552 B 5 W e S R N Vol. 52, No.5
2024 F 5 A JOURNAL OF THE CHINESE CERAMIC SOCIETY May, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20230770

Tii— S B R TS A T IR BE L R f
5 R VALBE I BAE TS

it Bl ER

(1. LAl ReE AR S @ TR R, W TR E R E AR s, B 200240; 2. WHGH @M SWITR A& EE A
SEEGE, T 510640)

B E: RELSHZMRBMALNARS R, HFEAERMESEIER, 2/ A mERm AR . RIS R T TR
B AL, BT BT RN Z B TR R MR, JHEN S =TT IR R AR . AR RE S IE
TAERIHIIER RS BN TS 5K T AR A ) o At 0L, I B BB IR . AR R B - S B A
PRBTANREEE SR . A, BREN ZRE B A A T SRR SR A SR R b = A AR A A R R T SRR R
SR BE - BRI . B TC R DRI PO R SR AR & 2 f) 2 Fb R AR ph, T RS 5 7 T A ] 2 S BURBE A
AL A ES AT B A E A S o TSP IR I AR AR B RS A R A A S, A T R SR AR e

VRS A AR pt R 2

KR ST MIREL; A5Vl ARG B EsR
FESES: TUS28  NEMRER: A XEHRS: 0454-5648(2024)05-1
4% S ARETE) . 2024-02-22

FEVEHE A ERBIFA rh, JR e B 2B ™ B AT
I R . PR S5 e R I B R AR AN SR T i
P MR AP ) R A 3 2 R PR 2, G R
DR A5 VRV ) R A A A K I U, R
1Rt ) 4 3 P VRt - B A B I T 2 48 1 B, el T
BRI X P A B I R LR, " T
AR R b M 15 4R Tt ) R S S 1 22 IR T2 ), 2
F AT K BRI 7 SR ABRRR 25 D AR T
(R LER, G 2 R, (A,
FESEBR LA ANRIGHT ST (i Jin ZPLLR Sun 251
(1), AMER AR pH I LRFFAE 7~8, TR T
TREEL ALV pH {H, BRMREE T RS TR B 2
ANTT ZBAL P 2R, HXR-A A R s bl
BT A T AR A 5 AR S

UTAER, B T 20 TRt 5 (L
ARG — KA, Gerard 251 g e B S B

Wk 130«
EETH

2023-10-19. BATHY: 2023-12-14.,

[ AR 75 B 4E Bl 2 3k 42(52222805); T H AR 4
(22ZR1431400); 7. Fly G 0 5540 i B 2% 4 [ s it =
T3 42(2023KA03)

it B1(1998—), T, WiLwrsE.

XER(1986—), T, L, B, LA,

(-
WERE:

486-13 Arceair ey

Ak

TR, R T RIFMEROR . 584
BET [T O R AL T AR T I AU
R AR, Qin AN T ERA VA A
TR 4L (2 AL . Zhang SO L5518 T BRI
BTG T IR AR, SR T BRBRAR T &
B aaE T R . DA RO T AR R £
152 b 5 B0 B 1 B i AN A PP DL R SRR i
i o GRS T I AR S M R 2T, RS U v Y
Bt — SRR B 12 N TRt = P9 B A 2 S SR ) A
AT TR FEITRE, 2 R0 o Al R 18 (KRS 45 1
Bkt — 2SR .

NPRTR ISR A R, 222 Eh )25
FREENL TR A R IR . AL LA R T IRIR 3k
R SERR I, PSR DU X =3 2 T8
ERM, SRS S B R S R S B T MR R AR 2

B]FIPEFH , RE M [ I 4t 3 AR 25 A 1 R R A 7

Received date: 2023-10-19. Revised date: 2023—-12-14.

First author: JI Lie (1998-), male, Master candidate.

E-mail: jerry1998zj@163.com

Correspondent author: LIU Qing-feng (1986-), male, Ph.D., Professor.
E-mail: liugf@sjtu.edu.cn



o5 52 &5 5 3 i B A BRSO R R ST R R IR BE T YA i S ROSLER R BB AT T .+ 1487 -

Wor At it. L2 f AR = 7 10 B0k f PR A
M) SE PRI S AL b, AW TR R R R T -
SR B IR T B AR S AU AT K AL 0 3 A U
[ I PR 7 45 9 P AN R — SR & 1 FH DAL 3RS/ 44 R
SRS MR F AT RE RIS, R I8 T TR
i AERT SR B TR

1 ARz

B — SR A R 1 2 A TARAR & A2 &
B, AAE SR EN ARG R B AR
5 T R 3 SR AR 2 R PR AR ELRE R, ST AR A A%
BRI R 2 PR A AL S IO, T AR A A Y
P AR fa— S IR 5 e Jim 2R KA 7 0 x4 e 1k
RE M LA DAY, 58 SRS B — SR B 1R
BT A A
11 H-SHERMEIIERER
LR B IR IR, 2 E R,
i AR (). AE P 5K KA T
AR AH(BEAREE IR =45 CA. KILERRRES C4AH
G 45 R 45 C,ASH,, ) #EAT IBL, A 5 W A
(CoA,SHy,)s BA A0S 1 F i -
Ca** +S0,” +2H,0 —» CSH, (1)
C,A +3CSH, +26H — C,ASH,,
C,AH,; +3CSH, +14H — C,AS,H,, +CH (2)
C,ASH,, +2CSH, +16H — C,A,S,H,,
BB, PR AN T SN A 2 T R A
CA +qCSH, - C,A,S,;H,, A3)
XF: CA MBELFEMEE, mol/m®, ATH

TN

RAUC,A +u,C,AH,, +U,C,ASH,, , u N%RER
S, u=c/Zc s g MILFEITEEL g=2cu, .
WA Tixier FIFFFEEY, g BN 3.

LR e 2 SRR I, R R RR IR ES A
M4 2 RiAE AR Friedel #h(F #h), HFRAXaF:
C,A +Ca®> +2Cl” +10H — C,ACLH,,

C,AH,; +Ca’ +2CI" -

C,ACLH,, +CH+2H 4)
C,ASH,, +Ca*" +2CI" —
C,ACLH,, +CSH,
g b, AR A A i1k 2 FE R
CA+5Cl" - C,ACLH,, 5)

A o MRS, S Wang PR 5, 0
HICH 2.

A SRR R £ R B VR 1 B A FLiE
TER, RIS S & SR NA RN F 3hd5 6, Rk
LA TR B BT, HRBEON:

C,ACLH,,+ 350, +22H —

C,ASH,, +2CI° (6)

I R (A B IR T TR i R A S
TRV AR E A RS B T, BNV
WE 1 . ik la s, R R &S 1
BB FLAE R SR il AR A T
W 1b fR, Jef@ NI SR 15 BRI AH SR AR A%
F#, BERANBREBRREFHS FH4546: Bl
JEoR T -FAA AR R, IRRIRE 75 F $hx
MRETRA G E BT, HAEBEIA .. B RN
TR BE J7 R GHEAT

CA e Chloride © Calcium

CSH is calcium silicate hydrate.

K1 AR E A

Fig. 1 Schematic of model mechanism

1.2 fBAEmRE

RETEELRTAEZME T, BT EmT
BOREE L B ARG, AR I RS L Fick
SETE:

%, B _p v ()
ot ot

X Civ B A B BB 7 A Ak 2 1 IR

mol/m®s TR, NEMIR. JEF UK



« 1488 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(5): 1486—1498

2024 4

PHESTo EASUR TELFE P BRI B AL 2 2 S
B 7BEE TR A Langmuir 28R TR SR A
HAE TS5BS B T IR R

Bed =L ®

“w,(1+8C,)

X av B AlNECHE S, BUE 7008 0.48 Al
0.0008; w, NFALFTEP KT EKE, BUEAN
0.3, 4 [ i AR T 5 A AU T AR A BT IR
A, ZHESRER, FAEE TS
JIRE AT AR

alz(t] =k, '(Bcr - BE?) ©)
X ky NEE THEAMAMNRMNERE, HER
3107 m’*/(mol-s)*",

T A5 9 5 L BV R 48 85 3k P 2 s 12 A
LRR BT S ah

B, =Cica =

1
3
Cesto (%) (aCf-Ca3 + bCf—Ca2 + C) +

3
d(Crc, — )’ (10)
~2 b= c=0,d=0,
xl X2
0=<Ci(, <X
a=0,b=0,c=1,d=0,x <C, <X, (11)

a=

a=0,b=0,c=1,d :CL%,
(X3_Xz)

X, < Cppp <X
AH: Copo NWILRTE A FALEIRE s Cosno NV
B RERR S IR BE s x5 B I oK AE ) FL
BRI AN B IR RS, AT R HAE N
22 mol/m® '® 33y x, F1 x, 35N CH 58 4 ¥ kAN
C-S-H T4 PR v Tl B e i 85 28 9k B, HAE N
20 mol/m® Fl 2 mol/m® B%, (H 2 7E W Itk VA i Bl 3 o
MRERIMER R, KV EEA RS ik P, x5
1A T EAR P 8O O, 5 — 7 T BT AR
ABE TR 8 S it 28, ERE
SEACEG T RCS L PR R B R R S IE A
X, =0.388,/C, +1.309 (12)
X, = 0.897x, (13)
{0.175 4C,+22.68 C,<315.5 mol/m’
X, = (14)
78.01 C,=315.5mol/m’

e Co R RIMIABE P IAT H B TR

ERERAE, EFmIIERT, RELER
ARAFHINAAEL, AR AN S T ¥ [ AV P 2 A
RIREARET, 7 LU (SRS 75 SRS TR R R
AT M E IR

cq _ Cs—Ca aCCI’

B = Cocao W, (1 + ,HCCI,) (4
s Coca M Cocao 7 IHR 7N SR NLILAR ) [T AR 45
WRIEANTIA6 W AR A5 1 o

2, AR e . R R R
HIE T ZREBEEN ST A AT A
BRI TR AT S RO B B TR, SRR AR AT AE
IR, AR R R . 1E
H AR T N R E 5 1.3 /N AR S AR
SRR R G S AR
1.3 f&if-RRARE

FLBRH I B TAEAR g R rp, M Z AR
PR N, ST BB LN, BEAEAL GiAk A T
FeBkl BN INSONLIRI, AZ IE Y Bl SRON T 2

%%:Drv%;+& (16)
A S BINSROBIIRIA, 4589 1) SN Al 3%
NN AT R

SCab = _kl .Cf-Ca . CSO42’ -
oC
k3 'Cf-Ca 'Ccr 'CCA - as‘,;C_a (17)
55042* = _kl ’ Cf—Ca : CSOAZ’ - k4 : CFs : CSO"Z* (1 8)
oB,,
SCI’ = k4 . CFS N CSOAL - a’[ (19)
Binding term

FHH: Crea M1 Coco ATREE LA B H1 45 B F0 [ A5 25
IS s Coa NERFRES M IR E s Crs N F SRV s
ki N B R, FRARE TS 50F KR
NI . AT R, BRI N SRR AR
i R 45 B T E TR IR P e A
WA b, 2 TRIRIR S F ik S N 3) /)
PO, B ke RIAA . — TR A
TR = PR R S AR v IR, S — 7T
WAL IR R R ER M SR I T AL A S S T
IR . (19) 4 N 2 RN B & B T4
HRN, BARFRR AR 2% F @) MR(O), B
5 FES T P B Pt A0 55 U 1 S A B A e 46
H1EH.

SIS RE, BT SRS FE RS TR K
WA R, FRIRESAH. AE LR F S E



o5 52 &5 5 3 it B S BRSO S RIS R T IR TR Y B S R S ALER BB BT 7T .+ 1489 -

SRAEAN, BB

&m=aC“=>*fCu-qm/q—

Ky Cpey *Cop *Cen /0 (20)
%W:angkfcm,cwf—kfc%.qw(M)
Sy, = agt“ =K;-Cpey *Cpp *Con =

Ky Cro-Cyo (22)

K q o 11 NI BT AL
1.4 FLBRSN R AR R

BT P2 I S kAT, REE L Bl e
A KR KA = D A U 2 35 ZEFLIR,  FLBRAR L
K s IR AR B B ORI
AR, AN AR A R RS, i R
TR, 5 & 3 7 RN AR F AL EA SR
R, MOAR S Rk =2 X AR (R S LA R R 7K Jig 5
W VE T o [RIBS B A5 i i A, TR
JEA B TS B SR o R AR A i, AN AR &R LB
o T LLEAN, KRR AL IR A AR AR AR
LI VsF

(AV) g = (AV) eion = (AV ) (23)
(AV)saen =(Cycao = Cuca) Ve (24)
(AV) eaction = (CCAO —Cea ) Var (25)
@ =max {g, —(AV),,,,0} (26)

s Ceno Rl Cea 23 T AT 46 55 R 5 AH R J . 1ok
FE B FR S A IR B s Cy.cao M Coca 73 I NI UG
ARG A1 g 3o 2 AR A 940 B8, A9 T A A5 94
UG K AGRE R 5 R A E AL A IR B 2 R, Cocar™
CestotCono ™5 Ve F1 Vap 23 A2 AL 85 A5 1L
A BE R AR AR, HAE 2 B4 3.3x10° m’/mol Al
3.07x107* m*/mol!"”,
TR E AU LB R AT AR K K L5
~m, /m —0.36a
-~ m,/m +0.32
A my/me FRIREEL KK L s o KA R,
FLBRARLS, et B et ok A AT,
BT Y B R B RE ] RN A

3 2
Hy(0)=| 2 GZ&J 28
(0) [(pj e 28)
T B A i 2 R A B TR LT, PR

SRR A L, HE T Sarkar 25
IR T, 45305 A 7 SRS T 4 45

Po 27)

& =§(AV -0.1-¢,) (29)
e 23
pd=0.16~( —?“) , E>& (30)

2

Hc(cd)=1+%cd+% (31)
e o ABE IR M KA 7= P 3E 78 (1) 5 K AL B A4
s eNREE LKA e AIGFTNAL, 5N
ARG T, TREE B R A TR pa N
HEE s Cyo 1 Coee 73 HINTHERELE TN B LS5
EAIAT R S 205 X R EUE FE A, 53 I BUE R
0.182 1 0.71214%41,

FZEFLIR RN EAR G, ST R
G PP

D, =Dy, -Hp(9)-H. (o) (32)
X Dig NEANE T VAT B RS, mYs.

U, BT AR S A T TE . 2B 5
TR, b2 S SR BRI AR FLERH A 18 3 A
oy, Ref LSRR P EAER, AR
bt AR Al EE T

2 BEARIEGIF

AN IR R TR L 3 A IS BS IR BE AT 2 A4
FRE, 456 2 A5 =07 B0 0t e th (R A AL Ay
SEMEREAT I o
2.1 EESYBHE

AR 1 KA %M, BN RS
BOR A [F 50 4 F A TAE IR B P 10 3 3 Tk
FET5E o

C(x,0)=0
(33)
C(0,t)=C,
A C(x,0)F1 C(0,8) 737 vtz i FERT LR Bk Bt
T B IR AR Pk A i R VR Tl A R
&, mol/m’; Cy NSRS T FITR IR B 73 Lk i
mol/m’. AT AES% T Ran 25" Metalssi 25"
RIGEE R, MR B0 % B AR AR AN GBS T T aRk
FEBEN 0, BREGAR ML A AN 104 mol/m®, &
BT (hiA FAAEN 536 mol/m .

SCHRLTTIANSCRR[ 1214 A CEM T F 27K,
TRE AL RS Rl 2 FZKOK B an e 1 Fios .

s L2, 81T Bogue 7 A2 AT PATHE K E
WA T DR, I — B T SRR e AR} S
(RIRTTGE KA = A =



« 1490 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(5): 1486—1498

2024 4

fes =4.07xw, —7.60xw, —

6.72x W, —1.43x W, (34)
fos = 2.87xW, —0.754x f. g (35)
fop =2.65xW, —1.692x W, (36)

Cesito =(1.7% fes / 228+ 1.7 fe g /172)
p/(1+m, /m)xa, x10° (37)
Ceno = (13% e /228+0.3x f s /172) %
pl(1+m, /m)xa, x10° (38)
Ceno =(fen /270)x
p/(1+m,/m )xa, x10° (39)
__l+m, /m,
1/ p,+m,/m,
A Wer Won Wy AT we 23 IR A . EUALTE
AR ERAE KV AR R BB R b fg
fos A1 o NI EERR =45 (C3S) HERR — 45
(C29) R =H5(C;A)EH W R S L o KR
BOROKWAERE: p AKVRHELEE, 3 150 kg/m’s

(40)

=1 {LFEBFK R EE(M,/m,)

Table 1 Chemical composition and water-cement ratio
(my,/m.) of CEM I cement
Chemical composition (%, mass fraction)
Ref. my/Mc -
CaO SIOZ A1203 F6203
[11] 0.55 62.81 20.22 4.85 2.92
[12] 0.60 62.81 20.22 4.85 2.92
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Table 2 Concentration of initial hydrate products

¢/(mol'm™)

Ref. Calcium silicate hydrate (C-S-H) Ca(OH),(CH) CA
[11] 4593 4314 337
[12] 4341 4079 319

¢ is concentration. CA is calcium aluminate.
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Table 3 Parameters of model

Parameters Abbreviation Value Source
Initial diffusion coefficient of calcium Dcao 1.4x107"% m%/s Calibrated
Initial diffusion coefficient of sulfate Dqo 4.6x107"% m¥s Calibrated
Initial diffusion coefficient of chloride Dcio 13.8x107"% m’/s Calibrated
Initial porosity Ran et al experiment [ 0.22 Calculated
Metalssi et al experiment [ 0.26 Calculated
Chemical reaction constants ki 6.10x107" m*/(mol-s) Ref. [23]
ka 1.22x107* m*/(mol-s) Ref. [23]
ks 2.8x10"2m®/(mol*'s) Ref. [2]
Ks 9.3x107"" (m*-s)/mol Calibrated
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(Ran et al. 2023)
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Mass Transfer and Chemical Reaction in Concrete Subjected to Chloride—Sulfate Attack and
Calcium Leaching: A Numerical Study

JI Lie', LIU Qing-feng'?
(1. State Key Laboratory of Ocean Engineering, School of Naval Architecture, Ocean & Civil Engineering, Shanghai Jiao Tong
University, Shanghai 200240, China; 2. State Key Laboratory of Subtropical Building and Urban Science, Guangzhou 510640,
China)

Extended Abstract

Introduction Sulfate attack and chloride-induced corrosion are recognized as crucial factors leading to the deterioration and failure
of concrete structures. Chloride ingress triggers steel corrosion, while sulfate attack alters the microstructure of concrete matrix. When
the concrete is subjected to a poorly mineralized or acid solution, calcium leaching happens and has also a negative effect on concrete
durability. In harsh natural environments, concrete is vulnerable to the combined sulfate-chloride attacks, often accompanied by
calcium leaching. The mechanism of coupled ionic attack differs substantially from that of individual attacks. This paper was to
propose a numerical model on the interaction between sulfate attack, chloride attack and calcium leaching. The ionic transport
patterns and hydration product distributions under coupled degradation were quantitively analyzed by the proposed model, thereby
providing new insights into the deterioration mechanisms in concrete under the simultaneous sulfate-chloride attack and calcium
leaching.

Methods A comprehensive transport model was established based on the accelerating effect of aggressive ions on the calcium
solid-liquid equilibrium curve. The impact of calcium leaching on the ionic binding effect was also taken into accounts. The chemical
reactions between multiple ionic species and cementitious matrix were incorporated based on the transport model. A reaction source
term intuitively reflecting the desorption effect of sulfate ions on chloride ions was also introduced. A transport-chemo model was
further developed. Based on the volumetric changes induced by expansive hydration products and calcium leaching coupled with the
damage effect caused by expansive cracking in the matrix, a time-dependent diffusivity model was established. Finally, an integrated
coupled degradation model was proposed, encompassing transport, chemical reactions, and time-dependent diffusivity. The proposed
model was validated through third-party experiments according to sulfate concentration distribution and chloride ion concentration
distribution. This model is capable to predict ionic transport and product distribution based on given initial material parameters and
external ion concentrations. Some indexes such as ionic penetration depth, time-varying diffusion coefficient and product content
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could be applied to monitor the deterioration process of concrete.

Results and discussion Under combined sulfate-chloride attack, there are two distinct regions in the concrete, i.e., a sulfate-rich
zone and a chloride-rich zone. The diffusion of free sulfate ions is restricted, so that the increase in total sulfate content peak at a
concrete depth of 3 mm is attributed to the precipitation of ettringite (AFt). As an intermediate product of AFt, the content of newly
produced gypsum remains low. In contrast, chloride ions progressively penetrate deeper, resulting in the accumulation of chlorine
hydrate products such as Friedel’s salt, in which a peak gradually moves inward. The production of Friedel’s salt falls between AFt
and gypsum in terms of concentration.

The concrete surface is primarily affected via calcium leaching, leading to a more than fourfold increase in the diffusion
coefficient. As the influence of calcium leaching diminishes with increasing concrete depth, there is a rapid reduction in porosity. A
distinct trough in the porosity curve emerges at approximately 3 mm, precisely aligning with the sulfate-rich zone. The mutual
counteraction of internal pore filling effect and damage effect due to expansive cracks results in the time-dependent diffusion
coefficient close to the initial value.

Simultaneous exposure to sulfate and chloride attacks may provide a short-term mitigation of either sulfate or chloride attack
individually. Chloride ions have a more significant inhibitory effect on sulfate attack under these combined conditions. For calcium
leaching, sulfate attack can become more severe and concentration peaks of ettringite, and gypsum appear near the surface.
Neglecting calcium leaching inhibits the precipitation of ettringite, thus causing the peak content of ettringite to decrease from
201 mol/m® to 23 mol/m®, which is only 1/10 of that for calcium leaching.

Increasing external chloride concentrations amplify a suppressive impact on sulfate attack. Apart from the environment factor, a
higher initial calcium aluminate content in concrete corresponds to a more pronounced sulfate attack in concrete matrix. The
concentration of hydrate products increases linearly with the extension of time.

Conclusions The proposed model had the interactions among various factors and provided a rational prediction of the coupled
degradation process. Concrete had distinct sulfate and chloride zones. The sulfate penetration depth remained with the deposition of
AFt near the surface. In contrast, the chloride penetration depth gradually increased with a broader distribution of generated Friedel’s
salt. The trough of porosity distribution corresponded to sulfate-rich zone at depth of 3 mm, in which the diffusion coefficient was
approximate to the initial value. The pore filling effect was offset by the damage effect caused by expansive cracks. Combined attack
could mitigate sulfate or chloride attack in the short term. Chloride ions had a more pronounced inhibitory effect on sulfate attack.
Calcium leaching led to less ettringite generation but a wider distribution in concrete. Based on the proposed model, a parameter
analysis of environmental or material parameters was performed, thus having insights to service life prediction of concrete under
chloride-sulfate attack.
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