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Equation (8) C4AH; 0.48
Equation (9) C,ASH,, 0.55

AV, represents the volume change resulting from the chemical reaction with
calcium aluminate (C3A, C4AH;;, C,ASH,,); Veq is the initial volume of

the reactants.
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Fig. 1 Immersion apparatus considering the combination of
salt-temperature—humidity
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AN TR P A 5 () S T AR R AR B8 IR B, IR
H DL 2 T o SR T

2 P-O425 TBERIICENLERSY
Table 2 Chemical compositions of P-O 42.5 w/%
CaO SIOZ A1203 Fe203 SO3 MgO NazO Others

65.6 20.5 5.02 439 268 045 0.32 1.03

Note: w is mass fraction.

&3 KUFAHAMTATHEEFRERE
Table 3 Chloride ion as determined for periodical changes
of the water level wi%

Depth/mm  C16-35°C  C16S4-25°C  C16S4-35°C  C16S4-45°C
0-3 2.065 1.579 1.831 2.004
3-6 1.791 1.422 1.531 1.578
6-9 1.483 0.940 1.138 1.409
9-12 1.239 0.894 1.062 1.151

Note: C16 means the concentration of NaCl solution is 16%, and S4
indicates the concentration of Na,SOy is 4%; C16S4 denotes the compound
solution comprises16% NaCl and 4% Na,SO,.

R4 KIEAMTHTHTRERRES FRE KR
Table 4 Sulphate concentration as determined for periodical
changes of the water level w/%

Depth/mm  S4-35°C  C16S4-25°C  C16S4-35°C  C16S4-45°C
0-3 1.886 1.015 1.335 1.688
3-6 1.248 0.609 0.724 0.808
69 0.821 0.409 0.396 0.511
9-12 0.721 0.407 0.379 0.276

3 B BRAM TR AR T

3.1 RESEHNAE

FEARBR Y, T 258 AR, AR
WREETERDH N RIS BIRERREE, BRI, esié 2 A
IR HH Y ) 10045 o AR P AR A (x=0), BPR
T3 FIREE U ST IWIsaY SR . Boh, ik
AT K Yk 7k 2 BB AR B 1 A S T ORI
& (=0)29 0> "), 3@t Bogue J7FE 5K #ukl
[ CsA BB A R 5 BT, SRt — B A BIIL A
TR ERERRESAH(CA, AEEFE CAL C4AH 5 Al
C,ASH,, W1 & & 483.21 mol/m’.



5455 2

Mr IE &% R-RARE R IREE T A BRI T IR S TS AR AT < 629 ¢

3.2 1RBVAIIEIE

BT AL - A TR T
MM FRELmBEAE, XA COMSOL
Multiphysics 2 ¥ B 374 BR 70 73 A FRAF o B 2 k47
IOAUE b, H VARG e ST U BT
FERR (DAL B BN R AR ([ A ) Ay iR
MRAE AR (FE D), AT AR5 I AT 34T
WS TR AR, SEELTREE P RS TR R AR 5
TR . B 2 AR HARIRAE SR A 5%
PEF IS IR FRAR 25 1 P 1 00 250 R 4 A
RITRINZE R . v DURIL, BEE =R B, &
BRI IR RN R, B
P& SRR G 20 R IS PR IR 2 T 5 — 12k, it
B 22 B8 1 ) F) 5 4 20080 2 o A 1 O A B AT M ke 1)
HER o EAFEREIE, BETEAEE 791
RKILH B EMIEHER, BRI S IRELTR B
FHAE FIRFE SO B3N WXt T i RAR &
T, BEFAEIUREHRZY B, K2R R A
T R T B A o RIS AE R T IR AR R R R AR
B B AR A A 7 R MR B A RAOBE B 2 4 AR R R AIE
e A, AT SROI ) B VA FE 43 A it 2% 5 e i &= 1Y)
2 MEF bR A S, 1E C16-35 CAHl
S4-35 CHIH— SRR TR, 4 MR B S
H &S TR R E R RRAR 2 IR S 0 N

700

@® (16-35 'C_Experimental data

" o
Temperature Hllmldlty —— C16-35 'C_Numerical simulation

600 O (1684-25 C_Experimental data

—~
3

g

is)

é — = (C16S4-25 'C_Numerical simulation
E o O (16S4-35 ‘C_Experimental data
5 500 Y A \ = = C16S4-35 C_Numerical simulation
= b\\ O (C16S4-45 ‘C_Experimental data
8 ‘9 \ = = C16S4-45 C_Numerical simulation
o 400 o

=

g

= 300

"c_:) -

8

=

= 200

en

g

=

<

= 100

(5]

=

5

=0

Depth/mm

(a) Penetrating free chloride content

1855.78 mol/m’ F1 487.11 mol/m®, LT 45 543
W4 1879.54 mol/m® #1 497.79 mol/m®, HAXHZEZEAL
N 0.32%411 0.55%; 1E C16S4-45 C A& Thiz it T
DR, 4 MR IRIR RE S B S T AR ERAR B
TR PE S5 1 1732.83 mol/m® #1342.01 mol/m®,
R PR T 5 5 A 1746.14 mol/m #1348.62 mol/m’,
SR T RIBR B R 5 7 A AR AR 22 40 A 0.19% A1
0.48%. A FISRUE, ARSI A A X 25 A, IIE
B 7 AR TARRT L IR TR E A P RS T
B B AR 35 TR A AR AT (1 & B RS . (B
TR FEA E, BRI RS S & AN — &
W2, XA KA 2R i T R R A D
EANE R R, AR B B TR HOR 8 F I 3 L AR R
“HaXE E

BRI R R A T R s s 2k,
A TARATR R o R 5 4t 25 TR K I R % G
(2R BE HEAT XL, R AE 5 SE0F 78 P e et —
BB, WAL, ST PR LR MBS
FIXHR P B8 P AR 47 R I S A5 5 4 2B IR
PRI, 2 TR AN A (3 ) ek % h 7K Ve 1k 2 P R T
REFIERE; W T3BREREMEB 56K
HIKRFAR, HRSHR L RETF I —SIEIE
MoEss, HApIuH RS TS =0 e LB 45
MR A5 4k

250

1 @ S4-35 'C_Experimental data

Temperature+Hum1d1ty — S4-35 "C_Numerical simulation
O (C16S4-25 "C_Experimental data

200 — = C16S4-25 ‘C_Numerical simulation
O C16S4-35 'C_Experimental data

— — C1684-35 C_Numerical simulation
O (C16S4-45 'C_Experimental data

— — C16S4-45 ‘C_Numerical simulation

150,

100

50F

Penetrating free sulphate content/(mol-m~)

30 40

Depth/mm

(b) Penetrating free sulphate content

&2 AR IR AAL 0L T e S6d JEPMR AR E A BT MIRIRE TIRED A

Fig. 2 Penetrating free chloride and sulphate concentration distribution profiles for specimens after 56 d of exposure accompanied

with the periodical change of water level

4 BEHEY

IR TR LA AL LK A0 J7 A 855 v ) 4= ik ik
IR B AR R it = v U TR R AR I T R A

Fe iy DA S — 35 (A 56 4 58 FLAE IR, 6 T AR 5%
JIT & Hh 1) Eh IR AR A AL S A AT BUE LA, A
WE 7 BUE K R COMSOL Multiphysics #f
SCHL, E B E AT, RTTIREE . B, M5



+ 630 CRERR Sh2230)

J Chin Ceram Soc, 2026, 54(2): 623—640

2026 4F

R JEE LU A5 2 Honk IR B SR SR TR
WRE TS R MUK Y AR S o [, 38 Xt
EEAR R 26 A T S R I 5 3 — R R — & TR
PO A 225t o M AN [RI PR 58 D8 3 AR A s VR e 1 7Y
RS B B AR 8 1 38 4 DL i 8 1 %
fa ARSI o BAE AL R % D S BORE ISR 5
B o

=5

41 BREXMNZHERMEN

AATE T AR R Rk, Ho
1 MG A 24 h, 57 120 IR EBEE N T=283K
(Twin)J5 12 0 BB 53 ) B B A T=283.298 K #1308
K(Tmax)s 0% 6 fin. ST Ml 5464, i 5uE
RSB T IRAX EA N K e A R & 7. TRERIR
BT DL JE =) AFt R Fs [ 25 20 A o

BEEMREENZOSH

Table 5 Principal parameters as used in numerical simulation

Parameters Abbreviation Value Reference
Initial diffusion coefficient of chloride Dcyo 13.8x10"%/(m*s ™) [34]
Initial diffusion coefficient of sulphate Dsy 4.6x10"%/(m’s™) [37]
Initial aluminate content CAy 87/(mol-m™) [38]
Chemical reaction constants I 6x107%/(m’* mol™"+s™") [34]
I 1.22x10°%/(m’mol s ) [34]
ke 2.8x107"% /(m® mol *-s™) [34]
ks 9.3x10™"° /(m* mol s ™) [37]

=6

BEEM IR

Table 6 Numerical simulation conditions table

Factors Tmax/K Tmin/K RHnax RHpmin cs‘cl/(mol-m%) Css0, /(m01~m’3)
4.1 283,298, 308 283 1.0 0.3 451.33 41.66
42 298 283 0.3,0.6,0.8, 1.0 0.3 451.33 41.66
43 298 283 1.0 0.3 451.33 20.83,31.25, 41.66
298 283 1.0 0.3 451.33,507.76, 564.17, 620.60 41.66

Note: Tax and Ty indicate the upper and lower bounds of temperature; RHna.x and RHy,, represent the maximum and minimum humidity; ¢ ¢ is the surface

chloride concentration; c g, ~denotes the surface sulphate concentration; 0°C=273 K.
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Coupled Competitive and Transport Behavior of Chloride-Sulphate Ions in Concrete at
Different Temperatures and Humidities

CHEN Zheng'?, YU Jiamin"*, WANG Yichen"?, YI Chaofan'*
(1. School of Civil Engineering and Architecture, Guangxi University, Nanning 530004, China; 2. Guangxi Key Laboratory of
Disaster Prevention and Structural Safety, Guangxi University, Nanning 530004, China)
Extended Abstract

Introduction Concrete is a fundamental material for infrastructure in coastal and saline-alkali regions, which persistently faces a
severe challenge of coupled chloride and sulphate attack. Chloride ingress induces steel corrosion, while sulphate ions lead to
concrete cracking and mechanical degradation through the formation of expansive products. Under real service conditions, dynamic
variations in temperature and humidity significantly affect the transport and reaction processes of these aggressive ions within
concrete, resulting in complex competitive interactions between chloride and sulphate ions. Although previous research explored the
transport behavior of single ions under constant environmental conditions, the synergistic migration mechanisms and competitive
effects under combined salt, temperature, and humidity multi-field coupling remain inadequately understood. It is thus crucial for
accurately assessing the durability and service life of concrete structures in complex environments to establish a comprehensive
transport model that integrates temperature, humidity, ionic competition, and material damage.

Method A chloride-sulphate ion transport model was proposed based on multi-species transport theory, explicitly accounting for
temperature and humidity variations, ionic competition, and the evolution of material microstructure. In the model, ionic diffusion
coefficients were modified via introducing a temperature-dependent function and a humidity-dependent function. A competitive
correction factor was also introduced to characterize the competition between ions for diffusion pathways. Within the reaction term, a
kinetic parameter was incorporated to describe the decomposition of Friedel's salt (Fs) by sulphate ions, representing the dynamic
two-way competitive reaction. Furthermore, the model could account for the volumetric expansion induced by the formation of
ettringite (AFt) and Fs and its subsequent impact on the pore structure and transport properties, coupled with a damage function to
quantify the acceleration of transport due to cracking. Besides, natural immersion tests were conducted on mortar specimens under
various conditions. The concentrations of chloride and sulphate ions at different depths were measured. Numerical simulations were
performed using a software named COMSOL Multiphysics, and the simulated results were compared with the experimental data.

Results and Discussion The model validation demonstrates a good agreement between the simulated results and experimental data
with relative errors for chloride and sulphate ions of below 0.32% and 0.55%, respectively. This indicates the model's applicability
under complex salt-temperature-humidity conditions. The further numerical simulations also reveal some key findings. The
concentrations of both free and total chloride ions increase significantly as the upper limit of the temperature increases from 283 K to
308 K. The peak values of the competitive interaction-induced nett free chloride concentration [Ac(Cl-F)] and nett total chloride
concentration [Ac(CI-T)] reach 266.55 mol/m® and 290.91 mol/m?, respectively, indicating that elevated temperatures intensify the
competitive interaction between ions. The response of sulphate ions to temperature is less pronounced, without an increase in free
concentration, although the total sulphate concentration increases with temperature. High humidity conditions (i.e., RH = 1.0)
markedly promote chloride ion diffusion and the formation of corrosion products. The peak values of Ac(Cl-F) and Ac(CI-T) increase
with rising humidity. In contrast, the effect of humidity on the nett free sulphate concentration [Ac(S—F)] is relatively minor. However,
humidity significantly affects the distribution of total sulphate ions, resulting in a deeper and wider peak for nett total sulphate
concentration [Ac(S—T)] under a high humidity. An increase in the environmental SO,*/CI ratio reduces the penetration depth of
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chloride ions, but significantly increases Ac(CI-F), up to 259.39 mol/m®. Conversely, increasing the CI/SO,*" ratio reduces the
sulphate ion concentration and intensifies the competitive effect on Ac(S—F), although the magnitude of this increase is lower than that
occurred in the chloride system. For a 40 mm cover thickness, increasing the temperature from 283 K to 308 K reduces a predicted
service life due to sulphate attack and chloride-induced corrosion from 22 a and 43 a to approximately 6 a and 7 a, respectively,
compared to the associated exclusive attack. Under a coupled attack, the service lives are 11 a and 16 a, respectively, indicating that
coupling retards the degradation process. Increasing relative humidity also substantially shortens the service life, highlighting a
critical influence of temperature and humidity control in practical engineering.

Conclusions This study established a numerical model that could characterize the coupled competitive transport of chloride and
sulphate ions in concrete under complex salt-temperature-humidity conditions. The modelling performance was validated with a good
accuracy against experimental results. The key findings were summarized as follows: 1) Elevated temperature intensified ionic
competition, significantly inhibiting chloride transport, while its effect on sulphate ions was weaker; 2) High humidity promoted
chloride diffusion and competitive effects, affecting the distribution of total sulphate ions; 3) Variations in the environmental ionic
concentration ratio could regulate the intensity of competitive interaction, particularly affecting chloride ingress behavior; 4) The
influence of temperature variation on the transport of aggressive ions was more pronounced than that of humidity, and sulphate attack
played a dominant role in controlling the durability of coastal concrete structures. The proposed model could provide a theoretical tool
and a design basis for durability assessment and service life prediction of concrete structures exposed to complex environments.

Keywords chloride-sulphate ions; coupled transport; competitive interaction; temperature; humidity



