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Abstract: Effect of carbonation curing on the early resistance to carbonic acid solution corrosion of cement-based materials was
investigated. The compressive strength, and corrosion depth of carbonation cured specimens were tested after immersion in carbonic
acid water for varying periods. The microstructure and corrosion mechanisms were analyzed by X-ray diffraction, thermogravimetric
analysis, low-field nuclear magnetic resonance, and scanning electron microscopy. The results show that carbonation curing improves
the initial compressive strength via forming calcite to fill pores, making the structure more compact and hindering inward diffusion
rate of carbonic acid solution. A dense, slower-dissolving calcite layer around C-S-H gel reduces calcium-corrosion, decreasing both
the corrosion depth of mortar specimens by 51%—68% after 90-d immersion and losing the strength after carbonic acid water
corrosion. The early-stage corrosion was dominated due to C;S, C,S, and CH corrosion, accompanied by CaCOj; decalcification. The
middle- and later-stage corrosion involves the decalcification of CaCO; and C-S-H gel.
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Table 1 Chemical composition of cement  W/%

Si02 A1203 F6203 CaO MgO S03 Nazo KzO LOI

20.58  4.97 376 63.57 229 200 053 003 1.40

W is mass fraction.
1.2 FIPHIE

FTHAKIKEE R 0.5, KESEE A 1:3, SR 40 mmx
40 mmx160 mm [F 8 #E AR F AR A 40 mmx
40 mmx40 mm FIS 7RG . R AR HETRS
IR TR IR G TR 3 FhaRdmlEE, HikmFE
17 B 5K 2 iR

P FRH R AR Y JE TN IR B (20+1) “CHRAl
FHXTIE A RH=95% bR HEFR A = N F=9 1 d J59F
B, ARG SRS, RAEE ST BN (20£1) CHY
MR HOKIE R R AR ST 797 & 28 do B R bikik
TP RAERIE TG 10 h BB, Kt 1k
AR EN B2 SN (GREE(20+2)°C, 12 (60+5)% T
3 24 h, H IR E R E T s, BE
BN 60%~70%, CO,IKREN 20%, BRiLIFY
[0 7+ 14, 28d, WFFEERATES I TRt
BR R /K VB e RS o VR A SR PP BRI B Ak 37 3
14 d, X IR E A AOK R kS35 9 14 d,
W90 )5 BRI R PURR R 7KV VU TP 5 o

"2 FPARWRS

Table 2 Curing schemes and number

Type Curing schemes Sample No.
Standard curing Saturated limewater curing for 28 d NC28
Carbonation curing for 7 d AC7
Carbonation Carbonation curing for 14 d ACl4
curing
Carbonation curing for 28 d AC28
Mixed curing Carbonation curing for 14 d+Saturated ACl14-14

limewater curing for 14 d

Note: AC refers to atmospheric pressure carbonation curing.
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K B ER A E ORI B 1 s, AW
IKHEE R T RE CO,y RIS, SV KON M G5 |
i P 45 R R Tt R T AT AT PR B — i R
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WEBE TR E IR, RFENKE
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Fig. 1 Schematic drawing of carbonic acid solution immersion
device
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Fig. 2 Photos of specimen after carbonation curing

B3 R 45 AUE AN FIEREE R pH 324
Fig. 3 pH value changes at different depths of specimen after
carbonation curing
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Table 3 Carbonation depth and carbonation degree

Group AC7 ACl14 AC28 ACl14-14
Full carbonation

2.80 4.65 8.20 4.65
depth/mm
Carbonation

44.67 50.13 61.35 49.45

degree/%

AL 2 R AR i 4 Fros « AR
TR A 10 AR hERFEME, P 3B AE X B (1)
JE AR B o B R 7K S VIR VL J D 2R A ) ok R
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AC28 Fll AC14-14 [HIJE IR 73524 1.890. 0.924.
0.607. 0.737 mm 1 0.592 mm, BRALFES R 1
PRIRFEEIME TR R 2 . S 4h, it 3 A S vl 0,
TR KR R AR AERIAL 2 S T8 sk R P S A R it
TRl 2 R RS

TEAS R B AL TR 30 B () (RS2 36 2H AC7. ACL4
AAC28 H, B RALTRIIS RN 3G, 90 d 1Y
JE& b R FE S FRAR S G 0, AC 14 18 Trh IR P B v
& AC28 1] 82.36%. Kl 6 4 AC14 M RIRIEENR
190 d &5 5 AR R 2 AR S AR, BEE R
WP, AHRESE TR RERH, X
JEEE NIRRT AR RS A, 1X 5 Andrew Al
Gaétan K I XA (1) 71 WL 35 7E 52 31 b R 7K
O CO, 195 Dl HH R K 6038 T AR R RR B IR I 5
AU M R R R IS [ 3R 9 ) A S B
H AC28 il AC14-14 1, AC14-14 I¥ 5 ThVR B
., & AC28 1] 80.32%.
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(a) Corrosion depth map of NC28

(b) Corrosion depth map of AC14

B4 iR r s iR B (90 d)
Fig. 4 Corrosion depth map of immersion (90 d)

K5 BRIRKIE IR S 0 9 A JE iR FE
Fig. 5 Corrosion depth of mortar after carbonic acid solution
immersion

Bl6 MREE/KERIRILE AC14 WhIR RSN S
Fig. 6 Appearance of AC14 mortar after carbonic acid
solution immersion
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T KRR B e R AR i CaCOs (S8 T 1829090
d J&, CaCO; &M E T, IXZFA CH. CS 1 CS
FERRIR K v R VEARSERE, ™4 CaCO,
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AT, X BOR R C-S-H B rAs >+,

K7 BRERKIENRIE S I BT SR
Fig. 7 Compressive strength of mortar after carbonic acid
solution immersion

8 BRERZKIE IR 5 15 K AF i ) XRD

Fig. 8 XRD patterns of cement paste after carbonic acid solution immersion
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Fig. 9 Various phase contents of cement paste after carbonic acid solution immersion
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RERIE A T FLER, X2 G SO R 15 d 5
PUESRE LT FEGN . FAk, BEE IR A
BN, 2% ) CaCOs PO AT S0 55 P St 386 538 )5 B A1
CaCO; F&AERIE 30 d JE 4R NFE, XIHE Tl 4k
KIZM CS. C,S Fl CH Bl /KRR ih5e, 1R
JZ[F) CaCO; GRS T, AE BT ¥A 1) Ca(HCOs),, T
FE I XA PUR S S TR TR R 5
B, X—MrBof RS C-S-H BRI, it
Ab, WFR 4 167 DL B, SEEGAHIRE 90 d J5 11 CaCO;
TR AT RRL, SRR TR R sk D K YE
BHE BRI K IR Tk A 45 B8 1 g s e e,

SFFRRA TR I SEIG2H ,  BRIR KV VR i L DA
C3S. oS H1 CH ByJE N3, 1B CaCOs LAY,

P BRI T T, AR 15 d 1T ZJRITHA

PA CaCO; HIIlAS 93, FEBE C-S-H BUR LSS, BRIL

IR Mo R T EZ AR W) CaCO; KIS

F o WAL B P =) CaCO; 3 EE LU T AT AR T A

NE, BT E R LUIT A RN .
% 4 XRD Rietveld R §HH) CaCO; B E

Table 4 CaCOj; content of cement paste in XRD Rietveld

results
Immersion Mass fraction W/%
time/d NC28 AC7 ACl14 AC28 ACl4-14
0 3.1 41.7 45.1 48.4 43.1
15 23.0 56.8 57.4 57.9 56.8
30 36.2 54.7 51.5 54.8 54.7
60 45.7 46.0 473 51.4 51.8
90 40.8 42.0 46.8 48.0 483

W is mass fraction.

232 TG b FARE IR KA IR AT
JE A 2 Hr 26 018 10 Fas « I i 26 7] LU
HER RS AE 500~950 CH 2 NorfRig, Hrh
500~650 CHYF B 45 ZR CaCOs fiiAFI T E
CaCOs [K) 73 fift, 650~950 C i = B2 45§ I 1Y CaCOs
SR AR, Sk CaCo, M AT BN 11 .
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Fig. 10 TG-DTG curves of cement paste after carbonic acid solution immersion
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W is mass fraction.
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Fig. 11 CaCO; content of cement paste in TG results
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XL TG Al XRD Rietveld & & /) CaCOs & &, K
Pi#E CaCOs; MR/ B ZERKZAIE S%LAN, P&
(1 52 B 45 SR AN AR AU R AL U R0 B, 1ff . XRD
Rietveld 7E & CaCO; & &Mt TG HEMK, X

FFA TG g BTG E K CaCOs, FTLA TG ATl
4 RERE s T XRD ATl A . EAERRZ,
NC28 [ CaCO; F & /LRI 60 d AI& N, 456
K 9d ) XRD Rietveld sE &4 HTE5 %, K NC28
IR 60 d J5iBf7AE CH, 1 CH KB F L F
JEIE =) CaCO; ITEMRELDL, Fir LALLRR AL 5250
) CaCOs 75 PRI A1 2 . (H0 IR 90 d
JE ) CaCO; Ern] LRI, SEEGZHIY CaCO; & &y
T IR, R RRATRY AT DA B
B, 5 XRD Kb s B

233 LA BRERKESIRIERT IERP KA1
HIFLEER AR 12 136 5 . A 12 J LA H,



5551 &5 11 ) BBIAR S BRALTRY KU BRI HUBK R KV WU Tl g < 2899 -

K12 BRIRKIEERAI Jo b Sk PR R FLE M AR 1

Fig. 12 Changes in pore structure of mortar after carbonic acid solution immersion
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Table S Parameters of mortar pore structure
Pore size distribution/%
Immersion time/d Group Porosity/%
<10 nm 10~50 nm 50~100 nm 100~5 000 nm >5 000 nm

0 NC28 12.84 45.47 30.67 4.06 10.70 9.10
ACl14 11.47 42.69 35.36 7.49 14.22 0.20

ACl14-14 11.01 42.83 35.61 7.52 13.72 0.32

15 NC28 14.60 50.40 39.37 3.21 6.47 0.55
ACl14 12.77 55.39 31.26 2.61 10.47 0.26

ACl14-14 11.12 55.20 31.57 1.83 10.85 0.55

30 NC28 16.88 44.55 38.66 7.54 8.32 0.93
ACl14 14.31 45.96 37.86 6.64 9.25 0.29

ACl14-14 12.76 47.10 34.95 7.95 9.81 0.18

60 NC28 17.14 33.94 41.22 11.54 13.25 0.05
ACl14 15.64 3341 44.16 12.47 9.24 0.73

ACl14-14 15.90 33.30 41.16 14.97 9.92 0.65

90 NC28 18.77 31.07 43.63 13.00 11.76 0.55
ACl14 16.18 32.89 40.77 13.41 12.90 0.03

ACl14-14 16.67 32.11 39.81 12.88 14.43 0.77

Wk 24 o] LA I LR R B AG . 3%2 JE [R ik
WFEF LR C3S. CoS Al CH BALAE i) CaCOs
RESE 78 /K VR TR LI, 1S K U BRI 25 1) 5
g, FLERERIGIER >,

IR TR L (1 FLAZ BRFLAR /N AT BRI 23 A ik
4K FL(<10 nm)+ 4HFE4HFL(10~50 nm). FE4HFL
(50~100 nm). KFEHE FL(100~5 000 nm)HIKfL
(>5 000 nm) . A 5 ATLURIR, BRALTEIR K
TEFEA R I TE R BN FLARAL, B2
EFLARFLI BRI, 41EANFLAN - B 4uFLIG S
wahn, A 7R RITTS M BRI AN,

Xof HEZH RN S50 20 D SR PR LB R B 2 IR Vi
[ 3Gy 2 EArEs, FLRERE T 4.67%~
6.70%. 50 nm AT ()5 FLAN 0 B 41 FL 1) LA il
TR IRLIT [B) R 0 2 S n s vk i A, 50 nm B
R EAIL KB LA AL Bl ) 2 2 sk
RIS . XRD A TG I Hrss R, fF
IRIRTH, Y CaCOs FITE E B REAGIE 78 1 FL
B, AR PUR R . R FERESE CaCOs 1)
VRIS, X R LRGN, (AR FLAI40 B4
FLIT LA R I S5 R 24 C5S. CoS Al CH Y AESE
I, R BTFIE LA CaCOs HIVA AR 45 9 30, it
— B IE A R ATIA R Ca(HCOs),, SE4SHEL, X
AR LM A, FLBRRE K, SEGT)
SRIERFE, RETFUHRIVE, BRI ELIFLI T

BIIF46 R B A] 5 XRD F1 TG W CaCO; & &%
I RIS ] — ZCBAIE B 13X — A5

234 WWIES Bl 13 AN AR 2 T e
B W T S5 R RE B 3 7 B NIC28 RIR AT, k1
TEAE KB IBCIR Ca(OH),. BRAL TR 5 I iR AL =
ranlE 13d. B 13e. Bl 13g. B 13h fiw, FE4E
IR AR A M ER B A Ca(OH),, HELT K&
BEAEAR L) CaCO;s, CaCO; %5 C-S-H B Al
HoAt KA =, 16 C-S-H #1138 )2 T8 B () B
FRA5 2, ARAEILIESSE & XRD. TG 4341 A STk v]
FHE T B AL A U8 1 L e R N i B 4T
AH R TR AN [F FR 4 1 B R Se B 2, AC14-14
(75 fRA = OB, RS AT KK IR
PH R T E CaCo; M4 W, WIET TG M5
rekig .

NC28 7E¥RIf 90 d Ja M IESan & 13, K
13k 7R, Ca(OH), Ji 1l & i) CaCO; BUAFAHK,
WIS BB, TR 2 A, S8R
P& 7K LT I B T SRR . BRI S T
HE CaCOs JZHE 7 T IIFLBE, Hh & KEM
JifEA, JifRAT HE Ca(OH), VAR R 18, 1 B
T7 AT S # C-S-H BER, CaCO; JZHIAE(E
NPT C-S-H B S IR IR K VM #fid, AT %
TRBRER K VTR S s R . 329 90 d 5, AC14 Fi
AC14-14 BIROWIE S A A B W R S .
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Fig. 13 SEM-EDS examination of cement specimens before and after immersion
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R, BEEREE AN, R ZEM CH. CS
1 CoS ERIBHIAK, PRI 60 d BIIHFETEHE.
3 sk % FEE T o 9 YL ST 160 (00 385 I o 384 0 ok PR K
sz Ny, PR CHL C3S I CoS, 1M
wAMZER CaCO; Bit45, A AT Ca(HCOs),, 1%
BrBObEREAE C-S-H & IiES . =i 15 d )5,
PR PR IRES & &= T 14.61%, 50 nm LA R
B FLAN AN B4R AL L BIE N T 13.63%, 4
ISR FEEIN T 4.75%. 238 30 d J&, w421
BRERAS i85, 50 nm DUT (15 R LA 48 B4 L1 Lt
BB I aEI% D, 50 nm LA B BAIFL. KB4
FURUR LI EL B IT a6 48, PR (5 B TR 46 R[5,
LI i AN 2 TR RS 132 7 Vs R I 45 , Bl 1 i i
WAZH . 12390 d 5, R ZE 50 nm LLF
(5 FLAN AN B4l AL L B> T 15.07%, 4
(P5EAE N FE T 15.95%.

Wb 4 5, BARARAMNE 2T U iR
2, (HIBAFE/DER C3S. C,S Al CH, KR AT
WIEELL CS. CoS A CH B E, AEmBRIKIE
TG R AE R CaCO; AR ERURERE, e k(3 )~
H(5). XRD fl TG &5 R MR, IRALTE G 1
fFiR M 15 d EREM CaCO; &I T
10.43%~11.48%, C3S. C,S Al CH N FEA W HE5E .
BT IR = e U FLER, 50 nm BAR B

FURAHEA AL LLBIE N T 3.19%~8.61%, fiikff
RIBRSEIEIN T o i RIZH C3Sy CoS 1 CH WA
FEREJE, BRIRKIETRAREE S CaCOs RN, AE AT
(1) Ca(HCO3),, Ui x(6), FEE & T 1% H - XRD
TG 45 R, 1298 30 d JFilf£ 21 CaCO;
CEIFE R, XA LA i, LR GE
SR, 50 nm DL B4l RELIEFLARSL
LI aa R N, AE R UR T 1%, 2R B
PEREE C-S-H BERIIAS, WRM(7). 290 d
Ja, RFRIZIRIRES & 208D T 6.61%~12.39%,
50 nm DA T A& B LA 4 B 4 FL A BL 4 PR AR T
13.00%~24.96%, RAFRERE T T 7.17%~15.76%.
B 14 20T HRZH B AL IR B S B0 2 PR AR R /K 7
TR (SR kLR P o S 2 RS AR B R e R AL
BRI T IR AH, R BRAL TR 37 (5 1545 74 55 I 3
&, 0] DASHAS R A IS ) N B 2R . i
WIS 13d. B 13e. K 13g. B 13h, K CaCO;
JEZEFEE C-S-H Etl, 1F C-S-H b4 B0
R Z 5 Rk C-S-H Bk 5 B3R /K V8 T P 42 i
WA B A SRR, @i 135 A
Kl 13k Jfian, Ca(OH), JE U T2 i) CaCOs BEAFA
B, 5 C-S-H &thRAE—kE, HERIPEH. Bk
P FRY AT LA R0 K T SR BB R 7K VA RS
ThiERE, Al 90 d MU TRIRBEFEMR T 51%~68%.
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Fig. 14 Corrosion mechanism of cement-based materials under carbonic acid water
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