%56 % 453 17 S-S D | A = SO SO Vol. 56 No.3
2024431 JOURNAL OF HARBIN INSTITUTE OF TECHNOLOGY Mar. 2024

IKIBREAMBANEETALRFEEZER

1 2 2 2z a3 x 4
RRER , & 2 2 KTH
(1. K2R N BB, PU4E 710064 5 2. KBRS S FE, Bt 211189;
3. KA B TR, PE4E 7100645 4. B 5 H T 2% B4R B 5T 210094)

W OE O THERARREEE(CSM) MR s EAT A R EBZ WL, ETHE - RS AN LB ERRYMEEHATT
W, B, T BT E (DEM) 251 CSM thy — 4 2 [/ 5 & (SCB) B R AE, 5l A5 B FHE MM B i B4R 15 5 & 4%
ML HETIHBEENRENTG - REKEREA, EA,BLXENSCBEFRELAFFAEENTHIG, ETASTERE
ERGBEEIR BENRBFRECET N, K, ETHG - CEATRELEFRMG RS T OB EKRIT M, 20wk H 4
RE CEBEMNECERRN Y AL, A#—FHARTT CSM MR REBERI, ERXW. AR BNHGE - GoEA
BEILCM AR EAARE LB S AT N, ERGRANECEREMBERRG P EAFELME, £ 70% ~85% 1
KrHEalm& REBHGBEMENBRENRAMFERARNYEE, XTHHREEELROBEIT, #EHE 70% ~85% k7
FarfEh CSM A pHth 5 2 AL, s, B RER B B E X ENCE A TR X EHR I B HHFAGEETR,
KW B TR KREE  H e B A/ Bl EE

FESES . U416.214 XRAPRAERD . A XEHS: 0367 —6234(2024)03 —0078 - 11

Research on the mesoscopic healing behavior and optimal healing occasion
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Abstract: To investigate the healing behavior and healing occasion of cement stabilized macadam (CSM), the
factors influencing the healing effect were analyzed based on the damage-healing model. Firstly, a 2D semicircular
bending (SCB) numerical specimen of CSM was established through the Discrete Element Method (DEM). The
damage factor was adopted to simulate the local damage and healing effect, and then the mesoscopic damage-
healing model was constructed under a SCB loading mode. Secondly, the virtual SCB fatigue test was adopted to
realize different degrees of load damage. The healing variable was established to simulate the healing behavior of
local damage. Lastly, based on the damage-healing model, the healing effects were evaluated to reveal the
influence of the initial damage state and healing degree of specimens. The optimal healing occasion of CSM was
further studied. The results show that the proposed numerical damage-healing model can explain and simulate the
mesoscale damage and healing behavior of CSM materials. The initial damage state and healing degree have
nonlinear effects on healing effect. In the fatigue life stage of 70% —85% , local damage healing has a significant
effect on strength improvement. According to the healing results, 70% -85% fatigue life is recommended as the
optimal healing occasion for CSM materials. In addition, enough healing agent with moderate strength can help to
maximize the healing effect of local damage.
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JKFa WA (cement stabilized macadam, CSM) & DS R S S PR R Ry AV N &= A1 A K i <
— R KT B AR KSR AR SRR PR RS REAKBER D E A TBRBmas a2,

WA 2022-09-06;F A EH: 2022 -11-21; MEE X BH: 2024 -03-12

B &k . https://link. cnki. net/urlid/23. 1235. T.20240311. 1702. 006

ESWmA, K2k do g B3 A BB 5 24 0% 4 (300102213102) 5 [ 58 H R Bl 2 3 4 (51978163 ) 5 Bk 75 44 18 1 /5 B F i H
(2023BSHYDZZ121)

TEE B, WBERRE (1987—) , 55 it Pk, i+ 2E S0

BEEE: # . qiaodong@ seu. edu. cn



53

PAGERR, 45 . AKARREA AR AL 2 47 0 Mo (A8 I AL 79 -

VB SR (R e R A s, CSML 7E IR i it b 23 TR Ah
FRIRIEE B Ao A8 P A 45 A PR 7 2 ) 3 Rl A 4
SCHR[ 2 JAITFE 2 WY, A0 B B0 ol 288 0 o o 45 ) 1 o8 1A
PERER WA 35 | SR MTAEIRE 05 fof AT SEAE T T, X L
R B Se it — 20 S M s RURE AL T B A IR 224
IR o WMAT RS S FE R R X R EUHAT A AUE R
JE YA AR SR TR B L ) T i B R

Xt TR VAR E AR 55, A5 —E A 1F T il it
REAE I P BRI RN AT SR SO s R
VEFILEE B AR, e ik e 5, 2
SUATA R K PR IR S A A R Al £ 4 45
A P ERIR PG DITE R R BE 45 h R se A £
ZFHT S AL, AARIRAETR CSM R RH R EEK
TeAKAC S RE KR RTS8 SR A B 28 i Btk A S i
Pyl 5) % A @cR o i i KR | 2R ) wl
Gt/ IS S WEIE SEUE | 215 RS R (1) - o8 o
P SRR 20 T 0 A B R S M SRR TE 12
MRME R JE T Bk TR BT S shiB 2 . it
BN S AA AT LU R4 Y B S R
JESCRROT ] BFFE B, wish A et e 2B i
TR ZRBEYE/NT 60 wm , T BB 2 4 AE 2 5¢
SR RRIEE N 200 pm MR, SR, H AT
REEL EABEERER NI RZ R T aS R
VS BEE RGBT, (X fik A AL ) BF 5 A
IE 4502 R 18 2 LI e 0 R IE e — 1Y
R R A UK BB A I HL JEARICIZ G 60l
LRI S B IREAIL SR 5 1 LB I A8 52 4 i L 45
7 T 4 T R R A g

IR E E AORE AT S DL A TS 33k R 2
PR 5 8B T B A & i 07 kA Ty, s il E

(%4
e

(a) EERISCBRM

1 ZA% SCB #&=E!
Fig.1  Virtual SCB specimen
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Fig.2 Contact phases in SCB model
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Fig.3 Meso-mechanical parameter inverse analysis
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Tab.1 Meso-mechanical parameters in DEM model
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Fig.4 Damage based on parallel bond contact
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Fig.5 Damage-healing based on parallel bond contact
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Fig.6 Relationship between damage factor and macroscopic mechanical properties
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Fig.7 Evaluation of damage at different fatigue stages and healing levels
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Fig.9 Effect of fatigue stage and healing level on SCB load-displacement curves
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Fig. 10  Influence of fatigue stage on the healing effect

pi=$
N
il
sl
0 20 40 60 80 100 120 140
5 IRE
(a) IRV 55 o B B o B T o 2
0.5}
(m-K\\$\\\R\\*\\\K\\»
M <« —=—N=20 ——N=100
Zoar —e—N=40 —<N=120
i& — ——N=60 ——N=140
—v—N=80
=02} ‘\\\\
0.1} N\\\
. T\?’\‘\\‘\‘\‘ﬁ:&‘

0 02 04 06 08 10
BERY
(2) SR LA /KT O R BE T 3R

0.8f

HEBE R
s o
EN (=)}

S
o
T

| | BHBR N2 N=40  N=60  N=80  N=100  N=120 =140
4HERL 0.79611 0.75498 0.77965 0.70347 0.64775 0.75402 0.21098
RFJ 0.99842 0.99381 0.99301 0.99627 0.98325 0.99946 0.98821
L 1 I i i

0.2 0.4 0.6 0.8 1.0
TAERH

(b) RAGAK TR BT %

S

B 11 EEXKFEMEENRIZM

Fig. 11

K11 R TS R o R R BCR L
Rl AR, AT LA B, X6 R ] 490 4 458 4 R 2 1 31 i
L IREYTIRR, B A AR o B4R R T i
%, SR B R AR, B B G R AL o BIARRTTHE K,
THEME R KR AT 2 BT B A R RRAE
SR EHTIRAE R A8 X8 52 K- B BURRRE FEE B 4 )
P K (8 g SE B S 0N, H b 298 55 75 i B
Bk F 120 YO 57 fif B A8 52K %0 5ik B2 42 T34
BN W MR BB SRR, B KA
SRR A PR — B, SUAE Wi 3 W 4 R IR 119 982 55

Influence of healing level on the healing effect

B (140 W57 i3k ) , 0518 2 K AB X &2 3%
SRR FR ARG, 1 % 57 B B AR e i 2
(1 IC LA AL R OB RO T, BR
IR X6 B 555 R 5 Wi 1 235 SR 26 B, TS TR) 490 i 45
PR R A 5 B Y B A1 B KT S R g e, 3k
PEP R AT B S 1005 B e B &2 | A 008 B 05 )
FET R B, ik B 85% WY 55 it 18 B K
X P18 5 AR A R A B i, AT LR 7R
| 85% 195 57 il 22 1l 58 BN Jey 6 45 473 1 A 3818
SRR R AR T 5 45 K JF A B LU A 25,



53

RABERE, 45 KERREA FORHILE = AT

R B ARG R AL .87

Ab BB KT B A b R 5 3 5 0T R e
RIS AR A O, QSR A G b R
SRIE ARG = B R RS S EHT AT iR
MR R, TR MMAH G e RBE BE
JE IS 2 Ty FORT AL . PRt 7 A T e ik
Hae M@ A DL KRR R HR B R .
T2 B BN 2L 57 S5 i A i R L B S 114 5 B
o, IR BN SR T PR G , ELRAY AA R 5 E LE
PR TAEH— 5T

25 LA AR 57 Fan o, MR SR
TR B LR AT SR SO i 18 B nT LA )
ARV AR 2 S5 ) A i B KT R 5 TR 3 i K Ak
HESE A8 H6) )R Al 54, HL 22 B0 A HIL ] 19 fioh &
(AnfuUmeem % ) B« — e Rt HERE AE 0 55
Hh R AR 15 RS B R St A
B8, R, i T A SR BB 73 B, TR 70% ~
85% W% 55 75 Ak CSM ALY e A48 B AL, Bk
Bf, AR RO R Bfa 7 e Y G 70 T DA s K AR B
AR B Z RO

5 & #®

ARICEET DEM 40t - frG BB CSM A1
BHOBT - EAAT AT T AR5, 38 R [R5 150k
BB RS, 700 TR A
FEXHR 18 E ORI, B2 T CSM A RLR e
BERPL, FEMFRERWT .

1) BT~y i 4R 0 — A BT A] DUAR 4f b
FHT R CSM AR Ry 40543 5 6 200, R A
AT R A8 BR AT LASEEL XS CSM a2 oy 35 46 43 B 1
RS HULIEAL

2) BT A e R B 1) - A A PR T
BB G RORIPAGIR ST, 45 1R W] W a RS
AR BB S BOR s B A Lk, 70% ~
85 % W9% 57 F5 A v B, MO} o B2 e Dol R I f i e
PRATE 20T B PTG

3) BT X 40 48 5 RIOCR B BB o0 BT, AR
70% ~85% 192 55 F# Al CSM A EHY AR B R
AL, BT, BEREom B B B0 70 2 1 A 00 mT LA
R RORR BE M B T Ry A A 1 S S8R

2% ik

CLTBSIERE, T, MRS, 45 FIBMIIAGRIE K JEEEE & bR

MITZETE[T]. P ESER, 2020, 33(10) : 230
ZHAO Xiaokang, DONG Qiao, CHEN Xueqin, et al. Mesoscale
cracking of cement-treated composites with initial defects[ J]. China
Journal of Highway and Transport, 2020, 33(10): 230. DOI. 10.
19721/j. enki. 1001 —7372.2020. 10.017

[2]ZHAO X K, DONG Q, CHEN X Q, et al. Influence of initial
defects on the fatigue behaviour of cement-stabilized macadam base
through DEM [ J]. International Journal of Pavement Engineering,
2021, 23(14) . 4845. DOI. 10.1080/10298436.2021. 1984473

(3] 3Edrh. JE e TR 2Rl 0T o R 5 T8 i 20 Tl R 40 0 1R PR e
[J]. hEAEER, 2018, 31(11): 1
PEI Jianzhong. Progress of highway engineering and generation
upgrading of highway transportation system [ J]. China Journal of
Highway and Transport, 2018, 31(11); 1. DOI; 10.3969/]. issn.
1001 -7372.2018.11.001

[4]Z:000, BRERT, Sk, 5T HOISSH 43 BT Y K e is e fie A
ARYERE()]. RERRELIEAN, 2018, 37(2): 578
LI Na, WEI Lianyu, ZHANG Jing. Self-healing properties of micro-
cracks of cement stabilized macadam based on microstructure analysis
[J]. Journal of the Chinese Ceramic Society, 2018, 37(2); 578.
DOI; 10.16552/j. enki. issn1001 - 1625.2018.02. 033

(SR, THR:, Sk, % Afa/ABEREE LR
[J]. migEht, 2020, 46(7): 1
LIU Wei, DING Huazhu, SHU Yangbo, et al. Research progress of
self-healing/self-repairing concrete [ J]. Sichuan Building Materials ,
2020, 46(7) :
001

[6]DI CREDICO B, LEVI M, TURNI S. An efficient method for the

1. DOI: 10. 3969/j. issn. 1672 —4011. 2020. 07.

output of new self-repairing materials through a reactive isocyanate
encapsulation[ J]. European Polymer Journal, 2013, 49(9) . 2467.
DOI: 10.1016/j. eurpolymj. 2013. 02. 006
(7]1PhENE, BRIZE, &M, 2. HEGHABZIREE LBk
JELI]. ARHTAR, 2014, 28(11) 1
SUN Daosheng, CHEN Yuanyuan, WANG Aiguo, et al. Research
progress of self-healing and self-repairing concrete [ J ]. Materials
Reports, 2014, 28(11): 132
[8]SUN X H, MIAO L C, YUAN J H, et al. Application of enzymatic
calcification for dust control and rainfall erosion resistance
improvement[ J]. Science of the Total Environment, 2021, 759,
143468. DOI: 10.1016/j. scitotenv. 2020. 143468
[9] MIHASHI H, NISHIWAKI T. Development of engineered self-
healing and self-repairing concrete state of the art report[ J]. Journal
of Advanced Concrete Technology, 2012, 10(5): 170. DOI: 10.
3151/jact. 10. 170
(101 ESLH, 4RYL. REELBUEY A A HORDIRIEELT].
A, 2019, 47(11) ; 1652
WANG Licheng, ZOU Kai. Research progresses of microbial self-
healing concrete [ J]. Journal of the Chinese Ceramic Society,

2019, 47 (11): 1652. DOI: 10. 14062/j. issn. 0454 - 5648.



- 88 - 172 S - S R | A N = = 56 3

2019.11.17

[11]MUHAMMAD N Z, SHAFAGHAT A, KEYVANFAR A, et al.
Tests and methods of evaluating the self-healing efficiency of
concrete ; a review[ J]. Construction and Building Materials, 2016,
112 1123. DOI. 10. 1080/09506608.2022. 2145747

[12]YANG Z X, HOLLER J, HE X D, et al. Laboratory assessment of
a self-healing cementitious composite[ J]. Transportation Research
Record, 2010, 2142. 9. DOI. 10.3141/2142 - 02

(IBIMET. AMG AL Z el FITERERTZE [ D). K. WK
2, 2014
NAN Ding. A study on performance of self-healing materials for
pavement base course[ D]. Changsha: Hunan University, 2014

[14]ZHU H H, ZHOU S, YAN Z G, et al. A two-dimensional
micromechanical damage-healing model on microcrack-induced
damage for microcapsule-enabled  self-healing  cementitious
composites under compressive loading[ J]. International Journal of
Damage Mechanics, 2016, 25 (5). 727. DOI. 10. 1177/
1056789516641593

[15]HERBST O, LUDING S. Modeling particulate self-healing materials
and application to uni-axial compression[J]. International Journal of
Fracture,, 2008, 154(1/2) ; 87. DOI: 10.1007/s10704 —008 —9299 -y

(16 1 EVKSF, X4, FEESC. LG me o5 0 B AvG 478 - 2
WHESE, W TR, R R, BER ] MR R,
2019, 33(9) . 1517
WANG Yongdan, LIU Ziming, HAO Peiwen. Self-healing behavior
of fatigue damage in asphalt binders: theoretical studies, evaluation
approaches, influencing factors, numerical simulation [ J ].
Materials Reports, 2019, 33 (9). 1517. DOI. 10. 11896/ cldb.
18040267

[17]WANG G T, CHEN X Q, DONG Q, et al. Mechanical performance
study of pervious concrete using steel slag aggregate through
laboratory tests and numerical simulation[ J]. Journal of Cleaner
Production, 2020, 262 121208. DOI: 10. 1016/j. jclepro. 2020.
121208

(18 1WA, FET B HOC R P IR & BRI 55 5 MR [ D].
PR RIIRY:, 2010
CHEN Jun. Virtual fatigue tests of asphalt mixture based on discrete
element method[ D]. Nanjing: Southeast University, 2010. DOI.
10.7666/d. Y1978213

(19 TBXIERR, FEMF, HRAS, 5. BT AT AR FUR A YK AR TR A
HZPORE S5 TR T[T, PR R ( A AR BHEMD ,
2021, 52(9): 3132
ZHAO Xiaokang, DONG Qiao, XIAO Yuanjie, et al. Fatigue

cracking of cement-treated composites with mesoscale heterogeneous
model [ J ].
Technology) , 2021, 52(9): 3132. DOI: 10. 11817/j. issn. 1672 —

Journal of Central South University ( Science and

7207.2021.09.015

[20]GONG L X, NIE L, XU Y, et al. Discrete element modelling of the
mechanical behaviour of a sand-rubber mixture containing large
rubber particles[ J]. Construction and Building Materials, 2019,
205: 574. DOI: 10.1016/]. conbuildmat. 2019.01. 214

[21]DONG Q, ZHENG D B, ZHAO X K, et al. Mesoscale numerical
simulation of fracture of cement treated base material during semi
circular bending test with discrete element model[ J|. Construction
and Building Materials, 2020, 261: 119981. DOI. 10. 1016/
J. conbuildmat. 2020. 119981

(22704, REE L2 RS Z R ERR I R BN [ D). Kb ¥
K%, 2013
SU Jie. Research on the size effect of concrete behavior in
compression and tension[ D]. Changsha: Hunan University, 2013

(23 104k RGN T BT AR DI e f i BE i 5T
[D]. Kt KHERZ, 2009
WANG Weixue. Study on the direct tensile strength of mortar with
Arc-I shaped test piece [ D]. Tianjin: Tianjin University, 2009.
DOI: 10.7666/d. y1675027

(2428, ST E BT IS @ B ARG RHE J7 MRk
FE(D]. BRI ARILHL K%, 2018
LI Huihui. Study on fatigue performance of emulsified asphalt cold
recycled mixture based on discrete element method [ D]. Harbin.
Northeast Forestry University, 2018

[25]CHEN X Q, YUAN J W, DONG Q, et al. Meso-scale cracking
behavior of cement treated base material [ J ]. Construction and
Building Materials, 2020, 239. 117823. DOI. 10. 1016/
j. conbuildmat. 2019. 117823

[26]ZHOU S, ZHU H H, YAN Z G, et al. A micromechanical study of
the breakage mechanism of microcapsules in concrete using PFC2D
[J]. Construction and Building Materials, 2016, 115 452. DOI:
10. 1016/j. conbuildmat. 2016. 04. 067

[27]POTYONDY D O, CUNDALL P. A bonded-particle model for rock
[ J]. International Journal of Rock Mechanics and Mining Sciences,
2004, 41(8): 1329

[28]ZHOU S, ZHU H H, JU J W, et al. Modeling microcapsule-
enabled self-healing cementitious composite materials using discrete
element method [ J]. International Journal of Damage Mechanics,

2017, 26(2) : 340. DOI: 10.1177/1056789516688835



