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Evaluation of Deformation Process of Granular Materials Based on Image Processing
and Development of Numerical Simulation Method

Daiki TAKANO*

Synopsis

In geotechnical engineering, understanding the mechanisms of deformation and failure of
granular materials is essential. For detailed analysis, both macro and microscale conditions should
be considered; however, geotechnical analysis methods that can handle the microscale condition are
not sufficiently developed. In experimental studies, quantitative evaluation of deformation and
failure behavior from micro to macroscale can be achieved through full-field measurements of
displacement and strain fields in soil specimens under load. In the present study, in-situ triaxial
compression tests on sand that allow simultaneous loading and X-ray scanning were performed. In
addition, 3D displacement and strain field analysis and 3D grain tracking were conducted based on
X-ray CT data. A geotechnical analysis method that utilizes this method may be considered effective.
Moreover, the author propose a finite element (FE) analysis method that considers the microscale
condition of granular materials using X-ray CT data. The FE analysis is implemented with particle
discretization, and both mesh size and geometry are determined from X-ray CT data. Particle
Discretization Scheme (PDS)-FEM is used for numerical simulation of failure behavior. As a result
of the numerical analysis, a series of results for the triaxial compression test on sand is discussed.
Laboratory test results are compared with simulation results, and the validation of the proposed
model is discussed.

Key Words: Granular materials, Sand, Triaxial compression test, X-ray tomography, Image analysis,
Particle discretization, Finite element method
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L7 PDS-FEM (Particle Discretization Scheme) % F\>,
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Z ORI X D BRI O PR 2 SRk Ao =
WILTAMET 2 2 IR KO M E /T 5. BE, &
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T EHERIRIC & B AMA~DOERE A2 E |, X Bk
JLFX—%H) 100 keV SR, BSR4 rIEEZR R W 42 <
HIER L TR Y, X MO EBRAZER LIZ WL 72 5.
D, FEFEHT X MOBIE % EMEICIIE T 572D
X ARHEZRD 1 B O A AN KREL 8D, Lo
T, EFEMO CT EETIE, ZSHMEENREVEDOTY
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BT EFRO X5 2HBRIZ R <, BT R F —0 X,
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Soil particles

Voxel’

Particle size > Voxel size  Particle size < Voxel size

-

2.3 Partial Volume Effect (%3 f&%h %)

THIUTHIBERE S XD = HX L F—IZ RV BT 5 &
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Firstimage Second image

(a) Acquisition of several sets of CT images

Node point

Correlation window Search window

S A W N

First image

Second image

(b) Definition of nodes and correlation windows

2.4

ZToflE LT, iMoo ekzmE L~v—7—
DBERCHE B RO H 280 & WAL 2 X i
i % T2 E2 2920, BT RIS ORI G E A
OIS ETEERZ FE S 2 GEN &N (False
Relief Stereophotogrammetry®’) 23 Hh 5. X
CT M EIONER 2 3R TR AT 425 Z &8 T
D EFWEHIED —2 L LTHA D Z N TEX 5.
ULAE TIEXMCTIZ X 23 A A —V 7 LB
B (Particle Tracking Velocimetry (PTV)) 20:27-29:29)
R, 7V v 4 M E (Digital Image
Correlation(DIC)) % 3D 3 370 U i i by T4 %
MAGOELFEICEY, HARDHEGOBILZETIINGS
FUZRUNTE B 72 16 & IR ARAT & 0 Al S iF g
N2 AT TN 53393037
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UL ORI EBR TERO 7 at 2 &2 AT 572012 H
WER TS . DIC 1X2 2OF ¥ X VE# 072/ ZE
BAERODIBFNTIETH D, EBOTTIE, TV
IV % /N S PR RIS Ay B U A IR A B R L {5 A fE ek
OEMERHT D, Zo0EE, mEgP B2 EE

/ Maximum NCC (best correlation)

...\
{”/

%

Search window

(c) Calculation of a correlation coefficient within the search window

o ‘Ei’

Maximum NCC

(d) Sub-pixel refinement by interpolation of NCC
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Candidate particlesin 2" image .‘. x -'.
One particle in 1%t image o i *,

1: set of candidate vectors

(2) FIFEHEDRHS

CT BN DR T- OIEE) & B9 5 72121, CT |
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4: compare next to each other
- similar direction = large weight

ibb

5:The process from 1 to 4 is repeated

Candidate particlesin 2™ image .v_ ®
RO B
e i et

2 0 ..'>. until the weight is converged
One particle in 1t image RO AN
N X
2: weighting by volume of particles / before o \
after @

e 1A
o e
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J.L ‘ % \ vector /

3: repeat 1stand 2™ step to the all particles

Proper disp. vector /
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WALz, WIS, kT & MBREXAIT 572912 Local
Threshold 1T & & LWL 21T - 7= . &I,
Morphological Opening Filter % HVNTHL T 2 755 &
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OBEEBN IR O 7 A VT —v 3 VEEE X
KATH ZEDIEFICEETHS.

FRIZA RO FIR TR TH > 7=DiL 3D Watershed |2

LT AT = a v ERREEL AT LD ORI &

LT, Bi7TOaT7HpIciEneEEX LN D HEEE

Morphological Opening Filter Z AW THIH L72mTHS.

Z ORI LYW 3DWatershed i 53 E A 45 Z &

BTET.

I AT = a v SHIBRBRL T 0 B I3k — D —
DOELERE, R, RiEfE, FEERL E DR A
HT B2 &N TED. HWT, SN 7-2RTofH
MOENAT v THOKFRIEZIT 5. R ORIEICIE
SE IR 8) & BB TR IEZ AV . sk ORIz &5
2.

) FRFPBEIL O D8N O TN ToOR 18O
BEmB LEml~r bred 2 (K251, 2ol
D= DDORF NI DOFEMS 7 SV BFEET D
it A.

2) T OERANT NI, SR E DN RO RS,
RIAFE, FEERZ & ORIEER & ks L TZD
A7 M ORE D L X OFRIE L L TR
Hansg (M25-2). S EORIRE 3 KITHEENT
RTORFIZEMA T2 (42.5-3).

3)  WIT, —EFEIEN O EOMBLT- B FFO A~ b
N RER LT L, 72 & FFofetdi~ 2 b v
FET 25 B XL DM~ SV ORESLA B
D, %9 TROVEEICITHEN TR D LW I EHHE %
BEART S (4 2.5-4).

4) ZORER, FEEOBEMAY MV OMESLN EF- LTI
KI5 (1X425-5).

SF Y, BER T ORI 8 E 2T DR MT
ETDHEVHIREEILICZLT, E£E5EE L TEANTHN
7o OUOENE27) BEINY b a2ROT L &R
TE5L I bDOTHD. FEINIRTITT oY~
JEN, ATy MR OZEMBEIR, RliEER EO%E
AL E 8 & 55 UG H ORI 7 voxel IZEIALEAT D
Z & TEBIRL T DM 2B E 2 IR TE S L e
%.
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3.1 EEREIE

BiZE U 7o i ffAT 5 15 2 M U CORLIRIR OB B % 8h %
A 2 72 Wl Sl EAE B~ OB A 2T o 7. FEh L
C SHIEMERBRE, EEYEKSEE L, 2 O A X
Gl L7, ZHERTRBREEE T CT EE o RiRT — 7 v
LICERETDZENAETHY, T XTCOERT LR
X CTHE R WTHEMESINI=. K31 FEH L CT EE
DOHBTHS.

A0 FR T U 7RDIRARFHE,  FL AL L A3 i
S TR RERY 2 5 ERLEES AR A IR U & V. [uid
1%, EEORFESROMOI THEIE LTS TWS
MEFCH D, K32 I ORIES A, # 3.1 ICHBEERD
2 BBICILB O AR, ZHEMRERRICB T S
BRI A 0T, A DY ¢ 50 mmxH100 mm, FHBEERSH
¢35 mmxH80 mm & L7=. FBEHEHAIZRT 5 ERTIL,
SR ENEOMMZ B E Lz, CT EBNTT
NRTCORLA DA TE D LI, RIEDPKELIEL DX
DL TR LT, EEOBRBGZICB W THEH &
D HINIA 70 & OREATENE, IR D X 5 RIS A A8
IRVHBIREREND. 20X ) el k% L LTCT
WL D ARIEER AT o A, R ohiciTmEGgo
RBE LD /NS W A XK DREBEENTND D
EBRBEIND. SRIOFERTIE, Zokiig, T
DRIA-% AL, FRBIR ATREZep BHI K L CE &R 22 E
BT 0t AR FREDZ R D 7= DI I & F v .

Detector

3.1 X#CT A =shEMRBRO 8



17 27
100 o S R R T
g f ; s / ! .
R A R S
& awf : : E
g S A
8 20[........ - .;#Amm; ______________________
o r i = ! : :
. 0 ‘lﬁﬁﬂﬁ EETI B A TR IHIIIIi Lol
0.001 0.01 0.1 1 10 100
Grain size (mm)
3.2 bR E A
#3.1 AL o
Soma Sand | Yamazuna
#2 Sand
Specific gravity, Gs 2.65 2.695
Median particle size, Dsg 1.89 mm 0.54
Goefficient of uniformity, | 1.5 54.2
Uc
Max. void ratio, €max 1.115 1.146
Min. Void ratio, en;, 0.710 0.669

#32 EBREM

Soma sand #2 Yamazuna Sand
Drainage Drained Drained
condition
Relative density 50 % and 90 % 90 %
(%)
Confining 150 kPa 50 kPa and 150
pressure (kPa) kPa
Saturation Air dried Air dried
condition

7 3.2 ICE RS 2R, FBEER O FEBR CILIE A
BERNT A =2 L L, FREE 50%3 KT 90%DHEEK
KExg & L. #IREX 150kPa T—E & L. [P
FERCUL, BEMABE A 90% T—E & L, T 50kPa,
150kPa & L7z, KO ERT LT, 3kK% 5 Eicy
JC, IEDBROMELZFIEDR S/ D ETREEHED
HFETIER Lz, T _XTOERIIEFARIEIZ BV TIT
iz,
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=X VAR a—LAxT T =7 MTEY LR & ZERNR
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EWVHIFNRIE L TV DRI HER TE 5. K 3.6()%
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DERE CT Wik Eifg > 5 1%, AFEBR CIIaE a3 et o
1/5 FolB L TREES TERLL 2729, ko E
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F72, 5 E— 7 B Level B O E CT Wridi g 4 R.%
&, IR EEIR O EERIEEIC R AE LT D 2 & 3R
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B A N E CHUIR AR IR AR AL TR Y, N
2T, 2Bz E Do TRFHE L7 AR5 EEGE A
HERELTWDZELMRTE S, £, FEMIZIL Level
D IZBWTE L B FITHRDS 2 {55 B Gk 2 (AR A
L bIZ L VBEFICHEND Z L3R TE 5. 150kPa
IZBWTH, 50kPa & [AIERIC, I — 7 RNCHGERIERN
IR RIS R S AL, BRI B B A N
NSAEN T FIR OARSES FESEI AN R L T\ D 2 & A3l
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H TR NP DIRE D Z ENMHRTE, 22064
o~ & BENEALT DB R O R & <
ERIBHZOT AL A E D, Z 0%, R E2 BV
WROEMIZOBETERET T DL T2, TAWH
ERRLTWA. K371, 82 BBV TR LR T
BEREZ AR ERRGER (50kPa) ~EAH LIZRTHD. &
WZIRAR= X 90, IRV EE 7y &2 Ff o 7= 8, ARl
B L7 CT B2 64 _XToR 245 2 L3R
HETHD. TIT, IR AR T BT A XL K&V (1
BHPIZESERENTWD) RiFOREZHH L, b8
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41 BITEOHE

AW TIL Hori HAMEZE L TV D RIRBERBIL A TRE
#%7%  (Particle Discretization Scheme Finite Element Method
(PDS-FEM)) OHFMIEICHEE L, ZIUTKORIEDNES
T T N EEANT D2 L ThikIRD S8 % FEl
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PDS-FEM TIXZNi 35 % Rt TEHe Y &0 WK
BCHERLT 5. SDISNGEOTAGERT ) A4
FNBet 72 B v %A 4y EIGEI CHERML 3% . PSD-FEM T
WEAE R ) A Ty 7RO U CHARE S - B R
I DFHRHAENLPCEE TR SIS L & WMl A Z 72 5 Auy O
I G T D BEHERMIEITIOMS 2B uicd b2 LT
BT 5. LULEOFBEIEC X - T PDS-FEM (i@ 0 FEM
R DREE « RFTE AR B OO RERHE O F A2 S
WEEHBH KRB TELMMIETHD. BHLITL,
PDS-FEM % & A > bt B £ D Math R e il 26 8 oo 1
WAL TRY, EREROFBIICEIIL TN S.
AWFZE TR, DHRAEO Z#EFEARO Y I 2 L—
a > %17 9 72T, PDS-FEM (T Drucker-Prager ¢ B3 i
ALANT 1 2 MRS R 238 A L7z, X 4.2 [ZARMF%ET
MW BHEO KRBT EEZ R, JEEIEOHEE, R
a/A47ay VBERTEEEIND NT 7 v a Dttt
N—EDOLEWVELBEXIZGEICHES Lz, £ 411
FENTICH W ATINT A—=F Zmd . NI A—21%,
PEGRER, AT Y b, NERERERS, K ) S BEICEE T
DHINTG A= Doy, o, THD. Tz, frogHicisn
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Voronoi tesseffations for discretizing displacements
------ Delanay tessellations for discretizing stresses (or strains)

(b)
X 4.1 J#H O FEM & PDS-FEM (23} 52547
S OB O FHE

L1, Los, La:
\Voronoi block boundaries

Tensile

\\

Enlarged view of L,

1. Calculation of traction t at each voronoi block L
2. Judgment of failure
IF [ts| > tn*tang+c
L fails & EXIT
ENDIF
3. Treatment of failure
k=0

42 RMIEOFRIITIE
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Dense | Loose
Young's modulus, E 10 MPa
Poisson's ratio, v 0.33
interparticle friction, ¢ 10 degrees
interparticle cohesion, ¢ 30 kPa
Ratio of traction discontinuity
boundary to all boundaries at 0.2 0.5
initial condition
Confining pressure 150 kPa
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