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A Statistical Analysis of the Distribution of the Chloride
Threshold with Relation to Steel-concrete Interface
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Abstract: A wide variation of chloride thresholds can be found in the literature. Possible causes for this variation, which were
mentioned are: method of threshold determination, cement chemistry, and concrete microstructure. Regardless of the reasons
for these variations, a probabilistic method can be used to ensure the durability of reinforced concrete structures for a specific
period. A probabilistic method gives a threshold for design for given required confidence. A former research analyzed the
micro-structure of concrete around steel rebar, by means of BSE automated image analysis, and the chloride threshold. The
research found a statistical significant correlation between the maximal distance of steel from the closest concrete solid on the
rebar perimeter and the chloride threshold. Theory of statistics of extreme values state, that the distribution of maxima data
is bonded to be general extreme value distribution (GEVD). Re-analysis of the data from the abovementioned research found
that as expected from the theory of statistics, the maximum steel-concrete distance distributed according to GEVD. Therefore,
since the chloride threshold depends on the steel-concrete distance, its distribution is bonded to the GEVD. The analysis in this
paper show that the received chloride threshold is GEVD as the theory predicted. From the theoretical point of view, GEVD
may be the distribution of many other corrosion processes. The recognition of GEVD as the correct distribution for describing
corrosion initiation in reinforced concrete (RC) structures, can enable more accurate planning for corrosion protection.

Keywords: Reinforced concrete; Probabilistic design; Chloride threshold; Statistical analysis; Corrosion

I

45 A5 2 v B SU 1 SU A  RE  E — BRAE R,
h EAL Y I e i FRAEL (CCCL, 76 F X dmRh 3
B ), WEAEBEL, WEZEl; FLL, AN
A3 A b fes B 7R 12K - A Rl i T

i A TR R AR 1% 25 Bl Ak U A B (T 3 A
TREE L IF IR b 2 B2 BB (Rl ) — N S

AL B 1) A8 Ak 2 6T 9 A TR B = 1) 1 1 7 A S TR
A BYas SR nl S5 TR B R R AR R, I,
BN, MG LIFE-365 8 2 b F4EE o Y, CcCCL
I 209% K A5 JE 1ok T LR S [R) 38 0 28%, T H R HO
> 209 AU JE I A5 A B ET G I 10% o

SCHRH AT ARSI A A B (A B S AR
S BRI B IT &, w3 B AR 5K TR
F R 0.29 2 8.349%, M7 B AL i, 1



@ Universe
Scientific Publishing

B RE5I/MR: 2022 4£ 4% 3 H
ISSN: 2661-3611(Print); 2661-362X(Online)

1B 6 B A 7K Y8 1Y 0.03%7 =K I 1Y 4%, 24 C1-/OH F
FFRAREAYBIER, SCER @ el IR E] 0.12 2 20 1
JEML, XEAEIAEFILA R, s (a) FEE
JEY, (b)) KIBEE™, D (¢) IREETBOMLEtE ©
SO TV T A B (R 2 T vk s AR A K TR Ak 2
PR, AL B RT AR PR AR o 50 Bl
S B (E RO A F e BE A Ak %) =0 L
SRAL T R L R B s M R R Sk
YIRAMHNE, HEH e — AR E

SR, AR5 v ] P AR LA T S B 1 T
T e, 5 Z, RIVEIC Tk i B DT 1]
R A I T A8 S (B 0 A )z, el DU A )
B DX TR) A ikt ] M AN, 50 47 N B T ik A A
BR 1%, B 50 PR B RS T 1%, W45
SREE L | VREE AR BRI E L B A R,
VI Ry S A5 | 2 6 ot ) R 6 k] 2 57 58 5 1) ARE SR A
R BERRIREE A R R AL e SR Y g,
RAEVEZR SO TE LRI E R B, (AT
15 7735 P B ATH IR AN A o

XA R ik, R A B A T R
FHEM (R KA -CDF ) IBER (5 Bl
S ERAIEIZE R, T2 S BE R K AEL
PaTE, RSB RRTF BRI BT, RIXHFHER R 1%
MR, 722 /0 100 MHEAH TR BN 2 . 8@
1 S B A 1 B R A Al T e B, mTLA
i R B SRR 3 R AR

ER A . REGEZS 7315 Fl Weibull 434 € H T4
TR AR 5345 1 Weibull 434 J& B Weibull
TERW, HFRR M R b BE LS B a1
45 B 4> i, J5 3B, Weibull. Gumbel. Frechet.
Leadbetter, Lindgren., Rootzen FHEA B FE e T
TG, DI SURAE 5 ( GEVD ) It ar Hipe ',
GEVD Jj&—FC R A5 A A 434, BMRREA MR
A3 T SR AR AR, JF B TGRS R4
ALk P YRR B AT Y R AR IR A SR
53HT

s 18 S Ak B 13 (L P A9 — TR 9 = 3 T 1) S5 R Bk
B, VBN - TREELEE R Y, AW B A
GEVD fRAF M /R . 45 FIESE T 5t in i nl A8 P e Sk
17 B B Tk — R 5. XM N GEVD Sk
SEVTH B AL B

A SCEE 8 H GEVD k3R 7R @ ALY A 14 531 .
GEVD 25| ZMEs 5, AR — U KA,
T e 30  WLEE 3 B Fee M 5 o, RIVARAEL

2. Fik

2.1 A B &

R T AERAT T 16 ARIIRE HIRAY: (1)

wle HLAE 0.40 F10.65 Z[];  (2) 7F 0.45 5% 0.52 ffEE
wle FER, K TR R 0.91 & 1.36, Hb MR ha k.
IR FAT AT BB /NT 0.15mm 1) BiF G ok, 3l 1 i
AN KRB A T AR W, IRA R Rl A4
ANEITZ VERE. £ 144 TIREE IR G4, TR’
B R R TIR A AR 70% 19 BOK TR
A L, FRPERIERAS T HWOK 5 4. SRI5 A4
B KUE. BR . HARKFAMINGR, FRA 3 408k,
FTA IRA Y BHE BRI R 80mm B . Hifth 5 800
KRR A R A M T TR A 1

. CEM 1 _ Aggregates .
Mix Water 525 m Filer HRWR
W45 207 475 1384 287 0 4
W45C20 212 470 1384 184 94 5
W60 221 367 1393 355 0 0
W40 211 527 1360 249 0 5
W40B2 211 525 1356 249 0 5
W45C16 213 473 1373 204 76 5
W50 199 428 1396 339 0 2
W45C12 224 496 1374 187 60 5
W45C08 221 491 1348 223 39 4
W45C04 211 408 1360 299 19 5
W55 210 381 1352 400 0 2
W65 235 362 1390 335 0 0
WS52C12 214 411 1378 279 50 4
W52C08 218 419 1378 300 34 4
Ws52C17 205 393 1386 325 68 6
W52C54 179 345 1163 496 208 6
1A Im’ BTREEHIR Sy
2.2, iR A%

R TP ARN — TR EE OSSR AT AR M,
FERNE R ORAN S 2 2050 . BT A BN R BE SR AT kA T
TRRUWAEE, TR 7E 10% B H3PO4 HiR i i
AN FERROK TR IR RURIYE , #4025 ST, ZEM RN Cal OH)
PSRRI 24 /N, T, JRPERLE R E AN E E

KT FEZEBI ) 1TZ, J R RhiREE LIRS Y
T PR RIBEE, XS T RS, AN AL T KA
BT, AR SFN 150 mm x 150 mm x 230 mm,
B 2Z A A B S 65 mm (&1 1) o SHEEANNAG 7 1)
HERPINRIA . FrAIREETE 200 C kK REfE—E, I
1E20° C/100%RH B4 F PR fL 21 K.

GeSURFRA G, 2R AN S AE TR EE - P 20 mm
GREEAL AT B SR, T P AT B bl . B9AR
Ut AP SR 2 FIs .

38 3 A PR R — AR A R 1 10 + 2 mm AR D) R BE
+, SIS RIREE R E . R R R T B
B, M5 —WAHES % . 5% Wi TR e 12 R
AEEAL (RTV) RERIE, DI ORE R 2% (&
Ic) o



W RE5I/MR: 2022 £ 4% 3H
ISSN: 2661-3611(Print); 2661-362X(Online)

-D lcjmverse

Scientific Publishing

Cast Direction

(a)

o 230mm -

P 1. e FHARR A RS o Ca ) T ELNAT 710 o( b )
KT (o) DIFI—DEJRRIAAE, R
TN Z AR 2 (A A EEES D 10mm.,

Electrical wire

Epoxy

PVC tube RTV sealer

Grout
Rebar

Concrete

2. AN AR PR AP T 48

2.3 JE A A (I

YRR VT HATIE A, A4E7E 6% (w/w) NaCl i
WA IRWHE, WE N 5mm (E3) , KRG 30%C,
30%RH T KT J o 3 3k ) S TR O R 7
G i el TS S LR V=i A o O N S
AR, T ok A A T i . R A
YENFRZ I £ X AglAgCl Y- H ith I it B S5 DA A T 3G 0IE o
— RN A AT 100mV, FEHR AL 2 0%

A

A AR TR (EIS) 2 LA, 5
T RUE IR A AR, Ann FI Song™ A
PR e R (5 B ATk . RPN R D7 VA Z (3RS T
RAFIRSENE, Bk TR AR [HIS—FER,

«10

I 100mV HLAZ [ L ASTM G109"7 B iAf

FEASHIN 2 35 PR b S, WS AN AT R 2 e
BAAEE LEE 16 AN 4mm AOFL, FERREE R
10mm. WCEERSALP M AT T, TR, B 2o TREE
ARG 40ml ZZIRKIR G, #5852 /D), PR E 24 /N,
WA Iml 1M HNO, 21k 20ml ¥, ST
TEPE H R I VA TR SR . AR
B 78 A REE - T %0 (1/1000)

W AR A 2 P i Bk, TS B (E
R [Cl=]o 3 35 7 T MG R 25 AR FR 2 24 300 b Y TR 5E
+ CORNFEWN ) . FEARP RPN, HIRFRE,
105 CHEAE T4, W& 57K & °C T HCE 24 /b, SR
FRRFREE . ARXT TR TH I Sk

/— Internal reference

& Tested rebar
Nacl solution

& 3. e

2.4. OV H I

HHGS T (BSE) BRI A BEAR S W) 4 RN
P57 a1 B 3 JE FRL B DX J8 . 41 Kenny 1 Katz fITi&, BSE [&]
BYEE ST B IS 2, AENRA /R 5
A~ 30mm x 30mm x Smm (YA . T 5 T AT H 5119
PIh, DA s HRS BT A0 R BE + o PR = A
MWOCIE, P x100 REBORRAREA L, DU A m o
B Eg, Hh AR EX N2 0.65um, RGP
BRI EERT 16 TR BHA 2 A8 75 1) 9 B2 1300
5K BSE G HEATHRFI T, DLRHE R IERR R 2L 31
R B (IREE L . WEiask) o

AL MATLAB B30 T HAR ErRO LR AR
B, R TR RN - IREE T, BN
RPN R IREE TR IR B . TR, W - IREE LIRS
FoR W 01 B Jc i TR BE T SRR R, AR R
R AR

2.5. Gp Ao

T8 73 B R v R S A AR 0 A DL K R R
B - TR BE BB A S R R A T s A, I F MATLAB
R2009b AT/ o

3. ERmMTE

B — JREE LIRS B S AR R T R A, SEREL
OIATEROAIL, AR HAE (K 4) o Z0g5N - IREE



@ Universe
Scientific Publishing

B RE5I/MR: 2022 4£ 4% 3 H
ISSN: 2661-3611(Print); 2661-362X(Online)

TR A, BUR RO — IREE L EIBERY /AT, 5
A A5 S L AT R B ) B R - TREE RIEE, AT Sk
50 Ay LR s fiE 6) o S5H4E GEVD 204 i 575
— AR MR AR B EUA GEVDY, R, TR
757 JE PR ) e R — TR - B S W i e Ak I
PR S A I (A B 1 A ) SURAE 53 -

KB AL B A A AN e 2 iR . Ak (i
A AR (7 FIE 8) o AR BB R
Bl NS (B 9) o W IIEE A H AR 2 A0 SR8 X
it R, AR AR BB AR  dEE

Ban, SRS KB R 5%, Wl R IE S A6
RS RG220 0.9 gr Cl-/kg IREE T, T X%
{EL 53 A5 FN 2 K003 A1 A5 ) BB 23 00 29 2 1.35 il 1.45 gr
Cl-/kg TREEL (E19)

B TS FAS [R] 18 7K U8 B 73 7T RE 23 5% e S A6 ) 1)
i, DA 25 1 B E AN N B, R B R
FEE K e RIS AR 1

X HAbE R R, a0 Rt R AR 15
BYE, R A R P Ge 45O E T 0 b G o S ik 5 | &
B . BT TEARAT L bRast BT ARB s, e
BRLR)ES DL R — et (R AN RSC I, 7 S TR - R
SEANIRNA DRI ot RS e 14 S5 TR 1 e/ N BB
GEVD $liiR T 55 50 B i dse /N ER B AR . TR
LB BRI AR, BT R sk, angd
BERIRSIA R . IEFRBER (WREBER) AmKE
FER I, H&EH GEVD #iR . R b b4 iy s A ik
R T LR R 0 B R AR e /IMEL, B8 ke L
RS A GEVD,

0.9999F

0.999

0.99

0.95
09 r

0.75 |
05

0.25

0.1
0.05

0.01

Exponential distribution fitting

Cumulative probability

0.001
o]
0.0001¢L

1 2 8 a4 5 6
Steel-concrete distance

& 4. — IR EMS AN - 1REE T BB A R I, 15648

B

T ]

=
.E
©
=
<]
3 .001‘I
-% 0.000 o Experimental
5 Generalized extreme value
g
(5]

0 50 100 150 200 250 300 350

Steel-concrete distance (um)
Kl 5. GEVD U iR EHE RN - T se L s oA
HRIE

099 f

09 r
075

05
025 t

e
-

©  Experimental

0.01 r

0.001
0.0001 ¢

Generalized extreme value

Probability

Maximum of steel-concrete distance (um)
P16, GEVID 402 50 i A — SR8 B Bty

035

—— Experimental
0.3f ——Normal
_ | —Lognormal
025} —Generalized exireme value ||

> 02 /

% jE
c

[

8

0.15} \
// N

ool \

8

0 2 4 6
CIm {gr/kg concrete)

Kl 7. 556 Cly, 7340 5 — L8 AR

11



B RE5I/MR: 2022 £ 4% 3 H
ISSN: 2661-3611(Print); 2661-362X(Online)

@ Universe
Scientific Publishing

Cumulative probability
o
=

0.1

=)
g

o Experimental
Normal
—Lognormal

—Generalized extreme value

0 2 -+

6 8
Cll'h {gr/kg concrele)
P 8. SR E AL AR, BELE 1A 5 Z ARA
—— Experimental
——Normal i
— Lognormal
— Generalized exireme value

Cumulative probability

=)
R

=]

o
Q
&

o
£

/

15

CII'h (gr/kg concrele)

Pl 9. S AL fEL i SR AR AL RAU A 1) 2040

Mix

Orientation Repetition %% concrete (Ww) % of cel

ment (w/w)

[CT] (molar)

W40 1 444 1982 1.6 1915
W40 " 2 716 3197 2,686 3088
W40B2 " 1 246 1098 0.944 1089
W40B2 H 2 391 1746 1.500 1730
Was H 1 256 1212 L013 1207
Was H 2 056 0278 0222 0264
W45C04 H 1 539 2718 2114 2462
W45C04 H 2 731 3686 2867 3339
W45C08 H 1 179 0848 0644 0776
W45C08 H 1 265 1256 0954 1150
W45C12 H 2 407 1925 1374 1566
W45C16 H 1 316 1566 1186 1347
W45C16 H 1 747 3701 2804 3184
W45C16 H 2 529 2621 1986 2255
W45C20 H 1 168 0840 0,646 0756
W45C20 H 2 528 2639 2032 2371
W50 H 1 075 0414 0281 0309
W50 H 2 02 0110 0075 0.082
W52C08 " 1 288 1618 1048 1206
W52C08 H 2 288 1618 1048 1206
ws2c12 H 1 373 2120 1398 1697
ws2C12 H 2 089 0,506 0334 0405
Ws2C17 H 1 031 0,188 0.124 0.141
ws2C17 " 2 036 0218 0.144 0.164
Mix Orientation Repetition o concrete (w/w) % of cement (wiw) _[CT] (molar)

ws2Cs4 H 2 364 2533 2.084 22%
wss H 1 145 0892 0558 0645
wss H 2 276 1699 1.063 1227
W6 H 1 303 1928 1077 1230
W60 H 2 462 2939 1643 1875
Wes H 1 78 5003 2646 2885
W40 v 1 356 159 1336 1535
Wi v 2 256 1143 0960 Lo
W40B2 v 1 239 1290 1108 12M
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wis v 1 636 3408 2716 323
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W4sC04 v 2 364 1836 1428 1663
WASC04 v 2 397 2002 1557 1813
W4sC04 v 2 484 2441 1.898 2211
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WasCI2 v 2 344 1627 1161 133
WASCI6 v 1 629 3017 2361 2681
Wi5CI6 v 2 359 1779 1348 1530
W4sC20 v 1 444 2219 1708 199
Wi5C20 v 2 425 2124 1635 1913
W50 v 1 344 1900 1290 1417
W50 v 2 375 207 1406 1545
W52008 v 1 136 1045 0677 (]
W52C08 v 2 7 3932 2547 293
ws2CI12 v 1 516 2933 1934 2348
ws2C12 v 2 516 2933 1934 2348
ws2C17 v 1 314 1902 1253 1431
ws2C17 v 2 614 3719 2450 27%
ws2Cs4 v 2 216 1503 137 1339
wss v 1 833 5127 3207 3703
wss v 2 7 4308 2695 312
W60 v 2 142 0903 0505 0576
W6 v 2 291 1851 1035 1181
W6 v 1 798 5118 2707 2952
w6s v 2 8.15 5228 2765 3014
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