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Quantification of Salt Freeze-Thaw Induced Pores and Microcracks in Lightweight Aggregate
Concrete Using Digital Image Processing

GAO Zhihao, WANG Ling, WANG Zhendi, FANG Jun
(State Key Laboratory of Green Building Materials, China Building Materials Academy, Beijing, 100024, China)

Abstract: Accurate identification and quantification of pores and microcracks in lightweight aggregate concrete (LAC) are important
for analyzing salt frost deterioration mechanisms. Therefore, a new DIP method based on morphology principle was proposed, which
overcomes the difficulties of traditional methods that can not accurately segment pores and microcracks because of only relying on
shape factors, and the porous lightweight aggregate interferes with the analysis of pore and microcrack in concrete matrix. Using this
method, the microstructure deterioration of shale ceramsite LAC and normal aggregate concrete (NAC) with same mortar to
aggregate ratio and same water to cement ratio was compared and analyzed. With the increase of freeze-thaw cycles, the pore
structure damage of the two concretes is manifested as pore expansion and microcrack initiation from the pore wall, leading to the
relative dynamic modulus of elasticity (r,) loss. Grey correlation analysis indicates that in addition to the initiation and propagation of
microcracks, the high dispersion of LAC pore diameter also contributed to the loss of 1, in LAC. Test shows the new DIP method
realizes the segmentation and independent analysis of pore and microcrack, and achieves the recognition accuracy to 10.6 um, which
has advantages in quantitative analysis of concrete pore structure and microcracks.

Keywords: lightweight aggregate concrete; single-side salt freezing and thawing; digital image processing; internal damage; pore
structure; microcrack
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Table 1 Physical properties of coarse aggregate

Apparent density/ Bulk density/ Water absorption . . L Cylinder compressive
Coarse aggregate = = Void ratio/% Crushing index/%
(kg'm™) (kg'm™) for 24 h/% strength/MPa
Graded stone 2720 1670 0.1 39 5.6 11.9
Shale ceramsite 1428 678 55 35 19.4 8.1
x2 RBIAIEALLRMEEE
Table 2 Concrete mix ratio and performance
Mix ratio/(kgm’3 ) . . 28 d compressive Dry apparent density/
Sample No. Water to cement ratio  Slump/mm  Air content/% 5
Cement Water Gravel Sand strength/MPa (kg'm™)
NAC 360 216 1045 810 0.60 120 1.4 283 2453
LAC 360 216 549 810 0.60 150 3.5 27.9 1799

1.2 K EHIE

WA N 100 mm. 755 100 mm P SRHE FE VR &t
TR, ERENHKIREER 100 mm, &
30 mm FIERVUTROHm R, HT-Hi 4 EA% 100 mm.
i1 70 mm VRS E . FERREE S Y 5 i
A3 NN 1 4. Hod 1 A TR A
X Ehsf A R A 32 VA RLIEIA IS I DIP 40 #r,
Hay 4 Al A T HRaR AT 2 8. 164
24 IR REIA J5 1 DIP 43 #r .

2 MRE LSRG S R, IR R B
BHE R, FEEIRSN G B3RE) 10 so RSN
(20+£5) C. FHXTIEBE KT 50%0 % = 241 7%
1 dEIRBRERELE, 2% GB/T 50082—2009
§ 7 3 VR A L K P BE R T A P e RS T TR AR
AEY R AT SR A IR Y, BIYRREE SRR
FE(20+2) CHIKFFRYT 7 d, BEERRENEE
F(20+£2) C FHXE B A(65+5)% 1) T 725 5 Hh gk 42
TP, IR AR R ) 25 d i, fER T3
5B 40 5 [ A A VR AR T, 8 KRR 1
PR T il 2R DU B 20 I T DR RE R R, LR
A T A D B T 6 R R 56 A R TR . BT A iR 4k

GETTFERPERIET 28 d, KiRE: 0
WA, BT HESHN 3% NaCl il
Y S (1041) mm, 7EIE B N(20+2) C
(14 4F T B 7 do

1.3 BmEINFRIEFHE RS &

FATH] R R e I FE R BE ARG TS T
GB/T 50082—2009¢ 5 i vk % - < 1 14 e A i A 14
REARIS AR PR, VR IRIRECH 32 1K,
TREE LR RE A TR R 8 IRV RMIEIR f5, 2
FEIRARAE T R AR B o e &, o ) 2 TR
TR T DIP 0t BARHIE AW

1) F G FLECE LR Bt A P B, 3R
S EA 70 mm. 5 70 mm FVREE O

2) FH &R 58 O)EIHLZE BE B i A I T
15 mm KbREATYIH], B I BT VR e O R Y
2%, 193/H4% 70 mm, & 15 mm PR E A .

3) K 50, 150, 500, 1 000, 3 000 H
A5 000 H s ARE B B 006 5 3 A s b,
Z 5 BT P 5 R TR R T DR i
30 min, ZFRMEYIE EARE A

4) Kl TRONBAE L, 40 CHE 1 d,



5551 &5 8 1] SN A R TR PR AR B SR R e R B AL AR B0 B « 1911 -

TRAEDITH _F K TR B o 75 A i ol U 7 A ot )
M, B EIL S RS D) TH 2 /0 10 mm.

5) FIH A BAMNRAEEE 650 cps MM
PRI 5 RiAR 3~5 pm 26k % 10:1 B E LLis 5]
TR G 1] £ 2 05T Bkl I 35 SR 7E I ' 5 1A D) T
by BERHIR AN T 5 mm.

6) BT EMME TAESEY, FHAESE
HE A 1 kPa JFRFFIEE R 24 h, fF4ekl5E
2[4k o

7) AEF V)R bR 2 SR AR DI ) ekt
FUFIR 5 000 H bk B 56 B ) T HE AT 00,
A3 T DIP 73 H HTR & LA 5

2 BT EGEHRR. LEMSRITH

2.1 HFERRIIRE

FIF 87 #82% CCD (Charge Coupled Device)tH
BUEE A6 %A T R 8 AE iR it . CCD A HLE
JTCRSFN 1.45 pmx1.45 pum, #3845 & 20 PR 1)
B BUE s FIH SN ROGIT KK N 365 nm
ISR AMCTUR G R P8 s N R LED
A

PRI F 0 AL 45 mm>45 mm B IEFTTEIX
DA HRE D G e FE AN S B, dR a3k AS IR & L
U E T EE, w1 Fos. ris g E
BRSE N 45 mmx45 mm, XEEHREAME R T
2579 10.6 umx10.6 pm. VE#&ELREYIE L AIFLAIG
REWOZFIRRHAT, ERINROCAT U 2 hk
WOk SPGB RS A it (H15
EEIZ, £ LAC T ERE (8 1), BT 004
BpkL (LA I AR PO G, AR B DL
LI R I
22 HFERILE

FIF Fiji(lmagel, with " Batteries Included ")
AP P B, BARS BRa ST E
B BERHEERR . FLMGERSUR RO 2
HUFI LS RO IR 224k
221 HFEB AEL H 3R H 7 KR LA
HSB (Hues, Saturation, Brightness){®# 7S [A] fRA17,
B AN AN B ETE, (R R IEE, RIS R
A7 W B XU ) me g o A BT B, R InterModes!™
BRAE S, i XU S BEAE I E ROy —(E i A
FIFME. HLEHBGREREIL N 0(Ef); ROI 114
FELH 1(BM), EREERN —E, LAER
000, 4Nkl 2 fros.

(a) LAC

(b) NAC
1 EEEHIE RS EE

Fig. 1 Digital image for concrete longitudinal-section

(b) NAC
2 RELM AT RE
Fig. 2 Binary digital image of concrete



« 1912 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(8): 1908-1919

2023 4F

222 BERHIZERRERT LAC)  FIHELS
EURALEE Y A, WEBRIRECH 5 Ik, ¥ (i
e G b 22 A AL ROT 42K il £ 4> K T AR
ROI®Y, F:45114 ROI Eife. 2 RE S FH kLR
P RT 5 mm, FHEHEZKT 5 mm ) ROI
REUE R EE 000-AGG. ) E1 000 5 &%
000-AGG {8 #yi2ia 5, IRAFH I (a2
K%, ZEG AR LAC Wbk 5L 5%
KA, W NER 000-LAC.

PERAE BRI A B A 25 R . ik

FIRECH p I, ROL K Feisia Fim o & p IR 1R
R, LA A p BB ER. LS 2 4> ROI
(B /N EE BN T 2p MEEIN, X 2 A~ ROI iEH:
TER—/> RO, K4 3b, {8 FH 1) T2 2 B R AR 15t
J&, F4E ROI WEIBEEMN L MERZETILNMEEAD
s, AT EREX L ROI, S SGEAR RS p BL
5. SRR DR FAR G T BRAAAE D EIE R RS ROI [R] B
WeiEd:, ERREAPALFERMBEREMN
ROI (W 1a FrzR), #E#)5E 0 ROI BARTGIEIAE
5mm, AEPFEIEEIE 000-AGG H .

3 #EE ROL £
Fig. 3 ROI removal of lightweight aggregate

223 SLAFMELE ROI #EHK O B R
N A o N - A E 1A T P B OB
T 2 RN BT ST . TR IR
PR B FLAN G SORT BESRSTAFAE s R A ARSI
ROI; M4 s JEF AN, KEELNEK
B ALEE, SUE RS E FLEE B AR I B A N Y
Jel Bl MR BN FL S M SO E ) ROT 414
A o TR R AT ROT FRAR B8R e 4, BLR)
ROI HA IR A RIALE, FUL&HHE. 5
AP HREC. B 220 B B G b 3 5 i, DASEIR
L5 ML ROT B3 HT

1) FEFLIEH

SR ROL IR EESEINEE 1 k3G, WLt
(D). FFEGHSFEERIR 2D TFE LMK
R AE R TEA ROL, i ROI A IE TSR,
I AR BT R FRRZ18 0.785; 24 ROI AFriE
GRS, B R N ER 1, Wk@Q). FrgatT R
TERE 1T RS FE P9 (9 ROT B 1 S H B & — 3k (1 3L
FEG S, CNEE 000-P1; X T LAC, ZE1E
N 000-LAC-P1.

47A

R="53 (1)

0.785 <R <1.000 Q)
Arf: RAROIMIALSE; ANROIIE, um’;

L 24 ROI B, pm.

2) FLERERELSLR) 5 A 32

A R 46 1) {5 4k B4R 000(LAC A %
000-LAC)5 K% 000-P1(LAC % 000-LAC-P1)
OB HEEIZE, FAREIE 001, HAH RO AMY
A EMSL AL, RIS LSS A S
&, WKl 4a Frox. XHEE 001 H1 ROL AT TERS
LG AT ERE, @ RN 3 K,
SCHLKE T ROT 22 [8) 40 /)8 3% 42 PO 35 25 B g ST 1
ROIMM, DLk 31 2 B b 7 1) i 2 e bl B 5 AL A
ERMAELR B K. S B AE
fL, W 4b B, e NEME 000-P2(LAC HEH
000-LAC-P2).

B HUT B 000-P1 A 000-P2 i 4R niEiE
B, SRR A EBIL NS 000-Pore(LAC N
K% 000-LAC-Pore), FHH A1) ROI ¥4 4L. [H
B, R R 46 0 E BB 000(LAC N B
000-LAC) 5 B 18 000-Pore(LAC N K #
000-LAC-Pore) fi 12 Wk v i2 5, 3K 5 K&
000-Crack, H:A1f) ROI ¥ AL, T Lid#E
B, X3 7 ARG LS MR EIR
Hr.

RS A ERAESRAL, fEXT ROTHAT H#:4F
(EARIREL RIS B R AL B2 R . kAR B



5551 &5 8 1] AN S FET R IR R 2R R A RN BE LB A MR SO B0 T + 1913 -

p KN, ROI #Seil A W4 p ZB=R, Hil
W AN p EE . % ROL 5 JE/h T 2p M&
%, B ROI WH EAFESE /AT 2p MEEIY
&, WA e S R g R ROT 34 S
SIEBRIN A AL T LR T AT LASR b . 5
T EREAE, KB TREENT 2p MERKRR
20, XWCRSUIKBEEIFIR W, B SR T UK EE
FEAR B 7 W FL -5 TR S R PR 1

(a) Pore attached with microcrack

(b) Pore after an open operation

Kl 4 ZH&1K RO Hh L 2: b

Fig. 4 Removal of microcrack in ROI of composite

FER R A P VR A P S5 AR I AR s 0d
/N BRAEE, AR EFE AR T 1R M & Ak
WAL TE R, [N T A& G 7 iR IR
TAERFERECATE R R R . A TAE & SOT#AF%
RIRECH 3 R, M EE H ROT 3824 B Y 8k
AETE, B2 Q) &4, BERFmEac
LA, F4 ROI &3AFL. M EIG
000-Pore(LAC NP4 000-LAC-Pore)+ F/NMLIE N
BAMEZRTE AU ROL, FLAR IR AR FE e ME =R
~10.6 um; AR A% 000-Crack HF i & S0
AMEFEIEHU ROL, LT FE VR IRE B A f/ME
FZR10.6 pm. [F, HETAEGE AR DIP J5
A T RS R BE .

3) RGN E L

St SRR IS ROT B AR 73 BT AT A2 1 22
1k (Skeletonization)*® !, BIZE —{# & A v xf RO A
GAWH LB G FR S, BEERR DR BRENE
R A A B ROT EE, Wk s fis,
FAF ) B EIC N % 000-Crack-Skeleton(LAC MK
% 000-LAC-Crack-Skeleton).

(a) Microcracks

(b) Skeletonized microcracks

5 ERSE SR
Fig. 5 Skeletonization of microcracks

23 ILESWMHEIAMEESH

4y H% AL EE 000-Pore AT 000-LAC-Pore
T ROL GuitFEit4, RS ILA A EE | A
FLEIFLAE d,  DAFLARAREARER, DLARTFLAR B FLEL
b OV RR, SRR EE L 1 FL AR o A it
&, HAT oW ILSEEE R RGO .

o A% —AH B 1% 000-Crack-Skeleton Al
000-LAC-Crack-Skeleton 1 fif5 ROI Siit 1144,
AN RO IR | MERLL, SRS S H &=
j MU LKE L. 238 —ErEG
000-Crack A1 000-LAC-Crack "1 ffi#5 ROI [, 3k
PSR TR Sco FET jo L A1Se, v E& 4
3R 7 2 NARRAE A N IREE e BRHERASHL
X3 (D) FrR:

1 )
Ly ==L, 3)
Jma
W, =—>¢ )
m:le

A Linean NTHRECFIIKEL, pm; Winean AR
SUPTE R, pm.

TERBF 1K (Linean) S T PR RIRAE FH T VR ok
T IR SR FE DT M B9 s RT3 YR
(Winean) ST 5 Al FH TS VR 46% 1 PN SR AR S0 7E 95
J7 A Y
3 &
31 ET DIP FARERLILEH
3.1.1 RN ET NAC 5 LAC LA 2
TR % b A O R e A AL AR A A S SR a1 6
Frw .



+ 1914 - CRERR R 2540 J Chin Ceram Soc, 2023, 51(8): 19081919 2023 £
: NAC 125 | k
40t P LAC d :Ezdi (6)
ﬁ\' P 1100 i=l
N . 9 = K
30} : 2 S 1 —\2
= VY 1 d, =, |—>(d;—d) (7)
k-145
A dy ARATLALE, pms does 9 H LR B
Z LR, um; d AFHALE, ums d, AR
/,' \ 5 ATESHOERL, pm; d M di 73958 k ASFLAER | A
V 3\\ .,
ot 4 f — 0 FLIFLAE .
50 i200 .
10 100 1 000 10 000
Pore diameter/um = 28 —*-NAC = LAC
= B _
(a) Pore size distribution § o ‘
2 24f . 21%
& *
LS I 3
L
g 20f /
2 —
83%
R
[=9
g
= 12k
0 4 8 12 16 20 24 28 32 36
y i 8] F-T cycles,
N ok
J§ H t t
0.0 111'95 21.7% l l 0 (a) Most probable pore diameter
0 50 100 150 200

Pore diameter/pm
(b) Pore size distribution (10-200 pum)

Kl 6 LAC #I NAC [fL5& 5 1
Fig. 6 Pore size distribution of LAC and NAC

Wik 6a, 2 FriREELIH 90% M FLor i fE 10~
200 pm MIFLARTEREI Y, SN T T R 2 iR &t 1L
B AR, B2 MR -7EFLAE 10~200 pum 1)
LESWE 6b Frm. SRR, WELK T
NAC Al JLFLAE N 11.9 um, 1 LAC Ff Al JLFL
#7217 um, HENAC K 82%. H4k, MfLAENT
50 um B, NAC fJFL 240 & Lok & T LAC,
YL KT 50 pm B IAH . AR R 2 W RE IR
BEREAEMRE R, LAC &S EE NAC
% 150%, IX /& BT U1 Pk 3R T A7 78 A0 1)
FFOFL, EEES S 5RELFEM, [[H Rk
TG RAALM, W T LAC T
LR A0, LAC LR A B srH, RN
P S A B NN
3.1.2 TR EE AL S B R A A ) TR AL M
K~ Gt 2 MR EE L& ] JLALAZ(dy), P
P FLAR(d )RR 2 A 8 HIORE FE (d,) B VR LG 2 Ik
H(nryit, gRILE 7.

dy ={d,el d;,d,,d5,-d, } (5)

most

Mean

&=,
0+ %1%

0 4 8 12 16 20 24 28 32 36
F-T cycles, n

(b) Mean pore diameter

124 f-
120

115 -
110

Standze

100

0 4 8 12 16 20 24 28 32 36
F-T cycles, n

(c) Standard deviation of pore diameter

n is number of freeze-thaw cycles
K7 ALSHEEGR R TR

Fig. 7 Evolution of pore parameters with freeze-thaw cycles



5155 8

G A R TR PR AC B S s R R FLBR AR SOE B i + 1915 -

e 7a FioR, fEGAERIGHT, LAC 1 dy bt
NAC £ 83%, K BHUUA FRL VRS N 5] NS
FLE KT ol JLALAR o Bl R Fl O B Ok S0
hn, 2 PRSI dy IIFEFSEIE I, 32 IRURRMIEIA &5
W, NAC T LAC [ dyv 73 53800 1 83%H1 21%.

WRIEE 7b, EERRIEHT, LAC 1) Dmpen Lt
NAC X2 1%, RIS VU B R & A 5N
TARMALRER TRl JLLAR, B3 FLAE T T
LAC 5 NAC JUFRAZR. WG R
hn, 2 PR EE L RSF I FLAR S RE SR N, 32 KA
R IEIR AR, NAC A LAC ffd 4» 58 hn 1
18%F11 22%.6

K] 7c on, TEGRMUALET, LAC 1 d, tk NAC
% 8%, FWIT A BakL VR EE 1 N 5 NS FL )
FLRHAES, FULH I 7 LR 0 A0 I S EOR R
BE R B FR BN, 2 FRREE LM d, YIRRLLE
hn, 32 KR RRIEIA S5 SR, NAC A1 LAC 19 d, 7351
BT 14%8 15%.

R AR, B R T SRR R A R 1
b, 2 MuREE LB T LAY K, RIAE R T
JUFLARBE N . 7 ¥ L4 48 o 0 FL 42 43 A (1) 25 8L
FREPESE 0 3 AN, X2 VR A LR SR ER T
PRI R B 1623 $,

32 ET DIP FARVRETAIMHEASH

Kl 8 N LAC Fl NAC ST K E (Linean) 1
S350 B P (Winean) B {5 LI P8 FRTVE A

WRIEE 8, FEVRMURIGHT, 2 FhREE L N
TEAE— B BE KR, H 2 PRS- ivIaGs
Linean FHRTAE Winean JL T 257 W11 8a B, B
VRGN, 2 PhVREE 11 Liean FFEE I,
32 AR ERIETEIASE T, NAC A1 LAC 1) Linean 73
AT 16%M 18%. (EfFEEMZ, WK 8b i
N, TR AR ARG AR T, 2 BRI Winean
I R R A O T A A B AR IR AN B
32 URHLH SRR AG IR ZE RIS, 2 FREE 11 Winean [ T
BT 20 4%. IXFREL G H I i DR it 2 BT SR VR 1
RREIEIN, 2 PRI TR AL,
Tt 7RSS B 3 I, T A AR B R AL
TEFERE T A, DRI AR T B8 R

w223 HETIR, o EIRERSUN R IR IR
o 3 Wk, MR ER R R LT B EIR N
63.6 um. & 8b [lli45 R 2 Pl EE 175 5 i
EREAE R RSO T 20N 44~48 um, AT
ST RSCR A RE R SGIE L, A 292 A] R

MRS T ERREIZ 2/3, WAUER] T iERIKEL
PR T HEE
33 RELMEXEMIRE

K] 9 24 NAC Fl LAC &F 8 VR GG IR J5 (PR X
AFRVEARE ryo FEERRMEIA BN, 2 ARkt
() o SRR/ N e 24 32 YRR T SR S

58

—e—NAC

56 +

Mean microcrack length/um
wn
o

12 16 20 24 28 32 36
F-T cycles, n

0 4 8
(a) Mean microcrack length

52

—e— NAC
—e— LAC
50

3% 4%
48t
479

16.7 -
46|

44t

Mean microcrack width/um

ol

12 16 20 24 28 32 36
F-T cycles, n

0 4 8
(b) Mean microcrack width

K8 LAC H1 NAC LS4
Fig. 8 Microcrack parameters of LAC and NAC

102
—e—NAC —o—LAC

100 o~
og L 7% | | 9%

96

94|

92

90

Relative dynamic elastic modulus/%

et
0 4 8 12 16 20 24 28 32 36
F-T cycles, n
B9 NAC F1 LAC (A S A &
Fig. 9 Relative dynamic elastic modulus of NAC and LAC



« 1916 - CREFR Eh22 4D

J Chin Ceram Soc, 2023, 51(8): 1908-1919

2023 4F

LAC FINAC [ r, 735318 93%81 90%, 3B i
AT 2 FhiR st i P SR 40 4 35 R B AR R 3 3
PERLE T F%, {H LAC /9 r, #1805 /N T NAC.
4 tip
4.1 FRERIFESREELTFLEBIRGEIEMBEA

[l

MR L B 1) 45 R BB 2R ks A e 1),
TR % LA R AR R B AR ok B FLBR KT B
55 AR P= A (1 BT o FLEE AR, 5 B BLIN
AR . IR, FLN K UK S 5 LR RN
5, KALPIK >4 5 FL 45 pKk I 5 25 5 Bk FL e,
DA I R Rl 4 FH R TR sk N SRR S B AR S i R
WS MEYIMEIG. AT DIP 7% p
SER, VIR AR B TR B SRR E B N ALEE
B 2 5t
4.1.1 FLEHIREERIERR A BT ER
b, AT LR 1 ROT AR R R A B A5 4L,
X WMAE R Z W e A2 BE sl 20 3, B gk R AL
(S HE | 5 AR LB i, 22 BRI AT 34977 A
P LI, 24 RS LA EE T L R
AL S . ARSI E SRR 8 IR
TEFR G 2 PR L AR 0 AL 5 B Pyam, 45 S 0
Kl 10 Fros o

p =17k 100 (8)

dam -
|

KA Paam NP AESBDIHIFLET S EE, %,

26

Percentage of damaged pores/%

0 4 8 12 16 20 24 28 32 36
F-T cycles, n

K10 NAC M1 LAC 3245005 (LR |5t
Fig. 10 Percentage of damaged pores of NAC and LAC

WRAEE 10, 2 FhR & 176 vk R 3R /T & A7
TEZHG WAL, Paam ZFLIN 8%. Bl R L1E
RREE NN, 2 FREE LA P PRSI, Y
32 IR R IR 45 R, NAC Fl LAC ) Pgam 2351

ELIR 6 AT N T 27%126%. K H Scherer 1) 45 &
JE BT, ARIR 2 SN K S5 UK A R B
JEALEE, fEFLEEZRSZh N S MR, B AR
S FTEEH DIP HiERIEALE R EoR, RRlE
M5 FIRE LM & 2 e R,
T SRR R R, T RhTR B 35 ML Ak B A T
RHat, FHALE .
412 fLYHMHLSHIEGEMIEAREL TR
LR L S HBE VR G A R AL R 2 T v I
P —Fh M7, BT 204 2 PREELAE s &
AEH AL I 2 5

R4 KO A(10) T 2 Fhid & L3
UK (Lop) FFLI TR B B (Np), S5 R WK 11
Fi7m o

J
Ly =<2 Ln ©)

m=1

—_

N, = (10)

cp I

e Lo NALBIREREIKE, um; | ALK S %
B L NEEDMICREUKE: | NERSUEEEE: N,
NSRS &

R 11, EGFEREET, LAC B Lo M1 N
1Al NAC 2> 6%F170 5%, K 2 Fhise -+ N
LIRS FE B 22 R IR AN B BEVR AR
HRREE N, 2 FIREE Lo, A1 N, S5 448 0,
32 TR R IEIA 45 B, NAC ) Lo, A1 N, 7351
N7 21%F1 19%, 1 LAC 1) Le, F1 Ngp 2351138 i1
T 62%H1 40%. 4 32 RRRIEIA S5 K, LAC 1)
Lep A1 Nep 2373 EE NAC £ 26%F1 12%

A W 70 A VR LA PR AR, ALY
IKGF BEVKAFAESE SR, BRALH K g e gbok, T
ALK G G5 UK BE ARG UK BT RN LY
IR G UK, UK AR A TRLECRE, X FLEBE R IR R
/N0 40 AL PR 7K 4 R 65 DR A AR o B 2% )
WIORFLEE, BIAERCREL Bk 2 FREELAIIR LA
2R | LA . d5E - 6~ 8 fr
AREER, FEREEAVERTT, NAC HTfLAR R,
FLN IR B5 KON FLBE R BF I fe 18U, S BALEEAL
AR GRS Wikt T LAC, BT mA,
FLNIK I S5 KON FLBERB IR BE 8008, S FLBERE 2%
G tE 2 RS BN I B i, S
BE B AR TSR R L A DK b % R FLEE B 7 R TR
H, SIS RERSURMERE— B8, itk LAC HCk
AL mR g IO P TR R E R



5551 &5 8 1] G A R TR PR AC B S s R R FLBR AR SOE B i « 1917 -

Microcrac

45 1 1 1 1 1 1 1 1 1
0 4 8 12 16 20 24 28 32 36
F-T cycles, n
(a) Microcrack length per pore
1.6 ——NAC - LAC ?0%

Microcrack number per pore

0 4 8 12 16 20 24 28 32 36
F-T cycles, n
(b) Microcrack number per pore
11 NAC il LAC LIRS %L
Fig. 11 Microcrack parameters per pore of NAC and LAC

42 HERMERT LAC 89 r, iR 45k B E

WEFE RN, URmidE 75 5 VR G i AR I
ST I HAE 100 um LR 3O, 5 i R i
T PERE IR R, G A X B R A B 5 K 48
S UBERLUE E ARSI NI E) 100 pm DL R,
ARG TR WL, MRS LS4k
R E . A TTAE R IR A A [F] KK L FAH [F) 2R
HHH LAC 5 NAC Z 2| hikEH %S AL
B R SR AF R 3 2 5, B = F M
R E R T T, R AR R T R
i F R, 316 LAC 1 NAC (5] JLLAE
(dw)~ “FHFLAR(D ). FLEEDAEBREE ()
G L (Linean)~ TS 35 58 FE (Winean) 73 1
o B BT Bhaf A RN B SCERE, JCHRE (Y
Sr59 g(dw) 9(d ) 9(do)s I(Lmean) ! I(Winean)»
T30 80 LAC AHXT Bl 55U H AR 5 450 2% (1) e R 3
A, il 12 fos.

Bl 12 g8 ER, BHHEEHRT, NAC Ml
LAC FEARHR L5 EY R 2 T 80 = X 3l 5
PEARE N R BN K. HAh, £ NAC 1, H
THI R R AR 3 B CER SCF 3K B 18 n 2 5 S50R X

ESRPERCR N B T EERR, R PR
W TR SRR VE AR, R R R AR
TAAEFT RSO L, (HEE I T A MRS '
KE. 1MfE LAC #, Hifshik/E M S B2 70
At B R FE G N2 2 BUM R B 3R ISR R R A 5 —
HENER, KB T ICE R LAC AR
RN IEALEBOR, RIS AR R,
FERMAER T ALY TR RLR 3, BB T
FAXS Bl PEAR B N B

1.2

ey e« M ed)
- g(LI"CilI]) - g(”/mcun)
1.0}
8
5
3
08t
=
[}
)
o
@]
0.6}
04

NAC LAC

9(dw), 9(d ), 9(ds), 9(Lmean) and g(Wimean) are the correlation values of most
probable pore diameter, mean pore diameter, standard deviation, mean

microcrack length and mean microcrack width, respectively.

B 12 NAC M LAC &S 555 (1 BB

Fig. 12 Correlation degree of parameters' sequence of NAC
and LAC

5 i

PR TRASHEIR DIP ik, SZBLT
LAC #7EghZ % Tk ROI MWk, B4 T
BERHLIR S HXT RO 2T T4, #27% ROI IR
AR 10.6 pum, B T UK SRR 7 ik
LGB LS RS RBR I, & LT
AR B A AR K H(0.50) K AR [R] K K L
(0.60)\1 LAC 5 NAC LM S = 57 . FE T it
(1 DIP J73%, 315 7 LAC FLESMI134E

1) U Bk 3R TR RS H A TF 4L, FERR
EPR LR, EFHE LAC AN EZ KA,
FHELT NAC, LAC 7] )L fL42 1 K(83%), HfL1t
3 B HORE FE A 51 (8%) o

2) MRS Ay d v dov Linean P Winean [ 7347,
BATH ERVEVE ] T LAC M NAC AR LA H 45140 2 T
NALEY 9K, B FLRERT AL, SRR T
S MEE W ERFIR A H5 NAC ML, LAC 2
A e (i FLBE T A6 ) T AR AR

3) KESCHRE TR, EEIEM T NAC



1918 -

FEERR h 74 )

J Chin Ceram Soc, 2023, 51(8): 1908-1919

2023 4F

XoF B SRR R e B R G A R R EL
1M LAC ARX sha MR B R IE S fLAR 7 A 28 BURE
FERLRA 5K

SEH:

(1]

(2]

B3]

(4]

(3]

(6]

(7]

(8]

[l

[10

[11

[12

[13]

[14

[15]

WU Y W, LIU C, LIU H W, et al. Pore structure and durability of
green concrete containing recycled powder and recycled coarse
aggregate[J]. J Build Eng, 2022, 53: 104584.

HINEE, AR, BEECH, &5 KB IREE T GRS Hon g
FISEIAI]. ARFT AR, 2022, 36(12): 105-109.

DONG Ruixin, SHEN Xiangdong, XUE Huijun, et al. Mater Rep (in
Chinese), 2022, 36(12): 105-109.

CHOI P, YEON J H, YUN K K. Air-void structure, strength, and
permeability of wet-mix shotcrete before and after shotcreting
operation: the influences of silica fume and air-entraining agent[J].
Cem Concr Compos, 2016, 70: 69-77.

JH Pielert. Significance of tests and properties of concrete and
concrete-making materials[M]. Philadelphia: ASTM, 1978

CHEN M, LI Z H, WU J F, et al. Shear behaviour and diagonal crack
checking of shale ceramsite lightweight aggregate concrete beams with
high-strength steel bars[J]. Constr Build Mater, 2020, 249: 118730.
WANG X F, FANG C, KUANG W Q, et al. Experimental study on
early cracking sensitivity of lightweight aggregate concrete[J]. Constr
Build Mater, 2017, 136: 173-183.

AKCAY B, ALI TASDEMIR M. Effects of distribution of lightweight
aggregates on internal curing of concrete[J]. Cem Concr Compos, 2010,
32(8): 611-616.

WU X G, WANG S R, YANG J H, et al. Damage characteristics and
constitutive model of lightweight shale ceramsite concrete under
static-dynamic loading[J]. Eng Fract Mech, 2022, 259: 108137.
KARTHIKA R B, VIDYAPRIYA V, NANDHINI SRI K V, et al.
Experimental study on lightweight concrete using pumice aggregate[J].
Mater Today Proc, 2021, 43: 1606-1613.

TEY, TR, ANE SREEEHRE IR E KRGS
B Jm S5 R BRI bR WA A [0]. IR EEL, 2000(12):
23-26.

DING Jiantong, GUO Yushun, KAOLU KIMURA. Concrete(in
Chinese), 2000(12): 23-26.

POWERS T C, HELMUTH R A. Theory of volume changes in
hardened Portland cement paste during freezing[A]//Proceedings of the
Thirty-Second Annual Meeting of the Highway Research Board[C].
Washington, D.C., 1953, 32: 285-297.

SCHERER G W. Freezing gels[J]. J Non Cryst Solids, 1993, 155(1):
1-25.

SUN Z H, SCHERER G W. Effect of air voids on salt scaling and
internal freezing[J]. Cem Concr Res, 2010, 40(2): 260-270.

SETZER M J. Micro ice lens formation and frost damage[A]//
International RILEM workshop on frost damage in concrete[C].
University GH Essen, IBPM, Germany, 2002.

XU Y D, WANG L, ZHAO X. Analysis of Internal Frost Damage of
Restrained Concrete[C]//Recent Advances in Concrete Technology and

Sustainability Issues, 2018.

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(23]

[26]

[27

[28]

[29]

[30]

[31]

WANG Z D, ZENG Q, WANG L, et al. Characterizing frost damages
of concrete with flatbed scanner[J]. Constr Build Mater, 2016, 102:
872-883.

rhAe N RS A 5 AR 2 . Sl R A5 A S P RE AN A
PEAERIE T P hRAE: GB/T 50082—2009[S]. Abat: whEEAK Tk
Jtt, 2009.

Standard for test methods of long-term performance and durability of
ordinary concrete: GB/T 50082-2009[S]. Beijing: China Architecture
& Building Press, 2009.

Standard Test Method for Resistance of Concrete to Rapid Freezing
and Thawing: ASTM C666[S]. ASTM, 2015.

SETZER M J, HEINE P, KASPAREK S, et al. Test methods of frost
resistance of concrete: CIF-Test: capillary suction, internal damage and
freeze thaw test—reference method and alternative methods A and
B[J]. Mat Struct, 2004, 37(10): 743-753.

SOROUSHIAN P, ELZAFRANEY M, NOSSONI A. Specimen
preparation and image processing and analysis techniques for
automated quantification of concrete microcracks and voids[J]. Cem
Concr Res, 2003, 33(12): 1949-1962.

Rk, whHe, E¥. B BIE AL B R A KU TR EE R A
B2HI[)). JR#E+ 5K Ve, 2007(4): 8-13.

WU Hao, YAO Yan, WANG Ling. China Concr Cem Prod(in
Chinese), 2007(4): 8-13.

JAXUE, B, SR, S5 AT IR ST R FL A M R R
FEAHTT). FERRE 244, 2019, 47(5): 653-663.

ZHOU Shuangxi, SHENG Wei, WEI Xing, et al. J Chin Ceram Soc,
2019, 47(5): 653-663.

RIMKUS A, PODVIEZKO A, GRIBNIAK V. Processing digital
images for crack localization in reinforced concrete members[J].
Procedia Eng, 2015, 122: 239-243.

MAHAKAVI P, CHITHRA R. Impact resistance, microstructures and
digital image processing on self-compacting concrete with hooked end
and crimped steel fiber[J]. Constr Build Mater, 2019, 220: 651-666.

LI S G, LU Y H, CHEN G X. Quantitative damage evaluation of
AAR-affected concrete by DIP technique[J]. Mag Concr Res, 2013,
65(5): 332-342.

CHANG C W, CHEN P H, LIEN H S. Evaluation of residual stress
in pre-stressed concrete material by digital image processing
photoelastic coating and hole drilling method[J]. Measurement, 2009,
42(4): 552-558.

S, BREH, BT R, A RGBT IR KT A B B AL ).
TERR 552241, 2021, 49(2): 312-322.

GAO Peng, CHEN Yang, HUANG Haoliang, et al. J] Chin Ceram Soc,
2021, 49(2): 312-322.

DARWIN D, ABOU-ZEID M N, KETCHAM K W. Automated crack
identification for cement paste[J]. Cem Concr Res, 1995, 25(3):
605-616.

LANDIS E N, NAGY E N. Three-dimensional work of fracture for
mortar in compression[J]. Eng Fract Mech, 2000, 65(2-3): 223-234.
FANLF, GAOJW, WU Z ], et al. An investigation of thermal effects
on micro-properties of granite by X-ray CT technique[J]. Appl Therm
Eng, 2018, 140: 505-519.

AVANTHI ISAKA B L, RANJITH P G, RATHNAWEERA T D, et al.



5155 8

S

Sy R A B R F I SRR R FLBA R S0E B i .

1919 -

[32]

[33]

[34

[35

[36

[37

[38]

Quantification of thermally-induced microcracks in granite using X-ray
CT imaging and analysis[J]. Geothermics, 2019, 81: 152-167.

WANG Y Z, YANG W C, GE Y, et al. Analysis of freeze-thaw
damage and pore structure deterioration of mortar by low-field
NMR[J]. Constr Build Mater, 2022, 319: 126097.

WA, RS AR PR TR AL 5 R R AL R 453 9 A R A
JE[D]. P9 K2R, 2018.

HAN Nv. Study on pore structure characteristics and damage
evolution law of concrete under freeze-thaw cycle(in Chinese,
dissertation). Xi'an: Changan University, 2018.

[MREFR, #Mf, STROEVEN Piet, %5 iH5REE - hARIE SRR
V5 2 P B AR 25 D VA 0], IR R Tolk K22 %448), 2005, 37(11):
1511-1514.

CHEN Huisu, SUN Wei, PIET S, et al. J Harbin Inst Technol (in
Chinese), 2005, 37(11): 1511-1514.

AMMOUCHE A, BREYSSE D, HORNAIN H, et al. A new image
analysis technique for the quantitative assessment of microcracks in
cement-based materials[J]. Cem Concr Res, 2000, 30(1): 25-35.
B, PROOHT, &—WE. JETREREUE BT MR B L kRt i
PR TTIED]. KR LA, 2013, 32(3): 207-212.

LI Shuguang, CHEN Gaixin, LU Yihui.
Chinese), 2013, 32(3): 207-212.
DEBNATH B, PRATIM SARKAR P. Quantification of random pore

J Hydroelectr Eng (in

features of porous concrete mixes prepared with brick aggregate: an
application of stereology and mathematical morphology[J]. Constr
Build Mater, 2021, 294: 123594.

MA K L, HUANG X Y, SHEN J T, et al. The morphological
characteristics of brick-concrete recycled coarse aggregate based on the

digital image processing technique[J]. J Build Eng, 2021, 44: 103292.

[39]

[40]

[41]

[42]

(43

[44]

[43]

[46]

[47]

Fiji T. Fiji is an image processing package [EB/OL]. (2022)
[2023-06-27]. https:/fiji.sc/#
PREWITT J M, MENDELSOHN M L. The analysis of cell images[J].
Ann N'Y Acad Sci, 1966, 128(3): 1035-1053.
UG, WRECHT, & WE. BT RUR AL BRI EE
SHTERT]. BFUELAR, 2013, 16(6): 1072-1077.
LI Shuguang, CHEN Gaixin, LU Yihui. J Build Mater(in Chinese),
2013, 16(6): 1072-1077.

D, E¥, ERM. REE DGR LSRR FLELAI A R
K. MESR, 2021, 3538 F12): 213-217.
LUO Xiang, WANG Ling, WANG Zhendi. Mater Rep(in Chinese),
2021, 35(Suppl 2): 213-217.
RIET . AR TR B L SRR AT A ALER 5T K [D). Jbat:
o FE R HUA RRLA BT TT S B, 2017.

XU Yading. Study on the behavior and mechanism of salt freezing

.n/‘Z 5.] E

failure of concrete in constrained state(in Chinese, dissertation).
Beijing: China Building Materials Academy, 2017.
e BT AR Y AR B FER R e AT B VR AT
50 E SRR AR B, 2020.

GAO Zhihao. Restrained stress regulation and its influence on salt

NfsZmD]. b

freezing behavior of concrete on one side(in Chinese, dissertation).
Beijing: China Building Materials Academy, 2020.

SETZER M J. Micro-ice-lens formation in porous solid[J]. J Colloid
Interface Sci, 2001, 243(1): 193-201.

ZENG Q, FEN-CHONG T, DANGLA P, et al. A study of freezing
behavior of cementitious materials by poromechanical approach[J]. Int
J Solids Struct, 2011, 48(22-23): 3267-3273.

DENG J L. Control problems of grey systems[J]. Syst Control Lett,
1982, 1(5): 288-294.



