20244 3 1
Bast B2

SR N

Journal of Zhengzhou University ( Engineering Science )

W (T % W) Mar. 2024

Vol.45 No.2

X EHE.1671-6833(2024)02-0121-08

FRELTPHREBRE TR S BRGIES T

ek, TRE

0] AT BT AR T A B AR IR R AR A R iR s £ 4

, X #,

(T Rg Lok R AR LR

T%JL»\P L, )1] i

e, TR SN 450001 )

A AR R A B BB T — A

ERELVTHRBRS TV ROBMEHER, e AT FickF 2, FEEAFRBELLMEZINGXZELT

TEERATRELARBRRS TOHRLT BB LRk BXaRBEFANELERRETE REad
HRBELZANEIDG S DB FAER KR EAT %Ei&ﬁ%i?f’*ﬁi#&%%#}'ﬁiéﬁéﬁ%ﬁm-ﬁﬁ
B E BB LR T AR BN E RS RSS AT, @411‘57&1’67}%&#%%7}%&%75&!(
SRR R E R R R AR R P B T RS A

35 R B ARG AR Ak
WAt B A3 BTV RAEEG Y AR TRAERRE;E

03 5, Bl IR A ARBR AR B F R B IR TR
B 2 R Ak
B EARIUARER B AZ 4k

KPR st 2 MR, EAKT; BT AR,

RESYES . TUS28 XEFRERD A

TR E T(wéﬁiﬁﬂﬁ\@ﬂﬁﬁiﬂfﬁt,
BiBRER A9 12 ph ML B € 28 T 550 ¥ B A4 A Jant
T R £k 12 1ok 32 B 2 4B e TR e b 3K o i KL
BEY R N R AR B B VY R IR R N
a5 KU S KAk 7= W A5 R A A A O AR
BRI 7 R RS AL R k7 A T R
B TR B A R A R T X B R B
32 B R £ A= ok YR O v AR Ak F B R N
O F W R 5% 4 R R K 55 4 IR B R TR
B -+ H HUAE AR AZ a7 210 R B 32 210 6 R &k 45 A0 A
F‘FPF*"TE‘%ﬁ\ﬁEI’JFTE Hﬁﬁﬁa‘é%ﬁﬂﬁ*??ﬁé@%
S5 A6 (T R R 12 Tl b B RO BIF 5T SR B L R D) AR
TW%J@’EENE;%?E(M%%i*E‘JT} B, i 7 A F g
MRS T 7 TR+ P b 8 . B A L AR i AR
RFERE LGk B A I FE 1 KA E T Wang
25 L0 A ) FH A PR G AR S B T R AR IR B
A BE AL, (A G o 48R B R 3k 1R TR 5 1 T

TR BB 1 A0 WK (B AU 7 3 A0 DL Al A FROTE
S 2 ) 7 R 5 BE B I SRR R M R SBLYRE

75 B #9:2023-11-08 ; f&1T H #§:2024-01-10

BEeHH HEARBF=ESWHHE (52178171) ;35 Tl K% AR H 5 4

/F‘Eﬁﬂfi”"“‘#
Fh5 % ER
Bt xF R B K A&k b8y 2

HAFT RS, 25 %iﬂfl M & JE B A KT
TR A R e S BB AR B T 8 v B e
LR A KR EAA T ZERET @R

o AL A AR AL B
doi:10. 13705/j. issn. 1671-6833. 2024. 02. 012

450 AR R 2, JF 2 B
i
BERE R AE 5T A AN R AS BF 50 5 AR R )
X RBE - ALBR AR AR W, S 1 A OB R R A A
P AT TR 85 - rh B R AR B 1 A% A UL B (R T
SE T AT T [ I e B R AR LR TR R g 7K -
X B TR B2 0 R O DA AR UL 1o 1R 5 A
PGPHLELHEAT T 20 B . WESERENE N ff S A AR FR £h 1=
ThCRE 5 P T TREBE - 45 M 1 30 P i 1Y Aot 2 (4RI 1Y
PRI 4 00 7 8 %

1.1 BFY8ARE

B AR AR 2 T 9 B W R A E RS LT,
FEIX ARG G0 88 v B B A8 Ak 5 Ok HL I (] g 7
BT Fick &7 — 7 #5281 vk 32 Bl 1) 78 A %5
ANEAT Z M AN T A B0, DRI I ik kB R AT
MR IR . B BRI AR B 79 Hod A b a Al i
BV AE , o Fick 25 5 H AL [ 3l 71 77 72 69

45 H K1 BE

(2022ZKCJ06) ;A B 44 &S 0H & S5

I (232103810080, 232102320014, 232102110266)

EB B AT 208 (1976— ) 55 iR I BN 01 0k R 304 W, 32 8 A0 iR B - 45 4 508 7 0 il 45

KIHEBEAT S, E-mail: jinlb@ haut. edu. cn,

) kA s A

SIAAR v s, TREE, NG, %, ZHRBE LD RBRRES 7Oy S SB[ 1], FBIN K2 i (LR,
2024,45(2) :121-128. (JIN L B, WANG Z H, WU T, et al. Analysis of sulfate ion diffusion and damage mechanism
in compressed concrete [ J]. Journal of Zhengzhou University ( Engineering Science) , 2024,45(2) :121-128.)



122 IR PN s 3 - S QRIS )

2024 4

H A7 ) o PR AR B - R TR BE N T B AT A A
TR
aC, a’c. o,
—— =Dy —5 - — (1)
dt O dt
X ¢, MR EE - N B AR B 7, mol/m’; C,
A2 B T FE I A TR AR B VR B mol/m’ 5t R AR
PREFE], ds o AR IEE B, mm; D, A IR &E + R
WE FH R, m™ /s,
EA-EE SURER L SR o I B RN f PO
T W R R AR B AR K YR D I R YT K
EX € B R

Dy =D, : ; (2)

IS

2,447k (1 + 0.35./f.) (1 +0.35./f.)

.
1-./1-¢.(1)
(1-./T-¢, (1)) +0.25, (3)

Hrfo, MRS VEH T IREE EFLBR A D, WIF T
OB R AR B T R L 3. 5x107 mss Y ol
TREE T4 BE 48 B9 76 4% i i 09 SE PR g 42 5 i
BEARK W LA, 2t (3) B8 L. WP TR
Bf, A FIREUMEL
1.2 WERM
DHoE R MRS TV M ERELNRES
I IKA T W 45 e A2 RN AR R ik P 4R ok
WA B RV B A 6T T 95 - 00 245 4 i i ) K B0 46
FIF X R 5 2 B R AT BN E L R
Ty (A2 W) BT & i 1 O R XAk A B 7 AR AT
et
Ca’" + 802" + 2H,0 — CSH,; (4)
CA + ¢CSH, — C,AS.H,, (5)
AR B R AR S 0 b A ST AR R A T
H(4), HEFRHAER S AF WS 5811
THAER AR, 2 RN 5| A 9 4 o vk B A8 Ak n] L3
ok ST Ak 2 RO B T 2 Oy BT SR R, =X (6) , X
Hh I £ 2 R ) T I T FE
ac,
a—lz—klxcsxcco (6)
Kok, O ROBHERHC 12231070 s C 0 AL
RS B TR SR A
1.3 MAOERATRRELIOFLEER
B EO R AKAVE AR ki A A 4
GBI 7 14V FH 359 2 i TR 8 £ 9 B AL B ) AR 4k
AT X AR 2 (T O™ AR sg e, AFSE R B, JE R

TIVERITE IR BE A 9 AL B3 T 5 Sy K A B A4 4
ALY PR A

p(t)=¢, +D(1); (7)
w
= - 0.39,
C
o, =fe—; (8)
w
— + 0.32

c
h,=1-0.5+[(1+1.67t) "+
(1+0.29) %], (9)

b

D(1) =a(i) . (10)

t(l
Ko NI HAEHT M IREE £ ALB R o, K
oI FLB AR B9 A4k D (1) S 3405 8 Ak eR B, ol

7K?E1$$H%§&;%i@7kﬁ<tt;ha S Ak I8 K b
BEUS L S FE I S R 2 e b IR S
;@z,%: 0.6 I it 28 M 4 18 75 4% 91 HL 0. 475 4 A0

0.889 1;4,=730d "',

7 3 A P 25 5 R TR G - AL B % & A AR Ak
T8 1) N T R 6% 0 ) L% (T RN T R fif 25 4 AR
FHEOE DTN LB 56 5 i 10 g D) B 8 2 i 28 4 1Y
T RN TF e | A 45 R 453 003 P pe , DA T 384 R AL S

K 07 5 S Y AR A2 i

. AV,
g’ = o (11)

Krpae” MR 51 B R BN AS s AV, i ) 51 E
A TR B A FRAE A B s v ORI BE LT IR AR

TR BE+ B FLBR RS HR IR B - N A FLBRIA R S TR
HE T BARBLV I LA, I TE R ) /R RN FL B AT 3R
RN

Vk
¢ =70 (12)
bV, N TR AR R R EE L A FLBR AR
B AE T TR EE L N i SR UL B AR ALY
SR A Il TR R
Vi =V + AV’ (13)
Vi =V, + AV], (14)
s VRV 30 D 8 A R R R B A AR AR
LU s AV S R g 51 A 1R B 4 L B R AR 1Y
AL
R b~ AR E A, YR BE 52 I AR T O
SR TR AR A S oy T P A L B B0 8 Al S B, ek
Je AL B AR Al i 2 TR RS AL o
AVT = AVY (15)



552 #

oI AR R IREE £ P SRR AR B 7 199 80 3540 HLER 23 B 123

Zead Lk oA, L AR R R Bk B4 L B A AT
LR N
IR O AN
v v v eAr (16)
¥ (16) 5r 7 orBERINFBR LA V 5, 45 20 )4
AT IR EE L LB F A R BN

v, AV
7+ Vv + &7
¢’ = ~ = ~o (17)
vV AV 1 +e&
o+
V Vv

25t AR A7 B8 R /NS R B BRIV AT R - 0 1
T3 - I8 5 SR figk Hh Xk B N AR (EL &7, BT T B
L AR T A5 T g [ o YR O - 1 LB

2 AMREEEIE R IWIE

2.1 RETRENEE

7 1R BB B AR 9 BE LA B 1P HE
(A2 M, 4 TR E = R BE AL 2 0 8 i R AR AL R
BUESE 1 W@ 0 Y RO R BRI TR AL
(R NEE TRy T35 3 E VAP

(1) FERA 2 15 B $5 03 R RORL A2 555 B
TEFORHE [ N B LA BIR

(2) HW [ 4% i B A B 76 B _E Rl AL AR A
RAE NN Z e B R, K 1(a) PR,
@-1 AR @25 E—FRES, LR E
— kg -3 A L,

(3) i 8 AR AR 5 5 80 7 £ T8 L 2 f R
WS A RIE R 28 gk, 24 3 AP B
SEAE PR B A 800 B Rk AR A B T i B 38 A 4
25 T 5 B0 1 % 260 1) 1 A B R i 5 T e O X
(ITZ) ,( W 1(b) Prw

~__

(b) A JRITZ

(a) BN 2 1A T B R
E1 OZamERBRM

Figure 1 Placement of convex polygonal aggregates
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Figure 2 Mesoscopic model of concrete
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Figure 4 Comparison of simulation and experimental results
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Figure 5 Effect of stress level on sulfate ion diffusion
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the sulfate ion diffusion
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Figure 9 Cloud map of the distribution of sulfate ions at different stress levels and solution concentrations
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Figure 12 Cloud map of the distribution of sulfate ions at different stress levels and water-cement ratio
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Analysis of Sulfate Ion Diffusion and Damage Mechanism in Compressed Concrete

JIN Libing, WANG Zhenhao, WU Tian, XIE Zhiheng, ZHOU Pin

(School of Civil Engineering, Henan University of Technology, Zhengzhou 450001, China)

Abstract : In view of the damage to the durability of concrete structures caused by the coupled effects of loading and
sulfate attack in coastal and saline soil environments, a numerical model for the sulfate ion diffusion in compressed
concrete was proposed. Firstly, based on Fick's second law, a theoretical diffusion model of sulfate ions in concrete
under loading was established by considering the relationship between stress and concrete porosity. Secondly, a
three-phase mesoscopic convex polygonal stochastic aggregate model of concrete containing cement mortar, interfa-
cial transition zone, and natural aggregate was established by a self-programmed program, which enabled the meso-
scopic simulation of sulfate ions diffusion in compressed concrete. Finally, the validity of the theoretical and meso-
scopic models was verified by comparative analysis with the experiment results of full immersion of compressed con-
crete in a sulfate solution. Then the ion diffusion and damage process of compressed concrete specimens with differ-
ent water-cement ratios in sulfate solutions of different concentrations were numerically analyzed. The findings indi-
cate that the sulfate ion concentration at the same depth gradually decreased as the compressive stress level in-
creased. The effects of sulfate concentration and the water-cement ratio on sulfate ion diffusion were more evident
than with compressive stress. The extent to which compressive stress inhibited ion diffusion was influenced more by
the water-cement ratio than by the sulfate concentration. Reducing the water-to-cement ratio appropriately made the
compressed concrete more resistant to the sulfate attack.

Keywords: concrete; sulfate attack; stress level; ion diffusion model; mesoscopic model; numerical simulation



