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Experimental and Numerical Simulation on Non-uniform Corrosion of Steel
Bar and Concrete Cracking

SUN Jia, JIN Zuquan', QIN Yiqi

(School of Civil Engineering, Qingdao University of Technology, Qingdao 266520, China)

Abstract: To simulate the corrosion of reinforced concrete, chloride penetration was drove under constant potential.
The effects of water to cement ratio, cover thickness, and steel bar diameter on the rust expansion cracking of
specimens were studied. Additionally, the concrete model of real aggregate was established to simulate using
COMSOL. Multiphysics software. The results show that non-uniform corrosion of steel bar occurs and leads to three
main cracks in concrete under constant potential accelerated corrosion. The rust expansion stress of concrete specimen
1s 2.85—3.51 MPa and the cracking time is 190—311 h in this experiment. Moreover, the cracking time of specimens
can be delayed by reduction of the water to cement ratio and increase of the cover thickness. The numerical simulation
can well reproduce the non-uniform corrosion process of reinforced concrete, and the evolution of rust expansion stress
and crack development is consistent with the test results.
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Table 1 Mix proportions and compressive strength of concretes

Concrete

Mix proportion/(kg-m ")

Compressive strength/MPa

my/my,
No. Cement Mineral powder  Fly ash Sand Stone Water IM-PCAC(]) 3d 7d 28d
C1 0. 36 337.0 45.0 68.0 650.0 1130.0 162.0 3.4 24.5 38.8 46.8
C2 0.32 337.0 50.0 70.0 650.0 1130.0 145.0 5.4 29.9 46.0 56.2
C3 0.28 380.0 50.0 70.0 650.0 1130.0 130.0 6.8 34.8 52.6 65.9
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Fig. 3 Schematic diagram of electrochemical test
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Fig. 5 Crack and corrosion development of reinforcement concrete specimen
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Fig. 6 Local observation view of reinforcement concrete specimen
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Fig. 7 Electrochemical impedance spectra of steel bar in reinforced concrete
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Table 2 Polarization resistance under different reinforced
concrete types

R,/(kQ+cm?)

No. my/m, C/mm D/mm
0 12h 24h 36h 48h

1 0.36 15 16 543 235 129 89 46
2 0.36 25 16 1206 613 323 93 54
3 0.36 35 16 1772 498 379 110 63
4 0.36 15 20 524 221 164 121 72
5 0.36 15 25 522 324 206 102 54
6 0.32 15 16 862 436 209 84 59
7 0.28 15 16 1024 372 193 72 53
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Fig. 8 Fitting regression equation of corrosion current density of different types of reinforced concretes



314 FESE R A S I

527 %

600

+ Point 1
500 - + Point 2
400 - ik Point 3

- Point 4

300
200
100

Strain/(um - m-')

—-100

0 100 200 300 400 500
t/h

(a) Strain

4.0
350 + Point 1

Stress/MPa

) 100 200 300 400 500
t/h

(b) Stress

B9 WREE I 6 (my/my=0. 32,D=16 mm, C=15 mm ) {54 1 5 i 1 25 K )37 3 25 4k,

Fig. 9 Evolution of rust expansion strain and stress of concrete specimen 6(my/m, =0. 32, D=16 mm, C=15 mm)

4.0
3.5 | mwlmg:
0 03 ’\‘\
< 2. - 0.28 Y
% 2.0 Y N
g 1.5 %’
“ 1.0
0.5
0
-0.5 : : : :
0 100 200 300 400 500
t/h
(a) Point 1

4.0
35+
3.0
2.5
2.0
1.5
1.0
0.5
0
-0.5

Stress/MPa

0 100 200 300 400 500

t/h
(b) Point 2

FI10  ASTR] A M Lo TR 35 b sl 1 v 300 477 65 ik Bz 722 1

Fig. 10 Evolution of rust expansion stress of concrete specimens with different water to cement ratios(D=16 mm, C=15 mm)
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Fig. 11  Evolution of rust expansion stress of concrete specimens with different cover thicknesses(my/m, =0. 36, D=16 mm)

2.3.3 WE EARRE W
TREE KL LM 0.36 PR32 EFE R 15 mm, 9
A% R 16.20.25 mm I, 49 5575 45 ik 17 o 2% 1k il 26

DL 12t B 12 0] DL, 7645 1l 200 h A2 A s, B0 46
R R ¥4 3K BN WA AR, TR R - S B A B T 2 L 3 U 4N
17 ELAR X TR B 1 45 K T S5 g AN B i



%4 P A AE BT AR 38 50 85 Tl 5 TR B R T 2R B (B A A 315

4.0 4.0

351 D/r?gn: 3.5 | Dimm:

30 .20 v 3.0
< 250 +25 am Yy < 250 °
Ay Ay
= 20 = 20
2 150 / 2 15¢
5 4 =}
a0t ; f @10

S
05 4™ 0.5+
0 {,,“ 0
_05 1 1 1 1 _05 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
t/h t/h
(a) Point 1 (b) Point 2

P12 AN TR0 5377 AR R 5 sk v 99 557 5 i 1z g A2 Ak

Fig. 12 Evolution of rust expansion stress in concrete specimens with different steel rebar diameters(m/m;, =0. 36, C=15mm)

3 EMEGEHNGAESRE TR fFi# LA 13 R COMSOL Multiphysics # £+

LR AT BUE R, bR S B0k IR 8 0 1% 5
31 BEES %, % ] Structural Mechanics Module & X #¥; faf Al

TR B AR A T R s Bk SRR Bl R v A R B O 2% 0 fE 4
TREE AR T AR e R X s W TEIT RIS — 20, Z W8 T Y R & 1 L BRI
M, 51 A 200 pm J5 B ) 03 0 X, LA R AR 4R REERNIHE

1. Digital image processing 2. Constructing numerical 3. Setting the interface _ | 4. Modeling in COMSOL

of concrete concrete specimen transition zone in Auto CAD Multiphysics

Ca

(a) Specimen (b) Numerical concrete (c)ITZ (d) Finite element model
B3 AEITERHREE L @D IR

Fig. 13 Modeling process of real aggregate concrete

32 AN A S TR R ST A BRI AR A ldm
T P A5 50 1) K 640100 4 1 1 349 20 5 ke e _ G :
A A A A0 4 ok e A i W R R A 2 A VuV/ . s
b KR E I ) B 55 ™ 400 T W25 BRI (I "
R ) B Tl e W, DL RS BOR B  T 2L Ncegietfe
Ty W (e R BE D d ) AL o i
2 TR A IR BE - YT Y Hy e wT DA A 2 Away from
AR el e ) i R ek 2R the cover
Rebar
W o = @ X W X ’;”‘“ +g X o (D+dy)dy +
D P14 ATk 55 ot 7
(2 =+ do)dm (3) Fig. 14 Model of semi-elliptical corrosion of rebar

A s @ BRSP4y Y O AE, — ol 7= 0 )
JB: A 0.523~0.622"" 5 o, R AN 15 158 FEE 5 0,0 1 5N 17 555 HT IR d A8, R SCHRL9 1A B =



316 FESE R A S I

527 %

4 Wrusi 1 arus!
dm - - - 2d0 ( 4 )
D | Prs Pu

B P 5 e g A kO R R
HBEDWKERN:

D+ 2d,+ W o
0 T[D

Qs

Wm,\.l—’/ZJ{O. 105(1/an. ) xDiwn(£)di (5)

0

P b, w7 LLAS BB A N A Ik 1
5(0,1):

) 4d(}( D+ 2d,)
[O>1

T (0 rust {0 st

0(0,1)= —
2 WYL]S‘ 1 rust 4 WYL]S‘ 1 rust b
/(2D+4d0)2+ 32{ - ( 4 ) d(} ][LH 2d,+ ( 4 ) 2d(}c0526
D

2 *do

AR AL AR R T B NI S AR A, O<< i<
W P A A BELATE 3% A 1 4 A 45 ol el 3 3 R i Ak
J7 & (WL ) E i ZHARA B A h SR 5 4 B (6)
TR 055 ik LA AT AR 1) 2%
32 HERMER
BE WO B 1 K K o 0.32, R 37 )2 R R

s (Orusl {0.~1

(6)

25 mm, ff BLAR N 25 mm A AR T TR 5 R AT A
PR TR0, B4R 4% SR &1 15 s . A IBT 15 7] DL
5 Mk 2445 1 S th AR AN A 5 TR e AT 5 7E 200 hist,
B B 3 4% Ak Hoh e AR IR BE + R )RR
Wi J& s 78 500 hin] , ZE4E I 45 B Ra] () Bt 1wk X FN
WA e e e s R ELH AR ST OB A

(e) 200 h

(f) 300 h

(g) 400 h (h) 500 h

Damage degree: 0 [T T i : 1

P15 AT R B il A T 2 R AR AL

Fig. 15 Simulated diagram of cracking process for reinforced concrete specimen

33 R E5EMLERITLIIE
3.3 HSHEE K X L
FO 0 5 DL SRAS 0% B A i S ik g g
FEELWF [ AT XL, G5 R R 3 PR . R 3 AL,
0 5 AL A5 L R R T, X 3R B B R L R Rl A
i ASE DL A 1% IR S8 50 85 e e FLS = 1 TR Bk O 2
16 S i 5 55 ALY i B85 K 02 0 % FE T . DA
16 7T LA H - 06 45 5 1 i 26 A i sh v (H S5 A

LB i 2 TN — B, X = O IR B - 2R A4
JOT, 45 T A A T AR 7 o v 3 AN 3450 DT 52 i) 455 i 7
T35 5 25 A EE I L5 B N 7 ) AL 5 S
R, FF LT ] (AR UL 45 SR Al W fUE K, X E R
A BRTTAR TR TR BE TR B AE ARk
332 sy R

WX 50 I 1Y 4K TR e K U B RS A
Auto CAD 1, BE40L45 ik 248 B e 4 O, O 5 10 50 25
RAEATXF I, S5 R LR 17, B 17 AT AR L RS



%4 P A AE BT AR 38 50 85 Tl 5 TR B R T 2R B (B A A 317

R3 TEMATRE 58S 8T AT 3E 4 5 85 B9 I 57458 Bk B2 0 Fn 78 22 (8]

Table 3 Critical rust expansion stress and cracking time of non-uniform corrosion under different reinforced concrete material parameters

Critical rust expansion stress of rebar/MPa Critical cracking time/h
No.
Point 1 Point 2 Mean value Model Point 1 Point 2 Mean value Model
1 2.93 2.94 2.94 3.24 220 210 215 234
2 3.07 3.04 3.06 3.34 247 252 250 265
3 3.28 3.28 3.28 3.48 311 294 303 282
4 3.08 2.89 2.99 3.18 209 222 216 217
5 2.93 2.85 2.89 3.15 190 200 195 206
6 3.23 3.30 3.27 3.55 264 252 258 286
7 3.50 3.51 3.51 3.76 295 294 295 310
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Fig. 16 Rust expansion stress of test and simulation
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Fig. 17 Schematic diagram of crack of test and simulation
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