIR) TIIRIE TS 2N D= L IZE VDR, BICR R E 5> LY 2F 7% Tl
KB OISR HIROBEIIRE) L I\ TX 2720, B 50 L 5 \ESE 4 N EE
ELTHRADZEIFTER. ZoRbVICHEMDZRERE LTENEE#ESITHONRHEKT
b DD, HEMIISAE, PRREOMGREEDOREBLUIVEET Z LIXTE RV, 2070, Mk
EDIZLOX ZRETHMOENDOIEEDIRE L, T & BN AmN & OBRZ E b+ 5 %3
N 5.

ZNHIZONWTOBGRIINIZE DS MBI O B CTHEA TV DD, RIZIREEOME 24
BREMFTTHRTWAELEWHIEETHD. DT, Matsushima & Blumenfeld [1,2]1%, fRE
fi7e 2 IRTTRDIRIR OBEAEE O LR EMEOBEEOFINEE R LT-. £7-, Suzuki & Matsushima
[Bli%, ¥t X 2 7eki MBI 0 H 55T, Kir-Mal 1IN EN T E DI L - T, Mk
EOMEENERTHZ L2 R L=, —J7, Blumenfeld et al. [4]1%, SRS & B2l 7 O
FE, FHEOH HIRMER L LT #5 Het N FEidsi Az Rr L Tnd.

2. HEDEW

PLEDOFEFZ I, AUFERRE TIL, MBI O 2R EIC DWW T o, LUTFO KL 9 7kl T4
BT AEOE TRV 128252 L aREBARNETSD.

(1) kit EWITMANES O 2 =kt - B - Wos £ TER IS Z DET VORISR

(2) MU D VB ERG & VXA 2 =R TR & SRS S AR 2 38— I 2 DT L O BR%E
(3) ¥HPEIEAEREDE ) & BIBRR O BIfR O EIR T ? — S EL &) b BN EL 48 <
(4) GBI EARTR S & KA I O BRI 2 —BERNMEEM OB EZMHEET L L0 8L

(5) Mt N FITEB R RERE L L WE PRSI R L THEHTE 520002

3. HRDFE

ARFIETIX, BFREED x #u CT EENLHE LN D 3RTh - HEREEEE R E, RFTOT L
DY XLTHNT L, St FHEmIC S E R REAZBST 5. 72172 8 um LR OB 744
BHZBI LTI, WEREE (F72b b, b BRIREE) OBIZNHER(KEZE SEM 2 V5. W»
THOFETYH, KEFEZED S @& EAERASOHFERARC, SBRIRIZHA-CBYL G 78 E DS
YER Z N2 723558 OMBVEAL 2 BT 5. B2, 3 Rooh FHERSREE IR LTI, RIS &
ETREBORG & REANAT I 720, 3D 7V X —EHWT, KEx RHIEER L OREEOFE
FIARL -2 ZEAERL L, D OHERSEER-CHATZBR 21T 5 2 & C, R IR S HERERS G I T
W L TENDEERE L TONFREICRIE TR OV TR Z1T .



—77, BAEMENT CIE, SR 72 HERRGE 2 M3 2 2 IRGcHTE FEM ISR % 7= (8B 2 3R
£ (Discrete Element Method; LLF DEM) OfEATIZIN X T, BHERIFIIROR FRERE BEEE, 1+
BEOMAEERAZRITE S LS-DEM(L bt » MERIESRE) (6] &2 VT, Kk CIIEE R 7
K[ 77 & JRPTREE DR 7 P EHR 2 ST 5.

a i C - = R e
357,1_, zﬁﬁﬂﬂi%ibmﬁhﬁuﬁg E]*E{ (Xﬁucr) ;mm% m?l_ =8

@ICLETHI=T hTHY , M50 VIGGIANI - ANDO BLUMENFELD
g = PRERe R Py r .
ﬁﬁ‘% & OIEFFZEA ’ ﬁﬁ,@ﬂ’@fﬁ Laboratoire 3SR Univ. of Cambridge and
(Univ. of Grenoble Alps, FR) 4 ,Imperial College London, UK

Lo TWD., TI3VADT NV —T
SV TOVT AR 3SR WFFEATIL, HEAs
B x # u CT EERCHER D b v T2k \
BRI THY, 2T TV o2 — RERT HFH

a2 T HERE T SEBR o SR E 2 IR T e e o5 F
5. 07, TV o OKES A o HE . »Hv o8
U7V yyua R0 Blumenfeld (Xﬁ“a)” — -

b 4
‘ B + KAWAMOTO
B,

B, RRIKOBE ) oM % T ] i b emm o b

B, a1 R OISV T o THER N 1
S FBF7E % Sl 5 . B S YIRS

S RBFIE O R 2 B 1 1R SRR RS

4 HEHE ® 1 AHEOHE kS

AKFalxr7 FOBETICBWTIE,
FFZEF Y 25 R O & BB ITATV, MR F B IESE ATV b 72, FRoHil o m - i
JEOREBIT AT, TELTWTEMNRS ¥ B S 2 & T, EBROFIT7 EIC B8R -,
1B TEEY 3SR AT B ILFEMFIT Nt <4, 3D 7'V > ¥ —hi D% 5T & #kHE:
AT, 21T 202043 HIZTFEL CW B2 Xy o 2885 %57, 34H
HIERET, BIAICERAER LT, TOfEEA T4 0 THET S, L5 TRFEIZE AL E
L7z, ZDO LI RRIMTIEH 7208, &KL LTI FICRT X o 7%, +oklis BEiFs 2
LINTET.

(1) RHAI 3 kTR %2 E BRI 5 1FH_N— 2D IEIE O % (6]
X B u CT 12 & » THUSG S 7= SRR O RPRL - % F VN 72 LS-DEM i faf SEBR O FEMT 21T\, fiH %
DRI TERIER DRI BEENDE/RT A—=FTHDH &, KRR PoEMMaERIVESND
a, DEEENMEIE T DL ZRAWEL, aNEAREZ T DRRR AR TR+ EEED IS
DXEMZ, BSETOE—A Ly MEHUIC X > THAWHRHIZBEINS S A A D= AL E R LT
(X2).

(2) ORI IEREE BRI 1 O 2 Ykt DEM AT IC & 2 B IR IR R ME O Rt [ 7]
ANLERRL B L O 2 EOR+ (DA A FEBLXORY M A M) OBEEBRIS IO 2 KT
A BB RIERRATIZ L > T, b5 LRI T-FEE T O 2 S ORI VERL DS EEE R IRIZ )
ETEEEZA SN L2 (K 3).

(3) FEMRL ¥ DOHEREREE 2 BT DRI L 7= LR O it [8]

2 WoLAE BB L2 T, FEMTERL - OHEREREIEIC B3 2 ARG 21T o 7. FFICBED & 9
K DOFEHAE U J5EIH O fE S EBRICHOWT, T O M & BB V& 2 IEd
WAL LT (H4).

(4) 2 TThLARIE DB VIS T DRET[9]

2 WTThLIRAAR O IR AAEE IZE 2 B VIS IZ O W T O RHIMEIZ SOV TRET L, 2317
R TTROMARIEYE & DEEMEZ B SN LT, £ 72, B AW 252 R0 o R L OB e
BT ONWT, BREFERIC X D2HEERMIT 21TV, [ERIERERE LK LT, TOAD=XLD
ER T (& 5).

(5) I SIFIERLA % W TORDIRIRIS 1B RE D FIdi b & I [10]

SR FIFM AT U7 AR 7 2 W - 8 s BR 21TV, 2 IRGTRDRIRA T 0I5 1454 % P AL
L, #foiHE1T > FIEZBRE L7 (K 6).

(6) MRS, RTE DR 58 R O YR E & 1528 oz

3D VX TRARDMEE, RVEEONTRFE2ER L7z, B 5 HERE 5k CERL L 72 ik
ZXBCTIZL Y AL 25 Z & C, KA IRPSHEREREE I T B OV TRFTLTZ. XD
BTN R DI E R OREITIES D E N/ NEL A Z R TE -, ZHaERo
T, AWM OETEEEN IR F IR DRI E LA LA X o —IC K DR NE L,
—RITJEB I WV EEN D MR T 72, R R T)

(7) BB X 255 LEEER O P 2B O BIER F1E DO B

BB LD BRI LD B L OBERE L —ELL EOREAE PR o THEE T 28k T
AT, £io. RERBRZE LT, —REE TOTESCHRAEILIF LTIV LENTH D
T EMRBENT, L0 REREERICONT Y, BAKEE T H&EE 2 5 2 & 2N TERK
BT COEMREAMICE VRSN, (GEFRET)

(8) x M u CT T X B HIEM B O AL EBR ORI T 0 7T AT T v N7 4 —LOBR%[11]

X BuCl ITLoTHELNDERKEDT—Z0 6, HBEMEIO 1) FI LB s A ST 57



OITVER, BT 7T DT Ty b7+ —2 &R L.

ERORRE =, SRIFUTO L) 2R MO TETH S,

 BUEAREHT TR SNTZRDIRIRN DR VIE T DE 2 FIZHOWT, IR AFERLF rl AL FEBR 72 & Tl
AT 5.

 BUEARAT TR STk FITRL T OHERIEEIZ DV T, x #u CT H O AT LERRIC X Y MEEd
.

R R OB O AWIEEENIC DN T, BUEAET & AT RBR O M2 S BREET 5. FFICIHE
R PR A TR S 7 B U ECFE TR O A E 7 SISOV TREMNCE L, BPEEE O
7R A=A LD OIS,

- BRI B MBEDRIEFEEZMFE L, Thair L Lot IF imomse BiET.

2 RIATIRICE RS 2 BEARS TOE— A > MEFUZ X » TE ARSI 2 AR 2
=ZAL[6]. MOX S RENMEEN ETICMISND &, KFPNEREOLEITITHEED X 5 22[FlES
NS X VBT 505, NRAPERELFO%EI21E, 20X 5 2RI X5 ZE A S s.

S f»# t L .
I I
100pm 100pm

55 9 s ZRT HAVFA b Ry kA b D =1.70 D =2.00

M3 & F I F b - OEEROBEMBEGEE RN (7], 77 7 X VIRED 1L, BEERIE
MEZR TR 2 LT D LA/ INEL 72D, B4 U A MREEE N DBIRO =6, (@ IREE TlIki+ 23
RV THCEE DY, DIFRKRERMEZED D, DA ZTML TV ERx ICEMER BRI
BT S, DEAIETRIMLTES L, BENMETL, HOD BRKEL 725, DEM T T,
BEEIDEE R KRE SO L &, BEERTEIRD B MO 2N 1272 5. 72720, R HEEN
KEWE, BRNEENN D> TH DIZ EF LIZ V.

B S [ S
et s S | )
OK )

ANV NS Be = e B =/
B4 H7p 2R B OFE IR O HERE & 12 31T Db Rk [8].
F& MR- IR L3 A U5 4 ) <MEFITRIR DR < 2 D1 RIS 5%, MR 20 &
HEEER LI < 2 WZEEFILIC <25, ZHUIEHBR O E LTS E BB LT
Wa.



e grain center
x cell center
contact

Area to compute
grain stress, Ay

@zx

Area to compute
cell stress, A;

cell area,

ung,g,;a«,;

5 2WITRLRIRICI T 2 /VIR ) DiER (f8) & t/lxmﬁiiﬂﬂt”ﬁlvﬁ/«ﬁt@m&ﬁ ) [9]. &v
WIS ND I E BV REIGMR—B LI e VNLEICAEEERD.

Acell

6 JESIFEIHM & AT LT FIAERLIRAN OIS s fE O AIR(EL10]. FEEMmE 2 HFailicx v U 7
L—=2a 528 T, #MORE SEZFTLILRARELRS.

ZE X

[1] Matsushima, T., Blumenfeld, R., Universal Structural Characteristics of Planar Granular Packs, Physical
Review Letters, 112(9), 098003, 2014.

[2] Matsushima, T., Blumenfeld, R. (2017). Fundamental structural characteristics of planar granular
assemblies: Self-organization and scaling away friction and initial state. Physical Review E, 95(3),
032905.

[3] Suzuki, A., Matsushima, T., Meso-scale structural characteristics of clay deposit studied by 2D Discrete
Element Method, Proc. IS-Cambridge, Geomechanics from Micro to Macro, Soga et al. Eds, Taylor &
Francis, ISBN 978-1-138-02707-7, 33-40, 2014.

[4] Blumenfeld, R., Edwards, S. F., On granular stress statistics: Compactivity, angoricity, and some open
issues. The Journal of Physical Chemistry B, 113(12), 3981-3987, 2009.

[5] Kawamoto, R., Ando, E., Viggiani, G., Andrade, J. E., Level set discrete element method for three-
dimensional computations with triaxial case study. Journal of the Mechanics and Physics of Solids, 91,
1-13,2016.

[6] Kawamoto, R., Andrade, J., Matsushima, T., A 3-D mechanics-based particle shape index for granular
materials. Mechanics Research Communications, 92, 67-73, 2018.

[7] WAHHE, & EE (2018) AN LEKTERI {36 K UK KL F DEHEIRTER /34 & DEM fifdr, +
A2 A206H 159), 74,2, 1 411-1_420.

[8] Jiang, X., Matsushima, T., Blumenfeld, R., Structural characteristics of ordered clusters in packs of
ellipses, Proc. Powders and Grains 2021, 06004, 4p. doi.org/10.1051/epjconf/ 202124906002, 2021.

[9] Matsushima, T., Blumenfeld, R. Statistical properties of cell stresses in 2D granular solids, Proc.
Powders and Grains 2021, 02006, 4p., doi.org/10.1051/epjconf/202124902006, 2021.

[10] Kondo, A., Takano, D., Kohama, E., Bathurst, R. J., Visualization and measurement of load
transmission in granular assemblies using mechanoluminescent-coated particles. Granular Matter, 21(3),
1-12,2019.

[11] Stamati et al., spam: Software for Practical Analysis of Materials. Journal of Open Source Software,
5(51), 2286, https://doi.org/10.21105/j0s5.02286, 2020.




11 11 8 2

Qian Li Matsushima Takashi Lanlan Xie Yuxiang Huo

Reaction force calculation for planetary sampling devices based on the predicted zone of 2020

influence

Computational Particle Mechanics 1-20
DOl

10.1007/s40571-019-00308-2

Edris, A.M., Matsushima, T. 1

Evaluation of soil properties of natural slopes from case histories and GIS 2019

Proc. International Conference on Computational Science 8p
DOl

Kondo Akihiko Takano Daiki Kohama Eiji Bathurst Richard J. 21

Visualization and measurement of load transmission in granular assemblies using 2019

mechanoluminescent-coated particles

Granular Matter 1-12
DOl

10.1007/s10035-019-0907-5
s 74

DEM 2018
A2( ) 1_411- 1_420

DOl




Kawamoto, R., Andrade, J., Matsushima, T. 92
A 3-D mechanics-based particle shape index for granular materials 2018
Mechanics Research Communications 67-73
DOI
10.1016/j -mechrescom.2018.07.002
Jiang, X., Matsushima, T. 74
Dense Ganular Free-Surface Flows: Comparison Between mu(l)-Rheology and DEM Simulation 2018
A2( ) 1_393-1_402
DOI
Wanjura Clara C. Gago Paula Matsushima Takashi Blumenfeld Raphael 22
Structural evolution of granular systems: theory 2020
Granular Matter 9p
DOI
10.1007/s10035-020-01056-4
Stamati, 0., Ando;, E., Roubin, E., Cailletaud, R., Wiebicke, M., Pinzon, G., Cyrille, C., 5
Hurley, R., Caulk, R., Caillerie, D., Matsushima, T., et al.
spam: Software for Practical Analysis of Materials 2020
Journal of Open Source Software 2286 2286

DOl
10.21105/joss.02286




2-1.Xiaoyu Jiang, Takashi Matsushima, Raphael Blumenfeld

Structural characteristics of ordered clusters in packs of ellipses 2021

Proc. Powders and Grains 2021 4p
DOI

2-2.Takashi Matsushima, Raphael Blumenfeld 1

Statistical properties of cell stresses in 2D granular solids 2021

Proc. Powders and Grains 2021 4p
DOI

Kondo Akihiko Takano Daiki Kohama Eiji Bathurst Richard J. 21

Visualization and measurement of load transmission in granular assemblies using 2019

mechanoluminescent-coated particles

Granular Matter 12p

DOl
10.1007/s10035-019-0907-5

3 1 3

Takashi Matsushima

Statistics of Cell Stresses in 2D Granular Packs

IAS workshop "Emerging Scales in Granular Medai®

2020




Reid Kawamoto, Edward Ando, Takashi Matsushima

A level set-based method of constructing Set Voronoi diagrams and its application to granular materials

IS-Atlanta 2018

2018

Siliang Guo, Xiaoyu Jiang and Takashi Matsushima

Dry granular flow dynamics Comparison between DEM and SPH with mu(l)-rheology model

IS-Atlanta 2018

2018

2020

312

(Takano Daiki)

(80626218) (82627)




(Watanabe Yasutaka)

(80715186)

(82641)

(Blumenfeld Raphael)

(Viggiani Gioacchino)

(Ando Edward)




