PNC TJ4369 89-001(2)

eSSy s DB A ITET 5

FF 2 NTF s OFERE

(@FIF - SRR R B BIEI D RR s

19894 3R

Do s 0T



WENBCOBHBOAFIKOVWTHE, TRIEBEWADETE W,
TI07T HERSERKEKL -9 —13
BhE - BRERARERE
ERiBHE BREEE

Inquiries about copyright and reproduction should be addressed to:Technical
Evaluation and Patent Office, Power Reactor and Nuclear Fuel Development
Corporation 9-13, 1-chome, Akasaka, Minato-ku., Tokyo 107. Japan

BHE - EREBIREIT (Power Reactor and Nuclear Fuel Development
Corporation)




PNC TJ4369 89-001(2)
18989#34

H— s s oD B HATY A M- BE 3 S
T F = S I T T 3 2 oD B o

¥ HER. EH #H&""
BWE BB, i RRKR

= =

ARRRFF2INTFOTHRIEED, F—R—ry 7 OB—BBHTH
BREBWOLHERTORBEALNLNEL, RATFVOBARRF 3oL
ZHBEUTERBLEDDOTH B, AHERFTCRETEHEDABEDORA
CETARAROYRS SHAEHEHEE MM L, RAZHLBBREE > OBHK
EREF 5L LR BURASENLRMT 3 EDOBTRHI OV TBERT VB,

X oi, BEOHSHAREDTOSH0~00EMERE R T WA EYRR A
%2@&%6&@@&@@%@&&3%&brﬁﬁwmux,-ﬁ&k,x—ng
—Ry ) CRMBAZBEFUT S ECOMBALH 52 L L. ChEMERT
??nv»?*ﬂyﬁﬁtbfv~¥%ﬁmb AGEFEALTOLLEOD S
BMEEHEUCIROTABEEE 5k Ules

FHEER, NKK (EUME%) Jb‘ﬁiljﬂﬁ #ﬁﬁﬂﬁﬂﬁ%%ﬁioﬁﬁﬁki V-3
bf’ﬁ?%@ﬁﬁ%?a‘béo

H#y&EST :1630D194

%%ﬂ?ﬂgiﬂﬁﬁdb‘xzﬁﬂ%% ﬁﬁﬁﬁ”ﬂ iﬁiﬁﬁﬁ}ﬁﬁﬁ (fhi 9‘:!19\)
x  : BHAENWRER BWEEY - (NEREE) RIPHIHRE

2 3 HEHEWNBIRR EWReri-— BW2AUIRYE BRF-AH

e D SEHATRR ARREYH- BIHAS BELAF -2



PNC TJ4369 89-001(2)
March, 1989

-Study on Natural Analogues of Long Term Corrosion Properties
for Overpack Materials

Kiyoteru Hirabayashis
Akihiro Tamadas==+
Soichiro Isozakix==
Kenji Katohss

Abstract

The purpose of this study is to estimate the long term corrosion
behavior. and clarify the corrosion models of carbon steel and cast iron
which are primarily nominated as the overpack materials, in underground
soil environment, by means of natural analogues methods. S

_ This report firstly states the study result on corrosion behavior of
steel structure in undergound soil environment reffered from the past
papers. Secondary, it states the ‘study of relation between corrosion
behavior and soil environment and then the analyzing method to evaluate the
long term corrosion behavier. Thirdly, two kinds of digged out samples with
histrical records, had been-laid under ground in the past 50 ~ 100 years,
are studied and estimated on corrosion behavior. Finally, some subjects to
estimate the long term corrosion behavior of overpack materials is clari-
fied. As a result the prospective study themes.are clarified by method of
sampling the data on the natural analogues and screening the necessary
items of analyzing the corrosion phenomena.
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Table 1-3 Characteristics and Distributions
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Table 1-5 Classification of Soil Texture (Method

of International Assoc1a.t10n of Soil Sc1ence)5’

e | #x|BE o |fEBTin W
1‘S?nd:t <5%
2L?§n?ffa¥§esm:d <154 |<15%
3L%£{;lﬁmesand <15% |<15% ‘ @1401‘% <45%
CE&%OM <15% | 15~35% oG |>4s%
F’{ﬁiﬁ%%m <15% | 15~35% .7 |<159
G-Lkﬁmi <15% |>35% |<45%
S";fh{"lo‘;';ﬂi <15% - |>ass
sﬁﬁ%?&%m 15~25% <20% [>55%
9'Cﬁﬁ§5m 15~25%] <45% |<30%
10. Sﬂ/l"“:f:ﬂﬁim 15~25% >45%
114""}3’3"‘3& 264 5% <20% |>55%
12. Sﬁ:","c}‘“f’”"—“ 25~45% >45%
13,&?&2’5@ 26~~A5% <45% |<55%
ld'llﬂfvi;[::cl::lny >45%
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Figure-l-l Cycle of ﬁock and Soil

Aol BE, THHEME- THEMLEY

N WA EAEE, EWOEHIERLER
M ThATWAE
HpErntEl T A Mo TEEEE A,
Hrea. AKgordvileins,

A, | BHESA BY - o#LE
L2 PR RU et SN TR L) H Y
2-LoF BEEAL B

r‘.
B TBHIFZ L A Yo, BiL#EN 5, B0
T fE RN, Al s NiEH L THTT
Bl Clef = niskibig

C | ERrrspEElL, ARHNE

=TT D,

Ca| BT DML R K L 188 LTS

Figure 1-2 Stratigraphic Differentiation Observed in Soil Section"
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54

oo 50 - b

A vabifhL, B BRELR
CCt YA MRtk <A, DIBHAEHe -2
E:fito—-a .

Figure 1-3 Nomenclature of Soils Composed from Gra.in_l-!ixt'ure‘“

o 5% CRHE tRIE
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2 % W it a3 PR T
) o
= % % OO | % F A -
= ‘E’?
# F %k 2
fa. =
ﬁ .
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R

Figure 1-4 Vertical Distribution of Unde_rground Kater4?

eee 24212 AEC
(o) (*) {mef100g) I-cu—:c £1=12 A2C

OF =mets B (0) (®) (me/100g)
Mt : FRBELEE

30 / Kt.Vi-Ch .
____o’—a/ 15k : |

20 '

1t

a -t

ol
4 5 & 71 &8 i 5 6 71 &

pH pH
FREIOTEFE

Kz hEYFAb. M ESEYFLF, VIsChl/t—E%a
54 +-BEGHRMIETE
{t, 0.IN NHyCI: 2, 0.00IN NH,Cl % RV THNIE)
Figure 1-5 Relations between pH of Soils and CEC, or AECS?
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1.1.2 2BEROAH=XL

(1)

TEBADSH%Tablel — 6, T/ DB EBACE#H S Figure]l ~6~1 —
10ny. XEFRILLZER (BR) A=y JEELZBRIE. BRik
HAEA (S70LlEA) L IuVERIESXH3B.

I 7abIVER

70 eVERE-ROLERTR0.02m/ELBEBH TME W, —BRIZEARIR
Figurel =1 LIGmRT KIWpHILK ST, ZDRAA=XLHBERS, BIERT
RARABEROE R, TR TRBREARRENEL, EL7H VR TEARL

BESERL. BREEAT 5. Bz, EEEHRETHY., I77/—F,

IV ohYV—-FCRUTORBIET B,

I/p7P/—F:Fe > Fe? + 2e-
I/8AY—Fi102 + 2H20 + 4e- - 40H

TS5, KGR EFBFELTOIBRRORRARBIC X > TRESH, £
I7u7/—F AV-FRERELZIZuRBEHLTRLOT, H—FEr
2%, #2T, A, HELEWTR, KIPEROBHEELRY, ZHEOS

CORHEHOGEHERI D ERIRE 2D,

2P, LHOBEHRIERI IO ) — FTERLETF o2 44 OB/E
(oL KHiBEhd, i, SAREBEELESTK. BROMHEE
RIS AAE UTRARES L, E0BRRSOREESESTAH, L8l
BHREEA A VYV DEATREAT 577 DR VERR Y AE RETF LR
SRV, EEL, BLKBEADE > RERREARDEIL X BEAD., Bk
THRERORBAAB=LAERD, BABAE LS,

-12-
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(2) <I/mRIER

7y aizEs Figurel -6~1-10) @ L7/ —F, AV—FEREH
BEXhiTsBT? /) —F, T703V—FEBWTETIEE%2ES. COE
AITERE  F—LHmE, ERAE. kHE, 22 U-bluobloX
3 EYEL LS ERRREERETSE. COTIORVERIIBVTDE
ARAHBRER Lo TEEEIRBZNP, 2 /0hy—-FiclElT, =7a7./—
ROEEPPENEESRRZBULKRELRY, av U= 70V TREE
HEEN TEm/EOBRAEEDHEINTVS,

ki, COTIORIVEATRE. w207/ —F« BV - FOEEIRELD
T. BARERERDRBERRETEERTO—2TH 5. #->T. TOEHTFL
B3, ELSHERTTTREARREI RS, DE), EAEPEIBENR
RICEET 5.

(3) WEHEE

+5 v XOFHRBOBT., PRVEN, BRI SOBFEBIEZELZ SRRV E
AT, LEVEBLWEASRRELEZ LIS, RERELEORERIOVT
DOFESRD S, ChODERREEMIAERT S, HIEOREIRRKIE
DEGHY UTRETERDCHI AU LE. COBOMEITE., WRER
B, REBSBTME, A X CRBEERYFH VRAERELRTNSD
DTCHBH, LI THHBEETEEOMEI SEBEY (Tablel - 7) .

COWEI X BEBR BRI Ko TRITT 3O TERD E U THILERTH
{thkBEETZOHRETH D,

S8H* + 8e = 4H: .
A4H: + S042 > 52 + 4H:0

Uldo T, FEREQERLFTHL WEARLED. BRERYERETER
BOBEXRBLESSRGRRERAHET X BEALIATRVE, FHiclD

_1 3_
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RSN HEL UL EOR B AT 2 RET 3 2 L bR TS,

 LaUaRs, MEERE T Ao THEALRN ok BB S, £0
LI BF—BEMAT B0, BEARMOLDERY . SEAEIS
Ul b B O SR 42 X AUERS B, |

Y. ERIBEEIRAESEPOUERS, ¢- o’ YPY F— LB FED
DEAHFEZ BN, ErCRELAPEROERS S DUBTE 3, LI
TR AR B Fe (OH) » OBEURYT. Fe® FESMicmlb
ERTOBLEIICREHRONB. BHHSED St b % EEBLE LM X hT
W3,

Eio, b (BO=EH: AR PE. HE) TR. SAUOBEEELE
ﬁé%t.Eﬁ@iﬁ%ﬁk%&brhédﬁmQMﬁﬁ.ﬁ.ﬁ,%.%@m
PEALED SRARAOBEETT. CARBHEIARSTSE, BEsS40T,
REOTBRDPRVERITRZ. BORMWICE. T 2 ELERENORTH
3. '

BT, BREHALBBERAEII X IEANYROX S LB T2 R T
WBOR, CORREIIRTHRATESD Y SEETHBHNETHE, Lix
U, REXEBRRXRTY, BT 38458 8b> ToRihiE. BALRL
THB5. COBOEELHELLT, pHE~8. 6. BE4OCHUT (REE
B25~ 800C) . KeHBEL. 53BEOERY. BEUFe*3Mg?* @
TEPLETHB. 2B £EEEI AL %3Mn2*, Zn2*, Co?* Ca -
2 DEELROT L BEHLRS. COTLH S, BEETRER S IRED
BREFDO K> BEREHE D, SMR, SLESERLRTR. CoMics
BEERERITLN, o

28, BREATERBRL 230K, FHBOIBEI > TETIBEYE
TH5. BHYESETIEHLUTE. AREV TSNS S5 To
B RRERBRETRTES T, RIBARYOSOLE TR, HRYOHTFi
FhRfEAEUTwa. ERI2BEEIIEL—BYL LD TH B, ZLDEL,
BREChSOERIT X BNMTERMN SR B ESBOBEREET 55, ©
DERYOEEIE. B & OBRY L ME DML & 7= A OB B OB &
DTREENRD. ZLDEE. HALHGT ALY EERTHS. EAER

=14~
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BREOGESIAE L, BATRH—BAOWESRL, ARBKRMAEL
DIEETEH B,

CoEh. BREBREORT SREMNSEHOLIR, BACHES SR
B, AXVE. KBEHE Vo RRAEERD B, ¥, FREEZUTE. &
W, MEE. BERMEE. FATBEE. SRERYIARATEESEL0
LUTHMBRT WY , BRK IR SOHOERYOLEHERP RS OKSE
FREL UTOBBHRAR KO TR LENTHS, LELRKES, ThiD
BRI AET A IR R T, FEEEOREI XIBRRZOB L. &
SEESETLBDB LV RROREMTHREOT. BARRRSHHTHE
MTHd, COBRDERIME Faa=—%22L{3lLho6, BHEREOEER
LB EHZN,
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Table 1-6 Classification of Corrosion in Soils

(1) BnEs — 8
——— R (it Bt NZFUT
k) |
(2) =roen@h —p— LE=
B
— Ka=E

L—— ayry—F (ZHY)
(8) Hunz=v i@k

(4) BREBHRECIZIBER
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_L L—

Table 1-7

Kinds of Principal Bacteria and Their Characteristics

| SEREIMLFT

MM RGRTE | okt pHAH B (C)
| PR | | |
Desulfovibrio desulfuricans WRlEiR. Ak EE. $E-EE e, | Fod s 6.0~ 7.5 Fol - 25~30
e FAHNE. | Bl sk, AL | BF; 5.0~ 0.0 | FK 55
S0%+4Hz—S%~+4H0 TR IE. Bk, Hik.
SO%+5Hz—HzS +4Hz0 B3 i, a2 74—}
. Bl |
Thiobacillus thioxidans R, it 48, FHk, | BE: 2.0~ 4.0 | Bk 28~30
A Al ey rii]z: N A 0.5~ 6.0 | <18, 37<TH
25+ 302+ 2H20->2H2504 + A HREUE ISR g
. F AR R |
- Thiobacillus thioparus FAMRARIE, | pRERNESDE | R dPk. e A L kel 5oi - 30
HF4E B~ AL, | |
W PR rE~ERL | K. TR RF: 7.0~ 9.0
L BITNT . .
Crenothrix &K REREK(ID). | ZRER{BSR(I) | SECHR Bl 24
Leptothrix f{uag%?f(%ik ;f;gaw: . WEEHTIK PR . 5~40
Gallionella fiﬁ"ﬁ?{f’i .

(2) T00-68 69€¥[L ONd
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L]
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] - } Wi

Figure 1-6 Corrosion of Pipihg by the bifferential Aeration Which
‘ was Caused between the Dissimilar Soils®’

[P

T Mz
d:4fE IR St
[ . NN
f — e <
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Figure 1-7 Corrosion of Piping by.the Differential Aeration Which
was Caused by Influences of Local Pavement?’

Biia 71—t
BN
(AL TR
\ ij
: 1K
Figure 1;8 Corrosion of Piping by Contact of Pipe and Steel

Reinforcement in Concrete (Arrow Indicates Direction of
Current FLow)®?
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Figure 1-9 Corrosion of Piping, ome Semicircle

of Which is in Contact with Concrete

and Another is in Contact with Soil®’
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Figure'l—lﬁ Corrosion of Buried Piping by Stray Current?®’
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Figure 1-11 Corrosion of Irdn in Water with Various bH
(Room Temperature) (by Whitiman, et al.)
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1.2 BEEH
FF 2SN TFRIIETIEHI. EREEEDOTERAIIETIEMT—
RAEESE LU, BHEEF— 22U, ELEREREFANIHEINTHIIER

BEL~.

1.2.1 EB

LB TR, SISV TREHER SR T35, SIHEMNEEL T
BAOBEABET ZEMESTV. ThREEROLREAOBESED TH
XNWC k., AREBFETHBL, TUTELHEEFRNOIESERIEET
ERNCLREIEBEDTHS. BE. BEPORFa{t, AVyFFUA-7
Y—SBEAERBEASH D, TOLDRELOBESEEMTELE> LT
BEBRSPEAZEREAFRFETHED SR TV 3.

ARD&M 1 O bR LT BAS. 1 0EMOBARRRIT o IiERE
Tablel — 8. Figurel —1 210 d. 1 0ARICRA RV EBRIRENLEE
XRBREEER YL EERTOESE, 10EROBARERBOTIEL, &
PEAEEIEER XVRELBLOTAERERLTE Y., XVESOBERFR
X BTy oeOERER6REN,

izl TEEEE SR EROREF BOBEARE L HAFEE $Tablel -9
Fedo Bk, UV MNHIITBRERTEY., <7 O bEEXRBN, BRE
B ERII TS, BALBIEDTHEY. oM. BEEEORREORHE
%Tablel — 1 OIF$ . '

i, BARELEASBOABREAELETSVTL6~4 OFMERE
R OBEAEESTblel — 1 1InRT 45, BEICESEERNIN,

SO, RERBITET~4 OEORRERETablel — 1 242, VY =4
BB 6. 5~18EDHERER igurel ~ 1 3IRT. —BREABKENE
XhAEE. SV FEREBRERORBEREZ VA, Bp H, ELELERL
FHTHANAE <, POBBEANSMERSRD 5h B,
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Table 1-8 Test Results (10 Years)'®?

. Average Corrosion
Station No. Test Pile rate (mm/yr., b
) (Number) (surfgesi‘c ot
Station No. 1 9 0.0045
No.2 12 0.0114
No. 3 . 10 0.0116
No. 4 9 : 0.0112
N No. 5 15 0.0083.
No.6 9 0.0093
No.7 12 0.0148
No.8 9 0.0094
No.9 11 0.0061
No. 10 30 ' 0.0127
126 Average 0.0106

£«

"Tabler 1—9 Test Results of Pilest®’

Estimatedinseacired thickness| ~Corrosion rate

. average
D(:'ll‘ﬁh ot r;\tactenal, c‘sagﬁfﬂf:n ipitia] {mm) (mm/yr.) External appearance
th(:lﬁc’:;:s-s [Minimum | Average {Maximur | Average
E ed to th y Corrosion was notable
-0,3~00 -xposed 10 the | pyjnreq 15.81 |[14.04 |15.61 | 0204 }0.024 |in parts where the paint
ar : film had deteriorated.
Embedded in . 'Only local corrosion
0.0~02 |icani Painted 1581 |15.26 1576 {0032 |0.003 | 2Cchcerved.
No surface Corroded as a whole,
02~09 | Finesand treatment 1581 |15.14 |1565 |0.039 (0.009 :lnsc; 1;)1;::; rg:etdtfng was
. : Coér]od:(]l as a whole,
Find sand No surface and local pitting was
17~23 containing silt | treatment 15.81 14.76 15.41 0.062 0.024 alst: observed in many
parts.
Silt containing | No surface ; Virtually no corrosion
52~61 |y B troara® | 1542 (1528 {1539 | 0.008 |0.002 | acobserved.
$ilt containi No surface . Virtually no cotrosion
102~ 111 | G e | e ens | 902 | 890 | 899 | 0.007 10002 | yebserved
- Silt containing | No surface Virtually no corrosion
172~ 18.1 | qy 8 treatment 9.21 8.86 9.15 | 0021 [0.004 |0 oheerved.
Silt containing | No surface Virtually no corrosion
242~25.1 gy B | operace | 874 [ 861 | 873 | 0.008 0001 | a0 ohserved.
Silt containing | No surface Virtually no corrosion
282~29.1 | (o Nosurase | 874 | 821 | 870 | 0031 {0002 | Cobeerved.
. Virtuall asi
252~36.1 |Finesand  |Nosurface | 957 | g3 [ 952 | 0011 (0003 | Ch g

{Average: 0.007)

_.21._
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Table 1-10 Corrosion Rate of Bare Ste.el

in Japanese Soils2¥’

X & |8 5
% | 0.07

grue e | Ay & T 0.06
I 2| 0. 065

W k| 0.029
A 5| 0.044
mh (AT H| 0.04
w  ®| 0.045
b # 0,04

-20-



Table 1-11 Corrosién Rate of Piles!®

PNC TJ4369 89-001(2)

. . . . Corrosion Grand rate
Site Steel material Environment Period rate (mmfyr) | resistant (cm)

Front of Shinjuku Station, Sheet pile-_ Mainly in the 25 None

Tokyo, Japan Kanto loam

Ugai Bridge, Yamanashi Foot of steel In a river bottom 40 None

Prefecture, fapan pipe bridge 5/16" | layet :

Bridge of St. Francis, Lake 8" x 4" Silty loam 0.3 m 21 0.0076

City, Arkansas, US.A. | H-shape pile under ground

Quay of Buffalo Ship Canal, 14" » 3{8" Inthesoil 2.1 m 19 0.0076

New York, U.S.A. Sheet pile under river bottom

. polluted by drain
water and effluent
from factories
Close to the water 19 0.0112
surface mentioned .
above,

Hog Island in Delaware River, 14 x 3/8" In water polluted 17 0.0198

Philadelphia, Pensyivania, Sheet pile by drain water and

U.S.A. effluent from

factories
Roseua Bridge, Minnesota, 9" H-shape pile At and close to the 29 . Partial corrosion
US.A. surface of the river rate of local
pitting
- 0.0272
0.0225
.0.0397
0.0520
0.0396

St. Charles River Bridge Quebec | Lacpawana AP14 Near surface of the 16 None because of

City, Canada Sheet pile tiver oii coating

Tenth Street Bridge, 12" Sheet pile In soil of river 19 None

Munongahgla, Pittsburg, bottom :

Pensylvania, U.S.A.

Gothenburg, Sweden River surface 26 0.0381 abt. 200
In soil of river 0.0038-0.0077 -
bottom

Uglum Railway Bridge, 194 rod In clay 18 0.01 abt. 20

Gothenburg, Sweden 21 mlong :

Hof5lund, Norway Steel pile for Insilt 17 |0.006-0.012 2500-3500

corrosion test .

Oslogate, Osto, Norway Steel pile for In clay 18 0.0056-0.0278 10-230

corrosion test

—-23-
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Table 1-12 ‘Investigation by the National Bureau of Standards!®’

Degree of corrosion

Soil specific
Site Soil Yrs resistance pH Above At Below
(Q-cm) water | water water
level level level
Bonnet Carre Spillway Z"’a';d' organicsilt. 147 | 400 ~ 1,080 |67~8B1) U | ™ u
Sparrows Point Sand, silt, clay 18 | 1,130 ~ 4,000 |3.7~6.6| P08 | P28 s
Quachita River Silty clayer, clay 40 1,370 ~12,400 |48 ~7.3 - - U
Grenadd Dam Sal, organic clay 12 3,800 ~15,400 |3.6~4.9 p g"] - -
Sardis Dam . Sand, lignity clay 20 1,690 2.9 - - P1.5
Chef Menteur Pass Silty sand, clay 32 300 ~ 440 (8.9~7.8 - M P 3.7
Wilmington Marine Organic silt, 23 _ - P38 - _
Terminal sand, clay
. Sandy loam, - - _
Lumber River silty clay 37 1,100 4,900 (2.3 5.9 P15 | P15
Memphis Floodwall Clay, silty clay 7 1,000 ~ 8600 |7.6~7.8 P 0.9 -
Memphis Floodwsll Clay, silty clay 7 1,030 — 7,900 [(6.8-~7.8 ) U -
. Sandy loam, ¢lay - - —
Vicksburg Floodwall coal cinder 7 850 7,000 (74~82|P1.0 | P12
. Silty sand, . o _
Vicksburg Floodwall clay, coal 7 625 9,200 |7.1~ 8.6 M M
Sordis Dam Clay 20 3,000 ~ 7,510 154 -~6.0 - oo M g
Grenada Dam North Clayey silt, 11 | 1,700 ~16,500 (4.0~4.4 | P27 | - -
silty loam }
Grenada Dam South Sitty sand 1 fl,300 -~ 11,000 6.9 P41 - -
Berwick Lock West Clay 11 800 ~ 1,290 8.1 S _ S
Berwick Lock East Clay 11 750 ~ 1,610 |(7.9~38.1 - |P19 S
e Silty clay, ~ -~ - -
Algiers Lock organic clay 12 345 1,300 (7.7 ~84 P1.0
' Silty clay, - - _ _
Enid Dam sand, silt 12 8000 —~ 10,200 |5.1~53 M

1. U: No corrosion

2. M: Light corrosion on all surfaces
3. §: Light partia! corrosion on surface

4, P: Local pitting

No.: Depth {mm)
5. Water leve!, Within an upper
lower range of
two feet

_24_
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Depth Average corrosion rale
{m) {mm,”yr, both sides)

2_:.) )

10 yoars
5 yoars
2 yoars

1Zad

- ?
14 ]

~l_ 4

]

S

Figure 1-12 Average Corrosion Rate at Time of Pulling Out
{2, 5 and 10 years, both sides)!®’
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Hufstund Sparsborg {17 years)
De-polarization Resistance (Qcm} HDegree Corrosion
(%) : corrosion {mm}
i ) No.
040 60 &80 50100 5001.0005.000 1 2 3
2
S 5 <
z [ ( NEIEN
g 0Ty
8 > { 2~3 éi
15 \
/ 2 [P
20
Oslowgaten Oslo {18 vear_s)
0
5
5 /
L~
- 10 4 .
= 3 %
£ 15 -
g / s Y
20
f 3 A
25
3
30
Persgangen Osto (6.5 years)
]
2~3
5
. s
_ 10 . 7
z 5 %
s / 4~5 %
o 20
{ <
25 : v
{ s
30

Figure 1-13 Investigation in Norway!'?’
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1.2.2 X751

FAERAL FSA CERR, AR KELEDBHRLZ {EHATRTWBE, |
EBRICUTELINEL, pOERTENLIEREPERELTWAE.
BrOBEARETH, IR0 ERRICLIER. BESEOEAMIX
BHNA=y P EE. Sy u—riEerobn, LEHETIDRVER
#=Tl,. BEEORMINCBEARERTIZ LS > T, BREEFEDTRE
%3 (BA¥un/4E, Figurel—14) .

L, tE#E I el THEENEBREOSERU (BBROERIIKS
P BREAOSESTRRIIBEAEERSE VRS v, —HL UTRER
B AABIH4ABECBIB7. 6 cmEED 1 2EERFRE R ETable
1-13IRY. SO&SBAFELFR (NBS) RitFE—DHOT, 2%
BT, EHEAEERO0.0 2mm/ 8, FEAAARAZEERO. 03~0. 3m
m/8(0. 144 mm/ E) £22o2Tw3, .

—%. BHREEEOBACEUTRREEHHE LA SERAOH ATV TE
& DBBBH ABLETHEHLATWS. B3 6EEBLL2E] 8 RixOH
HEES4 0mik o0 T, 10 e mEFWWH L. TOERILEEE2FHEILE
R ETablel — 1 4{2RT. TOFRTIR, FAZ7N 1 - Ya—MEEER
AYFEOBARERAERERRL, B (HGAAR) BRAEEEZO. O
21~0. 023mm ERETHD, XTHL4. SEEBULLES 0
HBD100A, 200ADHGAAFEI 0 0 mRDPWTHERHEERTo MK
F&Tablel — 1 B5iZR7T iﬁf@ﬁjﬁﬂﬁﬁ%ﬁﬁﬁﬁ} 0. 030 1lmm/ &4
v, EEER. LEEC/ o bEESRIERTRBNWTD, RUMTE.,
BAAAFEELTEHO. 02~0. O3 mm/#8ETH3. COEMIEERH
BHABENBE 0 ABMA v 3 HARE2 2 SHEBIZDNTRDER (Table
1-18) RBVTHBRHORDB, 6T, FTRRZVWAE, 2nmEDOhAY 7
IWEL QERBL IiER (Tablel -1 7) BAHRETHTNS,

2B, GETHRBROPRESEICI OWTINB SHIToBARRERESEIC
Figurel — 1 5ix3. |
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Table 1-13 Results of Corrosion Test of Short Pipes
for Long Term in Soils. (NBS)

ELEEARE o ATHPTOLSBLE 0.064 mm/y
BLEESMES oI CORSBAIT 0,003 mm/y
2Fizonw TS LTS o 0.02 mmfy
ROLEWLE (129B) 18 "S5 4mm
L xOEFPRTORAILETEE (1298 0.3~dmm

: - {0.03~0.3mm/y)

Table 1-14 Results of Digged Out Examinations of 50A Steel Pipe
with Mechanical Joint (18 Lines, 540 m in Total Length)

ﬁ'.l-'ﬁll_" »” HAVe

; EA5El n
B (FBE) | (g2EE) | (¥50)

7277kt ¥a-4 | 36.0 | 1228 ] 0.83m | 0.50m | 0.023m/&

v ta4.3)1043)0.52 |o.46 |o0.02
" 16.3 | 1171 1:0.37 lo.38 |o.023
EVYPT 24.21692]0.51 |08 |o.023

Table 1-15 Results of D'i'ggéd gut Examinations of Cast Iron Pipes of
100 A and 200 A. (30 Lin'es, about 900 m in Total Length)

mmmEEY 44,85
F—4¥ 17,427

BRERE=- (F) 1.27 m

" (imHnE=) [ 0.83 m
AR 0.0301m/% |
1 _
= E£0.2m, - BALSYIERAERE
4 .

_(i\’////)

_.2 8_
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Table 1-16 Comparison of Corrosion Rate (Classified by Buried Ages
and Conditions of Location, N=225)

FHRAKE

FRRARE | RARAREE EARERE

mEaef | B R R|B8%| HoAVY | HoVY He/Y Hw/Y
' (em,/VY) | (VY| (m/Y) (ma,/Y)

{304 | & B 2 073 .220 .015 .046
b 4 .095 221 .020 .047

& B .3 .162 .389 ©.034 .083

& o3 9 112 277 .024 .059

s05EnE | & 2 26 113 .256 .026 - .060
' m 16 .101 .214 .023 .049
B Be 24 .096 .268 .023 .064

rs t 68 .104 .250 .024 .059

WERE | K M@ 26 .008 .232 .028 .062
_ i 25 .106 .229 .028 .060

& ] a1 .096 .220 .026 .059

& #* 82 .100 - .226 .026 .060

SOfERIE | K H 19] .137 .298 -.048 | .103 -
@ | 1 125 .283 .02 | .096

£ Bl 3 105 289 035 .097

£ t 68 .118 .290 .040 .099

B OB|& = 73 .113 .257 .032 .072
iR 60| . .108 .238 .030 .085

& ml e o 263 029 .075

A 225 .107 .255 .030 .071

—

(E_) IﬁﬁLElﬁﬁ% 1 0 cmé’xf* DOBRAAERS X OZRB’)?“' bD,

Table 1 17 Corrosmn of Steels Whlch Passed About 40 Years after

Bury ing Underground

met|w el x| AHMUM D om| Gaus
o | ERD | o g0 o 22,000 SBIYICH 1
A usEl | P | =580 ~=590 | " _go000 | IAY L ki
t5adh — 65000 SESHI T 40T
B it W) TppT | T840~=880 1 " i50000 | A, tdes
Clw m|Em|-580~-700|0090 oo Bt
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Figure 1-14 Histogram and -Cumulative Percentage Showing Distribution.

of Maximum Corrosion Rates®?
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Figure 1-15 Corrosion Rate of Various Metal in Soil
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1.2.3 X7 EHK

2V EROLBINETABAOEAITEL Tk, BHEEssk, S804
FCHEEMTDR. TO—BHIEEXRTHSE, HLHRI SR 23R, &
LNHY EERRBESREBOLE <. BMERA X BHFADERORE
Fiz kBER. REVEHHSOEKOBAR XS K M AFTHOER, X5
. EEL AR OESET ) RV ORRIC X 5 HESOBASIED bR
T3,

B TEB LR S Pigurel -1 8, 1~17itRd. X1 3EMith
RBRELY I EROBRARER, THEAEEORAR0. 1mm/E, X
BAFEEORKRO0. Smm/ELRoTN3,
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1.3 ERDHE - HEEEE

1.3.1 TESHERTSHEA
BRI L EALOHERELTE. SR0ZE UGN, TEEAD
AB=ARL LI ERTHY, ERETHONE, SHELH> TEREAEL
e AT, BIESTHA LENBSORUERERETHAN R BRZOE
BRSSOV THbh - LERERT L EA L ORBE ORI ERE 2 D
ELHTHET 5.

(1) BEXE

+EOEAE L LEDBEHETablel — 1 81z, TEOESELER L DERK
%Figurel — 1 8ITH$ . LEPOERE, DX VERERI J D VEROE
EABETENSA—F—THY, ¥/ VERLBEETSIEERTDO—
DTHB. —BRUEAREVERESEL. BHLRZEENERICS S8, —74.
fRAEIEL RSO H V. ERRLATHRRBERRNAI SV TEDOR
BHMHAEDICERIrRETESRAEONEREMTH S, Figurel -1 80H
Tik. EEEDORWVEEBAI NS VEESBD 5B,

(2) Z8Ks
 FEHOFEELEAELORBE 2Figurrel — 1 S, BARBLERL OB %
Figurel — 2 0y, TEFORECHERLT LU BMHETERWS, LHEH
WILEE 2~3%0ARABH Y. EARICEL TR, ~EEE TRAZIEFZ
FEYERIBEENHT-OERIAELRY, X-FKREP-EEZBY
PERBROHBEE LRI ORBEARIESEMLRBLEPATVS,

(3) +H

+EOLEIEALOEBESFigrel ~2 112, B ER L OHBE ZFigure
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(4).

(5)

(8)

1-2205Y, TEOLEOEARRET AL XARFHTHINLEDS
WMEYBRBREAE L RBEMARD SR, ChREEDORENEEEHERES
B0 THAI LHEENDB. £, Figwrel - 22uRE¥h3 L. L
RIEVBEABERZWVMERL RS THWS.

e

T EERIITablel — 1 9 RRT LK, BNEYERFREVWEEDRT
W, TOBEMIEFigurel —2 3icdBH O6NBHA BUF—22EF a2y bL
iR EFigurel — 241K T BROREWTN—TLNERITN—TIIEKH
X, BEORENWIV—TREBRONEIWZEERORE MERHBED 5h
B3P, BRONEWITV—TEHEERIEELRY., T, sifk<rotwn
DRI LBER. BEEIZOEVEARIRERTVEILHEI GRS,

F/Figurel —~ 2 W REXNBF— A TR, BEOREWT N — Ak
MEL, ZOEREHZ2500Q~cm&RoTn3,

pH

FEOp HREU TR, EFMICRABHALA—2ER2L T, Tablel ~2
ORI HEREENHOOATEY, Figurel -1 1R LEZEL, pHE
~1 0 DHERTRBELREFIHBEOKATH B DIEREp HES RN,
L L., EEOLETEFigurel — 2 6ILRT T2 <, p HEEADBRIR
Tk, FpHOEWEYHEEDMEWF =355 D, 0P REZEFOD
HEBLEXOhD,

BbE e EAL

BLEABMIEBERRN I FUTRLIBRLMEB ST R T, Tablel
—2 LIGRTEEPSHER TS, UL, CHIBLBEETH-THTOE
BTRB2NILRERE2ETS. Tobd, ExERETR LUMERRERS
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NEH, WECFEL RNV I —AbHBI LR EBRETS, 2O kh6. M
HOBELRVRATREHOBRZWEAREML, BHOBRIEVEANKS
wWr—2553,

iz, HBRRUIFigurel — 2 5 TRAY F U PR X3EANLERERDE
WHETEUTOEHE, ThdEELHTERULRTVI L LELES Y.
Tablel1 =22, 1-2 3 bHEERLH CHERATHEASAZ VI LHIRER
TW3,

(7) LAuEREEs

TR ERE N EEOBARREHERT P = X — L USARET 3R
DBEERHENRT WS, —HE LT, Figrel -2 TItk PO —7HABG > 4
REAREL OHE%, Figirel — 2 8RRV 0—7HBIER Y S REARE >
DOHE%. Figirel — 2 ORI 7R —7BHLALREL OBEY. Figurel -
SORREHNREBNLEREELOHBER2RT.

CRSDFHRTATHEOLEI P I b BEARA S ER T X —F BERT
By, BREOVEFERHITRD LT, BOTENRTRE235,

(8) EEH

BECELUTE. —BRIESRLER XV ERSAT 35, EEHCIRER. &
TARIZEOTRRBLEbH Y, BETHB. BEMERHITLERBLARLL
(Figure1—3 1, 1—-32) BREEEUBITIIAS REANREL 45 0%E
ERTHY, FEEEL X RHTILEXRD B,

EROEFLSHT HREA 4. BfA 4>, KMn O BESEE L O
BORN SR TV BEFH DB, ThdrELdTTablel — 24 RERTE.

ZNThDBEA L OWGERT,
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Table 1-18 Relations between Aeration and K-inds of Soils'®?

B OR & - + "

Good B WHr—2, HHe -4, HitHer -4, 2 tHe-A
_Fair WHe—a, HidBe—s, A Ee—2

Poor ﬂjﬂ:ﬁﬂ—la, *ﬁ:t

Very poor Hit, BHEL, B+

Table 1-19 Relations between Soil Resistivity and Corrosion

it H B (Qem)
B oRo
Waters Applegate Pritula Shepard Romanoff
B oL oW 0~800 ~ 0~1000 0~500 0~500 <700
e L 900~2300 1000~5000 506~1000 500~1000 700~2000
B 2300~5000 5000~10000 1000~2000 . 2000~5000
s 5000~ 10000 10000~ 100000 2000~10000 E B > 5000
TR T © >10000 > 100000 > 10000

Table 1-20 pH and Corrosion

p H = 8 &
< 4 ERKEREE
4~10 g A
>10 EREE

'Ta'blle' 1-21 Redox Potential

‘and Bacteria Corrosion

E{tBRTEA(SHE) | HEREOERA
<100 mV i
100~200 R
200~400 :{WN
> 400 2EA L

Table 1-22 Corrosion Rate of Metals in Mud (30°C)1!®?

h &l | W # w8 & | W 8 (6:4) | AFv L AM(18-8) .
Hoes mdd mm/yr mdd l mm/yr mdd mm/yr mdd mm/yr
& W 1.7 0. 008 2.0 0. 009 0.32 | 0.0014 trace —_
EER < 37.0 0.173 45,7 0.215 0.26 | 0,001l trace -
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R Table 1-23 Examples of Corrosion of Steel
under the Presence of Sulfate Reducing Bacteria2s!

w5 % B a E M sz nogiy | BEERAE

Bunker T hlz BT B AGENE 9 f£-C10mm 235
Doig (1951} W Bl AN — 553 T94mm 443
Copenhagen (1954) e s 31T SRR 124T15mm 272
Copenhagen (1966) ' 25 C8mm 855
Booth (1967) SRB H R P O 137mdd 137

(i &)

Booth . (1967) IR IR P ik 2.6 mdd 2.6
LaQue (1948) | kiR . 14EC0.120m 25
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Table 1-24 Definitions of Factors of Corrosive Environment (12

(2) T00-68 69€7[L ONd
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. N— RIA( 20F) el Lic e 74 | 7o -7 (B8HH ) O 4P Co QMM ALIEO K & e&:r—ﬂ;of. § 2 u Ao iRiR
2| 7o < FRERIE en/y (273Kl fmiehi ( Kp ) % I e i (837 WA ISEL Y B £ Bhh Thob,
3| Fe—FHEIRIL | O Kp %@ﬁi&t”,m)Tmiﬁl’m’"_?‘@ 7o~ FORARGIERERbLL, 2 o-eaBioRRyRTREL 2D,
. . y FRA( 22) CRRBLIEE T v —FD 7u—7hiﬂ%®ﬂﬁ T, P 7oAl RTIRL S, 7 e — 70 RMAH
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(£ &) O A A R 3 PES SR L i b h T B,
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Figure 1-18
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Figure 1-19 Relations between Humidity of Soil

and Corrosion

of Carbon Steel!'?®
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Figure 1-20 Water Content in Soils
and Corrosion of Steel
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Figure 1-22 Relation between Kinds of Soils

and Corrosion!®?

*{.Plo- :

400 oW )
3 1150
N x =
= @ e
2 30 % =
2 ) > L.
= 4100 =
ol x o
2 o * &
g 20 . 3 3
N k) 5 % &
= : =
5 : e 5o E
~ 10r ¥ -
B o o
g
&
ST000 500~1000 <500
o (£« cm)

iﬁgure 1-23 Relation between Soil Resistivity
' and Corrosion of Carbon Steel!®’

-42-



PNC TJ4369 89-001(2)

Al'i- G — -

T Deesact fit .

see a e -
- 2Q='°Q -] o o |
< < Q ° = -
g oY g8 ° o J
E < =] Q QO 4;
s F —— =
g P Averzgs penefrztion
EO'S- o --.-
"
e = a o -
3 o a i
o o

.%BO o o o o e 3

e 00 _a Q 2 o
= OQQQ =-. [~} o e -
- L] » [] » [} [] 1 3 L] -°l
5000 10000 - 80000

Sail resistivity, ohm-cmn

Figure 1~24 Soil Resistivity and Corrosion Rate®’
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Figure 1-26 Relation between pH of Soil

and Corrosion of Carbon Steel!®’
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1.3.2 BEREBHEE

TROBREEBHTEEEL UTIHANS I, DI NOEKIIEERE 2T
HB5. Tablel - 25(RTANS I % T, BB, pH., BEES7SA. 7K
3. FALDIET 3ATMSEMEL. AR 0 AN LSS EARE
ERZUT, BB HAN SR ES T 355 TH B, » L. BARA
XL ERISEIN BANAEVE AT RESORNEOBELH S,

—%Tablel — 2 613D I N-DVGWHIEEUET X hi-HET. AN
S Ipshic B (Bit. RIR. BLYZ) . BRBE. SRIESA 4. HRE.
B, HTFK. EHRBEMOES,, TEE) QL EeERL - HEERE
DAL, ERUTHE, FHEFMR R TS, KL, BLETBAIEH
BHORLL. POBEERSLVELT. RITECIREREATEY, 2/
HEORELIMARIBEETSHS 5,
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Table 1-25 Soil Evaluation Method per ANSI A21.5

Mo Ul

mo o

Mg

1B (- em)

L700

10

700~1000

8

1000~1200

S

1200~1500

1500~2000

>2000

pH

0~2

]

2~4

4~6.5

6.5~7.5

H
b

7.5~8.5

>8.5

BTkt (Eh)
Redox REL (mV' )

>100 .

50~100

L4l

0~50

<0

xR

HpA OB

HFSE DA, BRI -TWE

AR, - RS

w2

Hlf

[#]

HFR

i

slpn|lw|olm|v|loa|la|lw|e|lwio|os|eo|w

o

T i feL,

Redox i8N & 113 Jidddr? 4.
AEHAF 10 oL 3L, TS L0t Ths
OTRY et s T k.
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Table 1-26 DVGK Method for Corrosion Evaluation

B fr

M | i B | [ & | vaa
a) T 3EE
s Zs
a2 ¥+HE5ER TR % <10 1
>10~30 +2
>3 0~50 0
550~80 -2
] >80 —4
b, BiREEE ) -
. B, WRMEE , L mh % =5 12
e FRPHEHOBBE(RYF KRR, —-12
T—Z A, B, TAERS)
' z
i . 2
Rk ohm cn >50000 +4
>20000~50000 +2
> 5000~20000 0
> 2000~ 5000 -2
1000~ 2000 -4
<1000 -6
Bk T 5 Zs
: ' =20 0
>29 -1
Zy
PHE . >9 ¥2
>5,5~9 U
4 ~55 =1
< 4 -3
WIAARRE (pH 7 TD ) mmo 1./kg Zs
. <200 [+]
200~1000] +1
>1000 +3
ﬁ&&@4? (pH 7T - 52 g !
F v i . 2.0~ -2
P 29 ~"5~10 -4
>10~20 -6
>20~30 -8
>30 -10
Wikdp (8* ) mg / kg Zs
<5 0
. 5~10 -3
>1i0 —6
| e ki) mmol ./ kg - Zf‘-)
~ s
| ¢(C17) + 2 (S0L™) S 10 -3
10~ 30 -2
30~100 -3
>100 -4
FERRH (SOI™ , SEERHE ) mmo 1 /kg Zs
<3 [1]
2~ 5 -1
>5~10 -2
>10 -3

_50_




PNC TJ4369 89-001(2)

N | _ m 5 [ T & | w & | spmas |
bv) BHEER
ARYETOHTX WFREL Ze
9 . o . . : S WFABD _2
WFROEBS D —3
BRRNFAOEE - . S Zo
10 BEMCEs L EomiEdiis | 14z, <2 . o
ARDESLUCERRLIBLADEDE 2| 47,158 -2
4z, o 14Z21>3 : -4
. ZI.I
ERRETE DR PXREA E F—-o T :
BALRI ot mTEEE | ~6
11 EhTHBEE
BRI THABE, TOE 14Z:1>3 : P
4%,
aRmoWeEs v Ziz
(B-TimmEsER) - - 0,5~—0,4 -3
12 ‘ >—0,4~=0,3 -3
>-03 ~10
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1.3.3 BREFEHKN

BRER L FHERE T, BRI VERU BPEEREL LTEHLIS 1
25z, BETRHE, Eﬁﬁﬁﬂ?ﬁ&&%kﬁm?éﬁﬁbév TEHZ
NIBENS (Figurel ~33) ,

Thbhb, —BIETHROATHEIAhS,

BAFHEEHGR) = 2 Y'  (a<1)  R1-1
| a, nIE¥ , Y : gos '

NB S OERFRER'Y Tk

B WIOL/E2) = 7. 4W (T,/10) 857 ®£1-2
W BB BT 5 60 HOBAZOL/I62) |, T : Sl

AREWE PI@mil) = (25. 2W+45) (T/10) 24 3£{-3
DRPESRTEY . EHBITRL =5 A EREL D Tl

BREAE Hm) = 0. 25Y9-4 wl—4
Y : BEfE

2RO TNHhAE,

BT, BEOZed6, HESRMERN TR/ ERECELTE, EF—
ERITRBIL, £, BARERMM,/ Yy X0 nm/ v T OEFLETHB S
LHhiB,

RIZ, EREEORAY LREHEAT R A THET 3 BENAA AT A o
TREER, BEEH A K51V LTARER TS, Tablel — 2 Tiemd
AT, ~REROTASERE, BB, LRRERORE L TSR
TWB, Figurel — 34, 1 -3 538aHEEAL. HIgH, EAKED 3RFTH
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ARRETBRERT. ETablel —28THary U—bEHEv ) OeE
£i5, Fu—TEMSE FO—TBHE. BEUEHTREXR TV ©
FThHERBIE, BREANL V., <70 VEERI=V/R (VI8
LB, o ¢ R:LER) TREATED. FO—TEEERC X SEE
{EL EREDEBIRigurel -3 8l RT LR VBZO STV S,

i, ERFHREVCTROEERMTPARETH SN HREHE UTEET
FESERTH Y. roSEFHONEIROZ LIMRTHSB. 25 LERA
BBRLFEE LT, B, DR XY EFORKERITRA L. BEER
ek VESERYE LTEERT 3HRLRI TR TE Y. HREES>WTHEK
UZEHi%Figurel — 8 TR

COf. ARBSSHBHHTMETCETHY. T, BAAXMEHETS
B b, BESHER I VEELZEETSIFHE (Figurel — 3 8) HEREE
ATOB,
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Table 1-27 Evaluation Method for the Corrosion of Buried Pipe of
- V_Branch Line (A Tentative Plan)!®?

FEARC=C, XC X C;

~ 104ELl | 2048 =] 804 .
mxdid e | B B sk somka| smng| 0FRE
(F) C, 10 13 15 17
- ' ~5002P/s|—20022/5| |
ErtmEa(s)| B B [-esozesl UL TS e §=>—400
V., 58—
(T P rdws’) | C. 0.1 1 2 3
. ~ 110000>2 | 4000>0 | 2300>0
+HELES (o) | B PZ10000 | 'S n00 | = 2300 | = 1000 | 10007
(£-cn) Cs 0.1 1 2 3 4
Table 1-28 Evaluation Method for the C/S Macrocell
Corrosion of Pipes2®’
(FEiEBI 2 EOf )
s Te—-FRZNEE T o YRINREE w8 8 5 ¥
r
%ﬂ SEEH (Re), oM (B/8) e B (IR WA (B/S)
g M), KRBT (Ecory) | LIBEAEH (0) L AR (0)
- 1.1 —
%ﬁ H= {220 SRR O ) b= a2A4K, oY | B (b Albe B/SIVY
=i
g ]—g=03Y
“ 0.1
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BATLA DOHEY (wils)

—
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ny
o

Ruston Fine Sand y Loam
1 v 1 ' , ,

0 2 4 § 8 10 T2
. mupM (F)
Figure 1-33 Change of Maximum Pitting Rate by Years

BRI fEE X Hu L2 (nn) .

.00 ' — ]
0.2 0.4 0.8 0.8 1.0 12
BRI AR & Hr SHIE (o)
Figuré 1-34 Relation ﬁetween Values of Actual Measurement and
Estlma.ted Values'®’
(Estimated Value = C+A1x(P/S)+A=x{p ) thsx (Water Coutent))
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Figure 1-35 Correlation of Values of Actual Measurement and
Calculated Values of P/S'"’
P/S: Pipe vs. Soil Potential
(mV. with Respect to Saturated Cu-Sulphate Electrode)
p: Soil Resistivity (Q-cm)
n : Water Content (%)
r : Coefficient of Multiple Correlation
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Figure 1-36 Comparison of Estimated Values and Values of
Actual Measurgment of Supply Pipeaﬂ’
— 56—



PNC TJ4369 89-001(2)

Item Category

#oF T ) -
Na| 7474 | BEL :
1 2 .3
1 | E8=q] — S2o0ER S30&E£ S 4058
2| P/S1 | mV{ >—510  }-510=>—-610] —61l0=

3 sy |R-emi <3000 [3000< <7,000 7.000Z

sl & - | @pkon)| (o) |(oarmms|
5| pH | — <5.5 555 <70 72.0=

6] L/Kp, |178] <0.025 0025 <01 0.1
T B S| % <25 255 <55 55=

8{ Re lQ+n <ieg 13< <37 N P
JolE Kkl % | . <40 40< <90 90

z

i

#

#
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ten
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B¢
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B
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Figure 1-37 Relation between Values of Actual Measurement
and Estimated Values '
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Figure 1-38 Estimation of Service Life by Extreme Value Statistics

.—58_



PNC TJ4369 89-001(2)

1.3.4 &%

F211.3.1~1. 3.3l —ROER T EIT B A ERRE, XS54 2ET5
BADE. FHBHMICETIHEETS LY. UTRRERRRIC ST 5HEFEY
EEERTRT. | ’

T

BB TR LB h 1 O BB L - B B AR ED

7o COREOREDEDIC. Tablel — 2 9 AT BEEFOWERThh i
X BAELRBRII AL p HEH U ETT 3RENSSd,. HoOr
BMpHBHEHAXRTWS, BREE L FRBEEFOME %Figurel — 39~
1—-4 7iZRT.

S, O— B L R OIS Th BRiLh B0 LIV VEOBRE 1R
ELTWS, COBREREIL. tOBISEERE THIERIMEL. BItDHS
D, RESHR. BRBENRYE-BILEHLTEDDTENMELRT.

FEETIL, FHBITENOZOEAEDRVEETSHS T L5 Tablel — 2
SRFERTNB,

BAREICH LT, ol Redo xBi, L8 MESEL. H.00 p
HB ESABOVHELRL. BAR. BOEOL. Red o x BUOENHE, #
+EEEHTHLNE L bk,

Ei. CHBOEEBEORERELEELRL. BOEOLIE, RedoxE
MHiEL. BELEROLET—-RIBRESHVEEDR TS LEL—~F L.
FCCATFHONEEE2 BT R VBN UER, Tablel —301RT I
L ITEPIEIE R, BELEE I & B R IF o R, Tablel — 3

LR ERRIE 5 h, BOERBREERU .
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Table 1-29 Result of Factor Classification

- -7 _ F w fcd

) BAAE, tnE, £R
AR
U | Reaormt, sz (p/s) | B ASEEREIRD

o |REmEM RERD oo

RAEH2), RIIEI

I |pH. M. TAAUE pHOFAR

L |AnsiEE, mReEE TN EOHHE

H,OupH, KMrOJHRE 1 & GRET S
EHOMIE

v [FeREh. S0 I bLISETS

Table 1-30 Average Values and Standard Deviation (Samples. n=71)

S| = 2 2 |TFom|psEz(xn] £ 2z | Tou|ssez
1maamms | 02] 02 [BlC  (ag/t) 8 5
2 |2 R(& 9 | 15 Julso>= (w/o) |33 | 4t
3|z 0 & 26 | 12 |15 “ﬁg‘g'i ) | 3 |
s | BEEEX(O—m) | 233 | 15.2 |16] ®Emamim/e) | 872 | 1018
5|rEauNt-m | w4 | 07 (UjE meyn | 2 )
b HEMENA~m | 18.1 | 10.3 18] 7AHUmE (/D) 13 16
7]e & m& | 28| 08 |10|kEEA@-m| 04| 85
8 | RedoxRtr(mv) [309 | 236 |20| FkoHm(S) 1.2 1.3
9]& & i) 10 13 |21| ANS13RE () 13.1] 3.3
0] mgkgERee | 0.21] 019 |2{ EHRIEGv) | -60] 53
H[{HOwpH | 41| 14 |2 2%’,]%(5) 05| 05
12 pH 6.2 1.1
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Table 1-31 Result of Analysis by Numerization Sort
2R AFRY— AFTI—-0R g ©
X | 3,000~ 0.0
LRI ] X 12 | 1.000~3,000 £.006 0.155
(R 1y, ~1,000 0.155
oH X2 -5.0 0.0 0.073
Xz | 5.0~ 0.073
Xxa | B 0.0
HOk | Xa [VEHED 0.065 0.065
Xas | FREH 0.029
PR X |BpeSNER 0.0 0.0%6
Xa | B 0.026
Xsa | ITE 0.0
OB txe|® JHE 0.075 1 0.261
X s | BER~IR 0.261 ’
i <4 b1 —0.036
oo MO (R) 0.831
# =3 F (RY 0.690(69.07%6)

(2 fRE) y={0+« x n+0.006 - X 120,155 - X 1) ——— ZHEEIEN

+{0+ x224+0.073 ¢ X 22}

pH

(0 7 +0.065 xa2+0.029° Yaa)—iF K

+{0+ x a1 +0.026° X a3)

 ®”

4(0 - ¥ o1 +0.075 « X 52-+0.261~ X pa) — ENE

-0.036

b=

e
o wA

A ———r
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Figure 1-39 Corrosion Rate and Colors of Soil
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Figure 1-40 Corrosion Rate and Redox Potential
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Figure 1-41 C;;rosion Rate and Kinds of Soifm

(ea/3E) -
0.8

0.1 -

0.6

0.5

0.4

0.3 * e

% H B =

*
L ]

0.2

v
0.1 *
*
L ]

5 10 15 el
ANSI A2L 512k 3 B S

Figure 1-42 Corrosion Rafe and ANSI Evaluation Mark
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Figure 1-43 Coérosion Rate and Resistance of Sﬁil
(by Measurement on Site)
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Figure 1-44 Corrosion Rate and Sulfur Contents
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Figure 1-46 Corrosion Rate and pH of Seoil
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Figure 1-47 Corrosion Rate and Spring Water
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(2) R»7EWH

2y BRI ETATHIIRESRE. BRERBRAFRRO—DEEXED.
EIPZYL L, WAOBA, BTAORNEY, <7 nVE, BEROFMIZK
7. Batikexhd@airdsd. 72H5, 200080 F /I 2FEL
RS Cid. Figurel —4 8~1—-50IRTBRNZ—EFoHE, AR
DREBERKRDE S HERD.

r .= J AE Y & N .  ------ #=1-4
3.05z107% o

ZZT. riHRERE (em)
AE 1 BRI X THEL BB (V)
o : AAAUOLRBERE (Q - om)
t o EBER (v r) o
AREBEEEHIK=r/VE+ s oo s oo oo KR1-5

ZZTRYIIBRITILDWTEsRIZIKE o LOBR (Figurel-51) wHET
& EXASFAAERAHE U LESFigurel — 5 20 &S RERBE eI,
26)

i, MoEEeT ihuf, 133FEM50000Q- cmUTOLEIER
BRTAVIBB%LL Y., EhFigurel —S3RRIT LK., FVIAEKHA
o THERMETT 2ERICHD. ZUTERARBEREII DWW Tablel
—32RRTHRPESN, XORAROME (Figurel —~54) IKhETEH,
AORERHET AL Figurel — 550K 3y, BEHA~DEREIRMAT
gL id,.
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Table 1-32 Pitting Growth Rate Formulas
of Steel Buried in Soil -

AUTHOR | DATE|OBJECT |FORMULA| Riprs
M. ROMA. 1958 FIELD | r=IK,sT» | B -0-214
NOFF TEST | (=) 0.9
M.HONDA .

FIELD . nw=0,522

I SaKAl | 108 rmIK, T3 | IK, =
MATSU- PIPELINE 0, 1465
H.F. ' FIELD
o GINLEY | 1961 e=IK,logT| . —
TONCRE PIPELINE -
PRESENT | 5 w=0.5
AU. 1081 |FED k. Ta | K=
THOURS TANK 0.2~0.3

_8 8_



- Ly
- . _' lj-l i,:j;_..:..
1{mm/yr)

- . f R .
iU gL THE S

Figure 1-48 Corrosion of Bottom PIZate
of Open Type Tank

(with hot insulation)
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Figure 1-50 Corrosion of Bottom Plate

of Tank Lined with Asphalt Sand
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Figure 1-49 Corfosion of Bottom Plate
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Figure 1-51 Consi:ant of Pit Growing Rate
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Figure 1-52 Years Required for Penetration
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Figure 1-53 Soil Resistivity Distribution in Base Sand
under Bottom Plate
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Figure 1-54 Shapéswa Pitting

NN

A 3

EK)Eir,/'|215Y
2 .

QI/QWNOILNALNT Lid

PIT DERTH (1IN MM

Figure 1-55 Growths of Pitting
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2. BHELEBRGHEZE
2.1 B#Y

WHEE LT BREON. /S FRES 5 DRE QHERERE SO 28O0
TEBOEATE, BEREEAOLEEREBELELTV. BARAL TOEREED
BEREEETI L DI, FFasNTHFRIIEonT50~1 0 OFHoL%EE
AREIETARRO LRELTEC L2 BNET 5.

2.2 BEEHFRUHH

2.2.1 HWEENSH
(1) HWESAFERE _ o
O EREF ¢ WESE ~ HHUSEHE
@ HEASH @ HETPXEAER ~ BAKE
@ HE P OEER . _
& EE-E¥: 80A X 0.9 mL

(2) RWAGEE .
@ HRER : HHRITE ~ HU284%
@ HHESFR | AEREREKE ~ ElERsKiE
® #HH t URy MTHEE
@® #E-F¥: 450AX0. 8mL

2.2.2 WENE
(1) SHEAREE
(1) SHERE, BAR
BEOMARTEADORA L BE. B8R0 LEERBEES. ALK
BOTE, FPRF— T TRERWEL, AREE LA X L ENR
TER U HER. BROBTWEREEZRAT/ FALTRAIR L,
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(2)
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Figure 2-1 Location of Gas Pipe Examination of

Gas Service 0ffice of Yokohama City

Photo 2-1 Front of Primary School in Yokohama City
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Figure 2-2 Location of Water Service Pipe Examination

in Nagasaki City

Motokawachi Water Service Tunnel
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Photo 2-3 Source of Water Supply of Motokawachi

Photo 2-4 Remain of Water Service Tunnel of Narutaki Town
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(i1) 71— 7 B R B
HiE+HEir SO — T RN A REERBETELERL T, Fu—
REHOBHUBRE (a) LESEBELOMDOBAIL U TRASEM 2R
Ui (Figure2-3) .
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Figure 2-3 Principle of Measurement of Corrosion Potential

(iii) HEHER
Figure2 — 4 lomd & 5ic. fHigt#Eiruo-72T52a7 -7
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(a) B— (b) BHOBEEEAEZEEL, TR XD LHER
Rs, TEEH o B L,

AEh
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Figure 2-4 Principle of Measurements of Soil Resistivity e

and Resistance Rs (PR)
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(iv) 2 EEHR p (PR). ARBAEEd

Figure2 —4 oHIERITBWTan—Ya e -t kY HBIER
EUBRBAZEERHL:. 2B u—7%5 5185
LRAARESEORARRIGER TH 5. BRERERE LR —THE%:

FBERTHRLUEZDBOTHY., BRARRIBIIHEREOREZETTDH
DTHB. '

(VEZEpH
1 (FRREELD) W2, SEOBFIKHBVIZINKCLES
mxz (8. £E10git25ml) »PEEEBINEESI LT30S
LikES 3. HEBEL hEEETTABREBL LRI S ABED
EERDELBEFEL. H30RELI p HERER2ED. BE
L BRDNERGAKTHSI AER 2 XY, EARRBEFEZI,2VX
3RO TRET 3,

(vi) Bt EAL

BHOFERETRORASKE LB I AVEBLH VS, Z0=
DDBBEEERDT GELOLBIEMATESLSILUEEEHONI
CE3ALT, TOHOBMELFHD. MEER—RICAKEBEROHE
WHEEh3, BEOEDIZE, MEELEr=24 TmVEHNX, »D
pH7»5ORBENUEHFEFHIBETS-OILE. 1 pHOREE
TLicB0OmVOEBERTFS. 7LAVEOLERCAEZMA, BEO
LERIHEFRT B

Eh=Ep+Er+Epi %2-3

727U, EhiRedox®Efz. Ep: Bl ULBEEAM. Er: 24 7mV
(Ao A NEBRHT B EEARBECNTHECHER) . Eptit pH
T~DIEEE.
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(vii)sREL B
HEEFRICBSWTHE,SPL., OmoTERREL. UTOHRED
S ETo*. '
(a) Bk

TEREEhIKGEEOD, KATRD D,

EAkE (%) = AXB X 100 ®£2-4

A:¥E+ EZ (g)
B: 100CT2ARMERLLBOFEESR ()

(b)ER{te

KR X o TERRE 1 g SV OBLYEFHEE (mgSg) %
HH5 3.

1
= (b-a) XfX0. 160X— HX2Z2-5
W
STz, S:HMbYEE®E (mg S/ g) ‘
a : REOWEIRLEN/10O0FFFHBETF PUILEE (m1)

b ¢ 2R OFWEIELEN/1 00 FAFHBET PV UABRK
(ml)

£+ N/100FARBF U IABKDT 7Y —
W ESRE (SEERcRELER) (g)
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(c)iEkisy (R5L)
TvA gV
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(d)ED
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EAHEATACETANaOHE®0.INNa OHOnBInHHELT (A
#%E100gh ML R BAIBEL) BRBELTS,
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2.3 HRRUEE

2.3.1 HEARABHHRE
(1) EUBRROCHERZE
(1)4RH. BRE
BHAEREERFNEL U CRELRESR T, 48 L8k
BRERULPLTOROWESIIIMBAEZY, 2EROFBaOHE TEED
RTEY, 2HLUTERBREZELE2<E->THY, EHEEHLES
AXBERNE S wEbhi (Photo2-5) . LAL, BL2lErE<
NRUTTELEOLHCESH Y., TOEREEHLTHENWTH
2. BSMROELDPBIELTRERARPH DI L PBbpol, £
HLRUAADEHIZ20TH, ERIEOIY 2~4AmBEIOLS 2R
WROBDOHPEELTH Y, TOTREENRE LU BEBHFEL -,
LRDOFIEM K% Table 2 — 112, DA %EFigure 2 — BIZHALD
A %Photo 2 — BRT . COHTHAAAREZIES. SmThHor-
BEEZESHOURN . |
2B, /FARKLBHET, ABER., 4mt LHEEh,

1 NI
Photo 2-5 Appearance of Pipe i 1 2 3 ' !

Photo 2-6 Appearance of Pitting Area
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Table 2-1 Results'of Meastremént of Pitting

(Thickness of Original Plate: 9.4

mm)

. LaEEE <+ 0 i i?l.ﬁ: & & + it
a 4.4 70X53 @ 1.0 taxt14
b 1.8 gx12 ® 3.0 13x14
¢ 2.5 14%33 ;() 2.8 12%20
d}. 1.5 5X3 @ 1.0 50%20
e| 2.4 13x12 E 2.1 60X35
£ 3.0 18X30 ®F 1.4 8X12
g a. 7 2078 2.1 20X30
h 0.8 TX7 () 2.1 22x22
i 2.0 8xg @] s5-3 §8X62
J 1. 8 3x7 @ o.8 BX8
k 1.7 8x11 @ 1.1 12x9

L@ @
e i T g
O
9% | S e

Figure 2-5 Distribution of Pitting
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(i1) ARG

AASHEON, EHBa PARRE L. dmicBT, F2 =
AEYY LY, BEYY O, I OlBHRET ok, TORMEE
FigureZ2 — 6, Photo% 2 — 7 ~Photo2 ~ 1 1 iviR7,

e e
o

3H ==-=ofmmm oot

I
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Figure 2-6 Positions of Microscopic Stracture Observation



PNC TJ4369 89-001(2)

3456 7 8
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Photo 2-7 Macroscopic View of Section (x 1..5)
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AT £ R

Photo 2-8 Microstructure of Section (x 200)
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Photo 2-9 Microstructure of Section (x 200)
{Boundary of Corroded Outer Surface>
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d &
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Photo 2-10 Microstructure of Section (x 200)
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Photo 2-11 Microstructure of Section (x 200)
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(111)40E - X3 a7
EEER ETable2 — 210K T

Table 2-2 Chemical Analysis of Material

BRI RERE 3.25 2.417 0.45 1.70 0.110 0.005

(iv)ERE DRt
HEOHRBADH L B DVTT ok, XRERRTRLD S
Fie kB30t %Table2 — 3, Table2 —4IXR79 .

Table 2-3 Result of X-ray Diffraction Analysis of Corrosion Product

FeC0s | a-FeO(OH) | Feals | 7-Fee0s | FeSOz Z D

G Rk — — ©
BSAMLED O — ©
DM R RELRT
@i
HE OZARF
-l
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Table 2-4 Result of Emission Spéctrochemical Analysis

A (RET) B (R&T)
Strong (¥ 1 0% ML) Fe Si Fe Si
Fair #H1~10%) —_—
fedium (#0. 1~1%) Al Ca Mn Na Mn Ni V

Weak (390. 01~0. 1%)

K Mg Ti

A1 Ca Co Cr Ti

Trace

(0. 01%HT)

Ag Cr Ni Pb V

Mg Mo

Na
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(2) ERTLBRERE

QOF= -4

HRARNERHIOLER SR BOUEK L TH . DT
HETAARYH Y, TOBECREY EINEBSORRRELEZD
T3, RERMEREZOTWTAHEOELAYRSEEATNS,
NEBOEFIIBOTHEORVWEFH 2 ROU0T, COMERHEE
BERL LTEEL®E. Figure2 -7, Figure2 - SITHEWHET 55—
5 —%iU. Table2 — 5 K LHRBERTFOMEF/RERT.

PNC TJ4369 89-001(2)

9.52e8

I |

4760um
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HANRNRE S
s
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9.001 K
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— + | n I B | & BEERE ESH

0.074

0.42 2.0 4.76

Figure 2-7 Grain Size Curve (Yokohama)
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: A5 (5 pemldTF) (%)
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Jga

[ﬂﬁlﬁ'iﬂt ne{G-Fi

X i
EuSRL VBIS-F] .
wiGl Xmgst

Figure 2-8 Classification of Soils (Yokohama)

Table 2-5 Results of Measurement of Soil Ehvironment.Factors

" 05 7u-7E REN | Fo-dHIRIEER | Ju-TR BER | TR ARE
- Ony (Q —cm) () (= y)

BWETH AR H 643 4470 466 0.067
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WEEHTFL. OmOLERZRELSrHEFE%Table2 — 81ZRT.

Table 2~6 Chemical Analysis of Soil

H B B | BERAE DA
pH —e—n 7.3
& Kk &H % 32
BRiLEXEN mV 384
ot ¥ | ek 1T
i a o Wt 31
B b ¥ |ammol/ ke 1.7
OB 3B | wmol/ke 0.44
AEEEA 4 | mol ke 8.7
EBRBE |wmol/ke 700

~ 105~
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2.3.2 REAEE

(1) EHERHEE

FAREEREFREAELL THI A —ARKERER T . > TR
BEFEERLIREEET >, Uy MIBEE THASREENAE X SERE T
BORTHY., BEEOEBHEE>THRY (FRA7 7 MEB~D FFED®
WEEEDH D (Photo2-12) ) . EREDREVARBRBEL T ARD
RE, REEDOWERFRETable2 — 7TIIRL, BEFBRESARIDVT
ETable2 — 8izmlize . ChoDE2EOARIFHKIAEFigure2 — 91T,
Photo2 —1 3. Photo2 — 1 4 iz Zh 6 DHEHOWRAETT .

X. ERIZESAROA., AELSHTTVHRITE->TED., KEHLDH
DERT — I THEL . TORR%EFigure2 — 1 0IZR7.

Photo 2-12 Outside Appearance of Water Service Pipe

= =



PNC TJ4369 89-001(2)

A EERES (TR PR EB
M25m23 4 SE=6 7
sttt bbb,

Photo 2-13 Appearance of Pitting Part Pheto 2-14 The Same as Photo 2-13

—HAREHRIEL TR, BEACSERDBOUN Y MNEEEE ) ¥XTH
RUEIEL=P4. 8~5, O0m* CHOFOTABER2EAMEDS. Omt &L
i

X. HEHRERBORF2MUE24 8 Figure2—11) KB THEIHE
HRtC KV EEZREL R % Table2 - QlomT

CRIZEBLEAS., Omn, F/h3. 4mmTHY. BXAS. Ommit/ ¥Rz
TUNRy MERFELEL B35, COfEiLBIBEHEE4L, AmTh
D, ABREPSEEITIL0. AmBEOENBARELEDRS,

RICE B DOFigure 2 — 1 LITRTWHOEEL ) ¥AL TR -ER%
Table2 — 1 OlZR7.

CRILBLERERAE» SOBEDHEDZY., BAT3. 4mbBALT
WRZ BB, KEETHEILB DY, AERBAEGSEASEEL TV,
WoT, ERFEMEERII>WTRESHPLETH S,
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- Table 2-7 Results of Measurement of Pitting Part
(Thickness of Original Plate: 5.0 mmt)

B A | AARES [ AAKES | |5 #@l | AARS  ARRs3
it Bl Gm | m)XGm) | [ E] Gm) | () X (om)
a 2.50 20 X 20 o 3.05 18 X 1§
® 410 | 28 X 30 ® 3.22 | 10 x 10
© 3.80 | 23 x 21 q 3.68 | 40 x 25
d 2.52 25 X 20 @ 3.80 28 X 22

e 1.89 15 x 10 s 3.40 22 X 20

£ 2.13 12 x 8 ® 3.15 50 X 22

g 1.95 8 X 6 u 2.35 | 12X 10
h 2.056 120 x2 v 2.5 | 12x10

i | 295 |12x 6 || w | 265 | 6x 6

i 2.08 12 X 10 X 2.16 20 X 16
k - 2.06 20 X 12 Y 2.70 30 x 23

1 2.79 | 18 x 10 z 2.27 | 10 x 10
m 2.62 | 20 X 10 | |BAME] 1.89 6 X 6
n 2.19 10x 8§ |BXIE| 4.10 o0 X 22
FHiE| 2.69 | 19 X 15

) LitRecAmc T,
2.0~@); BRI EETR,

Table 2-8 Results of Measurement of Penetrated Parts
(Thickness of Original Plate: 5.0 mmt)

i OMiAx & 3|8 @Kk & &
B X | [ A 8| m) X {om)

13.5x 850 | 8 | 4.5% 3.5
5.2x 3.4 1 9 | 8.0% 2.0
1.0x 1.0] | 10 | 3.0% 2.0
1.0% 1.0] {®aME! 1.0x 1.0
5.2% 8.0 | BkiE | 16.1x11.3
2.0% 1.0 | FigiE | 5.5% 3.7

16.1x11.3
-111-
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C . AARRE (a~2)

- EEER (1~10)

Figure 2-9 Distribution of Pitting
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A ~ A ERAE
BT T R ._,. B ~ B’ ;%ﬁfrﬁ]

TIDTLVEN

(No. T DEEER)

Flgure 2 10 Corroded Sha.pe of Penetrated Part
(Modelling Gauge was used)
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Table 2-9 Results of Measurepent

PNC TJ4369 89-001(2) of Pipe Thickness
! of Intermediate Part

6H—1—:J: - S ) Y17 (wi';h Ultra Sonic Thickness Meter)
o o ’ #F AllEgE K
2-X o o —18 . i E|  (om)
3% o g ¥-19 0] 4.%
C) © o E% 3‘8
4-) @ g o @ \_20 % j_g
9H5/)_ @ o - 2 )--21 _ % i:g
6 ' @ g o @’:‘si g gg
- 9o 00 ool : .
= e Ol 000 0« 3.6
S § o C (— 24 C_‘D ?'7
6p 000 |° o) ¢ A'E
o0 0 o olo N
o} A
10—% @ g__ o i-26 @ %é
11-) °© 2 & |2 is jii
(o] ) .
© @ ¢ 4.5
12-X% @ g O @ i—28 C:) 1.9
3H— - . o] - - @ 3.1
137 ® 2 o 29 %_ BN
14— X o 8 - 30 _ Ed\ﬁ_ﬁ — %:%
o BAE .
15'—')’ o g . ("‘31 "ié_,{g 4-4
16— & ® © o & E)x-32 ) REREBRITEAETHEA
o _
6 H— Q ° —

RS (O~®) ARSI (] ~30)

Figure 2-11 Measuring Position of Tube Wall Thickness

Table 2~10 Result of Thickness Measurement of Pipe Ends
(with Calipers)

ol Bl @mle El|s mig Eilst #E O E

fr B () fr B () fr B (om) fEEl (m
1 3.45 10 3.00 19 3.70 28 2.85
2 2.90 1 4.30 20 3.05 29 4.30
3 4.15 12 4.75 .21 4.00 30 2.30
4 4.45 13 4.05 22 3.95 3 3.25
5 3.25 | ] 3.35 23 3.99 32 1 2.55
3] 2.25 15 3.10 24 2.70 h 1.6
1 3.95 16 3.55 25 - 4.20 | BARE! 4.7
3 3.70 17 1.60 26 3.00 B3 3.45
g9 4.25 18 3.40 21 3.75
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(2) Em-tEEEs

(1) HEmEs - :
BT, B, BEKETOVCHADE 3BHOKEL L TARTERT
2T D, g : :

EaEgREny LTEAEEL,. THORELME 1 BEETE (W37
£#T) Bitbh. TOBHEWOAORIOBTRETH S, o
SHETEEENTORNICE D Uy MIBEEREEXRESES Th 5.
L2 % FE U CREERD b Y IV EEoTOB0R. MEOKESHDOH
DHXESPHEDES. PRV AREERSHRBBEYATEY. REAR
RO BRBEBSATONEYOEH5.
KEDHRS A VB T BHEL A CBESATNT, SERELAD
2., FURNOEOMEOEEDORNEIATH D, CRERELEOERS
FrEDbIhB, COBHOTERCTEEOEEBERE TH o/,
Figure2—1 2. Figure2—1 S HERBETEF— X %2R, Table2-—
11k tEESERTONERRERT.
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Figure 2-12 Grain Size Curve (ﬁagasaki)'-
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Figure 2-13 Classification of Soil (Nagasaki)
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Table 2-11 Results of Measurement of Soil Environment Factors

Fu-T B KB | S HRIER | T WER |- E AR
C©mw (Q—ca) Q) (2 y)
EMTHATAQ| 672 15400 526 0.047
» @| 588 17600 510 0.050
EH W WEET| 632 7020 500 0.065
(i1) LHAHF

ST 1.0m O HHA R LS LARBES Table 2 — 1 215 T,

Table 2~-12 Chemical Analysis of Soil

H B By | RETHARAEN)
pH — 11
& Kk # % 26
b BB | 382
ok B | ke 12F
i & wt%s 10
B ot B {mcl/ke 3.3
OB B | mol/ke 0.35
T A A > | ol kg Sl
BEREBE |wmol/k 500

=417~
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2.3.3
(1) BhEARE o

BRAABE AFI B AEARERT SRAL RN SBET RN EEY
LT&REE LTOSSREDA TN LS XTEL BED Vb 1
RIS B R TH B

CHRRHIBEOBERZBLTVWASED. BEHFRE, KEEL L TOHEE
BT LB, R RS B AE I KB OR, —B
B8 DL 51 B EHEAREI0.02~0.03m/yr. FLABEEZ DRSS T
5L NhRTNS, YHREORAAAEES.ImeERERL 1 0£THS
20.048un/yr & % B.

—HREETHARMOKEE TR, BE Y F— U CHELLEN S A%
5.5mEEX 3. EHMNS 0ETHBI L SFLAREER0. Linn/yr& 2 3.
UHL: BEE - A ARS W THARENES SOBABREEET 3
EHSHY. Bl OETEARERSRTIRITIRV IR, AEOTLARE %
FELILZB2.5~ImOARBN B L TALRES R, —75, BBIE
ERVARIBOTIE. HAEORABRORIEZHDTHY ., HATL10m
DHBEIPHEER TS,

Z0RE. BAIAEEZ0.082m/yr 25, HEHAS AR UL
EREWEDS 2 682 0k BEICHY STHARELHmTH Y. ZOBE
DRLEER0.058m/yr L 25, ChSOHER. NBSIKBY BEAAREE
0.03~0.3m/yr DBEWICAZ BDOTH Y, TOBREOARETIE XSRS,
—%. BERER L ZEAOLRCEFTTOBNEESIZLmTH Y. T
A0, 6anBIE LIE X NG, DE Y. 0.012m/yr R EHEARE L E BT
LRERB, TR EREO—RERERERK X B FHEARE. 02um/yris
YT B, _ N

Wi, BSESHER X5y nRR TR, HEARABH RERLECHRY
BEMMEFEATESDIE Bo TV b d, B eHBHKoBREIH>
CHAREFL TS, IVORRTHHPBES L. BRCHABTRF etk
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Table 3-1 Anode and Cathode Reaction

7J—F: Fe——Fe*t42¢”

#Y—V 1 Ht e %—H;-—e'

. Fe+ Hzo+_21-o, —— Fe(OH),

Fe(OH),+11:0+20;, — Fe(OH),

Table 3-2 Reaction by Anaerobic BRacteria

7/ —F: 4Fe — 4Fe**18e”

AV —F: 8H,0 — 8H (Fe EIZWT)-+80H —8e"
8H (W3) +NasSO, s AH,0-+Na;S
Na,S+2H,C0; — 2NaHCO,+H.S

4 B ISt 4Fe+2H,0+Na,S0,+2H,CO,

—+ 3Fe(OH),+FeS+2NaHCO,
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Figure 3-6 Electrode Potentials of Iron in a Solution of pH 8,

355-ppu Cl-.

line 1: oxygen-free solution and general corrosion:
line 2: oxygen, nonpolarized, and pitting:

line 3: active pitting and crevice attack.

(See Reference 53).
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Figure 3-8 Corrosion Model and Verification
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Table 3-3 Estiﬁited Uniform Metal Penetration 1in Cast Iron and Carbon Steel

Penetration, mm

Reference Rate Law Temperature, K Environment 500 yr IU&U yr
29 Parabolict?) 523 pH 7 to 8 H,0 28 38
3%  Lineart® 523 13% NaOH 20 38
34 Linear(b) 523 Neutral H20 33 66
22 Lineartc) Ambient Soil 25 51

(a) The weight change used in determining this rate expression comprises both
the iron lost to the environment and iron left on the metal as corrosion
product.

(b) The corrosion rate based on weight gain {corrosion product growth) after
the initia) rapid corrosion. The data do not consider metal lost to the
system due to the solubility of the corrosion film.

(c) Descaled weight loss data after 10 yr underground.
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Table 3-4 Long-Term Soil Corrosion Comparison for 6-in. Pipe {a)??

Mean Heig?t Loss, Mean Maximym Pitting, Mean Loss in Burst
- mdd(b) mpy?c) Strength, %
Soil Exposure, yr Ductile Iron  Gray Iron Ductile Iron Gray Iron Ductile Tron Gray Iron
Cinders 37 12.2  10.6 35 ' 35 <10 20
5.9 15.9 16.0 32 32 <10 30
7.9 12.5 13.8 27 28 <10 31
9.4 10.6 11.7 18 22 _ <10 27
13.:5 9.3 11.3 11 2 < <15 40
Alkali 3.7 Fill. 5.4 22 16 <10 10
6.0 4.3 . ds 13 10 <10 10
8.0 3.2 i1 83 10 14 <10 24
9.9 23 1.6 - 10 9 <15 42
12.0 2.6 2.l 8 10 <15 41
14.0 2.4 1.9 9 13 <9 39
Element, %
Type of Iron Carbon  Silicon Sulfur Manganese Phosphorus  Magnesium
Ductile 3.40 2.40 0.0l 0.30 0.05 0.04
Gray 3.40 1.50 0.08 0.50 0.60 e

() T00-68 69¢¥[L DNd
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Table 3-5 The Expression of Pitting Corrosion Depth!’

P = KK, (10 - pH)"(0/0)"A%

s - - R . - - -

where p = soil resistivity in ohm-cm
8 = time in years

A = exposed surface area in 2

Ka, @ = material-dependent factors
n=1/6, 1/3, 1/2, or 2/3 for soils that are well aerated, fairly
well aerated, poorly aerated, or poorly aerated with soluble
corrosion products, respectively

K, = 170, 222, or 355 for soils that are well aerated, fairly well
aerated, or poorly aerated, respectively. -

Table 3-6 Values of the Material Parameters!’

Parameter Wrought Iron Steel . Cast Iron

Ky 1.00 1.06 1.40

a 0.13 0.16 0.22
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Table 3-7 Correlation of Evaluated Amount’ of Corrosion and

Soil Environmental Factors®®

(SO0ATESL # » +F, 24

| B 8% B @R % B g X
BRI MmE 171 191 25
HAY | BV Y | BV Y [ H/VY | BV Y | HAVY
BRigEk | BREPY | KRRk | BETE | BRERK | BRERTE
BEEE | HARE | BEEE | BAZE | BREE | BadE
FEREITERERF (Ho/vVI(H o/ VI HyW/ VI H/V N Hy/VE|H/VE)
E £=4 A F 3 B | m VY |mAY | mANY | m T mm,_/-nf_Y mm/_\/_Y'
Kp Te—7 SEER Q -A -A —-A —A —-A
Ecorr e -FBRBHMN | —mV —-A
o Fo—FLEEEH | Q—c -0 -O -0 —A
o2 L EH LEEER | Q—c
Redox BitRRITE & mV A Py Pay
PH pH -
P/S & % # 8B & {—-mV -0 ®] -0 -Q -0 -0
. ORERE1I%TEE
OlElRR5%TEE
ATEBRRIVYTEE
—(3FBEATRT.
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Table 3-8 Summary of Characteristic Factors®?

RE—VA |2 —VE
- - Hi:t @] -
alai i © QrEA DD
- e 2 © NFFEFTHD
| rHEZE © ©
~ B — %
ToRERE (@] ®)
FRIEYXDY O
B K ©
X H O O
kLt ©
HEELTCTERA ©
LR N—RicHEETTRE ©
BEEDD ©
o T HAFRBE ©
REBHRN RS T  BHLRRER O ©
X, BETR& O
Table 3~9 Analysis of Corrosion Product‘s“
a5 it & & & ED X B @ w5 N
Ca Mg? Cl 503. | 8% a r MR
®m] @ | @| @ |Feco, | FeOOH | Fes0, | Fe 05 | FeSO, e E'
1-a12! ©0.36| 8.77{ 0.0 3.65| — © - - - - | HER
o-424| 0.32| 0.19| o0.17} 7.43} — O (@) - - - "
o-428 | 2.32| o0.05| 0.10] 2.01| — © © O O - "
9432 0.24| . 0.83| 0.16| 1.87| - - © O O - | AR
0.60{ 0.17] 0.08] 1.87| - O - - - - | B
posol L8 0.52| 1.28| T.72| - - O| O| 0| O |#nas
590 o.i7| 1.42| 7.80| - - - O O O |EHES|-
22503 p.08| 2.72! 0.08| 3.62] ~— () @) O - - | BES
6.22| 3.24| o.07} 1210 - O - - - - &4
3-407 | 0.22| 1.85| 0.06| 1.32| - © O - - - | HER
5-401| 1.60| 1.74| 0.08 oo - O - - - "
BT
g-404| o0.64] 1.99| 0.26{ 0.89| -— O O O O - "
o502 o0.24| 8.70| 0.07| 0.37| - © - - - - | E=xE
ED) © % M
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Figure 3-14 Change of Pit Depth by the Passage of Time (HBS)”.
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Figure 3-15 Corrosion Depth and Passage of Year (Base Pile)
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Figﬁre 3-23 Patterns of Corrosion®’

—-152-



PNC TJ4369 89-001(2)

3.2.3. A5F—=¥IIE- IV

TAUEREEI B35 0 O£ LoRMOEREEEYORESMIES <
FETRLHEIREY. BAR (BARE) . ERRERUTTHh SOHBE%D
BEAHSORERFRED THRW., Zhitid. SBEYaBIX{EHERLD
THY, FREHECBEEXRBIER, B HUNICEROE LD S DERE
BREERERDAROHRETHS S,

iy

(1) & E

st

BRED

LEWEOL DR, BRI, ZROFENS VDI~ BITRAS S
W LEhRAN. UK. BRICXIBEEE, v TERBOSRE X
FTIv, PYEDP, BEBAA, AX/RX0BESBTERERE RS
LOHELH B, o |

REL, EEERCERSRISEYCEL TR, EERSSL. #oT,
. STAAVOBESEEEREY UTEFSATVS'® I§EFhn, 77
L. 52507+ L TEERIEE SR, 30 O£ LERE 1
BENFT OV ABEABOSH T, BEHOBEMEA 4>, pH, BLRAE
KAFHEERTEY. pHT. Redox+450mVORLEEETS Y. o7
BOTEARNMNSOLERETR TSB!

(2) BEERDOINR

BAERYOMICEMT. EPMA. BEXGHH. BEHEAW. Fos
ARAH. FMSRUARY MU, SHAFREORHILE D FRbRTY
3. *OEHE LT, BHEIOHEEY off. EPosih. B{LORE%E
BERDD SHET IRFPREIRTOE,

SRR EOBEAERNO—A%Tabled — 1 0, WAMBTRCu20
PAicCu2C03, CuClze 3Cu (OH) ZDDHiE%E (Table3~-11)
1) 3 EEAEBSEAe A AADOHEEFRERTEY (Figure3—-24) .

=g a=



PNC TJ4369 89-001(2)

EERHLHROES o RERERGROEA A EIOBREOHE (1. 6
X107 mm/yr) BiTrbh T3, |

(3) B&EF VORI

5004, 100 04ERHOBEER. BEUNERHOBAOEELEERET
2B LA, AF—JIITREUVEBREFINV (32(17) BT, ThThIZ
SNWTRDIEA—EBEHG (H=a Y" . H=3Xi) oiEonus
DRERCEE L UTOBHES 3.

Zokdiid. fRoIZL L, FRTEETEL S, EREH. MALRY.
EAOBES X VESMHT AREND 3. B2RTHRoLEAFEX
niE. ERAEORT LTRSS BEEREEEOREY, BAVEAL

| BHIORE - EROERBEI BRSNS IR XAEES. AR - S5
HOFRRI X BEADE - BAREORBXFEL2-THD. S5k, B
R BT BEUSEAEOLERESEIBEI LTS,

-154-



Table 3-10 Corrosion Products of Iron'®’
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Figure 3-24 Main Chemical Reactions of Corrosion Processes.

For Further Explanations See Text!!?
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Table 1-1 Composition of Interstitial Clay Water in Eduilibrium
with Oxidized Clay (g/1)%’

Specimens Concentration (in g/l1)
NA,SO, | | 13.916
KZSOQ 0.870
MgSO, - 19.190
Cas0, | 3.606

Table 1-2 Composition of Moisture (ppm)®’

- HCl H;S0,  HF NaCl €aF, XF MgCla pH

4,8 15 0.40 8 0.21 0.44 0.1 3.5

Table 1-3 Main Characteristics of “Boom Clay"®’

Chemical composition of 64 Z 5102, 147 Alp03, 5.97 Fey03, 2.27 Kz0,

dry material (wt.Z) 1.4Z Nay0, 0.6 Ca0
Natural water {(wt.X) ca. 267 :
Minerals 257 Illite, 207 Smectite, 30Z Vermiculite,

157 I1lite-Montmorillonite interstratified, )

10Z Chlorite + chlorite vermiculite interstratified

ca., 17 pyrite
Organic material {wt.%) . 0.17 - 1,46 2

Sulphates (wt.Z) 0,26 - 4,58 %
Sulphides (wt.Z) 0.0103 - 00,0225 2
Chlorides (wt.Z) 0.04 - 0,24 7
Fluorides (wt.7) 0.03 Z

Phosphates (wt.7) 0.01 -0.17

Table 1-4 Chemical Composition of Ground Water {ppm)
of the Ressaix Coal Mine

- _ species . __
F cl NO4 S0y s POy

0.12 157 11.3 172 <0.05 <1

fF- 4 (164)
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Figure 1-1 The Assumed Equivalent Circuit Represeﬂting Corrosion
Process of Mild Steel Buried in Clay®’
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Figufe 1-2 The Comparison between Measured Complek Plane Impedance
Plot of the Mild Steel Buried in Clay for 3 Days and
Fitted Onef’

ak K -

lnlcorr

Figure 1-3 The relation between the Corrosion Current
Densities of the Mild Steel®’
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Figure 1-4 Stationary Amperostatic Polarization Curves,
Weathered Crust: pH: 7.0, Fe(OH): = 9.2x%™
¢  icorr by weight loss
icorr by intersect of 30 mv cathedic slope
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Table 1-5 Corrosion Rate (in um.a™') of Different Materials in

_lnterstitial Clay Water as Measured by the LPR Technique?’

Exposure conditions

Corrosion rate of material

(time, temperature) (nm.apl)
Ti AISI 316 AISI 304 Ductile iron AISI 410 Cu
) Grade 60 '
0 b, 25°C 0.10 0.24 0.96 122 . 0.084 164
1000 h, 25°C 0.10 0.07 0.21 . 59 0.09 45
2000 h, 25°C 0.11 0.08 0.22 110 0.09 60

(2) T00-68 69€7[L ONd
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Table 1-6 Corrosion Rate of Different Grades of Ductile Iron

Protected with Different Anti-Corrosion Layers Corroded
“Boom Clay” (mg-cm-2) (After Removal

for 9 and 25 Months in
of oxide layers)?’

Ductile iren type arnd coatlng system Weight change (ng.cmfz)
Without artificial defect With artificlal defect
9 months 25 months 9 months 25 months

Grade 42 (with casting scale) -31.9 - 79,15
Grade 60 {(with casting scale) - 6.2 ~115.10
Grade 42 (galvanized) - 0.65 - 21,57
Grade 60 {galvanized) - 4,2 - 21.61
Grade 42 {without casting scale) -18.3 - 75,89
Grade 50 (without casting scale) - 6.6 - 56,09
Grade 60 (without casting scale) =10.6 ~ 63,56
Grade nickel D2 (without casting secale) + 0.45 - 16.87
Alloyed with 6 X Si (without casting scale) + 0,57 - 13.68
Alloyed with 2.5 X Ki (without casting scale) - 3.4 ~ 15,89
Coating system 5 {see Table XIV} (with Zn) + 1.39 + 0.71 +1,21 +0.04
Coating system 6 (see Table XIV) + 0,49 4+ 0.24 +0,62 +0.84
Coating system 7 (see Table XIV) (with Zn} + 2.4 + 0.94 +1.5 +0.15
Coating system 8 (see Table XIV) + 2.6 + 0.29 +1.8 ~0.06
Coating system 9 (see Table XIV) (with Zn) + 1.32 + 2.90 +0.98 +1.68
Coating system 10 (see Table XIV) + 2.99 + 0.12 +2,50 +1.93
Coating system 1l (see Table XIV} (with Zn) + 1.71 + 0.56 +1.71 +0,17
Coating system 12 (see Table XIV} + 3.07 + 0,09 +3.49 +1.87
Coating system 13 (see Table XIV) + 1.6 + 2,97 +2,96 +2.16
Coating system l4 (see Table XIV) (with Zn) + 6.7 + 7.7 +7.3 +3.35
Coating system 15 (see Table XIV} (with Zn) - . + 1.86 +0.95 +1.95
Coating system 16 (see Table XIV) + 0,54 + 0,41 +0.,49 +4 .24
Grade 42 (covered with Levasint) + 0,34 + 0,52 +0,27 +0,14
Grade 50 (covered with Levasint) + 0.06 + 0.56 4+0.15 +0.97
Grade 60 (covered with Levasint) + 0.18 + 0.43 +0.08 +1.13
Hi alloyed type D2 (covered with Levasint) - 0.02 + 0.37 +0,34 -0.34
Alloyed with 6 X Si (covered with Levasint) + 0.11 + 0.29 +0,10 +0.94
Alloyed with 2,5 % Wi (covered with Levasint) + 0,93 + 0,31 +0.91 +0.81
Grade 42 (with casting scale protected

with Levasint) - + 0.29 +0.36 =-1.24
Grade 60 {with casting scale protected

with Levasint) + 3.74 + 0.31 +3.08 ~0.10

() T00-68 69€7[L ONd
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Table 1-7 Corrosion Rate of Different Grades of Ductile Iron

Protected with Different Anti—Corrosion Layers corroded for

4, 9 and 16 Months at 25°C in the Gas Corrosion Chamber
(mg-cm2) {(After Removal of Oxide Layer)?’

Ductile iron type and applied coating

Weight change (mg.cm_z)

systems '
With artificial defect Without artificial defect
: months (9 months | 16 months 4 months [9 months (16 months
I grade 42 (with casting scale) -0.51 +15,82 -82.17
2 grade 60 (with casting scale) -~0.88 +10.07 ~48.17
3 grade 60 {galvanized) -0,47 + 4,27 -28.68
4 grade 42 (galvanized) -0,50 + 3,31 -30,00
S grade 42 (without casting scale) =-2.34 +12.27 ~91,22
6 grade 50 (without casting scale) =-2.23 +10. 44 -82.80
7 grade 60 (without casting scale) -2.75 + 7.52 -17.36
8 grade nickel D2 {without casting
scale) -1,02 +10.44 ~48.79
9 alloyed with 6 X Si (without
casting scale) -1,16 +14,00 =70.42
10 alloyed with 2,5 ¥ Hi (without
casting scale} =3.56 + 7.43 -88.47
i1 coating system 5 (see Table XIV) +3.23 + 0.70 + 1,79 -0.18 +1.03 +1,54
12 coating system 6 {see Table XIV) -0,02° | + 0.75 + 1,89 -0.36 +0,81 -0.20
13 coating system 7 (see Table XIV) 40.16 + 0,71 + 1,78 +0.11 +0.96 -
14 coating system 8 (see Table XIV) -0.02 + 0.84 + 2,06 -0.07 +1.03 +2,09
15 coating system 9 (see Table XIV) ~0.06 + 0,47 + 1,45 40,03 +0.87 +1,.34
16 coating system 10 (see Table XIV) +0.04 + 1,03 + 2,21 +0.06 +2,03 +2.00
17 coating system 11 (see Table XIV) +0.14 + 0,77 + 1.58 +0.26 +1,12 +1.58
18 coating system 12 (see Table XIV) +0.0) 4+ 1.06 + 1.96 -0.17 +1.14 +1.84
19 coating aystem 13 (see Table XIV) -0.03 + 0,45 + 0,88 -0.05 +0.56 +1.12
20 coating system L4 (see Table XIV) -0.36 + 0,44 + 0,84 =0,63 +1.29 -
21 coating system 15 (see Table XIV) -0.29 + 0,75 - =0,64 +0,55 -
22 coating system 16 {see Table XIV) ~1.07 - 0,53 ~ 0,08 -0.03 4+0.64 +1.30
23 grade 42 (covered with Levasint) ~0.40 - 0.18 + 0.77 +0.07 +0.54 +1.84
24 grade 50 (covered with Levasint) -0.,05 + 0,16 + 1.16 =0,01 +G,40 +1.70
25 grade 60 (covered with Levasint) =0.15 + 0.05 + 0,97 +0.02 +0,39 +1.29
26 N1 alloyed type 02 (covered with
Levasint) +0,02 + 0.60 + 1,04 +0.01 +0.47 - +1.25
27 alloyed with 6 X Si (covered with o
Levagint) +0.04 + 0,21 + 1.14 ~0.07 +0.51 +1.37
28 alloyed with 2,5 % Ni {(covered
with Levasint +0.43 + (.68 + 1.50 +0.18 +0.45 +1.58
29 grade 42 (with casting scale
protected with Levasint) +0,11 + 0.34 + 1.02 +0,09 +0.43 +l.11
0 (with casting scale
* g;:giegteg with Levas n:) +0.07 | + 0.42 + 1.00 +0.11 +0.41 +1.00

() T00-68 69€7[L ONd
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Table 1-8 Weight Changes as a Function of Alloy Composition,

Exposure Time and Temperature (mg-cm 2)=+0.005 mg-cm 24’

Cérbon steel
Chromized steel

AISI 304
AISI 304 L
AISI 316
 AISI 316 L
AIST 430
1803 T
1803 MoT
UHB 904 L
Inconel 600
- Inconel 625
Incoloy 800
Hastelloy B
Hastelloy C
Ni 200
Al
AA-5052H-32
AA—-6061-T-6
i
Ti-A1V-64 .
Ti~AlSn-52

IMI 260 (Ti~Pd) 0.05%

50°C 150°C 300°C

4 wks 4 mos 9mos 16 mos Ll mo 6 mos 1 mo & mos
4,80 19.53 destroyed - -—— - m—— e
1.31 5.69 5.39 4.24 0.01 0.08 0.01 -0.05
0.06 0.28 0.25 0.15 0.00 0.03 0.02 -0.04 -
0.09 0.48 0.14 0.15 — - —— ee=
0.07 0.27 0.48 0.12 +-0.01 -0.01 0.01 -0.01
0.07 0.35 0.36 0.05 =0.02 0.07 0.00 -0.01
0.14 0.76 1l.13 1.47 0.01 -0.02 0.00 =0.07
0.09 .04 0.85 0.37 -0.01 0.02 ~0.0L -0.06.
0.10 0.44 0.66 0.65 0.03 0.02 -0.01 =-0.02
0.00* 0.16 0.27 =—— : —
0.10 0.48 0.75 0.56 0.06 -0.01 0.00 -0.02
0.12%  0.15 0.27 -— — m— —— L ——
0.06 0.37 0.95 0.19 -0.01 0.02 -0.02 -0.46
0.17% 0.39° 0.76 0.49 —_— ——— — ewmed
0.14% 0.24° 0.40 0.1l4
0.18% 0.50° 0.54 1l.12 — ——— —— =
0.29 1.47 1.27 2.69
0.39* 1,00° 1.13 1.84 === —— ——— e
0.24% ~0.68 1.60 ——— "~
0.06 0.24 0.41 0.15 -=0.02 0.01 -~0.2 ~-0.07
0.07% 0.1 0,31 -—- e - —_—— ==
0.09*% 0.14 0.29 -—— _— —— ——— e

0.15 0.16 -— — — ===

*5 weeks; °6.5 months.

Table 1-9 ‘Depth of Localized Attack on Candidate Materials (10-°m)

.Aiioy.

* AIST 304
AISI 316

9 months
78
20

16 months

60
10

UHB 904 1,
Ni-200
Inconel 625
Hastelloy C
Al ‘

- Ti and alloys

" no preferential attack

26
, 36 _
no preferential attack
76
no preferential attack

not available
20
not yet available
no prefeérential attack

s
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Table 1-10 Corrosion Rate of Ductile Iron {Influence of Type and
Alloying Elements) in Humid Clay Atmosphere at 50°C for 4 Months®’

Type of ductile iron Weight changes (mg.cm 2) after removal of oxide
Grade FNG 42 - 4,05
Grade FNG 50 - 4,07
Grade FNG 60 - 1.67
Ni alloyed type D2 (~19.5% Ni) . - 5.34
_ S5i alleyed type (- 6 % 5i) - 2,52
Ni alloyved type (~ 2.5% Ni) -11.06

Table 1-11 Corrosion of Ductile Iron Corroded in Humid Clay
Atmosphere (Exposure Condition: 49°C for 4 Months)®’

(Weicht changes in mg.cm2)

Coating system Without artificial defect With defect (serateh)
{see Table IV) '

1 (ductile iron grade 42) + 13.33

2( " " n 60) + 10.00

3 + 2,13

4 + 2,39

5 + 0,015 + 0,06

6 - 0,272 + 0.16

7 - 0.080 + 0,47

8 - 0.53 - 0.06

Table 1-12 Corrosion Rate of Different Grades of Ductile Iron Protected with LEVAS}NT
(Trade Name of Plastic—Coating, Saponified Ethylene/Vinyl Acetate Copolymer)
{4004m Layer) Corroded for 4 Months at 49°C in the Humid Clay Atmosphere®’

Type of ductile irom Weight gain (mg;ggrz)
without artificial defect with seratch
Grade 42 {with casting scale) 0.48 - 0.53
Grade 60 ( ™ " "oy 0.45 0.54
Grade 42 (without " ") 0.44 1.14
Grade 50 (" " "y 0.44 1.82
Grade 60 ( " " * ) 0,86 0.66
Grade Nickel D2 " ") 1.84 0,72
Alloyed with 6% S5i ) 0.44 0,44
Alloyed with 2.5% Ni ' 0.46 0.44
Table 1-13 Corrosion Rate of Different Grades of Ductile Iron
Protected with Different Anti-Corrosion Layers Corroded
for 4 Months at 25°C in the Gas Corrosion Chamber ({pmg, cm~2}9?
] . weight change (mg.cm 2)
ductile iron type and ccating —— - —
system with artificial defect without artificial
. defect

1 grade 42 (with casting scale) - 0,51

2 grade 60 { " " ") -~ 0.88

3 grade 60 (galvanized) - 0,47

§ grade 42 (galvanized) - 0,50

5 grade 42 (without casting scale) - 2,34

6 grade 50 ( " " "y - 2,23

7 grade 60 ( " " L - 2,75

8 grade nickel D2 ( " L - 1,02

9 alloyed with 6% 81 ( " noy - 1,16

10 alloyed with 2.5% Ni ( ") - 3,56

11 coating system 5 (see Table IV) + 0,23 - 0.18

i2 coating system 6 (see Table IV) - 0.02 - 0,36

13 coating system 7 (see Table IV) + 0,16 + 0,11
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iz ENESRIREBERE 32820 RENS,. BERHREELIEVOLEN,
Figure2 — 1l RHEMNREORNWIA Y Y U— MINOBEOLHEHNEBE LD
BiieRUb0TH3, HDHAEOEHEE (7 0%RH) LEFEOHE Y
U— MBS THHZ2EBLTWSa2 Y7 U—-1r0BE (20~30mm) %
ZERTDE, GEEREIICDT IHBRCEBEEER PRI REVWI LELRPRS. —F.
Figure2 — 2 ERRERIEMEZ Loy I U - ERBTEELU ES
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MHICEET BT LEDRB, X T, 2V U— MNHOBBIRKL. SROBE
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- B EERDHORDVEREERK (3Ca0 - 8102, BHCsS) , UWBZH
® (2Ca0+ 8i02, BEMC:8) , 7VIVEBE=RK (3Ca0-Al1:0s,
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DLTETH B,
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BRB{EERRK>Tary 7 U— M IO7IVAVERMETLEYD, BEH1 4%
EDBERIDEBAL &> THOFRHERESFHE LN D LEEEERL 2D, K
LBBBRROERACI->TEREZIIERIT. 0BT, av7U— B RERL
2y, @REICSOTRRDX ST /- FRIEE A Y — FRIGHFHETT B

Fe - Fe? + 2e- (77— FREE) wree (2-1)
& 02+ H:0+2e” —» 20H  (BY—FKRRE) -+ (2-2)
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Table 2-1 Composition of Interstitial Water Which was Extfﬁcted from

Hardened Samples Made from Ordinary Portland Cement Paste!’

BB | Nar | K+ |Cav | OH| SO | pHOSHM
7 263 613 1| 788 23

28 271 £29 1 | 834 31 13.92
56 332 695 3| 89| 44

84 323 639 2 | 743 27

Table 2-2 Classification of Corrosive Environment Factors of

Reinforced Bar5®
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Table 2-4 Items of Investigation on Salt Damage
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‘Table 2-5 Examination Method for Crack'®’
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Table 2-6 Water-Cement Rﬁtio. Added Amount of Sait of Concrete and

Corroding Condition of Bars in Conmcrete?!’
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e BRL[BEL ) on | on | o=
0.00 G | GE | GH | GE | 6B
0.04 GE' | GE | GE | GH | GE
0.1 G | GR | Dm | Dm | DX
0.2 GM | GR | P¥ | DR | DN
0.3 GM | Gu | b | DX | DM .
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~ Table 2-7 Relation between Corrosion and Potential

w &K = S A
B & x L —-250 mV Kk
A =100 mV~-=300mV
B —250 mV ~—450 mV
C -300mV LT

Table 2-8 Potential and Probability of Corrosion of Reinforced Bar
(ASTH)

=200 mV<E 0%l R TR A L Ty ey
=350 mV<ES =200 mV | RE
E<-350 mV Q%L ENFFEETHENE LTS

Table 2-9 Example of Judgement Standard of Corrosion'®’

H H i
1. WHRUUbh B &
. ABRTHE (V vs Cu/CusSsy) —0Q, 35*
3. hehfEBiztbavsy— D 1.2
EoE (Cl: kg/m?) )
4, REE{ETED nsh
* 2L L TERERER LR, Eff L LT

—-0.15V £E.
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Table 3~1 Order of Crystallization of Rock Forming Minerals

Co-AEER

TUhUES

Table 3-2 Classification of Igneous Rocks

2> T | mrienst '%gﬁg*rfgwg HEEIWE | BAR kD
#® HEE+RT | o ' AT
O OF | W BN R H|rAhwE[HALALR
CEFRE B E K O#|0C A B B & ——
mow o2 (EZA0E I w sz & 2| —
Table 3-3 Chemical Composition of Igneous Rocks
BBy mlame % o 20 o #|esnve|z & @
5 (546) (102) (41) (198)
Si0; | 59.07 59.12 70. 18 72.77 i8. 24 49.06
TiO; 1.03 1. 05 0. 39 0. 29 0.97 1.39
Al;0; 15, 22 15. 34 14, 47 13.33 17.88 15. 70
Fe;0s 3,10 3.08 1.57 1. 40 3, 61 ' 5.38
FeO 3.7 3. 80 1.78 102 5. 95 . 6.37
MnO 0.12 0.12 0.12 0.07 0.13 0.31
MgO 3. 45 3. 49 0.88 0.38 7.51 6.17
Ca0 5.10 5. 08 1. 99 1,22 10. 99 8. 95
Na,0 371 3,84 3. 48 3.34 2. 55 31
Kz0 3.11 3.13 411 4.58 0.89 1. 52
H:0 1.30 1.15 0. 84 1,50 145 1. 62
P05 0.30 0. 30 0.19 0.10 0. 28 0.45
COz 0.35 0.10 |
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Table 3-4 Classification of Clastic Sedimentary Rocks

ERAE
S\\\\\ KLBE | RRERE x B B R
BRE
£

B al.ﬁa

. PR ; ~ al ¥
EgLTY | 1. - -
ﬁ i gj EnsRE |~ % (EE2 (B & 2mm B £)
RS N Ko B kit (E® 0.05 ] 0. 05mm)
(B E, BHE) mmBlT)
AZLTY |8 K & E & | 2 "
2H0 2 on B TR | Bp 2 E{ %-'faa% &

Table 3-5 Environmental Factors for Salt, Basalt,
and Tuff Repositories

SALT BASALT TUFE

Low Moisture Moisture Low Moisture

pH = 3.5 to 9.5 PH =9 & - pH = 7 &

Brine of Low Ionic Low Ionic

High Ionic Content Content

Centent

Anoxic to oxic to oxic

Oxic with in-~ Anoxic with in-

creasing time creasing time

Lithostatic Hydrostatic None

Pressure Pressure

Thick-Walled, stainless - Thin-Walled,

Low=Carbon Steel and High-Alloy

Steel Low-Carbon Materials
Steel
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Table 3-6 Permeability Coefficients of Various Rocks and Ground

i o B

gg-g2onm | @ i | mamu(vs) | W Eid
SRR
w B (2R &@j-E T X # & (4~Tyx 1073 1=20~30% & LCHRIE
BWEL m—a2Uh (BE) Reyill-3 # * B OB 10-2--10"3
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TEBE - T -H H AbU—p—it—H— 10-3~10-¢
- KA
BE w—AXTh (RE) » » 10-3~.10-¢ ‘
Pertik 3 chodig ¥ d SEN - K B - ks (2~8)x 10-+ HE-TBT
G~Hx10-¢ FLIRE: 5 S
=1 2
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REPHEE (HER) » 23 10-2~-63 10-+*
EiEpE (3R HEN 7o T4t - NI, CL (10.0~1. 3y x 1072* o W
¢l.8~0,7)x10-? Exfs 0m
BR{LEars AN ” (11, 8~1.7) x 10-3* L -
10-3~-10-5 FE# 6m
BREKE bl - TR W A= —F—H— | 10-5~107¢
) bl A
RLREERE w7 A b treg— 10-1~10-% CL&~D&
s . * £ i
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Figure 3-1 Location of Proposed Sites
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3.1.2 BEAA=X
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Figure 3-2 Representative Temperature Changes with Time at
Outer Surface of the Waste Package Corrosion Barrier
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Figure 3-3 Representative Dose Rates at the Surface of Typical
HLY Forms and at the Guter Surface of the Waste Package

Corrosion Barrier
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3.2 BRSH

WBLD THELT D, REERTRETORZEH T L L-2EME
OEETBE LTI, 8. RELDKEBHFMALERL. EREROBRSEH
REQLIBETT, UL b RBRHHERVWHDOTENEN2ETH S,

3.3 BREBE - HEEHE

Z2EHrBITS, S0~1000EoEHicb=2BREOTHHc >WTH. B
B BEFORMERCD. S<OBET~EHERE>TOS, TOHT,
FRUBOMCCH. BERNERTNAETOV ) MHEL 4 ED
BARRERERL TS, Figred —4 2 0BELRT. HEL. B
FERBRBRIERLOTH T, ChBELTTER,

CHRE (Basalt) HiHHER . _

Table3 — TRV F T - I EHF2TT. COIBEOHARINROHRNEER
PREEHTAIZLEY., H—HNRBERAESIURBEAEEFEONR S,
k&, HCC 105.1, 105 4B TREBRRBOBTRESITEHE
K&, BEEHT ORV A M2EOERELBMEES, E/2HC 1
05. 5BV Tk, BRRABOBTARRSILEDEEASP SOKRRADFH
fiET.

- BE (Salt) HIHRER

SEEARR (HCC 105.3. 102.1) LiEABARR (MCC 104.1. 1068) @
QEBEFELLETVS, 0SB, HC 102 13BREETH Y. BHEPO®
M ERATH B,

s BRERE (Tuff) #HiHRER

LEBEATHTIZEEOERIPEL SR T WS, D5 BHCC 105.61,
Bt h > CRBEFAMHIIE L. KOBELAYFELX2VRESR
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BELEBOTHY., HOC 105.6i2hiElE. BREDOTHET LARES
BELEHLOTHD.

BADE  BERELT. v OrORARBROEHE B TieRd.
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IP3HKELUERRTHBHE, COoRBEHTRERR2BETIOREE
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WHETCOEDRIHMLDOERIZEYD, @#@RARA A2 VYaAVEDH
EREOBENELOBIERENRBDLENTVE,

Table3 —9~1 Qi RIXVBWI PEHNRIZL ~BARR T, LBNCC
105. 10RBHEI X BRETH B, gD TRHEIL.650 (T53EKRE+255~
VIFAR) REAER-ZAMPBEOER TS, Figure3 -5, A8E
EEEDOEEAII DWW TTable3 — 1 Qe REEHRLEDDOTH Y,
REOEBLEDRAHEMETT B L8035,
Table3—~11~17, Figure3—6, 7R NNWS I ##H&RicUrBEAR
RirtBET230T. RBOBREERIINT IREDHATRBOBREEEHAS
HDTH B, ‘
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Table 3-7 Tests and Benchmark Coenditions for Basalt

. Reference Reference Radiation
Test Description Temperature Durations Flow Rate Level
MCCl05.1  Static, 100 énd 30, 120, None None and
Closed 200°C 300 d . 10% R/h
MCC105.4 Flowby 100 and 30, 120 75 ml/day None
_ 2c0°C 300 d
MCC105.5 Mater Vapor  100°C 30, 120, Undetermined Undetermined
300 d

Table 3-8 Corrosion Data from the Groundwater Composition Effect Experiments

Run c1- F- S0z~ €03~ Temperature Corrosign? pH after
(mg/L) (mg/L) (mg/L) (mg/L} (°C) (mg/dm?)  test
1 780 76 0 0 100 28543 6.9
2 0 0 0 0 100 395+4 b
3 780 0 576 120 100 141416 8.6
4 0 0 0 120 100 398+7 b
5 780 76 576 0 100 408+10 8.2
6 0 0 576 0 250 48+3 6.7
7 0 76 576 0 250 51+1 8.0
8 0 76 0 120 250 45+1 8.3
9 780 76 0 120 250 49+9 6.8

10 0 76 576 120 100 311+14 8.8

11 780 0 0 0 250 53+2 6.5

12 780 0 576 120 250 53+3 8.2

%The corrosion data are mean values. The + values indicate the
maximum difference between the mean and the observed values.

pr not measured.

f-50 (210)



PNC TJ4369 89-001(2)

Table 3—9 Composition of Synthetic GR-4 Groundwater

fnalysis Precision,

Species (DL) Average ppm Standard Deviatinn

Na {(0.03) 345 10

K {0.1) 13.8 1.0
Ca (0.02) 2.04 0.1
F (0.25) 19.7 0.5
C1 (0.10) 375 10
S0. (2.0) 3.9 0.14
Si {0.01) 35.4 1
Inorg.C (0.1) " 18.5 : -
org.C (0.1} 0.28 - -

ph 9.5 -

{bL) = detecticn Timit.

Table 3-10 Corrosion Penetration (MM) and Penetration Rate (MM/YR)
for ASTHM A27 Cast Steel in GR-4 Groundwater at 100°C for
30D and 120D Tests

Standard Deviation

Test

Duration Vessel? Specimenb Total® _
{days) Measurement Mean . Minimum Maximum (%, RSD) (%, RSD) (%, RSD)
30 penetration 0.00507 0.00436 0.00549 0.00020 0.00022 0.00030
{3.9) {4.4) {5.9)
30 penetration 0.05580 0.04682 0.06070 0.00272 0.00242  0.00364
rate _ (4.9) - {4.3) (6.5)
120 penetration 0.00828 0.00618 0.00961 0.00046 0.00082 0.00094
‘ {5.5) (9.9) (11.3)
120 penetration 0.02442 0.01818 0.02828 0.00138 0,00241 0.00277
rate {5.6) (9.9) (11.4)

a} Standard deviation between vessels.
b) Standard deviation of specimens within vessels.

¢) SDyor = o SD¥gppe * SD¥eqs.
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. Table 3-11 Major Element Bulk Composition for Reference Welded Tuff

Typical

Range

{wt %}

) SiOz 68-75

110, . 0.0-0.4
A1203 10-17
Fe,04 0.1-2.0
Fel . . 0.1-2.0
Ha0 0.0-0.2 . -
Mgl 0.1-1,5
Cad 0.5-2.5
Ha,0 1.0-6.0
K,0 : 2.0-7.0
ons - 0.0-0,2
S . 0.0-2.0
H,0 1.0-5.0

Table 3-12 Reference Groundwater Composition for Tuff Repositories
(Based on Composition of Jackass Flats Well J-13 at the
Nevada Test Site)

Concentration
{mg/1iter)

Lithium 0.05
Sodium 51.0
Potassfum " 8.9
Magnesium } 2.1
Calcium 14,0
Strontium . ’ 0.05
Barfum : 0.003
Iron 0.04
Aluminum 0.03
Sitica 61.0
Fluoride 2.2
Chloride 7.5
Carbonate 0.0
Bicarbonate 120.0
Sulfate 22.0
Nitrate 5.6
Phosphate 0.12

pH - slightly basic (7.1)
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Table 3-13 'Dimensions and Power Load Outputs for Reference Waste Packages

Waste Canister** Canister - 10 yr

Package Quter ©  Haste Length old

. Diameter Length {cm) Power
{cm) {cm) Load (kw)

CHLW - 32.0 264 300 2.21

DHLW . 61.0 231 300 0.42

S.F.-BWR 57.0. _ 413.7 450% 3.42

S.F.-PHR 50.0 410.6 450 - 3.30

* length = {1.05 x Fuel Rod length} + pintle length of 16.5 cm.
** assumed canister wall thickness is 9.8 + 0.3 mm,

Table 3-14 Experimental Data Indicating Water Chemistry for
a Repository in the Topopah Spring Tuff

Expected High-Temperature Composition
Based an J-13 Reacted with Topopah Spring Tuff

Q 0,

§EEE%51 lggngentratioiogﬁg/L)

S 80 40

Na 40 40

K ] 8

B 0.1 . 0.12

Ca 3 8

Mg 0.1 0.1

Fe 0.02 0.01

Al 1.5 0.5

F" 2 2

cy” 7 7

ko3 g 10

SD4 . 18 17

HCO; + 603 80 90

pH 9 8.5

Table 3-15 Alloy Composition for Reference and Alternative Canister

and Overpack Materials
’ Chemical Composition (welight per cent)

Common Alloy UNS*  Carbon Manganese Phosphorus Sulfur Sflicon Chromium Bickel Other
Designations Desfgnation (max.)  (max.) (max,) (max.) _(max.) {range} {range) Elements
304L $30403 0.030 2.00 0.045 0.030 1.00 18.00-20.00 B.00-12,00 N: 0.10 max
3160 $31603 0.030 =~ 2,00 0.045 0.030 1.00 15.00-18.05 10.00-14.00 Mo: 2.00-3.06
: KN: 0.10 max
321 $31200 0.08 2.00 °  0.045 0,030 1200 . 17.00-19.00 9.00-1?:00 Ti: 5 x £ min®
825 NDB82S 0.05 1.0 not 0.03 0.5 19.5-23.5 28,0-46.0 Moz 2.5-3.5
specified Ti: 0.6-1.2
: i Cu: 1.5-3.0

At: 0.2 max

{Information adapted from ASTH specifications A-167, B-424, refer to ASTH Annual Book of Standrads, ASTM,
Pnilidelphia {1982} ‘ 3 .

Hote: Other stainiess alloys mentioned in text: 317L is similar to 316L but with the Mo content increased |
to 3.00-4,00 and the Cr levels adjusted to 15.00-20.00 and the Ni levels to 11.00-15.00, 347 is a .
niobium stabilized stainless steel otherwise similar to 321. HNb content is specified as 10 x € content.
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Table 3-16 Corrosion Test Results for Different Steel Coupons
Exposed to 100°C Tuff-Conditioned Water and Steam
1600-hour Exposure of Triplicate Coupons

Haterial 1000C Saturated Steam Atmospheric Pressure 1000C J-13 Mater Conditioned with
Crushed Tuff Rock
Corrosion Rates Surface Condition Corrosion Rates Surface Condition
{um/yr) after Exposure {um/yr) after Exposure .
C1020 43.43; 41.00; Attack In all 12 23.37; 29.97; Attack in all 12 crevices;
carbon steel  60.20 craevices**; localized 31.73 some 1ight localized attack
attack elsewhere elsewhere
A36 42,67: 46.48; Attack in § crevices; much 32,77; 39.35; Attack in 9 crevices; some
‘carbon steel 58.42 localized attack elsewhere 36.83 localized attack elsewhere
A366 40.39; 52.07; Light attack in 7 crevices; - 25.65; 30.73;
Attack 1n all 12 crevices; N
- carbon steel 62.74 much localized attack 27.54 ) very 1ight localized attack
' elsewhere o elsewhere
2.25 Cr-1 Mo 7.87; 12.45; Attack in 7 crevices; some 29,21; 29,97 Attack in all 12 crevices;
alloy steel 15.49 localized attack elsewhere 31.75 c?nsiderable localized attack
elsewhere

9Cr-1HM 1.52; 1.78; 1.02 HNo evidence of crevice or 4.06; 3.05; 3.30 No evidence of crevice or

alloy steel other localized attack other Yocalized attack
409 stainless nil*; afl; nil Ho evidence of crevice or nil; nil; nil No evidence of ¢revice or
steel other localized attack - other localfzed attack
- 416 stainless nil; 0.25; 0.25 No evidence of crevice or 0.25; 0.25; 0.25 MNo evidence of crevice or
steel other localized attack other localized attack
304L stainless nfl; 0.25; nil No evidence of crevice or nil; 0.25; nil No- evidence of crevice or
steel other localized attack other Jocalized attack
316L stainless nil; nil; nid No evidence of crevice or 0.51: 0.51; 0.51 No evidence of crevice or
steel other localized attack other localized attack

317L stainless 0.25; nil; 0.13 No evidence of crevice or 0.25; 0.51; 0.76 No evidence of crevice or
steal other tocalized attack other localized attack

* nil 95 less than 0.13 um/year, which s based on our weight loss detection Timit. .

** The creviced washers contain 12 separated slots.

Table 3-17 Corrosion Results for Carbon, Alloy and Stainless Steel
Coupons in Radiated Enviromments (2-month Exposure Data)

Corrosion Penetration Rate {um/yr)

Material Environment 105°C(a) ]50°C(b’
3 x 105 rads/hr 6 x 10% rads/hr
C1025 o J-13 water  34;37;36;36136 107523;20;126;18;16;18
' Avg: 36 Avg: 47
J-13 + tuff - 363;57;63;36;51 45;41;35;34335
’ Avg: 47 Avg: 38
9Cr-1HMo 3-13 water  .14:16:14;13;15;17 13;14;511513;9.7;11;16
Avg: 15 Avg: 13 '
J-13 # tuff 20;20:;21322;21;23 41;30;32;26323;50:38
Avgs 21 -Avgs 34
304L J+13 water 0.21;0.1) 0.36
{Solutfon annealed) J-13 + tuff 0.29;0.22 0.31
304L (solution * J-13 water 0.23:0.37 0.5}
annealed + “sensi- J-13 # tuff 0.25;0.30 0.55

sizing" condition)

(2} Tests conducted in Inconel 600 vessel.
(b} Tests conducted in Titanium - Grade 2 vessel.
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Table 4-1 Summary of Clay Minerals

[ & # L1/
s m7 434+ (pyrophyilite)
it B (talc)

= zveyryd b
= mam | RA2EAH {montmorillonite}
:18) (smectite) A b
wm (saponite)
A—3iFaF4 + (vermiculite)
w o ## (mica)
4 F 4 P (llite)
z | HRBE| g ® & bl
~B#E B4 ) >4 b (kaolinite}
(1:18 o~ w4 34 b (halloysite)

# OH o8B = TFTRAAT w4 b (attapulgite)
£ &% & H 7 B 7 = v (allophane)
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Table 4-2 Hydraulic Conductivities and Swelling Pressures of
Clay Compacts

As-pressed Hydraulic  Hydraulic Hydraulic Swelling
density Thickness head gradient conductivity = pressure
(g/em?) (cm) (MPa) {cm/cm) {cm/s) - (MPa)
Sodium bentonite ‘
234 0,88 15.2 1.7 x 10° 7.6 x 10m 470
2,26 0.92 15.0 1.7 x 10* 6.4 x 1o B
222 0.93 15.4 L7 x 100 6.6 x 10" 50
2,15 " D.48 152 3.2 x 100 1.0 x 10 g
2,13 0.97 14.6 1.5 x 10* 5.7 x 104 580
203 2.1 x 10¢ 5.5 x 10 58
7.1 7.5 x 10* 4.6 x 10 58
211 0.49 kR 19 x I0* 7.3 x 102 kY o
2.04 1.02 20.7 2.1 x 10 6.7 x 10~ -
2,04 0.51 1.2 1.4 x 10* 9.8 x 107 age
. 1.97 1.08 15.6 1.5 x 10 L2 x 102 41¢
1.94 1.07 15.1 1.4 x 10* 3.0 x 10 10
1.83 1.13 144 L3 x I0* 2.6 x 10" 12
1.73 0.30 15.1 5.1 x 10 5.8 x 10 7
1.71 1.2t 13.1 1.1 x 10* 7.1 x 1worn 7
1.44 2.88 14.5 5.1 % 10* 8.4 x 102 3
222 0.94 15.0 1.6 x 10° 8.3 x 10 4ond
2,20 054 14.8 1.6 x 10° 1.1 x 1or® 28t
2.12 ) 0.98 15.2 1.6 x 10 1.2 % 1002 4
2,07 1.00 16,1 1.6 x 10¢ 1.5 x 102 3z
Calcium bentonite
2.1 0.98 15.4 1.6 x 10 1.6 x 10 ih
20,7 2.1 x 1o 1.5 x 107 3th
6.7 7.2 % 10* 1.4 x 10 -
2.11 0.98 15.5 1.6 x 10* L9 x 107 35
2.09 0.99 20.7 2.1 x 16¢ 1.3 x 1004 -
2.08 0.99 15.2 1.6 x 10* 1 x 16 148
2.04 1.02 15.2 L5 x 10¢ 2.0 x 1072 19
1.89 1.10 15.8 1.5 x 16* 317 x 1071 16
1.88 1.10 15.2 1.4 x 10* 4.0 x 107 13
Clay/sand 169 1.2 14.3 1.2 x 100 7.0 x 100 5
ratio 1.39 2.9 7.1 24 % 10°  12x10M <1
Sodium bentonite/sand mixture
1:3 2,10 2.95 3.4 1.2 x 10¢ 6.6 x 107 -
11 212 0.98 155 1.6 % 10* 4.6 x 10 -
6.9 7.2 %100 3.3 x 10t -
. 20,7 22 x 108 4.4 x 102 -
1:1 2.09 0.99 16.8 1.7 x 100 7.5 x 1079 22
16.6 LT x 10 6.5 x 1072 22
20.8 2.1 x 10 57 x 10 21
7.1 7.3 % 100 4.6 x 1079 -
31 2.18 0.95 15.4 1.6 x 10 7.4 x 107 440
15.1 1.6 x 10* 7.1 x 1o~ 448

222000 N (5000 1b) confining force.

b2200 N (500 Ib) confining force.

STuff groundwater.

dfrradiated 40 days (9.5 % 10* Rad v from *Co).
€Clay heated 54 days at 300 °C,

fClay heated 6 months at 100 °C.

#Clay heated 6 months at 300 *C.

h27000 N (6000 Ib) confining force.

115000 N (3450 Ib) confining force.
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Table 4-3 Composition of Low-Carbon Steels

alloy

(AIST) c si Mn P s Fe

1006 0.04 0.03 0.25 0.015 0.011 Bal.
1020 0.19 - 0.3 0.29 0.43 Bal.
1025b) 0.07 0.03 0.40 0.015 0.021 Bal.

‘2)composition in wtt as supplied by vendor. b)spectrograchic analy-
sis data; possibly influenced by surface decarburization.

Table 4-4 Weight-Loss Data of Low-carbon Steels

Material Time Weight loss Equivalent corrosion
(AIST) {wk) {mg/&m2) rate (um/yr)

Oxic conditions {without packing)

Temperature, 150°C

1006 1 347, 349, 357 230, 232, 237
1006 2 357, 353 118, 117
1020 1 300, 309, 313 199, 205, 208
1020 2 325, 289, 297 108, 96, 98
1025 1 313, 269, 337 207, 178, 223
1025 2 285, 342, 319 95, 113, 106

Anoxic conditions (with packing)

Temperature, 150°C

1006 1 42, 39, 36 28, 26, 24
1006 2 34, 39, 42 11, 13, 14
1020 1 43, 40, 34 29, 26, 22
1020 2 42, 41, 33, 35 14, 14, 11, 12
1025 1 34, 36, 41 23, 24, 27
1025 2 33, 34, 37 1, 11, 12

Temperature, 250°C

1006 1 31, 25, 37 21, 17, 24
1006 2 42, 36, 28 14, 12, 9
1020 1 40, 32, 37 27, 21, 25
1020 2 32, 38, 37 1, 13, 12
1025 1 35, 42, 43 23, 28, 29
1025 2 3z, 46, 41 11, 15, 14
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