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An Outline on Matsui’s Equation and its Circumference

Masayuki MATSUT*
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TOXITEKED.

F (1) = max {{P,(t) - 1,(©)]D, (1) -C 0} (2)

F,(t) = max {[P,(t) - 1,()]D, (1) -C.0}  (3)
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10 peak intensity (arb. units)

|
0300 320 340

3 JkEWAE L7- SWONT skl CTmEE 135,

11.7 A) @ XRD /3% —>d 10 B'— 7 BEDIRE

k.
e’ WDV, ZOMEIL L2 RO K OBSEE T,
7o, BRI CIIAZRE L THH LWT Ty 7 E—
ZIFHEL L2, L3> T, SERAHI T SWONT N
HOKITE IR 2 - AW RIAREE TH 5 Z &2
TNEEND. %IRRT DX, ZOWREETIIAKS T3
HEEH LD Z & 08 NMR EBROFER L W REhs.
INHOZ END, FRLLECORMARZE I, SWCNT
PERDZK DRI RIRTED & KURHRIRIEA~EA T D AR
EETHDHEBEZBILD.

—7, ®RTIE, 0~22 ATEBICH LW T v s

D=11.7A

f D=13.5A -

i

i
i

|

|

!

J
i

7

7

Intensity (arb. units)

i
il

R B

2 .7_‘2 242 2.2 2,42 22 24
Q (1/A) Q(1/A) Q (1/4)
4 THHEROERZ SWONT BT A A B'—
7 DT % — L OIRFERTFME. BR(~300K) & O
& 7ay hLThob.

100 50 200 %0 300

Temperature (K)

5 TAAE—2 A,B OFEDIRFEKIFE. [Xh

IZENEND ice-NT OREEIRE, 300 K (5 BB
ice-NT), 280 K (6 Ei5%), 220 K (7 BER), 190K (8 &)

ERAITCRLTCHS. ¥, @, B, +I7 4 AE—

7 B, TNLSMNIE—2 A OMEZRLTWD.
—27 (L&, TAAE—7 LIRS AHET 5. Zhug,
SWCNT WERDK DRI AL Z L, d= 2w0= 2.8
~29 ADHBEFFORFMEZ R LI-Z L2 H Db
T SO, 2V T K ORESER O KFERE A IREE T .
EBHIZTAAE—21L, Q ORELIFIHES N, 1
WITRI M A2 LT, £, 82, 30—
7 BRECER T 5 LG K01, IRAER 0<1.1
A ORI AE = NFEEICZET D, Zh B0 XRD
IRE— U DFFFTIC LY, T ORFHAICEE> T SWCNT N
BROIKSF DB HZEDF 2 — TR LI=Z
Lot K21E, WERR LB —ETEEDOhZE
MEET MIESL U 2 b—ya URER E O bR
LCu \;5(5), (6),(12).

4127, 3 FREOREHTOUWTT A A B — 2 OIREE(K
TEEZ7RT. SWONT SEIOEERIC LY, T4 AY
—7 OHBLT BIRENRER D Z LoD, i, T
EfE D=138, 135A0 SWCNT TOT A A —2TIF,
HBUREN R 5 2 FEOR Sy (TAAE—2 A, B &
BES) MWEZR-TUND, RN S 6 FREEDZE
THOLNET A AL —2 A, B OMEDHRERTFZKX
50RY. FHREBEEERICBIT e AT U AL 5 K
PIATIER O TWRV. 5525, 4 DOEEBIREE 300,
280, 220, 190 K OAFENDND. SWCNT OEAILH
BT L CODIZH 00y BT, ZOPNEOK DS
BIRENZ O X 5 ICHERCH D Z L%, 4 O
LIKOBFFREEPFAET D 2 L 2B LTS, £z,
TA AE—7121E, SWONT OBRIFHEA IR A D
5. 37ebb, EHEROKE 7 SWCNT 1L, £V



H—RF ) Fa—THNEO 1IRITHIT/ 220 TORD ISR ) 15

6 SWOCNT PEBIZTERL S 472 5 BER ice'NT @
HEET V.

RIS E OBFAEEATER S ND. ZOFET, 7
A AE—27 OFEPFH SWCNT WEBDOKICEFHE L D H D
Thd I EERET 5.

P EOHEREF L5 &, XRD BRI X 0 IKIEMATO
IKOFFHEEZDWTLLT D 3 DBk 2 o7,
(@) 7KIT SWCNT NERIZ T = — 7RI LT D,
(i) | RICAEEE 2 A L, FOREIE V7 koK

B 2.8 A 1TV
(i) TNENFAR DR 300,280,220, 190K & 5>
4 FHOBENTET D,

TDORMIE, KIBFH KN T A RS ) Fa—T
(ice-Nanotube; ice-NT) ##i&% & 5 Z & AR RBE LTV
%. iceNT {Z n HOKSFDOV 7 (n BE) NF2—
THDFENS 1 TR REA B e o ToiigZ L TR D, N
IV K & FRRICA KRS T3 4 B DR F- & K SEREA TR
ENTWa., BHE - HESIE, 20X 97 iceNT 28
SWCNT WERIZTER S5 Z & & 3R ERO TEIC X
DEER L QU209 1% 6 12 SWONT PERICTERR Sz
5 BfR ice NT OfEETT /L ERT. £T2 4 DOEBIRE
DMEETHZ E1E, SWONT OEREIHIGL, TOWNES
IR S5 ice- NT DERDEEHITH Y, 230K 2 D
ice-NT DESBIRENIR/2 D Z LICX > TR CE 5. &
AUBHD SWONT #kHE, B 109 ~152 ADEZEEH
N=LTWAHDT, SWCNT & ice-NT DL L T35
AZBRETD L, ice NT HAL39~82 AL AL HZ
EMTED. ST, KEREEHEHE28 A2BET D L,
A L7- SWCNT NENCIE, 4 BB (B 40 A) 725
8 BBt (HFX73 A) O SHHHD ice NT KIS D
ZENRDMND. T, FERTROD S IEERIRE O
4 [ FHEHT D, ThENORECRlE ST A A
E— 271220 C, ice NT HERHZIE D 3 LT 217
ToRERL, 5 BB (IERIREE 300K), 6 Bk (280K) , 7
B (220K) ,8 BBt (190 K) O ice-NT DIFEEHNH S
MNEIpoT2®.0, Fiz, FINHEDOHENG S, Z
D L 9 77 ice-NT HEXEDIERL R AU TUN A0,

’H NMR intensity (arb.units)

’H NMR
f=26.26MHz
H_=4.2T

D=135A

bulk D O

J\ 295K 290K
“ 285 K
“ 275K
270K
270 K
265 K
260 K 250K
0 05 |
f (kHz)
230K
. 210K
/ Vo N 190K
<—>
170K
. . - simulated
-70 -60 -50 -40 -30 -20
f (kHz)

7 SWCNT (FiE#Z135 A) #EHIE L
727K (H0) O HNMR A7 ~LOIREEKANE.
R ERRT., ThEhny v /e —s (m—Lv
VB By E X TNE— T S ERT. BT
RLTEARY MWL, VR alb—3 g VORER.

3. 2 h—KRyF/ Fa—TREOKOERIZEE

FTTITBRAR L DI, /INSZRERD SWCNT (D<15
A) NOKIZHEESZR Z L, R TR L7z ice-NT
WEEIERCT 52 £ 3, XRD ERICE W RE-. 22
T, KF0 'H,°H BEOBREEINES (NMR) Oft R4
H &I, SWONT WERDKGT-OFAFI TR, EbIT
ice NTHIEIZRIT 571 b H A F X 7 AT TR~
%. NMR JIEEAT-7= SWCNT ikl (CEBELE D=13.5
R) TIL, 7B, 8 BB iceNT DJFAAS, XRD 5
IZ X W HER S5,

712, VHIEEE D=13.5 Ao SWCNT (20 L=k
OREM72HNMR A7 MVERT. £72, AR
2L KD PHNMR AT MVOIREZE LR, fA
7 ML EBICHIRBECHEShZbOTH D, HE

(BEAv v 1) 1, BEUERRE—A > b2.8X 107 bams)
% H072IC 2H BB OB AEC & A% EGR BEH
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T
F D=13.5 (a)
| “HNMR
f =26.26MHz

I, X T (arb. units)

v * (kHz)
B

Q

o

action (arb.units)

=]

G

T
-«

XRD intensity (arb.units) frozen water fi:

K8 (a)’HNMR AT MLDOF T )L E— 2y Bl
HRO 5y 2R OIRSERAFME. FERRIL v=1.12 kHz,
T=365 K & Lz & & vy wexp(Ty DORHFERZ 7R
F. (b) >H NMR A7 M VORISR OIR AT
. (c) 'HPH NMR 58D 5 FAR - 7= [E kD
K GEBYDYHGHE LTk 740 OFE OIRBERIFE.
QL OlE, N H & *HNMR O %7~
Z OFBETIL 280 KA BTN 6 BER ice-NT
MRS D Z & A3 XRD FEBRIZ LV g ST
D, 6 HER ice- NT 23 (5 HEIGIIIEF I/ N E W=
HIZ, NMR FREEN B 132 OIZRIFEIH ST
V. (@) YRR 135 A SWONT sREHCEll &
NBT A AE—2 OMEORFEHRIEE W Al
ZNENTBBR. 8 BBRice NT M5S0 E— 7 80,
OIZ#4 5 2 SOME D ZFT .
2. Ei, Koy To H BNEOBLART Vv
OFEH (V72=3.1X10" Vien?) 1% O-H FHFEADI100%
BNTWD, L7z2So T, KT OB SEITHN L
AL, *HNMR A7 RTS8 vo ~150 kHz
GEE#IE~200kHz) DX TN E—2 T L 707, EEKC

Tr 1T rrrrrrrr T

"HNMR D=13.5A
f =170.82MHz

| 270K

250K

230K

o N 200K

A 170K
1

A 150K
TN 120K
o 1 P I T B i

-80 -40 80

0 40
frequency (kHz)

'H NMR intensity (a.u.)

X9 SWCNT (CF¥iHE# 135 A) alBHalas L7
K (H,0) ® 'HNMR A7 b VOIREEAFNE.
FREMEHNL, A, IR E BARRIEDKN B D
FEIBIRAAN RIS T .

2SIV T DRTFRK (h) T, ZOXH AT FAR
WhEEnTHAD. LrL, A TIT-7290° 7ULA
TRIZ X D NMR JIE T, HHBipiEss 100 kHz FEELL 1
DAY NJTBHAINARATEETH H Z L3> T,
L7eidoC, EBEIDNHHE L72/K3 70350 NMR A7

MVERIET D Z SIXTE 2R, K5FH3 *HNMR ORF
A —L ~10° s (ZLE L0\ il &4 7> T
LAy, JOSRESY A 2 32 L B3 o
TN BM. 2H NMR HIBRRIENE, 57PN CORZIY Fuffi
FEERICE D IRE D=0, KT OREREE)H IR
DB ESIXRTER /2D, KTIZHD LI,
sV IKCH, RIARIREE TS T-OIEHEBNC £ 0 S8
{ES 7z NMR A7 MBS DA, EAIRET
VEEHSEBNANHGE LT B 72 DI B UIE A LAY
TERL Y, AT MURHELTNS.

SWCNT (e L72/KCh, il CrLiRIg 10 kHz F2EE
DY STz NMR 227 MBS NS, 7250
H, SWCNT W TRy O AES) L T\ A 2 & &oR
LTWD., FIBTHELIBRRD LI, KRIZZ2RDIC
IR T-OIEBNNEE T H FIERED S b3S



H—R T Fa—=THNEO 1RTHT /205 T ORI % H) 17

@ () ) av)

10 AWNZE=FRUXF—NE 77 m b Ui
o 4 FE D 7 BER iceNT OREEET /L.

D721, KR TIEARY MUEENEND. 22T
1%, HNMR A7 MLVOBEEIZER 5. NMR A

MVEESRE (o) 13RI B 72012, F=
—HNCHEVBEIR & & BITHIRT 5. LiehioT, AXY
IVBREE LIREEDORE UsXT) X NMR BUNC T 527K
DTECHPIT 2B TH D, K 8@ITTT L DI, ik
TIXEXT (HFFEEME & D3, 220 KLLF Tl L
TWB I ENDbND. ZD 20K LAFOBD L, —HD
KT OEBDNHRET S Z 2k Y, BIITEARVRE
RHBD AR MVEGBHBLLIEZ Lick B2 D
5. XRD FERRIZ LD Z OB TIZ 220K AT T 7 BiR
ice-NT DIBHER STV, LER-T, Ky
iceNT ZJERk 3 5 Z &2k, TodEdhEtL-L5
ZDONAKRTHD. K 8(c), (ITRT LI, HNMR
MRS o7, EEIDNHRE Lok 4 (EifRED
KOEIE) ORI, XRD OT A A —7 O
LX< —HEH LT,

X 9 | 'H B0 NMR A7 b IVOIR AT A7~
'Hi% (I =1/2) ® NMR T, Ui H R OB
SAWGEAFIEAERC LV iRE Y, TOMALERZIEIY T
WO 'H RO b OINZ, B2 555 TH»LO%REH
bB. Lo T, Koy T OlEsEs) 21 ¢  IrkiE
Lo T, HGHROESULIEEZ V155, 7TEBRE 8
BHERD ice-NT HEE O ARG -E7 /M E3& 'H O
W% 0T 5 &, N2 IEHE 4 49.1
kHz, 48.6 kHz 35157, K 9ITRT L1z, 120K
PUF CI3E o i aig~56 kHz Ml S b, Zo
Z &1, ice-NT DKy 1D E NMR DR R 7 —/L
THAEL TWDZ EERLTWA. KI10ITRT LI,
ice-NT ZIFAKRIFFAZ IR U CigiR L7oiiE R H 0,
KT BRI FREE R > N U — 7 OfBIRZ Ak
ZTZ LY, ZhoiEMEED Z L TE B0
Lol EBRREEIT NMR ORI 7 —L Tl e ko

A F 7 ATHHELTRY, KFEEOMAEZIE
T HRT L UEEEE~100 K L0 HREWVT & &R
LT,

WIZ, IR CTOKG THA T I 7 AT T~ 5.
FCITIRA= X 91Z, 220 K BLETIE, SWCNT Nk
SFIFEREE# A LD Z SIS TH S, 22T
1L, FHOWHEEBNCOW Gl 272018, fERET
L& UTREF28 ice-NT HEEDAHE 1A T, NMR D
REfH R o — /U bl LA-50y, B HERE LT 55
BEEZD. ZOHE, STHNO H BRBIBEEOAE T
HAERIT AL SHIER L, TR 72572 2 Ky 1O
KB FAAEAERZS NMR SEE#RIEZ D 5. ZDET
IV B FHR ST IR OB A 24 kHz 13, 220K LA
T S LA R 6~8 kHz (ZHHi L4y K& . 7
bbb, 220K LA ETIEAS 113 109 s 12k L5338 il
HEEE) A L TR Y, SWONT NOKIZRIEHTHD. =
OFERIE, HH - B SIC L A4 FI AT IS < B
B Ial—va itk Gonr, EES ~10°
em?/s & P& L7,

%2 HNMR A~ ML OREEN S LD, Koy
F-ORFEHEB ORI O Cilin T 5. 71D LD
12, BHlENS HNMR A7 MWL, m—L B
TRIND U E— I BHER (D) SHMEOKR
XRFTNE— B (FERY) 0D 2 BZ53T 5 2
LW TED. KOTHEITR: B BEREERZ LD
B, HIENE TOBSART > L NEINC & 0
ILENMETHIZDIC, o= R~ f L
LTEREhG. IS, mRTIEy 7 e — 2Rz
7 MVBBIIIER, K TIEE BEESES A LT D
ZEERLTCND. —J7, KT OTEEN )Y TR A H
EEE TGS, EHAET Y VI EEER L
BIEAE B AROMWENED. LIZR->T, X7 e—
JHIZAy MVBMBIIEND. UL, TONHIE v
I3 VL7ok (h) THOLNDME (vo ~150 kHz) (ZEHE L
&L 725 BITRLIZE OIS, IR GBIl &S5 A<
7 MW, [EESEEIOFBIRES 10°s K0 b5 <,
Vo= 6.8 kHz & L CHHE LR CLHHTD Z &M
TEBD. KIS T CTHBED, KyTE SWCONT
BEDMAAERIIARS TOMEIUREL T DT TH 5.
ZDTeOIIRGr T OIEREINY, FERIIFEH TR
7B EBZBND. [AEEDHNMR A7 hUT, ¥
VAT TR, BATA N, ARBUCEAE LT T HEE
ENTNDXD L N K TN — 7 B D435
M8 vo OIRFEMRAFE 2~ IREEA R 22 B LTis» T
[EEREENAY L 0 SN BT Il v &< 72 B K
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ORT LIS, vo DIERIFRIBTEEOR v'=v,
exp(TyT) T7 4 v M52 ERTE, BOHNHIEE LT
FAF T T,=365K~0.031eV TH5D.

*HNMR,

D=19.4 A D=24.0 A

280 K , ) \ 280 K

e
J \ 260K 5 j\%OK
[\ 240K N 240K
N\
e 20K

220 K

’H NMR intensity (arb. units.)

210K 210 K

190 K 190K

20 30720 2100 -40 230 20 <100
f (kHz) f (kHz)

11 SWCNT CEHER 194,24.0A) FBHIWLAS
L7-7k CH,0) @ JHNMR A7 VORI

(arb. units)

I xT
o

S

<o
[

I X T (arb. units)

0 1
150 200 250

12 BN D=194,240 A (EX) & D=168,
218 A (F) » SWCNT =B ClllE &ni- 2H
NMR A7 MVEESSREEDIRERITIE. F2HE R
BRE AL EN IR & BRI xR T 5. Hlk
BEDTOVHEL 135 AOFRLRLTHD.
FENENMR FEREDIREZ b b L IZHRTE SH
72194 A® SWCNT TOKDOIEEIRE 27~ LT
W5,

4. EROXELA—ARUF/ Fa—TREBOKDOES

SWONT EEN~15 AZMZ D &, WNHOKOEERS
EBOBMAMNENT D, 22T, KEARTPHEE

(D=16.8,19.4,21.8,240 A) ™ SWCNT 235 L7=/KD
AR BN 2 ik % OO [ 11 (EHEEE 200 A L 24.0
A D SWCNT BT SHL72 PJHNMR A2 ML OIRE
EAbAERY. HEO/NS72 SWONT (D=135 A) 054
LRICE DT, Mk TR olaliimEEhic 1 v 5edifk
ENFA PABEIIEND. bbb, IR TIEN
EROKITIAIRREIZ B 5. IR CIIZRDNRIAD B [ A~
FZHE L, K531 OERREERIANHE T 5 72018, 9240 K
LUFCARY MBEDRD RN ABILS. K 1212, A
7 NVEBEEDIRERAF 2R T. 2 2 ClEAs M
FEDRITID LB HIRE R Taw & EFHT 2. KNS
Fa—THEBENKE L RDIZ LN, T3 EF$2
EFA2 R TS,

13 [TKENELEHER 194 AL 240 A0
SWCNT s CHIE &z XRD /34— OIRERFM:
Zad. K 130250525 X 912, 340 K TOD XRD /3
H— TR E W L QO RNZEDIRAE T XRD /34 —
VE—ET A, ZORRIE, SR TIE SWONT 13Uk E AN
ALTWRNZ EARLTWA. $77, 300 K LAFICH
HF 2% & SWONT 1IKENEUT H7-H1Z, (10— i

1 (I) i( 1 1 1 1 o
% (a) 10 pea D=194 A
E 2 ‘ % : empty at 300 K _
=l 340 K
=y 140 K
izl 200K .
8 220K
= 290

(0] -1 [ I MG St M mccioinn. s s
3m T T LI
— D=24.0 A
E
.2 E
e
&
2
g! ]
E
0 I T T =]
2 3 4 9 10

5 6 7
O (1/nm)

13 KEWE LIRS 194 A (BX) & 240
A (FIX) @ SWCNT B XRD /3% — > D
IREERAFE.
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14 KEWHE L7- SWCNT £ XRD /347 —

D (10)'— 7 BEOIREZE(L. TR L mfTENE

AUFHRIEFE & BRI SRR T 5. RANZENEN

@ SWCNT COEEIRE A7~
FEIIREITA T 5. D IIBRTR A ER O/ NS e
SWCNT DIELZEENERLUTHS. Lonl, SHIZIKE
TIEESTLK BB FEL O BERIS NS, 10)E—2
RELIREZ NI T &4 240 K TEEE R A R L,
FHONEE A LH-SE5 L5240 K Tl Leofiic s &
5. X 14 ([ FHEEE D=16.8,194,21.8,240 A SWCNT
TO(10) B — 7 SREDIRERFEZ R, (10) B — 7 JRE
OIRPERAFHEI ISR & FRERE e A7 U VAN
BISID. Zo(10) e —7 EDZ I, SWCNT PNE
DKROFRFAIZ L D, KT DHEFESAT DI LI
THZLITTER. F, BHEO/NE 7 SWONT CT#l
WENT X D TeKORRFAEGE &~ 7 A A —27 13850
SR D OFEERFEIT, BRRELITICRD &
SWCNT PEROARDSMIZHEH S 41, S HITEDPEHE
nrEAKE, BEAES LEREBEZ2EBZ D EHY
SWCNT WEBICBENT 2 Z L 2R LT\ 5. ZORDLE
WNE—FHD wet-dry 58 EH XD ENTE S, ¢
Wik _7= X 91, BRSNS 72 SWONT kN Cli o &
9 72 wet-dry BRI S0, 2 2T 14 12RFD
TRT LIS, FHERERICBWTA0) B — 2 SREEN D
fEICH EBIREE wet-dry B5BIRE (Twn) LEFRT .
KB B2 K 91, Twpld SWONT EAENKE L 72
BEDOLTMNEFATS. 72, Tapld NMR SRSk
TE LT KDNHS Liasd HIRE Tar & £ < —89°5. 2h
K DWEAE AR & wet-dry T AN EIERIFH R 2
STNWAHZ L ARLTNA.

T T L]
B NMR

@ XRD

A MD Takaiwa et al.
O MD Shiomi ef al.

L) wet
250F

(filled) 7
g |
=
200
Ice NTs *Solid
15(\, L L L L L L
10 20 25

15
SWCNT diameter (A)

15 SWCNT PBOKRO 7 m— UK. B @
IEFNZEIUNMR & XRD ZEBRIC K 0 IRE S 7= FHR
BIRE. £z, ST L2 KOTEA-E IR
ENLOINFZRL WD, &AL, TR
AL LEELICEAHEM Y I 2 L—ra b
LIVARSRBIREE @) FAKIL, 2T 5,6,7,8
BB ice-NT Z#irmh b RiAEET L.

5. SWONT &AM 0—/ LR

XRD & NMR ZEBRO#E H7> 515 Bz SWCNT RERD
KROMKZR 15 18T, KERELAFER (D>~15 A)
TIE, SWCNT PEBO/KIE: wet-dry 582422 L, (RIRT
SRR S35, XICIE NMR S8 L 0 Rked
TARAR-EHAFBIARSIELEE Tavm & XRD S5 R HIGE L
7= wet-dry 5RBIRE Tap Z7RLTHD. HERNDL T T A
Xy BT U —NEIZITERK SALTOK DR T lE, 2SR d
WINEL RBITUEDY, 2L IRREDK DS 273 K
MHBETTLZEREIIHMBNTND. ZOHA, [l
BN AT, K X2 KB U, AT, =273 — T lid &35
bEND. SWONT NOKDFHSEIRE Tar & Twp DIE.
ALY, CORUCEOBAT A LN TEDZ &0
5, wet-dry EARBIIKOWRIR-EHAFREEE AN | &4 & 72 o
TWHEEZLND. 2O wet-dry BRED A I =X NI
DNWTE, AE%EFICEERT 20N H L, EENRK
X 72 SWONT IZINE &N T KK TR D BRICRZEE
TORHE L 720, wet-dry BRI Z 9D Cldiew i & T



20 AR TSR

FiET# 534 &

Eha.

INSTREARGEI (D<~15 A) mimzi{&ﬁ&ﬁ:ﬁfﬁ%
BEEZ L, KR Tice-NT ZIERKT5 2 & AN FERANICH
HOE R o7, ice-NT OFAEIIZHRBEAD /N < 72?5
CERL, REQERFENTENSNhD X7, k)
BAIBI TV DEERE T SR Z2 7R3, KRS, S
BB ice-NT TIZ, /L2 KOS 273 K % KIEIZ Elal-
TW5. 2O iceNT ORlEOZERERAFIEE, HHIZ 1
WIEHERCREOHRIZE Db D L 1FB 2TV, Tt
DNFNE, BRIV NE L 72 DI LR E T A1 C
bD. ZORERIEMEKTIEL, FHEEY I —v

VR EBEhDZ L bé&%éﬂfb NHENE)
HBIE, ZO SWONT BAE D~15 AZBICEA T DR
DB, 72 BT R — B~ D 7 1 A
T N=PNEE T ZEICED EBX TS, Thbb,
SWCNT B4 D~15 AT OBHIZRZERN T, bIdse
IV A=) L R UAEEOKITIER ST, {boT
ZiEE & O AAER OBT %250 72, A —/ Ak
TOH LVKEREF Y U= R EShE. 2ok
X, iceNT DIERIIAKDISLY T AL — (H0), D&
ZTAEONEARTHD. n D5 LLTOINLY T AL —T
1%, VU IEENRETH DL ENMBENTND®,
Iee NT #58E1L, ZDX 7KDY 701 Rtk &
25T &szf”a“é n BBz ice-NT OftslE, SWCNT N

BT 5 n BERY 7 AX —OREME & BEACBE L T
D EHEREND.

6. F&o

SWONT (20 L7k DS & AR B DU T,
XRD & NMR FEEROFERAHAI Liz. @il Cld SWCNT
NEBOAKSS 13 100s L0 b4y < WieiHES) L TR0,
HKITEARREETH D Z LRSSz, IRBIZ TS &,
AITIRAR-FE R EREE AR L, BERO/NS2
SWOCNT “Cid 1 IRt BF#EE 2 B D ice-NT 2SRk &
N5, FIEALOKE 2 SWONT T, wet-dry #5854 1L
Z L, JKIZ SWONT AMSBICHEH &N D Z & 3B h & 7
Sz, 2O wet-dry ERRBIREED SWONT BEAHRAFIEIL
PERDBF HIVTW DRI T & [F U1 27w 32 &
5, SWCNT PO ZK DR IA-E AR & BH B L
TWDZ EARESND.

F72, 22 TR LIZ SWONT L0 & S ER S A
FREED SWCNT NERTIE, K3 143 1 ot T =— L &%
L, FEFICENT T N AREEZ R 2 L BRI
THIENTEY, KWV SWONT D71 s U AREE 23

ROVERHH®. n BER ice-NT HEIEII KIS FD 1 R
T =—> n ROEARERITZENTE D, L<H
HIVTND & DKL FCdo W R & 2o B E—
AV NERTHIEND, ZOKST 1 REF=—20F
FEEEMEA R T 2 ENB X DA, lee-NT OFF B
RGN, F 7=, SWONT (3K O bk 7251
RFRTFENLTHZENTE D, LId>TSWCNT N
B> 1 RTTHIZERI 2RI LIz LT f R oo Va3
AHECH Y, D OWE COFAIIEDFBI I S
na.

AN, BLRE S, W72 (B AR,
JrBLER L, FEskiit GEERRAEMIEI &%
U ET 5% OF % LOIFEZEE LTiTbhizbo
Tho. HEENFGEE O 2 (TR EHN T LET.
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Damage in Urayasu City due to the 2011 off the Pacific Coast of Tohoku Earthquake
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Performance Assessment of Corroded Reinforced Concrete Members

Zhao-Hui LU*

1. INTRODUCTION

Reinforcement corrosion in concrete is the predominant causal
factor for the premature deterioration of reinforced concrete (RC)
structures, leading to structural failure (Broomfield 1997).
According to the well-known Tuutti’s model (1982) as shown in
Fig. 1, the corrosion process in concrete structures includes two
phases: initiation and propagation. Recent research has provided
a wealth of evidence that for RC structures with load-induced
cracks and subjected to constant chloride invasion, as represented
by a marine environment, the initiation of reinforcement
corrosion at the root of cracks occurs within a short period of
time in service and the initiation time period is negligibly short if
service life is considered (e.g., Francois and Castel 2001; Li
2003a).
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Fig. 1-Tuutti’s service life model.

On the contrary, little research has been done on the corrosion
propagation in concrete as measured by the corrosion rate or
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corrosion current density. In general, because the corrosion rate or
corrosion current density varies in different structures, it should
be obtained from site-specific measurement of the structure to be
assessed over as long a period of time as practical. Obviously, the
above method for determining the corrosion rate or corrosion
current density is unrealistic. Therefore, Ting (1989) and Andrade
etal. (1993) adopted a constant. Mori and Ellingwood (1994) and
Frangopol et al. (1997) proposed a time-invariant random
variable to represent it. Recently, Li (2003b; 2004) proposed a
time-variant random variable for modeling the corrosion current
density. However, a careful examination of the mean value of the
time-variant random variable revealed that it is seriously
underestimated. This is the reason that the corrosion current
method grossly underestimates the strength deterioration of RC
flexural members compared with those obtained from destructive
load testing (Li 2003b). It is in this regard that the present paper
attempts to develop a rational stochastic model of the corrosion
rate and focuses on the structural strength deterioration as
reinforcement corrosion propagates.

The intention of this paper is to present a reliability-based
methodology for performance assessment of corrosion-affected
RC structures as exemplified by RC flexural members subjected
to chloride-induced reinforcement corrosion. A two-phase model
of service life is developed with the focus on the deterioration of
structural strength due to corrosion propagation. A stochastic
model of the corrosion rate is proposed for representing corrosion
propagation in RC structures. A comparison of the strength
deterioration as determined by a destructive load test (Li 2001; Li
2003b) and the present corrosion rate method is undertaken, and
it indicates that the corrosion rate method can effectively predict
the strength deterioration of corrosion-affected RC structures. The
time at which a corrosion-affected RC structure becomes unsafe,
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and hence requires strengthening or repair, can be predicted with
the aid of the time-dependent reliability method. The
methodology presented in this paper can be used as a tool by
structural engineers and asset managers in assessing a
corrosion-affected concrete infrastructure and making decisions
with regard to its maintenance and rehabilitation. Timely
maintenance and repairs have the potential to prolong the service
life of corrosion-affected RC structures.

2. RESEARCH SIGNIFICANCE

The strength deterioration of corrosion-affected RC structures
can be determined through two different methods: destructive
load test and nondestructive measurement of corrosion rate. In
practice, however, the strength deterioration can only be
estimated based on the reduction of the cross-sectional area of
reinforcing bars, and the reduction of the cross-sectional area of
reinforcing bars is mainly depended on the corrosion rate.
Therefore, in order to effectively predict the strength deterioration
of corrosion-affected RC structures, it is necessary to develop a
rational model of the corrosion rate. With the strength
deterioration, methods of time-dependent reliability are employed
to quantify the probability of failure so that the time the structure
becomes unsafe, and hence requires repair, can be determined
with confidence.

3. FORMULATION OF SERVICE LIFE

In this study, a service life comprising two phases is defined
based on the deterioration of structural strength due to the
reinforcement corrosion in RC structures. As schematically
shown in Fig. 2, the first phase of the service life of a
corrosion-affected RC structure is the time period from the
completion of a newly built structure to the initiation of corrosion
in the structure, denoted as (0, 7;). The strength of the structure is
seen as a constant during this period, and 7; can be predicted on
the basis of recent research, such as that of Francois and Castel
(2001) and Li (2003a). The second phase of the service life is the
period from the initiation of corrosion to the final collapse of the
structure (loss of strength), denoted as (7;, 7j]. 7; can be
determined once a performance-based assessment criterion is
established. In the theory of structural reliability, the criterion can
be expressed in the form of a limit state function as follows:

G(R,S,t)=R(t)-S(¢) (h)

where R(¢) denotes the structural resistance at time ¢, which can

be modeled as a time-variant random variable or a stochastic
process; S(¢) denotes the load effect at time #, which is generally
can be modeled as a stochastic process and is usually assumed to
be a time-invariant random variable; and G(R, S, ¢) is the
performance function.

Strength deterioration

Time (year)

Fig. 2-Schematic model of life cycles of corrosion-affected
RC structures.

Commonly, with the performance function of Eg. 1, the
probability of failure, P, (7), can be determined by

P,(t)=P[G(R,S,1) <0]= P[R(1) - S(t) < 0] 2

Eq. 2 represents a typical upcrossing problem, which can be
dealt with by time-dependent reliability methods.

When Py (7) is greater than the maximum acceptable risk in
terms of the probability of failure, i.e., P,, or the reliability index
/A1) corresponding to P() is less than the reliability index £,
corresponding to P, then the structure becomes unsafe and
requires repairs. This can be determined from the following
equation:

P(T)2P o A(T,)<p, ®)

where 7,denotes the time the structure becomes unsafe.

4. A STOCHASTIC MODEL OF THE CORROSION
RATE

Typical corrosion rates of steel in various environments have
been reported in recent years. According to Ting (1989), the
average corrosion rate v, for passive steel in concrete attacked
by chloride is about 100 m/year (3.94x10° in./year). From
Mori and Ellingwood’s research (1994), the typical corrosion rate
Veorr IS @ time-invariant random variable described by a lognormal
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distribution with a mean of 100 m/year (3.94x10° in./year) and a
coefficient of variation of 0.5. A time-invariant random variable
with a mean of 89 m/year (3.51x10% in./year) and a standard
deviation of 25 m/year (9.85x10 in./year) for modeling v,
was suggested by Frangopol et al. (1997). Based on the
experimental data obtained under a simulated marine condition
for flexural members (Li, 2001), the corrosion current density Z,
is assumed to be a time-invariant random variable with the

coefficient of variation of 0.2 by Li (2004), which is expressed as

1, =0.3683In()+1.1305 @)

co

where ¢ =time in years.

If t = 4, 8, and 12 years, the values of corrosion current density
can be readily obtained as 1.6411, 1.7904, and 1.8964 A/cm?
(15246, 1.6633, and 1.7618 mAVft). Using the conversion
equation 1 A/em? (0.929 mA/ft?) = 11.6 miyear (4.57x10*
in./year) (Li 2003b), the values of corrosion rate can be readily
obtained as 19.0364, 20.7687, and 21.9978 miyear (7.5x10*
8.18x10™, and 8.67x10* in./year), which are far from the values
adopted by other researchers above.

As may be appreciated, I., can only be obtained from
site-specific measurement of the structure to be assessed. In this
paper, considering the complexity and randomness of corrosion
propagation in corroded RC structures, a stochastic model of the
corrosion rate is proposed as

v, (O=LIn()+L, (5)

corr

where L; and L, are independent time-invariant lognormal
random variables with mean values of z4; = 2.0x10° cm/year
(7.87x10* in./year) and 1, = 6.0x10° cm/year (2.364x10°
in./year) and coefficients of variation of ;= V;,=0.2.

The mean and standard deviation functions of v, (¢) are

u, (@O)=p, In@)+u, ©)
o, ()=, O'Z In’(r)+ oiz )

The mean and coefficient of variation of the corrosion rate v,
(@) are illustrated in Fig. 3. As can be seen, there is a sharp
increase of the mean corrosion rate in the first time period and in

the mean time, the coefficient of variation decreases quickly,
which can effectively reflect the test results obtained by Li (2001,
2003b). As time goes on, both the mean and the coefficient of
variation of corrosion rate tend to be moderate.

5. DETERIORATION OF STRUCTURAL STRENGTH

The flexural strength of corrosion-affected concrete members
depends mainly on the total available area of longitudinal rebars
in the tension zone. The uniform corrosion of a reinforcing bar in
RC concrete structures is shown in Fig. 4. From the figure, the
total bending reinforcement area as a function of time ¢, 4,(¢), can
be expressed as

nzD’
—L for t<T,

4 ®
4,0)= nalD, -2 I, v, ()T

for t>T
2 i

where D, (cm) (1cm = 0.394 in.) = diameter of a longitudinal
rebar; n = number of bars; 7; = time of corrosion initiation; and
Veorr (£) = rate of corrosion.

Substituting Eq. 5 in Eq. 8 produces

2
nzD;

4

A,()=

L0 D, ~2Lene+ (L~ L)~ LTINT-(L-L)TTY (o
4 ;

(©)

As has been described, the initiation time period is negligibly

for 1<T,

short if the service life is considered and as will be shown in the
example that the different values of 7; has only a slight effect on
the structural failure; 7; is suggested to be equal to 1.0 year in this
paper. Then Eq. 9 can be simplified as:

2
nzD;

n for 1<1.0
4,()= ,
na{D, =2[LtInt+(L,— L)(t =11} for 1>1.0
4
(10)

The flexural strength of a RC beam at time #, Mx(?), may be
approximately computed as (AlJ 1991)

M (1)=094,()F, H, (12)

where F,; = the yield strength of a longitudinal reinforcing bar;
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and H, = the effective depth.
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Fig. 3-Corrosion propagation as measured in corrosion rate veo(t) (1.0 miyear = 3.94x10° in./year).
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Fig. 4-Uniform corrosion of a reinforcing bar in RC concrete members.

In this analysis, the ratio of the mean damaged capacity
(deterioration strength), zamq to the mean intact capacity
(original structural strength),zume), is defined as the residual
capacity function (deterioration function)

u
Cp1)=—" 12
/‘MR 0)

According to Eq. 11, the mean flexural strength of the
corrosion-affected RC members at a time ¢ can be calculated
using the Monte-Carlo simulation (Melchers 1999). A
comparison of strength deterioration as determined from
destructive load testing (Li 2001; Li 2003b) and that obtained
using the present corrosion rate method is shown in Fig. 5. As
can be seen, the results obtained by the present corrosion method

are in close agreement with those obtained from the destructive
load experiments. This indicates that the present corrosion rate
method can effectively predict the strength deterioration of RC
flexural members.

On the other hand, if only stirrups for shear reinforcement are
used, the shear strength depends on the reinforcement placed
perpendicular to the axis of the member. Under uniform
corrosion (also see Fig. 4), the cross-sectional area of a stirrup as
a function of time, 44(?) is given by

2 7rD§

for ¢<T, (13)
4= 27D, -2y, (D)di}

T corr

for 1>T
2 ;

where DS (cm) (1cm = 0.394 in.) = diameter of a stirrup.
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Fig. 5-Comparison of strength deterioration determined by
different methods.

Again, substituting Eq. 5 in Eq. 13 produces

27rDS2 t<T
A= * .
27D, ~2[LtInt+ (L - L)-LT InT, - (L -TIF .
2 i
(14)
Similarly, when T; =1.0 year,
2
2”% for t<1.0
A=
27D, - 2[LtInt+(L, - L)(t-D]¥ for t>1.0
4
(15)
Thus, the time-dependent shear strength is
V() =V, +V, (1) (16)

In Eq. 16, it is assumed that the shear strength of concrete V¢ is
According to AlJ (1991), V¢ can be
computed by using the following equation.

time-independent.

7
Ve =g HoBaF, )

where B = the width of a beam; a = an adjustment factor
depending on the ratio of shear span to depth; and Fs= the
allowable shear stress of concrete.

When only shear reinforce perpendicular to the axis of the
member is used, the shear strength due to stirrups is given as

ADFH,

V()= 5

(18)

where Fy = the yield strength of a stirrups; and S = spacing
between stirrups.

6. RELIABILITY ANALYSIS OF CORROSION-AFFECTED
RC BEAMS

Consider a one-story one-bay RC frame located in a marine
environment as shown in Fig. 6. The performance function
corresponding to the flexural strength failure mode can be
expressed as

G,(X)=0.9A (H)F, H 7WB (19)

yL 0

where A (t) is a time-dependent random variable; Wp= the dead
load; W, = the live load; and Ws= the snow load. The probability
characteristics of the basic random variables are listed in Table 1.

The time-dependent reliability indexes obtained by using
FORM (Melchers 1999) with respect to the service time are
depicted in Fig. 7a, together with two different times of corrosion
initiation, i.e., Ti = 0.2, 0.6 years. As can be seen from the figure,
the reliability index decreases as the reinforcement corrosion in
the RC structure propagates. Also, one can see that the time of
initial corrosion has only a slight effect on the results.

For the shear strength failure mode, the performance function
is given as

L (20

OF H
G,(X) = TH,BaF + Al )S Mo Wy +V‘2’L+Ws)

where Ag(t) is a time-dependent random variable and the
probability characteristics of the other basic random variables are
also listed in Table 1. Here, the factor « is seen as a constant
instead of a random variable. According to AlJ (1991), « is
calculated as 1.0 in this example.

Similarly, the time-dependent reliability indexes corresponding
to the shear failure mode obtained by using FORM with respect
to the service time are depicted in Fig. 7b, together with two
different times of corrosion initiation, i.e., T; = 0.2, 0.6 years.
From the figure, one can see that the reliability index decreases as
the reinforcement corrosion in the RC structures propagates. The
reliability index is relatively large for this example because the
load effect is relatively small. Again, one can see that the time of



48 AR LA JERTAT# 5 34 5

corrosion initiation has only a slight effect on the results.
From Fig. 7a and 7b, it is not difficult to understand that the

OO
2 1
;‘ LI2 } LI2 ’}

(a) A one-story one-bay frame structure
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beam is much more likely to collapse from the flexural failure
mode.
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Fig. 6-A corrosion-affected reinforced concrete frame beam.
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Fig. 7-Time-dependent reliability indexes.
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Table 1-Basic variables and their probability characteristic.

Basic variables Mean Standard deviation Distributions
v, &) =LIn{)+L,
Ly 2.0x10° cm/year 4.0x10* cm/year Lognormal
(7.87x10* in./year) (1.576x10* in./year)
L 6.0x103cmiyear 1.2x10°%cmiyear Lognormal
(2.364x10% in./year) (4.728x10* in./year)
B 25cm (9.8431in.) 0.25cm (0.098in.) Normal
Hy 53.cm (20.866 in.) 0.5cm (0.197 in.) Normal
L 720 cm (283.46 in.) 20cm (7.87in.) Normal
Do 2.2¢m (0.866 in.) 0.1cm (0.0394 in.) Normal
Ds 1.0cm (0.394in.) 0.05cm (0.0197in.) Normal
S 20cm (7.87in.) 2cm (0.787in.) Normal
Fy 350 MPa (5.07x10* psi) 35 MPa (5.07x10° psi) Lognormal
o 250 MPa (3.62x10* psi) 25 MPa (3.62x10° psi) Lognormal
F; 1.05 MPa (152.17 psi) 0.21MPa (15.22 psi) Lognormal
Wop 10 KN/m (0.685 kip/ft) 1 kN/m (0.069 Kip/ft) Normal
/43 2 kN/m (0.137 Kkip/ft) 0.8 N/m (0.055 kip/ft) Lognormal
Ws 2.5 kN/m (0.171 kip/ft) 1.75 kN/m (0.12 kip/ft) Gumbel

7. PREDICTION OF SERVICE LIFE OF
CORROSION-AFFECTED RC BEAMS

With the proposed models of structural strength deterioration,
it is not difficult to predict the time for corrosion-affected RC
structures to be unsafe once the acceptance criteria is determined
in Eq. 3. However, it is quite difficult to decide an acceptable
limit for the strength deterioration since the determination of it
involves social-economical considerations, in addition to risk
analysis for the structure. Clearly, different acceptance criteria
will result in different times for the structure to be unsafe. This is
the risk involved in decision-making. Gonzales et al. (1996)
observe that a damage level of 25% in terms of the reduction in
cross-sectional area of reinforcement bars seems to be prominent
in corrosion-affected RC structures. This observation is based on
data from the Eurointernational Committee of Concrete which

classifies structural deterioration according to external signs, such
as rust spots, concrete cracks, and cover delamination, as well as
reduction of the cross-sectional area of reinforcement bars. Amey
et al. (1998) predict the service life of corrosion-affected concrete
structures using a more simplistic 30% rebar reduction as the
failure criterion. Li (2003b) takes the acceptable limit for strength
deterioration as 0.6 as similarly defined in Eq. 12 and predicts the
time at which the structure becomes unsafe using a confidence
level of 90%. Because the collapse of the frame beam will result
in a serious loss of property and life, the minimum acceptable risk
in terms of the reliability index, 4, is taken as 1.0, and the time
for the structure to become unsafe (failure) 7 can be predicted
fromEq. 3, ie.,
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B(T)<p,=10 @)

which gives 7,= 20.31 years. It is apparent that, compared with
the time of structural failure, the initial time of corrosion (7;= 1.0
year) is negligibly short, as reported by other researchers.

8. CONCLUSIONS

1) A stochastic model of the corrosion rate is proposed. A
comparison of the strength deterioration, as determined from a
destructive load test, and the present corrosion rate method
reveals that the present corrosion rate method can effectively
predict the strength deterioration of corrosion-affected RC
structures.

2) A two-phase model of service life is developed. The initial
time of corrosion, i.e., 7;= 1.0 year, is suggested. Methods of
time-dependent reliability are employed to quantify the
reliability index (probability of failure) so that at which the
time of a corroded RC structure becomes unsafe and hence
requires repair (7;) can be determined with confidence.

3) The methodology presented in the paper can be used as a tool
for structural engineers and asset managers to assess a
corrosion-affected concrete infrastructure and make decisions
with regard to its maintenance and rehabilitation.
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