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2.1 =AM

FHLEE AL ML, @RV FT 2 R A2 b (B : 3.150/cm®, HLFREF -
3310cm?g) ZMA L7z, ‘B, FEUIED)I (B : 2.60 glem®, K=K : 2.05%)
BXOVITAF] (2,60 glem®, WK=K 1 1.81%, wANEH L 25mm) OZNZFh
Z, MEMEHEM S LCHGW, BRANSE, LR 3FEEA# A L.

O AEBUKAl : V7= A VE U BIbEME R =L OBEEKRE TR T 5

[ A& —7AK>Y1 A No.70J
O AEH: T NFNT—T )VREEA A AEMEAZ TR & D A% —x7 — 303A]
O EMEREEUKA] : RU ADNR U —T LRD [~ A X —7 L =172 8000W

2.2 HEAKDEEEE S VR

221 A PR—X MEEHAKDE S K UER

A h =R MK, KEA LV RICE DB A FR—Z FO¥MEOEVIC L
BRI DLATIRAE & Hele 5 72 WIC=0.40 & WIC=0.45 O 2 FifH & VERL L 7=. AE J&
KABLNAEAIOEAE(LSE, ZZREORRHMIFEEZ/ER L2, JISR 5201 (Z#E
CTEAY FR=A M ZMVIEY, 7o—llEx1To7z (B2-1, ®2-2). 20O,
DTV —F 4 TRMEBI BN N2 L 2R L TN D, T U —T ¢ T RME B
DAETTHERIL, U= 7V RETHR W EHB LSS 22 & L (A 2-2).
T, M7 A—%— (B2-3) ZHNTEAY F_—ZX FDZEREEZHEL, ZD
% 40mm X 40mm X 160mm D AHTINIFTHIAATE. T HIARF 24 REFIZ TR L,
M7 B EThHPELE (200) ZiTo7-.

ERLL 7= A v R =2 MR, AR LN Ly v afpitd R 2—1 12
759, AE JE/KAIFS & OV AE A& % %K LT WIC=0.40 TITZEXE A 2%0°5 9% T,
W/C=0.45 TI3HI 4% 5 10% % T L SH 7.
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K2-1 J—ATIEEAD FR—X D E2-2 J—ATILTIEGEWLEAD +
70— EREDHF (CP1-@) R—Z bD7O—HERFERDH

2-3 INIT T A—R—

R2-1 BAV MR +DEWH, BEELIUVELoNTLY Y akHE

AEBKEIE AERIE J0— TRE
B W/e Toxoe)  (©Cx%)  (mm) (%)
CP1-D - - 195 2.4
CP1-2 0.05 - 203 3.3
CP1-® 0.10 - 213 3.4
CP1-@ 0.40 0.25 - 222 4.9
CP1-®) 0.50 - 249 6.4
CP1-® 0.25 0.01 228 6.0
CP1-?) 0.25 0.02 227 8.5
cP2-) - - 228 35
CP2-2 0.25 - 259 49
CcP2-3 0.45 0.50 - 288 6.2
CP2-@ 0.25 0.01 263 5.8
CcP2-B) 0.25 0.02 267 9.5

11
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2.2.2 ELZNLHEAKDEBES L UER

ENAFNLOKEAL FIF040 &L, BEAL D =1:1FBX01: 202 FEOMHE
RIEEER L7z, AE Al (RiK) OREZ(LSEHEMIITH L THREDRRD 35
OHFREZERIL7=. JIS R 5201 |[ZHE L TEAX LAV IRY, 7uo—J|lE&2fT-7=
(B 2-4, B®2-5). 7= —ffl%200mm F2EZ BAEE L, FaN s PERREuK A &4 21k
S TER/AZIVEBIRE, 70— 200mm FRE /25 & 9 IS mERERUK A& %2
Lic. &7, BEOT V=7 1 » 7 OMEBBER VW2 & 2 BRI TR L7, /Milx
TA=H—FHWTZELRELZWIEL, £O% 40mmX40mm X 160mm O AR S
AR 20C DIEIRRICEFE Lz, T HIALME 24 RENCTHIAL L, M 7 B £ TP &4
(20C) #ATo7z. fER LB X AMEABROL T L OBLA 25K 2-2 12T,

2-4 J—AHTILIEEILEILD D O—REREE 2-5 J—ATILTIEBZWLEILZILD
BonF M2-D) 7 0—RERER DA

R2-2 ELNZILOER, BEBLUFEONEZTLY Yok

&% | wo oS EKME om0 EREE
(C % %)
M1-D - 198 2.0
M1-2 0.40 1:1 0.1 0.06 197 5.5
M- 0.1 198 7.2
M2-(D) - 202 5.7
M2-2) 0.40 1:2 0.45 0.002 217 8.6
M2-3) 0.006 218 11
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2.2.3 3y ) — MEEREADES S K UER

a7 ) —bhOKEAL NEIZW/IC=0.40 & W/IC=0.55 ® 2 FiJE & L7=. AE KAl
Tt A2 MERICK LT 0.25%0 %R E L, AE FlOBEZELSEKkEAY FHHTE
IZ 3FEHDO R ED R/ DA ZAERL L=, JISRB20LIZHELTar 7 U — haHfY
B, AT TREEToTZ. ZD%, =T A—F—% RN T2EK&ZHEL, 100mm
X 100mm X 400mm DA FERIEEI ST HIAA T, FTHIARE 24 FERNC CTRARL L, #Mil 7 B
FTkFEA (20C) #1T-o7-.

FBRTIE, KA S MEBIZHEADKE LB XA M RE2—EL L, G OZEXE
DEWIE CTEMEZZLS BT, £7KE AV NEOBREIL, FEEOMHEWIZ IR
< Vb nsiia & L, KAKEA L hEE LTW/IC=040, EKkEAY MEELT
W/C=055 & L7z, fERIL7=a> 7 U — D4, RGBS bNZ7 Ly a
Btk %2 &R 2—3 1R

x2-3 a9 )—b0RW, TAEREELUEONEZTLY Y BT

B o) %) ©m ) w c o s NE,AE|RYVT EXE
BOKEl (cm) (%)
c1-M 2.5+0.5 1033 686 438 | 130 28
C1-(2)0.40 39.9 15+2 4.5+0.5 175 438 1002 665 4380 876 | 17.0 5.0
c1-3 7.0+0.5 963 639 5256 | 16.0 7.2
c2-(D 2.0+0.5 1045 785 - 17.0 1.7
C2-(2)0.55 42.9 15+2 4.5+0.5 175 318 1008 754 3180 636 | 16.5 4.0
c2-B3) 9.0%0.5 941 707 3816 | 17.0 9.0

2.3 ERIREE & VEGRETFIE

2.3.1 A ¥ FIZ &L DEEBIE

R DOBAEK TR, B AV FX—X B I OELZ MERERTIZE S 10mm f2E O
Bofkalkte U, 2027 ) — MEETITEM ORE S 2ZE L 15mm F2E OF S Ok
AREEEI Y U7z, TRETROFER WX S ICHEAOT 0 L AT 72, KT
FERRE O COIliE OFEE 21T, 7 e 7 —% O THEEEOK Y ZHF R BRELT.
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o=

D%, 7Ty by RAF v F & AW TR O 7 7 —Eifg 2 55 L7z (R12-6(a) ).
B, EAY M= MALFRGAOBEMZHET 5720, SEUROIFERIZ LT
1%7 = /) — VT Z LA KBEOEFZE LTV, BEA Y hR—Z MAOY A ZIT T2,

2%, ROWKSET T —TRELEGEZIG L (B 2-6(0)). mifg %z 5,
BRI 2 B A V7 ET RO T 2L N TEVIE L. 20%, REOMEIZRIE
HBMAR (REEILCD LMK, RIRFHE 12~13um) CTHRIE L7z, FmiEE, kR
EZFR S Te Ry e R a2 TEICHREL, BEO2ffbEGE IS L (’2-6(c)). K
e T, SEBOKREERCRIAMEOLH 2 EE L, BUGTomEEL 10 & L
HEERIRN O B2 (IR A TR OB 2 G L7z, £ A F_X—=ZX FBLIUELHZ LT
BT E %2 1200dpi & L, 1 HEFEZH 21.2um ([ZHY T oW E Li-. 2B, 7V
—F 4 VT OB THE OB TIXRAA 7 OY—To Yt i’ 7p SR W EIRNMFAE
TDHHENH D2, 40mmX<X40mm OWFEIZxE LC, Hlh 5 30mm X 30mm O fEik %
FEATREIR & L72 . B ZOBATH-oTH, REBROEMEY bHolckE N &
EHRLTWA Y, F£72, ar 7 ) — MIBWTIBEIEARE W2, BgIRED
2B L, R % 847dpi, 1 MSEIFK 30pum (ZHEYS 3~ 2 Mt & i Uiz, fiEdr
FEIR I, 100mm X 100mm OWrmE ikt LT, HLd> 6 60mm X 60mm OfElk & L7z,

2-6 MIFLI-EBRDAF (a9 )—F)

2.3.2 EA Y FR—X FOERENFIE

TAY FR=2 MZBWTIE, BMBFEELRWOT, Kiao 2 HEE O K% B L
7. BUSL-pREES (K 2-7() IS LT, £/ 7 uflritotz. 0%, Fif
b7 4 B2 =% 2[EfT> T/ A A& REL, =y VRSULAE (7773707 ¢
B =) e LEATWT L— A —/WZ -5 < 2 fEfRILEE (TOKS ik 1, fiEBIEE 255) %

14



=~

%2

1TV, KB 2 EEHG 2 BG Lz, & 512, BETHE T 2 kMMM &R0 LT
FEVELM L7z, £70, AE FICTEAT SN2 XA O ITI 6 L% 30~250pum T
HHZEIBLWY, AT L AuP—0@EnG, WEHCENZ2 < O RIms, 5
NTRKEREROUGEOGIWIC L 2 MK & L T—FICREOWmIZENT & I1T5 %
HIRNZ Ern, 30um BL T BT RSO R E M S L <IEE OO ZE[#HT
Ho L, InERELE. BIhpaERA[@ThHLEEX, ThEKIED 2
bt s Uiz (B 2-7(b). BUfS L7-50a0 2 ELEfE D XIamfERsHmH L, A
TLARY—DEZGFIIHESE, ITheRIafkRE Lz, 612, HgMErY 7 ho
=7 OREZ FHWT, il x ORIAOEORNERIEZ KD, THUEAENT Flx & 7
72 L CAURREX={x;;i=1,--n} & L7 Ei& (B 2-7(c)) 205 L7z, Z O pURfREE G,
T A b= N OKIEDZERM A DOFENT 24T > T2

(b) - 7 e (c)

B 2-7 £A Y bAR—X FHROKEDEZHI

2.3.3 BLRLLBLUIVY ) — FOEZBTFIEY

TAY RR—=Z MNIEMEE LRV, [JaOMBITENER ch L. —J7, £
NENBERa 7 ) — MY, BMAKIAOZEM DM EE G2 DR D L. 2
DIz BRI DOZEM oA & 5l 5 72012, BM a2 L7z 2 [EEESSLE L2 5.
ZDID, BA Y =R N EFR S FIEEZ AV TEMEB XL ORIEO 2 fEEfG OB
ATo72. 2.3 1 I THS L7z Wi it (R 2-10(a)), 7 =/ — /L G (B 2-6 (b))
BLXOBEREG (B 2-6(c) moENENFRS (B 2-6(a)), FrEks (B 2-6(b))
BILOSRES (B 2-6(c)) Z#MAE L7- RGB Ei{@2R& L7-. Zid D RGB 1H#H % Ff

EgEEREDELZLIZLY, BHMHE, EA Y M= MBI OREEENER
R0 CRRLIEZD T Wi 2572 (R2-8(d)). ERAbEZERTICRIT 528
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[

it e TH D120, HER X OEEICK U TRITFRHORSNDREE A T T A0 05
BEARETHZ & THMET5EMRIF0 2 HEig 2157, REOICH R THlT
X DR EITICR L CFEMIEZ L, BHhi o 2 ki e Lz (R 2-8(e)).
72, KON TIE, ARBEBICHT LT 2.3.2 LA HIETRIAD 2 [k % 5
FLic. 2oL, BMRLFHITEIET 2 BEHS B S 5729, EERFTEE O
BOTRIAO 2 EEg — 54 0 2 R 2170, ﬂﬁt@é@%‘%ﬁ%bt F7z,
2.3.2 L[EIRRZRBEH 226 30um L T O AEMARE L. SN HAHRAXIETH D
EEZ, Thzaxydo 2 fifbmg s Lz (B 2-8(F)). Z o 2 fEfbmifix L T&iam
PR Z BB MATIZ LV R, KEBFERE Lz, 612, Hx OKIE O O A JERE
x(i=1,-n)& KD, ZTNEZILOMBE Y blx b AL, K[iAZE S TRE S S48
BX={x;i=1,-n}& L7z, ZORBREENS, TEALZLBLOar 7 U — FOXiE
72 [ 53 A DFRHT A AT o 7.

(a)

2-8 RGB EHMHICK S EMABME QBB EZRAVERBOMES (220 )—F)
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Rl
o

2.4 A9 —bDRY—) UTRER

JSCE-K 572Y, RILEM CDFY5 L I ASTM C 6720% BB 122y — U v Vil 21T~ 12
HEE RIS L OB A 12 BI LTI ISCE-K 572, BRIk D W /K 51412 B8 L CIZ RILEM CDF,
TSR L OB 1 7 VICBI L CTIZ ASTM C672 [ICHEL T A — U 7B & 4T -
72.2. 2.3 TR L7z 2 > 7 ) — MMEERIRICHE L, #0514 A & Tk H#4 (200C+2°C)
EAToT=. =Dk, A% 100mm X 100mm X 100mm (28T L, #KECEISHK LT 6 1
FTODOMRIKIC TRy —V V7R EITo 72, £, SRR 238w & L, w8
LIS DHAZ B < Todls, BBRME LSS O TH 2 48 3 T8 IE THE L7z, 2-13 »
L AR— Y — & GE LT A AR 254 U, 7 B R O sagas E (kI 60%,
IREE 20C) &AT-o7c. £, WIREEBEKTHO T BMICHOIZ-> T, RE 3%DET k
U 7 LKEIR 2 3R 0 DIRTER S 28 5mm & 725 X 9 I AN, TEREEIC K 23R
WOWKEIT ST, IR T, A%, MR (GRE—20°C) 12T 18 FREfHlH
EL7Z. 0%, BIRENGEY L, RE 20°CICT 6 RiffE L7z, ULk, Aft24
Kl 2 1A 7 v LCar 2 ) — MIHREOMR IR LY A 7 v 252 7. BLED
HERARVER S EFE AR A 7 V&2 525 E TOAF— L %R 2-10 (23T, HsHR
SHAINTEIAr—) 7 &ZFHUL, 50 EETITo7. nHA 7 ABEORT—Y
v EEFHIL, K(2-1) KV BAIEAE Y720 OREAr—Y v 7 BE RO

S,= (2-1)

s oz,
Sun = B A I NEDRED A r— 1 v V&
m, N YA ITNEDRTr— T RFOEE
A BB OO IR
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B 2-9 R7r—1) LT SHBRABAAOEXR

B 2-10 R7—1) VT HEBRD 24 B5fH 1 VL

2.5 [UaRERE " DRIE

ASTM C 457 |29t » TiaMbatR e (2-2) L v k7=,

3 3P
L=—-(14 [—+1—-1 P/A>4.342 2-2
- /A+ (PIAZ4.342) (2-2)
L= ’ P/A<4.342 2-3
_AG, ( — " ) ( - )
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o

22T, o RJADF G
P: _X—X NFHEL
A b7 U — hOZERE

ARWFSE T, 2EEE > H 15 D DGR B ERIAD R ez 2(2-3)7 bRk 719,

a=+/6m/a (2-4)

22U, A KIEBEOEHETH D.

2-15 IZ R Ta B RS & SR 6D B 72 612 Powers (2 L 0 UE & 7= K70 0 22 [ 4y Ak i
RN, ARE ST RIEDZER AT L 1X, B A FX—Z N RITEkx 22 ~[ED
KIAPAET D RO ZERASAEELY (B 2-14(a)), F—RBOKIEP L HED LN
BESNTND L) RBHIMEE S LTRELTWS (B 2-14(0)). ZOBREE, [F
—BROKILBS RO RICHAMICEE S TWD LX) REEICEE B D 2 L
MTED (B 2-14(0)). ZOREIZBNT, iaRmNHE AL F_X—Z MO
£ 5 I REEREENRIAFRREL L 722 LG ERO 11D DR S 13t A F_—Z FDOEIEP,
KIERRA, SIAFEENE VT (PTA)/NE £ 5 9.

s
o

2-15 Powers DRBHERZR#EKRO S5 -HDOKIAEE

(a) (
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SE Xk

1)

2)

3)

4)

5)

6)

7)

8)

Hoang, D. G., Fitje.lr—, WEEKES : =227 U — NEGRD O OBHMAHORM & kL
A OHEE, =7 U — TR SCEE, Vol.31, No.l, pp.2065-2070, 2009.

JIAHIGAD © EAMEFE, BRACHRR A4, 1996.

FHE—RE, gl — : RGBIFHZFIH L7-E /& Vilrmmig i o OFk i &
W& AR D22 [ AT Rl B3 2 758, 2o 7 ) — b L8R SCEE, Vol.35, No.l,
pp.1759-1764, 2013.

JSCE-K 572-2012 \JWEBHE AR T ZIRZM ORERFIE(R) , TWVBERREER L
FEOFRGEHE s (%) , pp.81-114, =27 U — 74 77V —137, T ARF%S,
2012.

Setzer, M. J., Fagerlund, G. and Janssen, D.J.: RILEM Recommendation (TC 117-FDC),

CDF Test-Test method for the freeze-thaw resistance of concrete-tests with sodium
chloride solution, Materials and Structures, Vol.29, No. 9, pp.523-528, 1996.

ASTM C672/C672M-12 Standard Test method for Scaling Resistance of Concrete Surfaces
Exposed to Deicing Chemicals, 2012.

Powers, T. C. : The Air Requirement of Frost-Resistant Concrete, Proceedings of the
Highway Research Board, Vol.29, pp.184-211, 1949.

INRSREAE, KIEE, RAMTZE  Kyakrim el X ok= 27 ) — hoxia s
T A — 2 figtr B, HOARRERT H ), No.396, pp.2-8, 1986.
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Rl
w
o

3.1 Fim

—R, BEIIRZ527 )= bEL OMILEGATOLILEMECHSH. Z DOk
R a7 U — NOMANEICREZ 52 5720, ZOMAMEZBE L, £ ORHK
Ear s ) — okl OBREIH LT HUERD D . MFLO KA A Bl
T HMEM R FEL, BHSEEETH L V. HETE, BETEBREZHVDZ LB L,
TS KV IEDIRFITH THIALEE DR B TE 5. — 5, T Tl AV B O F R,
RN, BEROT VX LBFIREL 2o 7. BIERBORESIIE L TCT VXL~
AT VRA=TRTIVINNATRT T v Xy RAX ¥ F 7 8, kix lataia T
B oo EigT — % 28 CBERENT 217 2 FIESE R L TnWD. 2 2 CEEAR AT,
B L72EG D “Rx b, Rxew” $hbb “fFHET D, FELRY ZHET5
2T ELS, R TV D RRMICK L CERMZRIFIEICE SV CGHET 2 2 & Th 5.

ay 7 J— bhot A2 MBI E £ 5 AL E O E B HE TR, 1k,
RGBT 2 x5 & LT BTG 7 ik b 7e o TE 2P, Z 0 & ZFHlOXIFR T
BHEZERELRAKIIEA L FPETHY 2 EILSNTZEBE D 2D O EHERD
TV, 2RV EBGRNIZOMN L TV AR OEPERNICHME SN D WS Z LI
Mz, MO A > M EZEER ETIUE, &AL FOKFIRISEOEITORRE G FE T &
HEVNH T LI D, BRI TV DRED D, ARSI T 2 R s & HEE
THINEIAT VAR Y —DB 2 HFAHWLNS. AT vArIY—L%, fiHIZED &,
2 RITHIENZ BV T2 R0~ D 3 IRTIC BT 2 FEfE 2 GBI HEE T 2 FMS B CTh 5.
Ta e LU, MmAREOEZEZTNH Y ¥ — B OEARTE CIIRHER D & —MOEA %
HH LT, ZO/RENL2EOREEZHET 2. ZO%AOEARITIREMRDOELZTH Y
BHEMI L EAD TRT) 1Z—8BT5. 2L TAT LA P—TE 3 RITEOWE D
FeEAHEET 2012, 3WonDEHF (IBEAR) ZHiHT 2D TIEZR < KV IRWIRITTOREAR
ZHIH L TWD Z 2225, RIRTCOIEAR, Bl 23R E D% < OO (2 Kook
) ZBIEL, M RICESWTEOBEEBEL TN Z LIThb.

3.2 RFLAR—

R X 91T, ARKITO KM FRIRHED & X 0 @MIRITICB T 2 RHEEOHEE 21T 5 O
MAT VLA —DFETHL0, ZHIZIZKRELS ST T220FXHndH 5. —OIF,
WENPSHANONTEEETNAR—ADAT L AT D—THY, b H —2NIT A
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H3E

—ADATLARY—Thb. MIEITHESGIIH L TEFETH-MIZT o Z A
(Isotropic,Uniformiy Random ; IUR 5:1F) THH Z & EHET H. ZOHAIL, [LEOW
EEZEHICHE THLR/GOBNTH Y, BEAR, TROLEHEHIZEN D &EOLENT,
RO [T EINRENT- b DOEEZ DL ZENTED. T LT, BEIIEARAD
M &2 7 & & DT, ZORSROEE 2 T X DG I BT 2. fii
B &, BN T UL THLZEEZRELTVDLDONRET AR —ADAT LARY
— T, MGUTT X AT T UHRE L Z2W), #itHE 7 v X A2 7729 2 & TR
BEHTVWDIONTFA L R—=ADAT L ARV —LEH LT,

a7 ) — MO EETHEHIERAVW SN TE DL, FETARN—ZADAT LA
U—Thb, —MIZH(3-1) TEIIL S Delesses’s DJFELZ FHWTHIWrT 5.

Ww=A4, (3-1)

X G-DIE, WmlcBh/-d 2R EOmEEER, 3 WITOMNRWENOERERIZE LW
ZEHERLTWD., —ROEARFEREE, WrimOBIEITEEEIT TITRbi, 2%
VBT HZ LI KV mEEASTNDEOT, RG-DITFER 2 kot e 3 R T—8T
HZ2EERLERTHDLEBVZ D, ZOEMBENMEERIZELWVWEWVWIEXFIL, £
D% E BITPER SN B-2) BV LD Z E R HIL TN D.

Vy=A4,=L,=P, (3-2)

A Y Y
Aq SRR
Ly SO R &%
P, : RIGEHID R OB

LiiE 2 WL OFENIZERREZ IV & &, REARE I3 2 F-Mx 55555 2 k4
Yol DR S OMOLR, WRHRSCEARICE LW L2787, K72, Bl
LOHENICEE DO RZRE LTz & &, 28T 50 RMITH# - 7o DDy, RFEER
REBEICE LW EZEEL WD, AL Rosiwal’lZ L 58EXNTHY, %EIX
Glagolev® and Thompson? DFERICZED. ZHbiE, ik, =227V — MFEREZD
SEICBWTIRIE Y AT AOFHIC AW TEY, ThENLY =7 b I =R {ER
JMEIEERA VM A DYy hEE LTASTM CAST ICHEISN TS 7.
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3.3 2RODARTLABY—

a7 ) — b OMERBIZIZBW T, Delesse DJFFEZ VN TREM S N A ML EAEER
}K%M,%6%5?5%@@%%2&%%@®%ﬁ@@@@ﬂ%3%%%%¢@%@K
FER) L LTHEE LTS, ZOHAE, TORMMNRED LS 72504 % LT 5D DNIEEE
it 72 > T e, FlziE, B 3-1 1R T L9 e —E - HEOM P FENICBIZ S
NoEE, QOIITEELTHMLTWDAEAED, (b) OX DI THMmL T
ZHEEBHEERE LTIELL 2D, ZDw, Delesse DFFEEL Y KDZHAER L W
IETIE, (a) & (b) ONAARIEDHEZ XHIT HZ LN TERY. Z0O L) REMES
AR, MORLHFE ROIZT I ROAT LA D—BEHRLTND.

(@)L THH b BN THH
X 3-1 mEEROFHEI<ET HEAR

K LT, 2IROAT LA R P—EIFEMNTORIZT TR, 05040 % 7
THIEEEMET L. BRIV &, H5EETHRMEMFEREN B VORE
B A BEN CIEIET 2 L0y, RRICEEICAM LTS, b LITAEWICEELAS Y &9
A L TWH 72 L, B THIET T X 500 OR 2 Boreaic 28, FHEd 2 02 2 &
DAT AR V—OERTHSH. 20L& x, FHMEMTEERN 7R C bk T b
MEDIRV, HAIEARREDOSE 2 % 2 WITIEETIE, 2KROAT LA n U—E)
Bonsd., I, 2 ROCFEEICBN I RHEOM R 2L E R, 534 OFHEIC AV

i, FHl RN ERE A AT %6 CEEE R WS AERH 5. iEmEL A LT
B ZEMICOA LTV D Z e DRIFeR & DY, BE AR EFRL TV D, il
ZeMPRL B FR & 22 MR A BRI R T2 01, B3-20K951272%.
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(a) ZEREIHLFBIZ (b) ZEfd] B FE
X 3-2 ZEfHFiEFE & ERRBEOERE

3.4 2 RiARHRA% (HHER) VY

B 3-8 ODEIRRESTIBEFFIZRVWKNESESEDRL DML TN DLEEES
25, ZOLE, ZORTOHMEO LTS, HOOEBEIIEERD LIROAT LAr Y
—®THY, BT EZAN251FE, ZNERFIROHENTES. L, Z
DOTEFEH L Delesse DJFELN D, Z OFIENICH —I2T7 U X Ll mixk gl Lz & XIZ,
ZOEMROIELDMERER LTS, ZZTHTIERL, HABEDOESORY %
T U ANIHEBNICEE T2 2B XD TOMTOME KX, x, & LT, ZREN
DX (i=12)0B PIZH D2 E 9 E, RO RS Z Vv TR T.

1¢:)= 3-3
(x;) {0(x1$ (I)) ( )

3-3 HIFHHO DIRAE
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CEE

X EOThDHEREPUX)=1} T2 &, [LEDOE SO/ Ofidix,, x,737 BARITH
5D E0E, [REFHERP{I(x)=1I(x,)=1}THZHN5. Zi XV 2 SRS (F7=
IFZHSECEr) 1TXG-DICTERSND.

S(1)=C(r)=(I(x1)I(x2))=P{I(x;)=1,I(xz)=1} (3-4)

T 2T, r=lxy — x|l 2 REEEEEZ R D L, (o) TIIFHELZ ERT 5. r 22 LSRN
DB NI V8 & TH(EE < VIR, &2 BT 2 S, xR CARICH
DHERDRKEDNONE ) AT 5. 2 SHEEEOOHE =03 722bby )
X7 XA E LT AN A B BICHDERTH Y, ZHUIRHROE Y 35 HAH O O
RV ERT. —F, BT 2 SEEEBEOH R L & b I L, & 2 iEEEEEn T
BEIPEA 72 < 72 B & Wit iy, xp, AV BABICHE 2 MesRITHEMIC R ORIC /2 5 DT,
Ham BIIARRO AR (V) IO 20E 2 F5o (R 3-4). BISs mcyic B il &
0B ETOHBHIZ OZEFIES & R8-S0 2 (&R ©ho, 2280
FHBAMEDY 7 0 & B34 K 0 RE 7R IEOMB A =3 46PH (FHEIEERE) Cbd 5. 2 SAHE
B DA 2 & 3-5 1T d. ZOR 3-5 XV 22N O B A OMARFE & FE AR 7 i B
RAVEIWTCE D Z &7 D . WEERERE X 22 M A2 1T DREEHAL & L COEKREFFD.
Thbb IO ETIIEEHNEE LS ) Z L TUFX LHFETDHZ L ER
T TR0H OB EV E X, T KIS 2 RUIFFEREMEN e <, W REWE X3 L
D REHEE CRHELHLTWDHZ LI D. KoT, FIXITHEHESREY UR)BIFE LT TH
> THREREREO K& WIEEIT LY RIBBEOFHIC O > TREZ BT 5 2 L3
PV Z LT d. ZOZ LT RV ARERHE TH DT DITIRFHH 2 Bl 2 M
WD EMNTLZEHTED.

VV

HEi IR
@ EQfEE | miEes
sz ---------------

0 2 RS B r
®3-4 2 SIAEEROERE
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6\‘.
\‘t/\

(a)ﬁ \h\%u[,\ (b)%i \b\EL\
B35 2 AHMMERD 2 AREROES ORI & HRAE

X1 P

.-/zz o

3.5 A@iEgstE 0w D
3.5.1 =

FOBFER R R & 1T, BIEEBVICE VT T U F AL TV A SR X N0 Sl
BILC, BEBEAAEE LCEDORMORSE EREIL L, ROZEM AR M 5 2
WKDOAT AR Y—ICET MR THD. JEEFEIRIL, BELZ OB THWS
NTW5. BlxiE, R TECIIMERET —ZICE-S < RSB O 2 M Anfighr, #
T2 Tl GPS T bV 2 liReT, F7=, R0 BF CIIARM O A A Ol 72 &
WEFHND. 2RO BROSH T, SRR LEREZTO L DI EE2E> 2
EMB. ROBE DAY — > ORFEL, FFEOLANCEET 5 2 L < BRI S
FRI272N 15 o Z L5540, FeEOSGPTRICEE T 5 TR (7 T 22 —4340) J,
Fio, —EMRI L CHEOSMET D HAGAT B 5. FC, 7% 0%
SRE L OB CHEMER Z R 2 W S 5 . il &mﬁ;f%w%ﬂé%ﬁ@
% <X, ROBEDZHINT o Z L ThHDHNE Dk ERIFELOMEAEERCKFEDO B
REAWTHEEEZTo T D, B 3-6 (-7 L 5 IZHI W NIZ R 3§ 2 RE%
B, A 2WITOFIEBFEX = {x; 1 i=1,2,---n} & T 5. ZOsERRITH L TLLT O%F
PEER L OB EEERT 5.
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X 3-1 RBEORAK
3.5.2 mEBE )

SRR AT A

lLL

B DR NRT A—2—L LT, BALHEBYS Y

0 O ROESE
DT REEMID . BIEEWNIZSH 2 806 EX)NTBE LT, SOMEBNW) %G8k i
AW)TERL TRz (H(3-5)).

_NW)

AW (3-5)
BREFAHEZROE, RBEIRbbBRZEROKE SAW)Z —TL LTHHMET 5
ﬁ§<%@w

VL DA O AL AEENWIICIR S EA &N D, SEEE, —
el ’if%%kﬁ‘é%1%’(gk$ﬁf%ﬂ‘é EEZLNDHDT, TORBIZI1IROAT LAY —
2 L ¥

BEEHEUOEMHEEE 725, L, 2IRTTELNlEE Z D F £ 3R TOMEE &
BT 2 Z LI TE 02 IEE LT i beuwn. £z,
IR TFE L2 W 22 3 A R 215 5 720

SRR BE L CIEN(W)
IZHEAEINS.

3.5.3 KEHM&ELU LEAK

K Ba%cl 1%, BIEHEIC

DAL TS R EXICE LT, B2 2L LTEDHA0h
NRY— o BEAL L, HOGHARMEE TN 2 SR EFKHED 1 > TH D, [EEDHEN
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H3E

Y r OFERE, TOHEWICIFEET DO B OHEE K 5. SEELT
FHILENTWAZD, HOMBICEDS 220 FDT A LR HET S ENT
5. KEHIXG@6)IZL-TkdbND D,

1(|xi —x[<n)

s(x)

KM= T4 (3-6)

Kr) =n? (527 X LA OREO K B

2L IOIFOBETH D EEICLBOEXF0 ZRTHEREETH D, £, sx)iE
Ty UHIEOHETHY, XENDICLv 52615,

s(x)=ab — x(2a+2b — x)x/7n (3-7)

x=|xi —le

221, a, bIFBEEEOURERDT.

Ty DHIIERRER & 0E, 2 ot ok L CAGBRE 2 AT 558, TOEBORKROE
(VR EMIET27OICHWDRETH D, £z, A THW = v UH
E£R%LIT Ohser DL EMIEND b DO THDH. ZIUTMONEICERZ2 L, MOREO
HCEFEDLDREMEH L TN D70, BRI E NS TESICE LT N T
HMEETH S,

& 3-T\Z LA DODAG /S — Al 2 vt ORI T v # L4 (R3-1(a)), %
EoAi (B 3-1(b)), #HAA (B3-7(c)) DREL IDIpTbisd. KEEIZ O
30D NY — 2, BBIEDTERT 2 DA DN D DRI THET 5 2 &
TE%.
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E
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-1 EEmRDRT/INE—
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B 3-8 |2 K Bl A K A2~ d. K ORI, SNREET ¥ LA ICH
I 25 K BEEERL, STREI & LTWDEDOI/NZ— N T 2 BIT5H LT
WaHEA (B 3-7(), 0 K BEIIZET VX A0 OREO K Bk L 1ZIE—8T %
(R 3-8 (a)) . BIELHLEFNICAEAET B SR L8 hs LBEHERLE L TV A 84 (R 3-T(0))
X, KBEUZZ v ¥ a0k b REREL 2L (B3-8Mb)). —F, HOHREDRHIE
A LA EOSEIIE (B3-T(0), B TR LT v X 2080 b KB
fEiZ/h&E< 725 (K3-8(c)).

(b) (@) (o)

K(r)

————RRSUH L
0 BB r
B 3-3 K B AR

K B 7 Z 7 18RI ER L3 < 7572012, K(EB-6) & BT R ~EEH L,
RASE DOAEZ AL L7 b DI LA H 5. LI GB8) It 5Exon5.

L(r) = yK(r)/n (3-8)

Ly=r GE&7 U FL0M0LED L)

3-91F L BB OEAMN AR LD THD. 77 7 PRI R K B L FfRT
HY, KPORBHILT X L5040 L BE#ERL TS, £z, KB ERRC,Z
VDDA TR —E L (K3-9()), BESMEZRTHAIET v & L4510
O EJFICALE L (R 3-9 (b)), BAIDADLEILT v & LA FHICALET 5 7= (K
3-9(c)), ZEMNAFHEDOFTF MBI THS.
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0 BEE r
3-4 L EABDERE

3.5.4 RODME5IZEED KA

3.3.3 O K B3%kds KOV L Ba%T, BB R Z2 x5 & U TR OREZ fi{EI2 55
W BBV LEND. Bl 21EE A F2—Z MERIKTFIZE £ 55708022k &
b LTRESE, ZOEMOMORMELZTHMIT 2 Z LIEFRETH LS. LirL, BV
ZNeay 7 ) — NTIHEMPEEL, [T E AL b= MG DRIAFET D.
L7208 T, K[IQDOFEEBRIIHIR SN TS Z 22720, Bt ek z 5 R2em &
LTREDT o FLEERETT 5 K BBIZEWRE R -2V, LEER-T, ELHLR
a7 U —FO%EIE, KIOFEEEROAZSZRZEM L L K xRS 2
VERDHD. ZOXICROFMARHREN L2560 K BEEITAEZMEI< (k)
MEZ L > TRDDBZ ENTE DY,

BMEZERVEAL PR—= M 2B 2, BIEGETRERIITEOFEN R TH D &
T HEBIALEOREE TREZ DM IE T, TOA%EAGBEX, &9 5. AR
Xp D KB Ky 1ZXB6) I Lo TROOND. o, EALXLBLIORa 27— D
TAU M= v N w7 REBAE O L L, EOBIEREIREITE N T O RO 56 & R
B Xs&T5., sAFLELIFa )= OEAS MR=Z v MU w7 AFHEO
HERIIEAICEVEEY —ETHDHP, ZOFEEFRITESAHAITHY, Wbwd
TR LG ER D EARTIEEX, DR O T, VLG THOLHEA L FX—Z < |
Vo 7 AR OB D EPRIE LT L E 2 5751, X=X,N0 LFEDIND. BETH
I3, BT BRSO EEX, DA 2 B OREGEIE LTO T U F Ll XA hi—2
N fEIER CHEAMLIZY) D Blo 72 & & 2 2306, T 080 B s = f8is T o 08 0 K BIBK 1,
EFNAZNVEREZIZ T Y= FROEA L =R bv M w7 RO &0 E RS
DT 2 mfHBRES@) (F72ITHAHC(K) & HEASEEX, O K BEHK, &2 H\ T,
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KEOCLY 5 BND.
Km:if&m&xmzifqm&xm (3-9)
S p2 o b p2 0 b

2, pERBRETAERCTHLE AL FX—R M b v 7 RO ERE A F
bT. 20X L TRELNABREZ T b mamfg b U M5 & muEk & e
B 3-10 (cf 5] & e 2B & U-CRd. BIEFEINO 7 7 ARAE S 70508
FEX, o (K BI%RK,) 13, ERRICITE AL =2 b~ hU v 7 AfEE (2 500 BIE
S F - ITIHC(H) ICULFETER. Ko Tk X, & BMhi -2 EREb
HoHE, AV M= v M v 7 ZAFEBUSNOM (B (THEET DRI FEEL
BRVWETH LD, ZOEEMSIK Z8I2T5. ZZThHaERREEZDZ LIZTh
5% SN ROBRFEX (=X N @)D S DA & EEEOENA X NV F21Tar 7 U — FHOK
WOz I L, ED BT IEEEOELZ LLa s 7 ) — MoK hoR
VAT BZZ T TR Wa R E W) T EiC b, Fiz, MORG 23U, B
KA OZEFIELE B L CHAMICRIEAHET 22T OREI LRI LT RN EWN D
ZEiZhes.

° o ¢ . o ° °
°
c o’ © o o ® Y
o L4 % ® ° °
° L . ° ® . ® . °
* e, e ®oe ¢ o ® o
A S EREX B AURR—R TR YR T o1 BUBTEX,
= S DEDHESED DA ERE

B 3-10 5| EBEDA A —OH

3.5.5 LEAMICZKLBREDHEMHE 90

R HAF 52 KIEDZE R A TKIADFHEN B LTI Y, 15641 2 FrifiEic
TURDLBEOEHN G END. Lo T, [az A CREFEITLL X, [yaindbien
EETRBEG/NSLSRY, 2OL) REBEN/NSWMT —4 TiE, ZE3PKEL
D ENTREND. LIRS T, ®HEGICONTRIEERT RO K BB L OL
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H3E

BN GLNT L&, TNNT U F L0 EOBBIEOEEZELDZ LIZRD0, 20
FEN M ARG BB OFPH & A2 SND D0, FHITHERETH DONEHKT
LMERDD. ZOHWT L EE LT—RICHNONL2DONR Y I ab—a &M
WAHHETH . BB L VRO RBE L R URBEICHY T 2 88% 7 v ¥ LIk
B D FAESETRBRICK U TRZED RS0 LB AE R T 5. Z ok 200
El#R I L, ZOHE L B ROBEEMED LT 5%FF (95%EFMXMIZHVT, 200
X25%=5) Ofiz7 vy h452 & THBREEXMERELEZY. AL L0a s
U — M ORI D530 & 3T BEDY 5% EEXMANICALELEE, 7 & DR LT
ASELILAICRIVEDIEILSX LB 2D, 2K LTZ OXBEAMT L BT
TET 2%6, TORIBRITT & L THW EHE L.

B 3-11 12 L B3k & 5% EHEX MO A4 r73. B 3-11 0 X5 2fF bz L B
EAY 5% EHXEN THIUT (B 3-12(a)), ZOHMIET v X Lo HEIND.
—J5, BRD X 51T L BIEE A 95% E X2 HllC & 53556 (B3-12(0)) 1%, ks
mmEHIES D, WIZHMNCH 256 (B3-12(c)) 1%, HHMESME B SND.

A . N (b) @ (©
e oy
//////
—_ //’ ’:’ d
=\ = (@528 1537
/ﬂ,/:/ N I (b) SR EME S 7
L7 0 - (R AED
gt - == 95% (S X 5
!’ /, >
0 BB r 0 B A r
X 3-11 L B 95%ERERXER X 3-12 L DO o miFEIc & 2K

3.5.6 mEBEIRBERI%K (G E%)
AT EFEREERE AL & 13, SR D R € X0 6 FREE r BEN 7o AL B S w5 R (i) 2 Bl

THERTHD. ZhEBERENO REBINT 2 BHEERTRD LI LD THS.
-1 T HRLAFIRBERE B D TEFR DA A — VI EZ7R T

33



RIBFEX
o [
o
YRS
@ -/ \\
! \
! X ! ®
\ 7
~ -—’f. .
X o
{
o [

X 3-13 REEEMBEBDERD A * —DH

ETOEXOPERE 2L LT, KR T L ORI ESE TORERSs 2358 L, —v %
B4 %8 L7- Hanisch 1% AW C, &I RBERS 2 G(r) % =(3-10)i2 L v Rk 7=.

T 1(si<r)1(si<by)- w(s;)
Z?Ll 1(si<b;)-w(s;)

G(r)= 2 (3-10)

G(r)=1—exp(—Mu?) (T U Z LGARD & & ORI %)

Z 2T, sl AT ERERE, b3 X D ERG E TORERBETH D . F 72, wis)lE
Ty UMIEARETH Y, miak Ds, & 8 & 9D REIETE IR S 7 B AR I Al O 1 K
THHHBEEBTWOUEEZX, yET5L, XGBLU)IZLY 5265,

w(s)={(x — 2s)-(y — 25} (3-11)

B 3-14 (iR FEREERI SO HA5 D L D MR 2 7R 9. [ ORI BB IS/ E T
5 RBLEN T o F DM E TR T 556 OO FFREEBEEE 2 £ b3, TR LT
YA LA LD b AN BB R SN G IIREES AT L 22 0, TNCHEN TG A 138
QiorAi &7 %, £z, BEEUE 1.0 13MEREETRD S5 moli FHEEBIEL O URME (1L
WEEE) THY, ZOPUREEEU EOBEEC RS\ TE, BT RE2 RO 0 Z &N TE
52 LR LTINS, T U F LAD L & ORISR & DIRAEIC & - ToHAi R 2 W4
LTENTELN, AR KBERB IO LEBICEWTHRHMET 5 2 L 28 ARET
5. BOICFEERER S D I AR S  ROEBERE A FT 2 Z & & Lz,
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G(r)

————TETUH L
>

0o PR ¢

3-14 FiAfEIRRR M DRAK

AT EIERERE Y, A ORI DR IR T & 5. AW TIX BRI
TRENTHBEORMEL LT, H2WUoMm (AT 47 ) AV, ZhWEAT 4T
VlBRs o EEF LT, AT 4T WEIL, T4 ERZSOIEICERZEE, )
CEPINET L2BIEOCZ L THY, TRELHF 5. RHFFETIE, A F—X
h, BEAZLBLIRT 7 U — MIEENDLRIEZ R & i L 7256 O EE 72 Rt
ELTHWTW D, AB-10)DRGEFFEEBERIEICBI L T, AT 1 7 BERERs o & I
FTLR3-15D L HThD.

G(r)=1 — exp(—Anr?) = 0.5 (3-12)

72, K@) oG o5 RIIFHAEBIKIT, R3-15 DL rlRashnsd.

/ AFAT R Ry,
' >

0 EEEE r

3-16 BAfERRRERAME A T4 7 VIEBE DR ORKE
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3.5.7 MBI (F B%)

PR RERIE, AIBEEX={x;i=1, 0N 52 b L X, BN OEE D HuEX )
O HITVEGEXE COMREECEET 2B THY, ZOEFRZN(3-13)IIRT.
(3-13)

F(r)=P{N(b(u,r))>0}
F(=1—exp(—Mur?) (T > ¥ L5400 & & Ol 4 BI%K)

T2, bunE A uEFLETHEEr O THY, NOuNIZDMHOHFITH D M
WEXDRETHD.
B MBI, RSB TEY B Er 252 &, AAMICIHET D RE
TOMHE r (BT 2 BREERERCTH D Z L nn, FlrEHEERIE & FEF IR < BI72R
B nD. FREBME LTRND BDOGAANT ¥ Do o%E, mBaEIL, H(3-14)

(RT BRSO NS,
(3-14)

F(r)=1 - exp(—?mrz) = G(r)

SRR XIZBWT, FolFERER UL AR X 12 5 A xi 2> B FERE r OFEPHIZ A
FAET 5 BFEMEEREECH Y (B 3-16), H2filo A BB A X WITEE R u 2R E
L7556 DRt v OFPHICRNFET 2 BEEMRESR L 722 (B 3-17). #BlEInd A
AN T4 R & K DO MIBRR X N T o F L4540 & 72 38803, R(B-14) DR b &%

UTPFEERERS R & e BT — B D, 2F D, T F L0 MmO REREXNITEED
H5—RuzhlE LIS EICRBNTY, JIBRX DT & L5543 kFF S i B9

HEFMEEGRIC &7 5.
—— REEX — —— RIBEX
. ——. . . . ”___\\. .
oo ® ® o /FEsu
/ \ | )
S L o xqif. I @
.‘\f / ° i @ R4
7 ~_ _ -
\x‘--'/ . . . . .
PO o o ® o o
o o o L
X 3-11 EMAOMBEBDOEERDA A —D

3-10 FAFEEMEBDERDA A —2
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B 3-18 (TR L O ICBISWBIRIC T v F LMD R 2B LIZGEDY I 21—
T, RUTPFIREERIR & A B e AT — B L T D (B 3-18).
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ar 7 ) — h~ORIOEITIE, V—Hh )T 4 R EEOLFER L, a7
— F OISR EICB W CEEREE A B TEEOELZEITOWRRITI 7Ly aa
Y7V —MITET A= —%H LHAE SN D2, EEEICTHEFEMEICBE L CEERO
1%, ERELY BRIEMBRETH D, ZITKIEO BEFHO BMEZERE SR
A2 RA— 2 NMEID, F D OKIBIZ L > TIRES LD & T D EREEIKOE 2 710k
SNTED Y, —RICITRIERHIRERED 250um LA T2/ £ 93 hiE, mEicxL
TT <R EZ BT 2 Ll Ens. 20 & oA REREIT Powers DR 2
IZHSE, ASTM C 457 ICHESND TIEIZ Lo TRDLH Z L2 >T0n D, ZOH
ENIMEIDOUWET N INT L D Th DD, AT EEER S EICKT D55 %
B> ook (R ofatt, & L EMICHRIERE SN2 5 bxigy b
[ZH S T2 BB OB G ORTERIZE LNV E WS 1 ROAT LA U—&ICET 5
HEARBRARGENEB. D, B.2)%, ZNZEN) =7 NI N—REBLWMEIERA N T~

MEELTHWTWS., EEOFHNZIHWTIE, BEMBIBIZICLVED N7 3—2 K
ZEBLEY, VEREREZHEELZD T 52 ERRDLN, ZO5HOAHIINRY
REW.

1980 HFARICA Y, EHEHTIEN—BIES D &, [BROFIHOFHE(LZ IR L 35
L DFEMEREND L 9T 9, —HFTHET SN ASTM C 457 DIED
I =Y T arBa—4—%fH LERESEATER IND Lo ickotz. L
L, Al LB 2B XK RO EE DL 5 TH D, FEMEEE VW CHER
2 E BRI HES S IHROFMU AT T INTRE L U TRIEICE S L7y, B
EEIND FITIN—ARRBIEHB KR L LTREVWEETH Y, {HICHEETE S
B L LT mIcE R LTV EITEWEEWERH 5.

—, BHRFRATEAN DB & D% ORGSR O FRIC KV BB R A S 1T
DITHONT, 1k D ASTM C457 DREATI RIS LA O EG th OFEMIERICAE R S L5
IZH 7> TV 5. ASTM C457 TITRIaME & RN FHEXI S Th - T, KWafEmi
DFEE RO D Z L%, [IAMBREOHE i ez BB E 2. Lael, #lzxid,
BHHIED, 2 WITHimE B 2 [IBBR SR B S GO Z L 2FIHL, R
MR EDFRE Tho CTHRIEBOMIIRES B L3S D LERHL TV .

—77, BGEUG & OBEG R Ok & RFHE ORI IR S e > T BFRIC T, &ia
MfRZDbDEH/ETHI LEHRINTEZ. ASTM C 457 IZTEZRE I N D EJaMRE
BT, RIANTRTCE—HEDOERTH - T, ZHSHRIA 7 L7 ks 1 SIS E S
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TORBEBAARE L, B AV b= NOAEE D SD A Y OKIARE D B Fe b MLE IS
oL EXOVEYERA RS, Lo T, EO= 7V — MoXyaMi@s BHE L
TEBEEECIE <, ERANERBERELITE LS. 2 LT, F—-HEEROKIEE T
T<, SHEORBRDIFIWNT X DM T HREEZBETEHLHICLT, LvEl
FEOLANTIREE T OXIARIMEOFAM AT 5 729D OEAEMITE bIREE N TE 2 0.
B 213 Snyder? IV < ORI BT 2Rl A ik U, Kia ki 7 & L TR
L, XI5 b EE CTE 5 Lu and Torquatod XX EH TH D Ll T 5.

VLED X512, Kydod 7B L TiE, KIaDZERAAmICBE D 58 ME s L Toxia
FlES LIHMEEDOE A b= MIEN DX E COHMENEETHY, i
BTk ZEnTENE, =27 Y — NOMEEEOREME, L ONRFIAIBIFIZE W
THRZRbOLEDLIND. 20X 5 ZEMNI AR LTk O 43tk iE % & &I FE
L&D LT 2EREIISA DO RBRER " CThH D, K- HEABRRWI LICKVE
AR T2 KR ETHHA LV bl b S, £70, MRICEMTLNEE LTE
DFHEOIMEL AL Th 5. T ML, Kald 2 RO FmIC 7 v & KT
L7zm & LTSN, [UaRRICRE L 5 5 s o iR STaE MR R U xS 35 A0
JEAH DAL RN DR ETOHBR ERRGITROOND. 72d, ZOHERIZHWTIL,
SR EROBMMELET2ERELRENTVWEOT, BREIZS L CREHEE B E T
LT L HARETHD.

RE 9 10CE, AL MN—Z MUIAMLTNDREEZRBEE LTEDB X, £
DZERIAT T DFta R A R 5. [IAMEEHIC ARG R 2 EAT 52 LR
AMIZOWCGRT D EEHET S,

4.2 JLyiafHEBEEROTAGERDOBER

KA1IZTERA FR—ZX NOARB LA EZTRT. £z, R4-212EAL FX—2
FDT vy v a2 KR LG B DRI E D — A R FR L e A v bR —
A MERIAR D 7 v —fEiE, W/C=0.40 TK 200mm & 720, W/C=0.45 T3 250mm
Lo TS, fRAKE A Y MEOHEEDO 7 o —EN/ NS DA RH D, EA R
BOZMEKERA L MDA TIET Ly v aBORMERE N EZXOND. 7L
v ¥ 2 D22 & 1T WIC=0.40 B LT W/C=0.45 DWW THNDOHEICBWTYH, A
R L T ZRWBERIER S i b/ & <, AE kAl « AE Bl OUSIME OB ZER
EHREL oo T HAAENT. £z, EiGH» 5B L% ORIaEEEICE
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WTh, 7Ly v aRICE bR EORE S ONEFITRZ L, IR ORI & 4L,
B ORIBREE D KRE S RDER LR -T2, RA2 OKIAEFEIT, 7Ly v ol
DZELKEIIK T DL DOXIAAEROFIG L L TRDIZHDTHSH. W/IC=0.40 I &
W W/C=0.45 DWW T b, BAHFIZ RN L TO R WERO KT R R 5 e B K0 -
2. TR TP R T ORTIE, HRIEOITHIAR N SFEOE ORI BV TEAE
DIERNBKENZ L3035 . IRFFIZ RN LG Ci, BfAloasmEosginc
R, KIETRLRELS RDMHmER L. =0 bLA VY RZTRELEGENTND
BANE, FHIABNLREOED £ TOBERICE T 2 REESEOEGN/NEL kot
A NEICKT DIRFIFIORMENSFE U TKEA Y NMEDRR S CP1-@E CP2-©
BLOCP1I-®& CP2-@IZ DWW THile LT HIRKE A > b CRFIAIERZ ) CP1 O
FDIE D TRIEAENRE L Ao TEY, AEBFIZIRNLIZHAICBWTH R Uk
Bilotz, ZOZENLRMAIZRMLT Y LA > R2T7 BFEET DRIAEE % FF
DOELA T, FIHIARNOFFDFEDBFRICBIT D7 Ly ¥ a REOEREDS < B3FET L,
LV LENRZERPEL SN TN LN THS.

K41 AV MR—Z OB, BEEELVHEONEZTL Yo

AEBKEIE AERIE J0— TERE
B WC  Toxo)  (©x%)  (mm) (%)
cP1-1) - E 195 24
CP1-® 0.05 E 203 3.3
CP1-® 0.10 E 213 3.4
CP1-@ 0.40 0.25 E 222 4.9
CP1-B 0.50 - 249 6.4
CP1-® 0.25 0.01 228 6.0
CP1-D 0.25 0.02 227 8.5
cP2-(1) - - 228 35
cP2-2 0.25 - 259 49
cP2-(3 0.45 0.50 - 288 6.2
CcP2-@ 0.25 0.01 263 5.8
cP2-B) 0.25 0.02 267 9.5
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RA-2 EAVRR—RA PO ITLy i EEENSEONERAE S

W/C 0.40 0.45
£ CP1 CP2

» 2@ 3 @ 6 &® O 2 3 @ 6
BEE ({E/mmd) 046 0.80 0.89 202 243 2.89 306|051 1.87 1.99 269 257
EHFUERE (um) 123 135 138 120 118 100 126 [134 117 122 96 129
T BNZESE(%)| 24 33 34 49 64 60 85|35 49 62 58 95
B EEOSaAEE (%) 10 19 21 35 44 37 73 (12 30 37 35 69
SUARIEROTEREL (013 015 005 006 0.12 004 006 |0.11 008 009 0.10 0.09
SUATETFE (%) 417 566 631 722 69.0 620 859 (342 621 59.9 60.1 72.9
70— (mm) 195 203 213 222 249 228 227 |228 259 288 263 267

4-1127 Ly v 2 RO ZER & &b ORI RREROBGR 2 7~ 7. IRFIAI 2 iR L
72 W/C=0.40 3 L T W/C=0.45 DWTNDELAIZEB VT H, KJaFRFERIL 60 225 70%
, ZEREOHTEE LTI 1% 5 3%DZEXREDRD LiroT-.
ICTHERO EFIZTRTOREER T 7y hENTWD. ZOFRKE L THEGO 2 fifk
SOMLBEIEFET 30um L FTOHBRFEZRELIZZ E b —REZEZX LN, (BFA
ERMUESAICEIT SN 25I81E30um 705 250 um & OHE WL H Y, K[iAD
BAETHD 30um L FOHABRFEZRELIZZ &
D EnD, HLHDOZERBEORA T, HEMAERIFOFT HIARD BFFOE OBFEIZE

L

WTkbivz L E s W,

Ly aFNZESRE (%)

12+
10+

= W/C=0.40
e W/C=045 y

SITNSNEEZEZDBND.

)i

2 4

2 4 6 8 10
R AL D SRR (%)
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4-1 JLy Y1 ROEIELEEROTEBARBEEDORER
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4.3 AU MR=R bhORAS MBS C B ELHEESE

X 4-2 12135300 2 SFEEEEZ, RLELOTHS. B4-2 0FER LY, W/IC=0.4
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Table 1 Mix proportion of specimens
AE water

Super reduci AE
W/C| Name |C:S|plasticizer a:m]il;tﬂfe admixture
(Cx%) (Cx %) (Cx %)
C-Ref — =
Cement| o 4o [c-AE® |1:0] — 0.25 =
Paste
C-AE® 0.25 0.02
M1-Ref —r
MI-AE@ | 1:1 0.1 — 0.06
MI-AE® 0.1
Mortar | 0.40
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M2-AED|1:2 0.45 = 0.002
M2Z-AE®@ 0.006
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Fig. 1 Example of images processed and
extraction of RGB components
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Fig. 2 Binary segmentation of aggregate and
air voids and their conversion to a point
process
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Table 2 Fresh properties of the specimens and air voids characteristics obtained from images

Cement paste(C : S=1:0)

Mortar{C : S=1:1) Mortar(C : S=1:2)

Ref AEQ® | AE® Ref AEQ® | AE® Ref AEQD | AE®
Flow value 195 222 227 198 197 198 202 217 218
Point density (/mm®) 0.46 2.02 3.06 0.60 2.18 2.91 0.83 1.66 2.80
Average air void diameter (um) 123 120 126 144 145 142 175 158 157
Air{fresh) (%) 2.4 4.9 8.5 2.0 5.5 7.2 5.7 8.6 11
Air(hardened) (%) 1.0 3.5 7.3 1.6 5.3 6.6 4.7 6.5 9.5
Cocliciont of vartion of the 3l | .13 | 0.06 | 006 | 011 | 00 | o1 | 014 | 0.08 | 0.06
Residual rate of air void (%) 41.7 72.2 85.9 81.8 96.4 91.7 82.7 75.6 86.4
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Fig. 5 L-function for air voids in cement pastes and mortars
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Fig. 7 Nearest-neighbor distance function for air voids in mortars (G,, : Real distribution in mortars,
Gs * Point pattern thinned by superposition of aggregate images)

Z OILHRE R AR O BERE I BV TR b b lLshth TERMICFHIL 720 SHICHMFIZYI2b—va vl
THETLZE2ERT 2. EBOEV I VRO Lo THHE I NRWO54 & ERO S OB 1T
Gy WKBWTid, L BEE FEiEICEREomV I TH Vv, BMOFEFEROGHIRIZTREL, Ml &Y
AT E o ofEFRD b L, . BEREHH Ial—2a illAGHAOBREMEST LN ER

IS5 LINHEBEMAEL o T, SHIEZEEREB L L7zo R THONAELRBEBEEUTOEY) TH L,
CHEEFEMTAZ 812X, AL ) EniEcih (1) ENF VADOTILITBEH OFEIZL o TEODTN
H2RHBTI LML L A20ThHD, T, IUEE HIRE4, A Y FPR—R FHROSEOSM & 125
BEASEL BB 2 L. RIS A R TERXDHEDTH LY. BEEOFHERTZ LR SN,
OFEEBAAVNE L A L LRAETH Y, EREHH (2) ENZ NVHOFIHITREO S 6 L CHFEEER %
ABE L NIENEHTOA 2L TE B ERRLT Gy HFAHBT AU EOEBLE 2 TELT, £
VWh, WY IWHOFIBE, FRESFEETEL LR Y P—
Tl S 2B Gg 1 IEEED VB Ic BT ERBE AP ) 2 ARTIEI »FAIIHTHLTWAT
DENZ VHEOFHOME Gy £ bR RMEEEZ R LN K BB X ) EEMICTERE S,
LTWwd, SRS EE2FL-L WA THRSI N4 (3) FHM® 2 EHETEFEERGOETHEEMFIL >
A& s zROEBOFRESAMEERL Y. LY i 3alb—TavilkoT, EBOENVF LHORE
lTEE AN s THE, Zofifiz s B OEMSM B L CRIBM oM ERTA L
il Gy EVWTNROIUEEEELIZIZ—H L Twi, & AURETH D, JiOEMSAFMIcBIT5Y 32
NIYEBIE Ial—YavickoaTEREAN:AHD L= a rOfF AEPRIES N,

SAiiE. EEOENY VROSIAOSNOREZV T

Zd, FNFhOSEMONEFEL LTS L& g

Zbih, [aoEMIHFEMcBTLYIaL—ary ABFEDOFEMI B 72 ) HAFARE SRS B
DHERUETRET 2, F2AFLADY—OBEH,D & (FEMWIFE(C). TS © 24560564, WFEEAES :
W, 2 RICHET B S EUE 3 RIT T o Az B At Rlb—) D3 % F e SR LHEYET.

MBS AZ EIRTER V. L L, HEHELVIERE

Lo TR ABErRBAfiEL NG T L% SEVM

MFEL TV 3. Lo T, AEEETVS VHORER L 1) MEHEA, KIS, BAEE  KIENmR L

LbEGHEOSITbhAZ EAfF s, Sl L LToRE L AWEa > 7 ) — FOFRMIT A — F BATRELR.
MG OTBIHFHTHL LEZ LML, AR EEAT AR, No. 396, pp. 2-8 (1986)

2) TR, EHETG, FETT ORI AT S %
4. i Awimidta v 2 ) — b oK IaHN a5k
AL TIEEN S NROFRIAO 5T HEE T SHf s L DWT, AL Ty ) — MR, No. 39,

152



Cement Science and Concrete Technology, Vol.69

pp. 141-145 (1985) 8) WHFIEIH, : o> 2 ) — b OSBRI

3) WLEE, NI T L= ML AT Lo TN =T 7OFEIIMTL—FEE, a7
) — bROGaMEBORE LB, kA O 1) — |} TEERRTCEE, Vol 23, No. 2. pp. 59-60 (2012)
21) — FERICEE. No. 42, pp. 212-214 (1988) 9) S|REEED HBEHRSETHVAER L PR

4)  BREEF—. fedbdz. ELRE—ER: W ko 20) — b A bR OFAOEMSAOERFHE, 22—}
KMo MEZIZ L L WMERET © 2REEFHL T 2R RERC4E, Vol 37, No. 1, pp. 493-498 (2015)
#2, No. 420, V-13. pp. 81-86 (1990) 10) #EHYE—BR. A+ JEL— - RGB 1H#R2FIH LT

5) ZEHRETEA  Wi{ko ¥ 2 ) — b OSBRSS W & OV HTTETE (%40 & OB FHH & HERHT o> 2214 5
SEIBIT AR B ARES SRR ESHTHERE. FetEIZB 4 2%, O v 2 ) — b TER4ERRRTCEE,
pp. 572-573 (2005) Vol. 35, No. 1. pp. 1759-1764 (2013)

6) D. Zalocha and ]. Kasperkiewica : Estimation of 11) IR - ARd R, bkt &H (1996)
the structure of air entrained concrete using a 12) D. Stoyan et al. : STOCHASTIC GEOMETRY and
flatbed scanner, Cement and Concrete Research, its APPLICATIONS, 2nd Edition, JOHN WILEY &
Vol. 35, No. 10, pp. 2041-2046 (2005) SONS Ltd (1995)

7) HESEHE, KEEFE: 7Ly yaary)—hizls 13) BAE—ER SRR L A AR HU B o ST
KBk ONEREICET A%, o2 )—+L BT 7. HARKERESARE, Vol 51, pp. 87-106
BEAEREASCEE. Vol 264 No. 1. pp. 669-674 (2004) (2001)

QUANTITATIVE EVALUATION OF AIR VOIDS AS A SPATIAL
POINT PROCESS AND COMPARISON OF THEIR DISPERSION
BETWEEN REAL AND SIMULATED POINT PATTERNS

Takuma MUROTANI? Hidefumi KOTO™ and Shin-ichi IGARASHI*

*] KANAZAWA UNIVERSITY, Department of Civil and Environmental Engineering (Kakuma-
machi, Kanazawa-shi, Ishikawa 920-1192, Japan)

*2 KANAZAWA UNIVERSITY, Institute of Science and Environmental, School of Environmental
Design (Kakuma-machi, Kanazawa-shi, Ishikawa 920-1192, Japan)

ABSTRACT : Spatial structure of air voids in concrete is crucial for not only frost resistance but
also strength and permeability of concretes. In this study, spatial distribution of air voids were
quantitatively evaluated by applying the point process theory to cement pastes and mortars. Air
voids distribution in mortars were simulated by thinning operation for basic point processes. For
the sake of easy handling of images, cement paste and mortar images were acquired by flatbed
scanner. Then all the air voids visible in images were converted to points. As expected, air voids
in cement paste specimens are distributed randomly regardless of air contents. On the other hand,
in mortars, random dispersion of air voids is not observed since aggregate partials interfere in
spatial arrangement of air voids. Cement paste matrix in mortar can be regarded as a random field.
The clustered distribution of air voids in actual mortars was simulated by the thinning operation
for a random point process. The simulated patterns have the same spatial characteristics as real
distribution in mortars. Furthermore, characteristic distances of air voids in actual mortar are also
comparable to those of the simulated patterns. Point process statistics and thinning operation for the
point process are useful for evaluating and estimating air void systems in mortars.

KEY WORDS : Air voids, Image analysis, Flatbed scanner, Point process, Spatial distribution, Thinning,
Simulation
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Fig. 1 Example of images processed and
extraction of RGB components
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Fig. 2 Binary segmentation of aggregate and air voids
and their conversion to a point process
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Fig. 4 Schematic drawings : (a) nearest-neighbor
distance function, (b) relationship between
median distance R, and characteristic
distance L’
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Table 2 Fresh properties of specimens and air voids information obtained from images

Cement paste(C : S=1:0) Mortar(C : S=1:1) | Mortar(C :S=1:2)
Ref |AEQ [AE®@ | AE® | AE@ | AE® | Ref | AE@® |AE@ | Ref | AEQ® | AE@
Flow value 195 213 222 249 228 227 198 197 198 202 217 218
Point density (/mm?) 046 | 0.89 | 2.02 | 2.43 | 2.89 [ 3.06 [ 0.60 | 2.18 | 2.91 | 0.83 | 1.66 | 2.80
Average air void diameter{um) 123 138 120 118 100 126 144 145 142 175 158 157
Air (fresh) (%) 2.4 3.4 4.9 6.4 6.0 8.5 2.0 5.5 7.2 5.7 8.6 11
Air(hardened) (%) 1.0 2.1 3.5 4.4 3.7 7.3 1.6 5.3 6.6 4.7 6.5 9.5
5ﬁﬁ£§2§£§;ﬁ;§i§;“°HC5the ar 1013 | 0.05 | 0.06 | 0.12 | 0.04 | 0.06 | 0.11 | 0.10 | 0.11 | 0.14 | 0.08 | 0.06
Residual rate of air void (%) 41.7 | 63.1 | 72.2 | 69.0 | 62.0 | 8.9 | 81.8 | 96.4 | 91.7 | 82.7 | 75.6 | 86.4
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Fig. 6 Nearest-neighbor distance function for air voids in cement pastes and mortars
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Table 3 Air parameters in the point process obtained from images

Cement paste(C : S=1:0) Mortar(C : S=1:1) | Mortar(C:S=1:2)
Ref |AE® | AE®@ | AE® | AE@ | AE® | Ref |AE® |[AE®@ | Ref | AED | AE®
Median distance Rsu(.ﬂm) 710 508 349 324 293 296 572 314 2713 490 344 267
Characteristic spacing L' (um) 648 439 289 265 243 233 500 242 202 402 265 189
Spacing factor L (um) 558 432 298 276 250 251 441 244 214 358 266 199
L'-L(um) 90 7 9 11 7 18 59 2 12 44 1 10
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Fig. 8 Relationship between characteristic distance L'and spacing factor L
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Fig. 9 Nearest-neighbor distance function for air voids in mortars (G, * real distribution in mortars,
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EVALUATION OF CHARACTERISTIC SPACING DISTANCES
BETWEEN AIR VOIDS IN MORTAR IMAGES ACQUIRED AT A
LOW MAGNIFICATION

Hidefumi KOTO", Takuma MUROTANI"! and Shin-ichi IGARASHI™

*¥] KANAZAWA UNIVERSITY, Department of Civil and Environmental Engineering (Kakuma-
machi, Kanazawa-shi, Ishikawa 920-1192, Japan)

*2 KANAZAWA UNIVERSITY, Institute of Science and Environmental, School of Environmental
Design (Kakuma-machi, Kanazawa-shi, Ishikawa 920-1192, Japan)

ABSTRACT : Spacing factors of air voids are important parameters to determine frost resistance of
concretes. However, the procedure to measure the factors are very time-consuming. In this study,
aiming at establishing a simple way to estimate the spacing factor, the spatial point process theory
was applied to cement pastes and mortars. All the air voids visible in images of a low magnification
were converted to points dispersed in the observation field. The nearest-neighbor distance function
was calculated for those points. The median distance derived from the function was regarded as a
characteristic for a point process. Furthermore, air voids distribution in mortars was represented
by using thinning simulation for a basic point process. The simulated patterns were compared with
real air voids distribution in actual mortars. The median distances in those point processes were
also compared to spacing factors which were calculated in accordance with the definition of ASTM
C 457. The median distances are very close to the spacing factors. Furthermore, there were good
correlation between the median distances for the simulated point patterns and real spacing factors
for actual mortars. These facts suggest that the concept of spatial point process is very useful for
evaluating air voids system in mortars, and that thinning operation of point processes is a promising
way for simulating real air void systems.

KEY WORDS : Air voids, Image analysis, Nearest-neighbor distance function, Spacing factor, Thinning,
Median distance
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Abstract '
Images of air voids were acquired with a flatbed scanner. Distribution of air voids in the images
was regarded as a spatial point process. The nearest neighbour distance function was calculated
for the point process. The median distance determined by the function was proposed as a
characteristic average distance between air voids. The median distance in a point process was
compared with the conventional spacing factor. In addition, taking account of the presence of
aggregate particles, air-void systems in real mortars were simulated as interrupted point
processes. The median distances between air voids in real mortars had a strong correlation with
the spacing factors. Furthermore, there also exists a good correlation between the median
distances of the simulated point processes and the spacing factors of real voids. Thus,
conversion of air-void systems to point processes is useful for evaluating actual spatial
arrangement of air voids. The point process function enables to estimate the spacing factor
easily.

1. Introduction

Adequate frost resistance of concrete is usually ensured by entraining a proper amount of air.
An amount of air is measured at a fresh state of concrete. However, it is empirically known that
the measured initial air content is not always kept in hardened concrete. Therefore, in addition
to the air content, spacing of air voids is considered as a crucial parameter to ensure the frost
resistance of concrete since it is correlated to a durability factor of concrete. The spacing is
generally expressed using a spacing factor. The spacing factor is obtained by following the test
procedures prescribed in ASTM C457. However, the procedures are quite time consuming.
These days, an easy and fast apparatus to measure in accordance with the ASTM procedures
has been commercially available, but not spread as a general tool. It should be noted, however,
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that the spacing factor of ASTM C457 is a parameter of virtual spatial arrangement where air
voids with the same size are regularly arranged in bulk cement paste matrix of concrete.
Therefore, it doesn’t specify a real distance between air voids in concrete. If void spacing is
important in determining the frost resistance of concrete, it should be evaluated from real
distribution of air voids in hardened concrete [1]. This is the simple motivation behind this
study. These days development of imaging technology and data analysis has made possible to
describe spatial arrangements of objects that are irregularly or randomly dispersed in 2D space.
It is generally assumed that air voids in concrete are dispersed randomly and uniformly. Strictly
speaking, however, complete random distribution of air voids may not be realized in concrete.
For example, aggregate particles prevent air bubbles from dispersing randomly. Therefore, it is
necessary to evaluate various patterns of spatial arrangements of air bubbles. To describe the
geometrical structure of spatial point patterns formed by objects such as air bubbles, point
process statistics has been used for recent decades [2]. Each point in a point process shows
positions of objects of interest. When free distribution of points is not allowed, their spatial
structure can be treated as an interrupted process:. Based on second-order stereology, features
of the spatial structure can be expressed by means of several statistical functions and probability.
Fortunately, there is a useful statistical function which has a similar viewpoint to the spacing
factor as a general parameter for the air-void system.

In this study, air voids in images scanned at a low magnification are treated as a spatlal point
process. Taking account of the fact that the spacing factor is a distance parameter, the nearest
neighbour distance function is calculated for those point processes, which represent exact
positions of each air void in mortars. A characteristic distance of the point process is defined
by a realization probability in the nearest neighbour distance function. Correlation between the
characteristic distances and the spacing factors is discussed. Furthermore, spatial distribution
of air voids in mortars is simulated as an interrupted point process. The characteristic distances
for the simulated point patterns are calculated as well. They are again compared with the
corresponding distances in real point patterns of mortars and with the spacing factors. The
procedure to apply the point process statistics to air voids distribution is proposed as an easy
way to estimate the spacing factor from images of mortars.

Table 1 Mix proportion of specimens

2. Experimeutal Supsr AE wa:ter

W/C |C:S| Name  plasticizer redt}cmg admixture
2.1 Materials @ O ()
The cement used was an ordinary PRef .
Portland cement with a Blaine fineness P-AE[1] 0.10 i
value of 331m*/kg. River sand was used CB:S‘:“ 040 | 10 ]12 ilég'} - g?g
as a fine aggregate. The water/cement P P-AE[4] 035 i
ratio was 0.40. The mass ratios of sand to P-AE[5] 0.25 0.02
cement in mortar were 1.0 and 2.0. A MI-Ref -
superplasticizer and an air-entraining H ﬁiﬁ[;] o ; %016
(AE) agent were also used. The total air ~ Mortar | 0.40 Mz:Ref[ : .
content was measured with a small air 12 |M2-AE[I] 045 - 0.002
meter for mortar. Prism specimens of e 0.006

40x40x160mm were produced in
accordance with JIS R5201. They were
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demolded at 24h after casting. They were then
cured in water at 20°C for 7d. Mix proportions of
cement pastes and mortars are given in Table 1.

2.2 Image acquisition

At the age of 7d, slices about 10 mm thick were
cut from the prisms. They were finely polished
with abrasive SiC papers. To distinguish between
aggregate particles and cement paste matrix,
polished surfaces of mortars were treated with a
solution of phenolphthalein. Ten images in each

SIS L F CROL SN 3 LY ENLE S |

flatbed scanner. Then the treated surfaces were  Fig. 1 Binary segmentaion of aggregate
dyed with black ink. Air voids on the surfaces :

were filled with a white powder of calcium (a) 1) e—— . (bl Kir
carbonate (diameter 12-13pm). The surfaces :
were scanned again to obtain images of air voids. = I U||r
The resolution of images was 21.1pum/pixel. , are- : : *

i ! )
2.3 Image analysis 00 k! : > _D/2 A
Various images used in the image analysis Rso Raoo

Distance r

- process are shown in Fig. 1. All the relevant

image information was extracted from an
original scanned image (Fig. 1(a)). For instance,
aggregate particles were segmented on the basis
of brightness and chromaticity (Fig. 1(b)). Air
voids were directly segmented from images of
cross sections treated with black ink (Fig. 1(c)).
It is known that the size of entrained air bubbles is usually in the range between a few tens and
several hundreds of um. Thus small isolated voids of one pixel (21 pum) were deleted as noise in
the images. Residual voids after deleting the noise were regarded as air bubbles. The area
fraction of them was simply obtained by image analysis. Centroids of each air bubble x;
(i=1,- - -n) was also obtained by image analysis. Then all the air bubbles were converted to a
set of points of which positions are the centroids of original air bubbles (Fig. 1(d)). The set of
those points was regarded as a spatial point process X={ x;:i=1,* - -n}.

Fig. 2 Schematic drawings:(a) the
nearest neighbour distance function and
definition of Rso (b) characteristic
distance L’ derived from Rso

2.4 Calculation of point process statistics

(1) Point intensity

The point intensity A, of the point process X was determined by the following equation.
_Np()

P ey “)

Where Np(W) is the total number of points in an observation window . A(W) is the area of the
window.
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(2) The nearest neighbour distance function (G-function)
The nearest neighbour distance function (G-function) was calculated using Eq.(2) [3].

Z}-’i }W)l (S; <7)-1(S; <b;)-w(s;)

G(r)=
sVIS; <by)-wisy)

(2)

Where 1(+) is the indicator function, i.e. equal to one if its argument is true and zero otherwise.
1 is distance. bj is the shortest distance from each point xi to edges of the window W. s; is the
distance to the nearest other point in the point process. w(s;) is a weighting factor, and given as
the inverse of the window area eroded by a circle of radius s; [3]. A schematic drawing of the
nearest neighbour distance function is shown in Fig. 2. It is a distribution function of distance
from a point xi in X to the nearest neighbour x;j (i#j) in X. The function is expressed as a
cumulative probability function. To represent a continuous distribution function by a single
characteristic parameter, the median distance Rsg is defined as a distance corresponding to the
cumulative probability of 50% (Fig.2 (a)).
(3) Thinning points lying on
aggregate particles @ @b _®
Using the point intensity A, for the r -

whole area and the area fraction of ' :. 5 ’ R :.
cement paste matrix in mortar, a point . ® o. all® . ° o,

intensity A of air bubbles in the ®

(b) (C).QDO

cement paste matrix was calculated. '

A point process with the intensity A,  Fig. 3 Procedure to generate thinned point

was simulated as a Poisson process processes; (a) basic process Xp (b) aggaregate phase
for the whole area of W. This @a (c) thinned point process Xs

simulated point pattern was used as a ' ,

basic point process Xy (Fig. 3(a)) where all the air bubbles were not disturbed by aggregate
particles. The simulated basic process was superimposed with real images of the aggregate
phase @, (Fig. 3(b)). Then points on @, (xi < XuND,) were deleted. The points in cement paste
matrix as a random field were survived to make a different point process with less points
(Fig.3(c)). This thinned process Xs (=Xo®,°C W) was regarded as a virtual point process of
air bubbles in mortar (Fig. 3(c)). Simulation to generate the basic process Xy was repeated ten
times. For each simulated pattern, the thinned process X; was obtained by deleting points, using
the segmented images of aggregate particles. The whole procedure to obtain the thinned point
process is schematically shown in Fig. 3.

(4) Spacing factor of air voids

Using the images acquired in 2.2, the spacing factor L of ASTM C457 was calculated by Eqgs.
(3) and (4).

3 P
:E[] 4 31&4—1 ~1} (for % >4.33) . (3)
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Table 2 Fresh properties of mixtures and air void properties obtained from scanned images

Cement paste (C:8=1:0) Mortar (C:S=1:1) Mortar (C:5=1:2)
Ref AE[I] AE[2] AE[3] AE[4] ‘- AE[S] | Ref AE[l] AE[2]| Ref AE[l] AEQ]
Flow value 195 213 222 249 28 27 | 198 197 198 | 202 217 218
Point density (/mm’) 046 089 202 243 289 306 | 060 218 291 | 0.83 166 280
(Ave;age airvoiddiameter| \». a0 0 yig w0 16 | 144 45 142 | 15 158 1T
(um
Air (fresh) (%) 24 34 49 64 60 85 | 20 55 72| 57 86 1
Air (hardened) (%) 10 21 35 44 37 13 6 53 66 | 47 65 95
Coefficient of variation .
of the air volume 0.13 005 006 012 004 0.06 0.11 0.10 0.1 | 0,14 0.08 0.06
(hardened)
gj;'d“al rteofairvoid | ) 0 o1 m2 60 620 859 | 818 %4 917 | 7 756 864
0
st /64 (4)
23

Where o is the specific surface area of air voids. P is the volume fraction of cement paste. A is
the volume fraction of air. « is the mean area of air bubbles [4]. These values of A, P and «
are also easily obtained from images by means of an image analysis software.

3. Results and discussion

3.1 Properties of air voids in images

Properties of air voids in the samples are summarized in Table 2. There are differences in the
air contents between fresh and hardened states. They are attributed to losses during casting and
compacting since the volume ratio of voids deleted as noise in the images was quite low. The
residual ratio of air in cement paste specimens without AE agents is the lowest among the
mixtures. This suggests that entrapped air in the cement paste is easy to be lost compared to
entrained air. In view of the residual ratios of the cement pastes and the mortars, air bubbles in
the mortars are more stable than those in the cement pastes even if any AE agents are not used.

The amount of AE agents necessary to increase the unit content of air is decreased with
(b) Mortar (C:S=1:1)

(a) Cement paste (c) Mortar (C:S=1:2)

1.0 1.0 1.0
0.8 s Pl 0.8 0.8/
] —— P-AE[1]
~ 06 s — 0.6 .. 08
= v —P-AE[2] = x
O 0.4 ——P-AE[3] ©C 04 ||, -—--Mi-Ref  ©C 044 [/ - -~ M2-Ref
0.2 - P*AE[“] 0.2 ’;' —— M1 ‘AE[‘] 0.2 'I, o MZ—AEU]
- -~ P-AE[5] : / —— M1-AE[2] [ —— M2-AE[2]
0.0 : —————— 00-f—r———————— 00 : —
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25

Distance r (mm)

Distance r (mm)

Distance r (mm)

Fig. 4 Nearest neighbour distance function of air voids in cement pastes and mortars
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Fig. 5 Median distance vs. point intensity in cement pastes and mortars

Table 3 Air parameters in the point process obtained from images

Cement paste (C:S=1:0) Mortar (C:S=1:1) Mortar (C:5=1:2)
Ref AE[l1]1_AE[2] AE[3] AE[4] AE[51| Ref AE[l1l AE[2]| Ref AE[ll AE[2]
Median distance Rsp (um) - 710 508 349 324 293 296 | 572 314 273 | 490 344 267

Characteristic spacing L' (um) 648 439 289 265 243 233 | 500 242 202 | 402 265 189
Spacing factor L‘(!-U“) 558 432 298 276 250 251 | 441 244 214 | 358 266 199

L'-L (pm) | 90 7 9 I 7 18 59 2 12 44 1 10

increasing the amount of aggregate. Aggregate affects the efficacy of the AE agents.
Furthermore, the coefficients of variation of the air volumes are smaller in the air entrained
mixtures. Entrained air bubbles are clearly more stable than entrapped air.

3.2 Variation of spacing between air voids

Fig. 4 shows the nearest neighbour distance functions G(r) of air voids in cement pastes and
mortars. They intersect the horizontal axis at certain distances. This suggests air voids have
their own sizes so that other points cannot be present in the vicinity. The distances at which the
function curves converge on the unity decrease with the increase in air content. This is because
the increase in the point intensity results in a closer neighbour point. The median distance Rso
which corresponds to a probability of 50% in the cumulative function can be considered as an
average spacing between air voids. Fig. 5 shows the relationship between the median distance
and the point intensity. There exists a negative association between them. When the point
intensity is greater than about 1.5, the rate of change in the median distance is decreased with
the increase in the point intensity. This may be attributed to coalescence of air bubbles that have
their own sizes. In other words, when two air bubbles approach each other below a certain
distance, some interaction between them could form a bigger bubble. Thus the median distance
does not decrease proportionally to the point intensity. Furthermore, it should be noted that the
median distance in mortar is shorter than in cement paste at the same point intensity. Presence
of aggregate particles reduces room for air bubbles. The occupation by aggregate particles
simultaneously produces small local regions where large air bubbles cannot exist. As a result,



International RILEM Conference on Materials, Systems and Structures in Civil Engineering
Conference segment on Frost Action in Concrete
22-24 August 2016, Technical University of Denmark, Lyngby, Denmark

many small air bubbles get closer each other in the local regions while the total air content is
increased.

3.3 Correlation between the spacing factor and a characteristic distance of the points

The median distance mentioned above is defined as a representative distance between points in
a point process. However, actual sizes of air voids in real mortar specimens are ignored. On the
other hand, the spacing factor of a traditional parameter is defined as the mean farthest distance
from any point in cement paste matrix to the surface of a bubble. The mean radius of air bubbles
is implicitly taken into account in the calculation of the spacing factor. Therefore, to compare
the median distances with the spacing factors, the median distance is modified to consider the
sizes of air voids in the point processes. A characteristic spacing L’ is simply defined by
subtracting half of the average diameter of air voids from the median distance (Eq. (5), Fig.

2b)).

L'=Rq, —g (5)
Where D is the average diameter of voids. The spacing factors L. and the characteristic spacing
L’ are given in Table 3. Relationship between L and L in cement pastes and mortars is shown
in Fig. 6. There exists a strong correlation between them. Furthermore, they are almost the
comparable values. Compared to time-consuming and boring procedure to obtain L, the
derivation of L’ is much easier. Therefore, instead of obtaining L directly following the
specified procedure, the spacing factor L could be estimated from the characteristic spacing L’
of point processes in scanned images. In other words, the spacing factor used generally
corresponds well with an average distance of a point process, which is realized in actual mortar.

3.4 Simulation of air voids distribution as a thinned point process

Fig. 7 compares the two nearest neighbour distance functions of air voids. The function Gs(r)
. is calculated for thinned point patterns, in which points on aggregate particles are deleted from
a basic point process. This basic process is simulated as a random process with the same point
intensity as in the original image of air voids. The function Gm(T) is directly obtained from the

700+ s i 700+
regression line
o  6004r=0.995 ® 600 r=0.999
| s % =
3 500 L'=1.30L-94.6 B 500
o~ =1: T, o i .,
= . 2 400] L'=132L-788
% B
57, 300 v 5 7 300
b 6
g 203'; (a) Cement paste g 200;# g (b) Mortar
B e A T T T =7 1 g i T T T T 1
o 0 200 300 400 500 60O 700 o 0 200 300 400 500 600 700
Spacing factor L (¢t m) Spacing factor L (i m)

Fig. 6 Relationship between characteristic distances L’ and conventional spacing factors L
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Fig. 7 Comparison of nearest neighbour distance function of air voids in mortars (Gm:real
distribution in mortars Gs:point patterns simulated by thinning points from basic
distribution) '

original images. There is a difference between the two functions in the range of short distances.
The curves of Gs(r) are plotted upper than those of Gm(r) in the short range. This is because, as
mentioned before, two points can get closer in the simulated patterns since the size of air voids
is ignored. Therefore, a probability of finding other points in the short range is greater in the
simulated process than in the real distribution. However, there is little difference between the
two functions in the range beyond certain distances.

Fig. 8 shows the relationship between the median distance Rsso of the thinned patterns and the
one Rso of the real distribution of air voids in mortars. There again exists a strong correlation
between them. Furthermore, they are almost similar values. These results suggest an alternative
way to estimate the spacing factor. Once random points with a given point intensity are
generated as to simulate air voids distribution, and then they are thinned to leave points in a
cement matrix, we can represent spatial distribution of air voids in real mortars. Then following
the procedure mentioned above, the median distance of the thinned pattern can be calculated.
Fig. 9 shows relationship between the median distances Rsso in the thinned patterns (i.e.
simulated distribution) and the spacing factors L in real mortars. As expected, there exists a
strong correlation between them.

At the present, the spacing factor is still regarded as an 1mp01tant parameter to evaluate the air-
void system in concrete. However, it seems that the procedure specified in ASTM C457 is
tedious and is built on an old-fashioned technique. Advanced equipment for measuring it
automatically is not widely used. However, if a simulation technique of point processes is used
for generating air voids as random points, and if those points are thinned to retain air voids in
cement paste matrix, then it is possible to represent real distribution of air voids, Using the
simulated point patterns, it is also possible to estimate the spacing factor L. From the
stereological viewpoint, the number of points in a cross section of concrete cannot be simply
interpreted as air volume. However, in practice, there is a good correlation between the point
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intensity and the air content in concrete as long as air-entrained concrete is produced properly
[1, 5]. Thus, once a necessary air content is specified, for example 5% or more, the
corresponding point intensity is easily determined from the correlation with air contents, which
is obtained in advance. Then the specified point intensity can be used as input data to simulate
air bubble spatial dispersion in mixtures. This simulation can be executed for mortars and
concrete since the both mixtures can be treated by the same procedure of interrupted point
processes.

Effectiveness of AE agents must be examined when frost resistance or durability of concrete is
an important concern. The spacing factor must be evaluated as a routine parameter to judge the
resistance. Following the procedure mentioned above, a characteristic distance that is closely
correlated with the spacing factor is easily obtained using simple scanned images and image
operations. In particular, images scanned with a commercial flatbed scanner seem to have
sufficient resolution, which is comparable to images specified in the ASTM C457 method.
Application of the point process statistics to low magnification images of air voids is a useful
way to evaluate spacing between air voids.

4. Conclusions

Air voids distribution in mortars was analyzed as a spatial point process in 2D space. Air voids
in scanned images were converted to the set of points, which stood for centroids of each void.
The nearest neiggbour distance function was calculated to compare different air-void systems
in mortars with different air contents. A characteristic distance in the point process was defined
by a probability specified in the nearest neighbour distance functions. The characteristic
distances in mortars were compared with the traditinal spacing factor of air void. Futhermore,
aiming at easy estimation of the spacing factors, the procedure based on random simulation and
image operation for points of interest was proposed. The simulated patterns of air voids were
also compared with real distribution of air voids in cast mortar specimens. The major results
obtained in this study are as follows;
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The median distances in mortars are shorter than those in cement pastes at the same point
intensity. The presence of aggregate particles makes air voids approach each other.

The median distance between air voids in real mortars has a strong correlation with the
spacing factor that has been used as a parameter for air-void system.

Spatial distribution of air voids in mortar is easily simulated by the thinning operation of
random point processes. Simple deletion of points on aggregate particles results in almost
the same distribution patterns as in real mortars.

The spacing factor is estimated by means of the median distance of simulated point patterns.
Treating air voids as a spa‘ual point process is a useful way to characterize air void system
in mortars.
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