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Soft X-ray Digital Radiography
— Methodology for Soil Structure and Physical Properties —

Toyokazu Hirozumi
Graduate School of Bioresources, Mie University, 1577 Kurimamachiya-cho, Tsu, Mie 514-8507, Japan

Abstract
Soil macro pores are quantitated by number, size, shape, direction and so on. However, soil matrix
structure which consists of a lot of soil particles, aggregates and their arrangements of varied size and
shape is difficult to quantitate. Soft X-ray Digital Radiography (SXDR) was developed from a viewpoint
that a soft X-ray image of soil has information of soil structure. On the SXDR, soil matrix structure was
quantitated by the result of the image processing of soft X-ray digital images. In this paper, overview of
SXDR, and measurement of soil structure by SXDR are indicated. The contents of this paper are as
following.
(1) Principle and procedure of SXDR were described
2) Particle size of glass beads and sand were measured by SXDR
3) Area Density of Soil (ADoS) was defined and it was measured by SXDR
)
)

(
(
(4) Cracks on bentonite were observed by SXDR
(

5) Water content and suction were measured by SXDR

Key Words: Soft X-ray Digital Radiography (SXDR), Area Density of Soil (ADoS), soil

structure, measuring method, image processing
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Fig.3 Layout of X-ray film on digital image scanner (mm).
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b, &K (LUF, T/K] &9 3), MFOREMN
0.2mm B L 0.6mm OV — ¥ [{IKHT 7 ABHFAE—-X
UTF, [HFRE=XA] BV [H#F7AE—-ZXB] &F
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3.2. #EET AR AT D& A B
3.2.1. AME L RERRAE X
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Table 1 Specimens

Specimens Specification Particle Size
Water Pure Water —
Glass Beads A Soda-Lime Glass nominal size 0.2 mm
Glass Beads B Soda-Lime Glass nominal size 0.6 mm
Sand River Sand, Cement Use 0.074 ~ 0.250 mm
Silica Powder (silt) SP-35, Silica Powder, SAN-EI Silica Co., 1td. nominal size 0.023 mm

I
0.5 ” 35.5 ” 0.5

Fig.7 Figure and dimension of
specimen container (mm).

Photo. 4 Soft X-ray digital images. (a) Glass beads A (dry bulk density 1.59 Mg m™, volumetric water

content 0.21 m® m™). (b) Glass beads B (dry bulk density 1.59 Mg m”, volumetric water content 0.34

m® m®). (¢) Sand (dry bulk density 1.51 Mg m™, volumetric water content 0.22 m’ m™). (d) Silica

powder (dry bulk density 1.36 Mg m™, volumetric water content 0.20 m® m™). Specimen thickness
10.4 mm, X-ray tube voltage 40 kV, X-ray tube current 1.5 mA, irradiation time 60 s. Note: These
images were not raw images. Contrast and brightness of these images were optimized for print

papers.

BEGRAE gl OBIIR% Fig. 8 IZ/°9, Fig. 810k 3 &, KBLIUHTIFIZAE-ZXADWWTNS, FEKEMK
WA, FEEERIEREN - 72, 7, WIhORRBLUOERRTD, t OMWMEEHIT gl 7
BIMU7z, kTR, EITEEBROIS mAITEBWTZOMHMMNIEETH -7/ WIAE—=—XATIE, &
Bt 1.5 mA IZBWT, HEHEO RN &P R o 8RR & OBRITIZIFERNTH 72, L
MU, BEEROS mA IZBWTIE, REUEOHNNIT & & 18 5 TEEH R E O B MR AR U7, 1]
Bxh b X fiEEEEREDOBITIZEREN S LGB RS H % 726 17_18), EEIE 0.5 mA TAONTCEE
BEERMEOBEMRE DD 1E, 74 VLDBAEEIC KB EEZ 5N B,
3.2.2. RFESKE LT ERERAE

HIAE=ZXAZREIE LIt E ZORBEKE g (m* m?®) L PRI gl OBf%R% Fig. 912
R, Fig. 912k 3L, 0 OBIME & bIT gl BT 2RSS H, ZORRERXTEMTE 72,
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o (a) - 059
@ >
£ 2 0.58
= >
T ©
> 05 f 5 057
o k]
g g 056
D ©
é ’é 0.55
g 0.0 L ! ©
2] -~ 054 1 1 1 1
= 0 ° 10 E 0 01 02 03 04
©
2 10 0. vol : 3.3
= (b) , volumetric water content (m”m™)
S}
2 . _
Q Fig. 9 0, volumetric water content and gl ,
5 05 F average of gray level of pixels in soft X-ray
%n digital image. Glass beads A (specimen
o thickness 10.4 mm), X-ray tube voltage
© 40 kV, X-ray tube current 1.5 mA,
¢ 00 I I irradiation time 60 s.
© 0 5 10
E

t, specimen thickness (mm)

Fig. 8 t, specimen thickness and gl , average
of gray level of pixels in soft X-ray digital
image. (a) water, X-ray tube voltage 30kV,
irradiation time 60s, (b) glass beads, X-ray
tube voltage 40kV, irradiation time 60s. X-ray
tube current: O 0.5mA, A 1.5mA, ¢ 2.0mA.

gl = 0.10446 + 0.5456 (r? = 0.988) (1)

gl PREREHE, 6 RREAKE (m’ m”®)

JE 2 TI1Z gl =054, 6 =034 TlI gl=058Th o7, TOFER, #IFAE—XDHFHEDEAL
I & B FEERERTIEOZALIZENRT, @AV TH -7, I AE=XFKIZHNTHENKXL, Fik
NI AE—=REfRT 57 AR D EDTLHRIZ, KEMKT 2KEPHEBICHRT, LOREVETFFS
RO, LM ->T, 77 AE—=XFKIZHANT, WBEOBRAEERREICS L 2B RKEL
BWolcEZEZON5,

3.3. BRFREIED BRI

M43 17 0 # F1 il & Fig. 10 1279, A5, ¥ b b &2k & U7z Photo. 4-(d) & U 72,
A~TikAET T2 2 & TSNS EHEORFEMNEAL Ui, K11k 2 pix TIX, B{RICHES 712 <
BFENTOED, BETEEARELTEIET, JOMERIKREI NI, B 32 pix T, BH
MM A SN, 1Tk 64 pix TR, MFOEELPBHEONVTIAL LI ESZ K, LML, BT
S 128 pix TR, MTOEEPBMLBIAHEIZE Y, REOAKMITEERHOENE L EHLT
Wit £72, WTNOKFHETS, 2EFMTRERHOZMI LichoBlERER Lic, Thig,
B REN A —T, HBEL KRB O —H £ 723, BURHIRIC T, Akt
K&hokledbThb EEZONS,

34. EINYF TS LBHFTOERH
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Fig. 10 Result of grid partitioning analysis. Specimen: silica powder (photo.4-
(d)). Grid size: (a) 64pix X 64pix, (b) 2pix X 2pix, (c) 8pix X 8pix, (d)
32pix X 32pix, (e) 128pix X 128pix.

Fig. 111k 5L, #T7RAE—XABLUB, B5TITROVTHIZBNTSD, 01<4<0.2 (mm) F
Ty BEML, 0% y(h) FZEBE-EICBAEAAD >/, EINVFTITLTIE, ZOEED 4
%L Y (range), y(A) vV Gill) EWFE3, L v PR TF— 5 OMBIERE S LA HEEARL T3,
WTNOMEI TS, YIUBRKREIEELV Vv IUNRKRESBAMEMND -7, T2, YIVBXUL VYV,
[ AE=—ZXA<HIZAE=XB <] OIHIZKZL 1 57,
3.5. EE 7 — U TEHROBERAHI
HIAE=ZXABLUB, i, 5Ty M UTEET =) 288 AE ) U7k % Fig. 12
RS, RIS HEmE LT, BOEPTIZBOTNS LT — ) ZIBIHARZ bV F(T) 2, BT
BOLTKEWFT) WA ont, £72, idbhzk - T, K& F(T) BEPT 3 N RT 5 72, i
MHLUT, #IRAE=XABLUPBI, KEWFT) 2H>T RNEEICIHSbN, Ihid, WENY
—I8H T AE = RITHART, WENK D ILCFPIZ S 2000 K 0 BHES IR 2+ > TH
felebEFEZoNE, YIVMTHE, KDEOLTIZEBLWTKREL F(T) A ohl, Zhid, BROLS
MREBEEBE L EELONS,
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Fig. 11 Result of semivariogram analysis. 10
(a) glass beads A (photo.4-(a)), (b)
glass beads B (photo.4-(b)), (¢) sand
hoto.4-(c)).
(photo.4-(c)) oo |
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T, period (mm)

Fig. 12 Result of FFT analysis. (a) glass
beads A (photo.4-(a)), (b) glass beads
B (photo.4-(b)), (c) sand (photo.4-(c)),
(d) silica powder (photo.4-(d)).
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BEARET A EELIERATH 5, AETE, HIAE—IXBIUOBERNRE LT, KiEEHOIH
BHIEIZOWTH#T %0
1. B X #REREIC K DRIFBIE DRE

MXBOL) BB RIVF—FHIHDO XTI, TEREEZBKT2EEBWETHE 7 A EPT IV
ISYLICE - THREI I NS X BMED A, THEHRAMEKT 2 LEKP BEELRIC L > TEBEI O
BXBRICHNRTEOREN, LiehisT, HIITH LTI X e e Lz &%, BBEs»nEn
B, B M2 0BT R TEIOZ S O X ENERT 5, ZD &, MR E 2 X R
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DIRFFEDS, FEAHERFIC & 5 X BOWFFRICHRT, WHRTE31FIENE0ETSEE, BHo (1) K
Mo, B ZE#T 5 X R Ly IR TERT I ENTE 5,

Toue = ]ine_“(tspecimen—tpore) (12)

L - R A2 BRT 2 X R, L, B SN XEE, u: BEHEESOERIRIEE (n),
tspecimen © BAFHE (m), Tpore i JEA IR L 72 HIBRE (m)

IIT, thTEE-ZEREIREL, ChEAHANCABE L HEBEET VEEZ S, DL,
FADRKEEDHELZ 2 >0 LHEREEE T VI LT X 2R Uk & oK% Fig. 13 121”7,
KE WK 72l U 7c HERE 7V, /NS OB % R U e RS £ 7oVl T, R
RSN HAKREN, Z2hEND FIEBEE T IV S, BHES DI CBET & BB A3 25 W BT
A0 ML, XHEHHmOEMEEMBRoB&GERKT 2L, RO 2R L EREE TV
DfHMWZEDFEFIRZL, (12) KTRLUIZEIIZ, XBOEHREIL, TOERSFHNITE T 5 EH E BB
DEFITE > THRIE S, ZOXBOEBREITR X HEGOREFFEELTHOoNDE, T4bL, &
BRRIEE ISR &0 &, R X REHE O RERRMEA RS CEH T2 EEZL 6N 5,

AT, ULoFHIicEoE, SPBPRIES &k X MG 0 RIERREOLE L o =ML, &
BT & BRI RO PE LA S MITT 5,
2. ¥t & AiE

HEHZE, IBEORNEDOY — S AIRAT I ZAMDH S AE—X (UTF, [H5AE—=X] &T53) B
KO 5 BB o R RRHPHICEE W ot A v MR (LT, T &9 3%) 2ftL7c, lflo—%E%
Table 2 IZ/” T, FadbHE, XML, EIORLZ3HHORY XF L v HOBEERES
(LLF, TRBIAES ] £ 956) ICARHEL, Ihaxik X g Ul, AR E % Fig. 14 1TR”7, kX #
DfsesMid, EHEIE40kV, EHEH 1.5mA, MR 60s, FFD 500mm IZ3E U 7o, MG FNT T,
BEh o iR R I E LR (M), RERFHMEZRR CEAR L), mE7 -V &M, vI N+ 7 5
LA, MEMRNT (WFE), MEHET EPRfEE) 217 - 7.

Large PaniclesJ LSmaII Particles
Soil

Particles

LN

[annnnnnannnnnnnnunnsnnnnnnil [anannnnannnnnnninnnnnnnnni} 1 2

Il g

X-ray Dosage on a Film

Fig. 14 Figure and dimension of specimen
container (mm). ¢ =8.2,5.7,3.0 (mm).
Fig. 13 A model of X-ray transmission
of different particle size specimens.

Table 2 Specimens

Specimens Specification Particle Size (mm)
Glass Beads Soda-Lime Glass 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0
Sand River Sand, Cement Use 0.074 ~ 0.106, 0.106 ~ 0.250, 0.250 ~ 0.425, 0.425 ~ 0.850, 0.850 ~ 2.000
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Fig. 15 Gray level of pixels in soft X-ray digital image (thickness of specimens t = 8.2mm). (a)
glass beads (d = 0.1mm), (b) glass beads (d = 0.4mm), (c) glass beads (d = 0.8mm), (d)
glass beads (d = 1.5mm), (e) glass beads (d = 3.0mm), (f) sand (d = 0.074 ~ 0.106mm), (g)
sand (d = 0.250 ~ 0.425mm), (h) sand (d = 0.850 ~ 2.000mm).

3.HEREBE
3.1. AR E & ERIEE R E DR E

R 8.2mm DEURHA & ITAIH U 72 &5l O R X #1Hi {4 % Photo. 5 12, 4R X 51 {5 o 1 35 i KL Fis 3R
il ZROCERE FITER L7c b D % Fig. 1512, EAR EOWREERFAMOZLIL % Fig. 16 I £
N7/Rd, Fig. 15, 16 D IHhD 7 57T, 035<gl, <055 OHPHANTHREZEORIMELHAS
Nizo £z, WEPRIENKZ WIZ E gl OBERHEIPAMIL < 75 5 72,
3.2. BRI L EREERAEO R

Fig. 16 [Z/8 U 72 2 FEREIE O WO 3R A S i, S O EITEE, Fig. 16-(a), (f) 75 E Dk
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Photo. 5 Soft X-ray digital images of specimens (specimens thickness t = 8.2mm). (a) glass beads (d
= 0.1mm), (b) glass beads (d = 0.4mm), (c) glass beads (d = 0.8mm), (d) glass beads ( d = 1.5mm),
(e) glass beads (d = 3.0mm), (f) sand (d = 0.074 ~ 0.106mm), (g) sand (d = 0.250 ~ 0.425mm),
(h) sand (d = 0.850 ~ 2.000mm). Note: These images were not raw images. Contrast and

brightness of these images were optimized for print papers.

gl,, gray level of pixel on x

Fig. 16 Gray level of pixels on scanning line on soft X-ray

0.6

0.5

04

0.3

06

0.5

0.4

0.3

06

05

04

0.3

0.6

0.5

0.4

0.3

digital image (specimen thickness t =8.2mm). (a) glass beads
(d =0.1mm), (b) glass beads (d =0.4mm), (c) glass beads
(d =0.8mm), (d) glass beads (d =1.5mm), (e) glass beads (d
=3.0mm), (f) sand ( d =0.074 ~ 0.106mm), (g) sand (d =0.250
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~ 0.425mm), (h) sand ( d =0.850 ~ 2.000mm).
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Fig. 17 Result of FFT analysis of gray level of pixels on
scanning line (specimen thicknesst =8.2mm). (a) glass
beads (d =0.1mm), (b) glass beads (d =0.4mm), (c) glass
beads (d =0.8mm), (d) glass beads (d =1.5mm), (e) glass
beads (d =3.0mm), (f) sand (d =0.074 ~ 0.106mm),
(g) sand (d =0.250 ~ 0.425mm), (h) sand (d =0.850 ~
2.000mm).

BAVNE OB TIZAIET, Fig. 16-(e), (h) 72 EORBENK X VLEB TIIPAETH - 72,

ZIT, ZOWBORBItEERXS /D, W T — ) TEMICK BT 21T - 70, € DFER % Fig.
171289, Fig. 1712k % &, 77 AE—=XTIE, RN LED T @& F(T) BER 3 20056 -
720 72 & ZIE, Fig. 17-(b) 12X % &, R 0.4mm TIE T= 04 LT F(T) DE—7 A ohtz, L
L, Fig.17-(a) 2 & 3 &, B 0.lmm TIZ T= 0.1 (mm) fEIZHIF3 F(T)Z, 2hUHNDOTITH
J5 F(T) EREBERAONEN -T2, T, TR, I AE—=XERBICRREMED T 12k
WTEW F(T) B2 Ao b@dmnsd -7, LML, 5 AE=XIZHARTXYJEWEEO T iZEn
F(T) D353 ii LCTuiz, 7o & 213, Fig. 17-(g) 12Xk % &, A 0.250 ~ 0.425mm Tl T= 0.2 ~ 3.0 (mm)
WZEW F(T) %2 Aol

PUboZ &Ehs, OMGEEGORERIIED BRGNS 2 2 &, QFRENREVIZEZ
DMK ENT &, @ZDMORE S FEHNRIZENZ EbhoTe, 72, BiE, #IAE—
R EWE LT, BERFAEOMIRIZXDZ CDMEG2EA T, i, 77 AE—-XHMZIEH
— RO 578501t L, Widd 2HPIZHH LICKiBROR 61 57cdThsEEZ LN
5o
3.3. I ZE L EREERAEOERMERME

tINYF TS LK BN A Fig. 18 IZ/R”7, Fig. 18 12Xk 5 &, RENKXLKLBZIEEVILE
KVV UV INKREL Bl LUyVIZDONT, HIAE—XTRMNED 1/13~23 Dftiz & -7, F72,
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Fig. 18 Result of semivariogram analysis of gray level of pixels
on scanning line (thickness of specimen ¢ =8.2mm). (a) glass
beads (d =0.1mm), (b) glass beads (d =0.4mm), (c) glass
beads (d =0.8mm), (d) glass beads (d =1.5mm), (e) glass
beads (d =3.0mm), (f) sand (d =0.074 ~ 0.106mm), (g) sand
(d=0.250 ~ 0.425mm), (h) sand (d =0.850 ~ 2.000mm).
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Fig. 19 a, length of each side of analyzed
area and Ogia , standard deviation of
gray levels of pixels in this area. (a) glass
beads, A ! d =3.0mm, B : d =2.0mm, C:
d =1.5mm, D . d =1.0mm, E . d =0.8mm,
F: d=04mm, G: d=0.2mm, (b) sand
Al d=0.850 ~ 2.000mm, B: d=0425
~ 0.850mm, C: d =0.250 ~ 0.425mm,
D I d=0.106 ~ 0.250mm, E : d =0.074 ~
0.106mm.

WTRMEOHIMZE LI L Y VOMMEIEGHH T A= RITHNXTNED 5T EINUA T T L
fEfTIck > TR oM B L v DId, BiKREOEERSRMEICEUED 2 < 22 BiRMEEERL TS,
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BRI R & 03 CIREERE I AT OMEE FF O R O BEEEAS R D T EAH S MITE - T,

3.4. BITXREHE L ERREBREDFRERE
FEAT MR HEPH O —L e a & Z O TG PH N O I FE

i

SR O BEHEAR 72 Ogia & D BIf% % Fig. 19 1

AT, Fig. 1912k % &, HIRAE—XBIURONWTIORETDS, a DWINE & H1T Tga DEBIT
WL, Z0% 0gia DEIZW 29I EROB LUENSIORE LTz, 2O Oga Q2L a<

2mm OHIPTH 51, HEHRIENRKEWIZ E Ogia OIS
512, 9 AE—XTiEa>5mm T, Tl a> 2mm T,
XX & Oga DREZIDEFEN—F LT,

Bkl g5 q DO REL B o7, &
Ogia DEBEAV/NZ L0, FERIEDO K

VUbEDoZ EMS, 59 ZAE—=XTHE 5mm X 5mm P L, #TiE 2mm X 2mm VI E O gEE w1250 L
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AUBPRIRE d (mm) & AR )52 oD 752 JEE RS 30 Aif oD A 28 MR 72
Ogt & DR ZGURNE t T &IT Fig. 20 189, 5%, I
DOTIHR AT O PIEL d & LT, 72, dg OFEH
T, #IRAE—ABLTO T OB DHEE I
o3 PR AR TR A REAR T B 2o, BURHEI R 4 1 A AT 6
HiPH&E U7z, Fig. 2012 K3 &, I ZAE—XBLUBD
WINOMEITS, d DHERE E HIT 0 I L 72, 72
72U, d DERIZE B S 0 OHINRIT, O REE
JUORBHE t KB U TR 57, tEZiE, HTIRAE-X
T, t=82mm IZBWNT d DRIZEL S 0 DHEN
BRIFIE—ETH -7 (Fig. 20-(c), t= 3.0mm IZHB L
T d OERELEBIT, d DHERITHT 5 Tqr DEGIMAR N
WY BMENH - 72 (Fig. 20-(a), —J, BT, t=
3.0mm 2B T d DMKIZE B85 0 OBEMEITIFIZ—
ETH - 7eh (Fig. 20-(a)), t= 8.2mm IZB W Tid d
HRELEBIT, d DERIZHT 5 0 DEEMENBD T 5
A& - 72 (Fig. 20-(c))o d & gt ODPFRIE, Table 3
T TEhEhENTE, bIFhd X <#EHE L
UboZ &no, BERREORERZE oq » o
RdEZRETE S ENYSMITE - 72,

F4E wHENABMOLERBENE

AT L, TR TOBRPRESBENTFZDOL
OWEIZMA T, ZhoOR ORI K > THRES
Nb, AETE, TEOAREEALZRTIOEODORELL
T, WREEERREN OGO S [ LTSS | O
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Fig. 20 d , particle size of specimens and gt ,
standard deviation of gray levels of pixels
in soft X-ray digital image. t , specimen
thickness: (a) 3.0 mm, (b) 5.7 mm, (c) 8.2
mm. O : glass beads, A : sand. image size:
21.7mm X 21.7mm.

Table 3 Approximations between d , particle size of specimens and Ogt , standard deviation of gray

levels of pixels in soft X-ray digital image

Specimens t (mm) Approximations r2
Glass Beads 3.0 d = 1206.80,,> — 21.8530,; + 0.3032 0.9689
5.7 d = 431.570,,% + 9.20480,; + 0.0059 0.9985
8.2 d = 251.360,,% + 34.9760, — 0.3500 0.9977
Sand 3.0 d = 372.970,* + 26.2780, — 0.2896 0.9968
5.7 d = 835.440,,% — 0.81110,; — 0.0352 0.9971
8.2 d = 1679.204% — 25.56004; + 0.0909 0.9985
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FERETRAE & ORIMR AR L, A& 2 RSB EORIEEEZ S MZT 5,
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Kaolin; U'F, [AAV v | &95) ZEM LI, ERAEIHFEICHEL

3.IERLEBE

31 EE - HME - ZREELHR X REROEERAE

EAH EORERFEDOLE AL % Fig. 21, Fig.221I/”37, Fig. 2113, HUFHE & BRREORMFREZRT
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Fig. 21 Effect of specimen thickness
on gray level of pixels on scanning Fig. 22 Effect of dry bulk density on gray
line on soft X-ray digital image. level of pixels on scanning line on soft
(a) sand, (b) silica powder, (c) X-ray digital image. (a) sand, (b) silica
bentonite, (d) kaolinite. powder, (c) bentonite, (d) kaolinite.
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(a) @ gl, ORFFHPAIL, IV, XU FA FBLXOEHE Y F A4 bO gl, OHFEPFHIZ R TPPK
hoT,

22T, @mE7 - IR K BT ETTO, gl ORIV T, ml T — ) TR O E
F#EH % Fig. 23 1289, B (Fig. 23-(a)-i ~iii) TIF, AW T HARZ0MFE, 7—V TIEHE A7 b
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Fig. 23 Result of FFT analysis for gray level of pixels on scanning line on soft X-ray
digital image. (a)-1 ~ iii sand (fig.21-(a)-1 ~ iii), (b)-1 ~ iii silica powder (fig.21-(b)-i
~ iii), (¢)-1 ~ iii bentonite (fig.21-(c)-1 ~ iii), (d)-1 ~ iii kaolinite (fig.21-(d)-1 ~ iii).

JWE(T) & RELBABMEHANS -7z LML, YV b (Fig. 23-(b)-i ~ii) BL U2 b+ 1 + (Fig.
23-(c)-i ~ ii) TlF, WICHANTZ oMM -7, T, REE ¢ WS (Fig. 23-(b)-iii, (c)-
iii) A7 A4V F A b+ (Fig. 23-(d)-i ~iii) TlF, ZOMEMIEZASNIED - T,

HIFETIE, 77 RAE—XPB0D X5 WHARKNEDHENT B WT, BRIERSRIEOBEED & 2 ohet &
WIEERRERND B 2 EER LI, UL, AETE, BUANOREHZI VT, REERH MO R
WCRREAENZASNT, BERHEOZIICEHPIEEA SNEh -7,

3.3 BEEFAEOZRMMARY—E

WRIT, HToEEICK - T, X BREE EI28 0 2B RIEBES GO 2L 7o, 15
kT, BETEE/NS KT AHIET, X AREBROEFREED AL %2 X 0BT LT X
5, LU, BT-HEEZ/NSST5E, fxOR PR X BREBICEETN AT ORENRE LS,
ZIT, T RINVAT S LT ORERD S, BUITSH T IEERD 7, WL BHEE B & Oz
ETEDEINYFT T LT ORR % Fig. 24 1TRT, £INV AT I LT TRONIL VP,
W (Fig. 24-(a)-i ~ iii) Th < 0.25 (mm), ¥V b (Fig.24-(b)-i ~iii), N b+ 1  (Fig. 24-(c)-i
~iii) BLUAAY F 1 b (Fig. 24-(d)-i ~iii) Th < 0.1 (mm) TH -7, & INYF 7S5 LT
TWRTF—7EOMBENEbN L v P E LTS, TRbL, BMEMOHEENE I N A7 T L4
T CRD I L vV ETHNIE, Th S OWEMOEERIIEICIHBENE L, shEML L
T—7ELTHI TENTE S, 22T, BTAEIRITE T 5813 12pix (0.25mm) IZE&E L
7o
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Fig. 24 Result of semivariogram analysis for gray level of pixels on
scanning line on soft X-ray digital image. (a)-1 ~ iii sand (fig.21-
(a)-1 ~ iii), (b)-1 ~ iii silica powder (fig.21-(b)-1 ~ iii), (c)-i ~ iii
bentonite (fig.21-(c)-1 ~ iii), (d)-1 ~ iii kaolinite (fig.21-(d)-1 ~ iii).
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Fig. 25 Spatial distribution of gray level of pixels in soft X-ray digital image. (a) sand (fig.21-
(a)-1), (b) silica powder (fig.21-(b)-ii1), (c¢) bentonite (fig.21-(c)-i1), (d) kaolinite (fig.21-(d)-1).
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W B DR % Fig. 25 (CHRT 5, Fig. 25 124 3 &, K1 O FHERBERRAME 9l 11,
SRR D 5 REEHIBE L 0 bE b D (Fig. 25-(a), (c), aARHIBE O 5 WEkEH L 0 &
FW b D (Fig. 25-(b), (d) B ENH D, ik X AREE LB O TEFHEBESAE —IZHHLTN5SC
EDFERTE /2, £/, TOHMIRBIFEEZ L1283 - T,

3.4 BAXIRBEHEADOKE I LY EERAE

Plbkb, #kXHEEgEomREER, RflEXC2ERMZEZr—IlonTFhicsnTs, AH—
AL T0BE I EMbirotc, £IT, et (FPHEE ] oREHVT, ZoEEREDON
B ISR L D FRNTRERIC 5 2 2 3BT D0 TG L 7,

KAkt O AT R EIPH & U CE LI IEATE DN E a (mm) &, Z O REGHNICETNS T
T OO YRR gl, & OM%% Fig. 26 12739, Fig. 26 DLWFHhD S5 T Th, $5a D
KESFTgl, WRABITHEMLU, LESCHIABHKARIELICOL, a dBINE &b gl, DEAL
WP BOMNITHER Ui, £/, a OBINTE B gl, DEALIE, a DI E bW gl, H3BENNd %
%79 & D (Fig. 26-(b)-iii, (c)-iii), a O & &8 gl, BT 2 MH[EZRT D (Fig.
26-(a)-i, ii, (b)-i, ii, (c)-i, ii, (d)-ii) 72 E WL O OMEAINH - 72, T S OMEHA I, Fig. 21, 22
ZBWT, AR RED gl, MEFHEBD gl Ko @ub o, P REO gl AR EHEREBO gl
XOEVwboIzzhZhehin LT,

INSDORBRICONT, a WhESWEED gl, OMIPEEIRKE, FOFHTOMORE—tE LS
Z, ¥1z, gly OB BR0NHBELIEZUDTHSD gl, DFALIE, Ak RO A E—1k %
EoZlcbnEEZONS,
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a, length of each side of analyzed area (mm)

Fig. 26 a length of each side of analyzed area and gl, , average of
gray levels of pixels in the area. (a)-1 ~ iii sand (fig.21-(a)-1 ~ iii),
(b)-1 ~ iii silica powder (fig.21-(b)-i ~ iii), (c)-1 ~ iii bentonite
(fig.21-(c)-1 ~ iii), (d)-1 ~ iii kaolinite (fig.21-(d)-1 ~ iii).
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3.5 T RERAMEIC LS TERMBEHRTE

U Lodmadn» o, Bk X Mg o RERFMIE, ZREELXOHEE oMIcEEZEERS D,
R B K ORRHE RN 2 Sk X ARG OB RBESEMT 2 Z Enbh -7, £/, WA
iz W THE U A Mk X BEgIc K, ZofE, BirdRiEmEoTiEick-TlHoh
BRGNS LT B 2 Ehvbir - o,

TEEEE pald, (14) NTRUICEDIC, WBREE p IZHBE ¢ 2R UCIMEICE LD, Lich-
T, R X RGO RERAED, o, THEOREAEETESLELONS, LML, &k X RO
FIEEEIL, WBEATICAY T LTS, 22T, HBEEE py OHEEIIE, FHEERIM gl
MW, pa & gl OMR%E Fig. 2712589, WENOREITS, pa DI E S50 gl SEML 72,
pa & gl DBRIZ, Table 4 ITRTHTENENEMUTE /2, WINOEMR b RERE 2 > 0.99 &
1y, KL<HE L7,

UEDZ & s, FEIERERTME gl 2> o FIEREE p, #WETEX 5 ENBYP LI - T2,

FELHE FLICEITZEEERBIEDHT
Wt A2 a4 2masiE, PRARS O 3K OBENTEN U2 FIERE R
EOERTH D, KETE, AEEZHNT, BROREBIVORZITE NS TEREHEOLE 28
895, £ LT, TEREMELIEOmN» S, HRBHROEREHEIZIONTEET 5,

15
<&
& L S, A
' 10 R
o E
= u]
I o
o
la)
<
< 0 1 i b
S 000 0.25 0.50 ®
gl, average of gray level 610
Fig. 27 Pa, Area Density of Soil (ADoS) & xray |
and gl , average of gray levels in / 15.0
soft X-ray digital image. A sand, -
> H
< silica powder, [l bentonite, [] 2. 34.0
kaolinite.

Fig. 28 Figure and dimension of
specimen containers (mm).
(a) specimen container A, (b)

specimen container B.

Table 4 Approximations between P4, Area Density of Soil and gl , average of gray levels of pixels in
soft X-ray digital image

Specimens Approximation r2, Coefficient of Determination
Sand pa =27.93 gl—0.9324 0.9979
Silica Powder pa = 34.94 gl — 0.9989 0.9981
Bentonite pa = 27.62 gl — 0.6225 0.9971

Kaolinite pa =35.17 gl — 0.8572 0.9915




TIEILE S O WRE L D B%E & = OWELRIPEE O S 25

L MElEAE

HEHZIZ, FHSA TR I7HBENR Y FF A4 b (Code 03923-85, Bentonite; AETIXLL T, [N hF
A M) ET5) EHOI, NU bF A DOIERYEEEE, TR FEE p2.72 Mg m™), WEERRE
(PL, Plastic Limit) Wp 0.44 (kg kg), #WPEFRS (LL, Liquid Limit) W, 2.43 (kg kg™), ¥PE#EH (P,
Plasticity Index) Ip 1.99 TdH -7, N2 M+ A M, WUERALI LT 2 X5 &K EREL, +59
DR ETR—=Z MRIZU7z XU PFA PR—Z MI, BRORLZ 2EHEORY ZF L v 8HE
s (RETEUT, AR Al BLU [HBRASB] £92) ICEE RS EFIThIAELK,
REE™ A BXUBOEIRSB X IE% Fig. 28-(a), (b) ICENENTRT, £/, NV b+ A MR—Z
NEFRET AEEIC, HORELRY P A PR—Z MOEKEEREL, ZhEFMEKE 0, (kg
kg & L7z,

W2 REUCEBSSRABIUOBE, 20 hlE K&K, BBEE» 5K E2EFES LT,
Z LT, EEORBRERE u () T&IT, X BEREETY, 35070k X Mg %2 REIC X - TR
Utco R X IR D & X0k X RS 101E, ThEhKEHME L OE I FEET 5 BAENE
ETELH X1, A S A TRWEBE G Lnh o (Fig. 28-(a)), alFAE B TRERASGNEHA S
(Fig. 28-(b)) W& L7z, 72, ks, 20 &2 aKE 0, (kgkg") ZME L7,

Rk X #i, 797 VbEs X OEBRIENT O & BRSO BRIE IR E TICHE Uk, )k X g D%
HiZ, AEHAS A TR, SEE 40 kV, EER 1.5 mA, BEIR 45s & Lz, SBARB TR, &
BIE 50 kV, FHER 1.5 mA, HFFRER 60 s ICHEE U7, MR IS 3 2 8k X Brmifid, #E 2880pix
(61.1mm) X## 1600pix (33.9mm) & U7c, BGENTTIE, K FoBEICX T 2iT-7, D&
X OIA~FEEE, HE 32pix XK 32pix & L7z,

2. EREBE
2.1 KFEFRNDERFEZE

AEIA S AR LR Y b A PR=Z PO EIKEDORIFZ(L % Fig. 29 127”7, Fig. 2912k %
&, u < 150000 T u OHAIE & 1T w, HIFIFEARAITIRD L, u > 150000 T u OHEHMIZE S5 w,
DI IEWW B RMITE D, u> 200000 T wy FIFE—EITKE - 72,

OB w 2B ARV M F A PR—=Z PO X FEHE, £ & X4 /K w, % Photo. 61T
RS, AT A L cBEE, uw=756880 T, M XBEGIZMh-> TELBXOATICHRATE
(Photo. 6-(vii)-a, b), TOL RIZFRAELBR (LT, TBRA] £92) &, ZOMWEAHEMU LA
S, B IRIESISHE 2 > THEE L7 (Photo. 6-(vii) ~ (x))o F72, 1 FICRAELBR (LT, [
WB| EF3) b, FRICRELLBHEEFERICZDOREEBMUEN S, EEEK 2 L5 1ICEM/I
M7 > THE L7 (Photo. 6-(vii) ~ (x))o u = 101220 T, /£ LB X0 EMICH LR MR EL
72 (Photo. 6-(x)-c, d; LI'F, 7 LERBICHA L 7o B
 [mzc), fAEMicrELcazRs (B2 D] &

T2) BECHELUDIE, u=128040 T, BHEA 2;40

IZ B85 U 72 (Photo. 6-(xi))o 101220 < u < 144840 2 30

DFPHTIE, B L OBHEHSZ R L (Photo. g Yo

6-(x) ~ (xi))o UL, L, u>144840 TiF, X2 b g

FARR—Z MCH L RET 2 BEND TN o 10

D, 128040 <u < 144840 1B LT, TORKPR T .-
& DAL IR IR EE & 78 5 72 (Photo. 6-(xi) ~ 3= 0 200000 400000

(xii)), ThLIKE, ThThoBzid, OBk EH
FFLENS, EAEHIMEE A2MHMIZH - 72 (Photo.

6-(xi) ~ (xiv)), Fig. 29 wu elapsed time and @y > water content of

R RIEIC R AE LB A ~ DI, W bR specimens (horizontal).

u, elapsed time (s)
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Photo. 6 Elapsed time and soft X-ray digital image of specimens (horizontal). U
: elapsed time (s), @, : water content (kg kg)

W E 72 PRI IR Uz, 22 &, RBAHEEROGKIIZIZIZY—THE LT
% &, R T, MBI TR NRCEIT LT EE I oNh D, £, BRAD
RS, w=0 T80T, BEERFMEI MBI X TED - 72 (Photo. 6-(i)-a), LT, K
M@ E & bIZ, COGMORBERKFAENRESIIEKTL, 20HEGD LT H>KE X 57 (Photo.
6-(i)-a ~ (vii)-a), B CBIU D ORELT G, FHEIC, u=0I1C80T, MO TRER
FMDMEN 5 7o £ LT, BB EEBIT, ZOBFTOBEERRBEMITL, 2LTBRECBLY
DRz hEnFEE Lk,

XA 5 0D P SR I (3 IR T & AR DR G EN TV B, RO KBTI,
THEEEE LS LOEKEO—HECBW I PMENGRTH B EZEZLON5B, w BIFIEH—-THLLET
5 &, u=0 ITRERIEMMRCE T, REEEMENTSTHEEEZONDE, ZDI END,
Ny b+ b8, FIHTERFEEMEOEINICRET 5 2 Ebh - 72,

#%. C (Photo. 6-(x)-c) 3 XU D (Photo. 6-(x)-d) DFEFIRBIZOWTIE, LWIFhb u=128040
IZBWT, BZEAITH L TIFIFEAISEE LTz (Photo. 6-(xi)-c, d), 72, u=128040 THA:
L7: 8% (Photo. 6-(xi)-e ; I'F, [BRE] £925) 20 THHEMIC, BRCITHLTTITEMIC
iR LT,

UbkoZ &ipo, Xy bFoA MTRET ZKFHMOBR, SORRLGREAIE O T8 MK £
WWRAEL, TO%, T TICREL TOTCREHBOBZEITH D > TEHMICHET 2 X5 ICRET S 2 &M
b -1,
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2.2 MEAHBENDEBRFEE

ARG BICAH LR Y Mo bOAKILORREENE o 40

Fig. 30 IT/R9, Fig. 3012k % &, w, OMAEL, RFiffiT §3o

1o 7B G A ORISR TE, 72, 202§,
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MOHBEN NS WIeHZEEENDIE L, FERERSEN £

DABHER D 5 DK OBEN DD - 27 TH B L E Z 00 T 200000 400000 600000

Zohb,

REBIEIHE w () 1B 2 M XMREK L, TD L& DHIK
It w, (kg kg") % Photo. 71278 F, Photo. 712 & % &, 52 Fig. 30 u, elapsed time and w,, , water
ERBIIAE R SR A L E IR EROL FhA S content of specimens (vertical).
(Photo. 7-(i) ~ (xxiv)), &7, ZOMBRMOILTIZ LD

u, elapsed time (s)
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Photo. 7 Elapsed time and soft X-ray digital image of specimens (vertical). u :
elapsed time (s), @, water content (kg kg™).
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RO KRFEBEM U &, MBEmHOILFEE IR bF 1 bORFEEIES FHICBEI Lk
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%), BT, RKHERHLEEBIT, ZOMWEEDL LT OMIMUEAS LT HE X LA -
THELK, TUT, u=77400 2 FI £ M IZH] 2 L 72 (Photo. 7-(xiv)), F 72, u= 77400 1T/
T ok bt MNEIL L7z (Photo. 7-(xvii)), BAFIZZDH & A LI~ DFREE KT,
u = 165600 IZAEHEMIE IZEZ#E L7z (Photo. 7-(xx)),

MBS A ZHOTHEE LK EFmoREE, HEOEMmTRIFIZRE L, LirL, ABHHE
BBEHOTEE LHE MO BRI, O RELUCBRT OANREEERT, u> 252000 &
25T, ROBAEMNFA LT (Photo. 7-(xxii), T L TZ DK, MBIRMICZHOBRNREL K
(Photo. 7-(xxiv)), A EI& % B, HMEAZ A ICHNTRGBB L 2B LHOmEERA/NS L, £D
7o, 1 ODHOBRMRAET B E, FBELCBREND S DAFENIDIERIZE D, BREMEENO
Bk Db X0 EHERT 5, TNITE B8 - THBIGEA L D —JEEAILE S, ZORRELT, W)
T RE L BRORBENLIVETT LD THEEEZ OGNS,
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ZOIFZMEMEELNG, 4T s &L, RSN THELI, LIch->T, EDLOEGATTH
HEUBRAELSENENOREL, @5 U7ER, HEICKEL XS TBRAERMER s &F
Zohb,

F6E EICHIFBRIKHBILDAE

TSR, BHOAN SRS 60T, RN, TR X OCHREITER S 7k
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Fig.31 Water retention curve of bentonite.
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Photo. 8 Soil moisture and soft X-ray digital image of specimens. ®,, : water content (kg kg™), ¥,
: suction (-] kg™).
Note ! These images were not raw images. Contrast and brightness of these images were optimized for print
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Witk SET VY v LY, AR LT,
2. FEREER
2.1 118K 5 L8 X IRER

OB O & R R BRI B B R XORR R &
Photo. 8 IZ/~ 3, Photo. 812 & % &, w, =2.02,
Y, =—195 T, BEPBRELI, £/, w, BLV
Yy DRI E, BERFHITED > 72, 72, ©
TN MG & TRFEBIT o~ T H YL o W R
EAMEMER A D - 720 0y B L P, DMENIF E,
COMAREETH Y, WX BE KO TR CV 4, coefficient of variation
Y R AN AN
2.2 &7k & ¥k X iEE Fig.34 CVg, coefficient of variation of gray levels

SR O AKIL L, 20 & & Ok X 512 54 of pixels in soft X-ray digital image and ¥, , suction.
% iat it O 5 R % Fig. 82 12”9, Fig. 32-(a), (b)

ICEBE, o, OBMEEBIZ gl BET gl &ML, LAL, 0,<1.0 TiE, gliciEso&nsb5
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T, WRELEBIINV P FA PR=ZA PO HEHFEEDOTSODENL D RE MBI EEZRLTH
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FoEFBLoN 5,
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