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Abstract: Cement-based materials have a multi-phase and multi-scale structure, and each component forming the structure affects the
overall toughness to varying degrees. This review summarized the cracking-resistance and toughening mechanisms of relevant
components classified in macroscale, mesoscale and nanoscale to cement-based materials. In the macroscale (such as the cementitious
component, aggregate, admixture, fiber, water-binder ratio, curing system, etc.), the influence mechanisms of the physicochemical
effects of relevant components on the cracking resistance and toughening characteristics of cement-based materials were analyzed. In
the mesoscale (such as microsphere, whisker, capillary crystalline material, etc.), the enhancement effects such as volcanic ash, filling,
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bridging, bonding, capillary crystallization were described. In the nanoscale (such as nano-SiO,, nano-CaCOs;, graphene, carbon

nanotube, microorganism, nano-polymer, etc.), the mechanisms enhancing and optimizing the microstructure of hydration products,

growth mode, and pore structure of hardened paste were introduced. The conjugating toughening effects of cross-scale components

such as ‘carbon fiber+carbon nanotubes’, ‘fiber+whisker+graphene’ were elucidated. In addition, the shortcomings in the current

application/research, and the future development trends for toughening components in different scales were also discussed.

Keywords: cement-based materials; cracking resistance and toughening; multi-scale; macroscale; mesoscale; nanoscale
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Table 1 Properties of fibers used to improve the cracking-resistance and toughening characteristics for cement-based
materials' ")
Physical properties Chemical characteristics
Fiber type Specific ~ Tensile Elastic Breaking Softening Stability
gravity/  strength/ modulus/  elongation/ temperature/ Corrosiveness
(kg'm?) MPa GPa % e Thermostability  Light-stability
Organic  Polyvinyl alcohol 1.23-1.31 1200-1600 20.0-40.0 6.0-8.0 225-230  Poor Light Corrosion resistance
fiber (PVA) fiber thermostability resistance to acid and alkali
Polyethylene 0.92-0.97 1950-3000 39.0-100.0 3.1-8.0 125-135 Easy to aging
(PE) fiber under light
Polypropylene 0.91-0.97 850-928 2.7-9.0 7.3-30.0 165-173 irradiation
(PP) fiber
Inorganic Carbon fiber 1.57-1.80 525-4660 33.0-268.0 0.8-2.4 800-900  High temperature ~ Light Corrosion resistance
fiber  Basalt fiber 2.60-2.80 2230-4840 85.8-89.0  2.8-3.1 >1500 resistance resistance to acid and alkali
Glass fiber 2.40-2.70 2000-4 000 70.0-80.0 2.0-3.5 500-750
Metal Steel fiber 7.80-7.90 350-3000  200-210 2.0-4.0 1425-1510 High temperature  Light Susceptible to acid
fiber resistance resistance and alkali corrosion
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(a) Capillary crystallization principle

(b) Principle of capillary crystallization reaction
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Fig. 1 Cracking-resistance and toughening principle of capillary
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2
&xCa0-Si0, - yH,0 (C-S-H) @

(a) Filling effect

(b) Volcanic ash effect

B2 GRIORE ) 2

Fig. 2 Toughening principle of nano-particles
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3.1.2  YUREYERKIRIEMRHIZSGRE A
KA YRS E (EAE 2~20 nm, KJF 10~30 um),
F1EE R R (PR VR B> 1 TPa, hifH5RE>1 GPa),
Tyson USVE BURRAKE AR 2 AR C-S-H
B Sy LR A R B TR PRGN K i
19 I = B C-S-H BRI LU R TIIAR,  $ i o 5k
J¥. Dong 25!V BUEAR TR A0 K (Ni-CNT) AT R
GFIIA B, AT RO K e B B4t R S (1) A
AR (B 3).

B3 BRADKAS B0

Fig.3 ‘Bridging effect’ of carbon nanotubes!'*”’

3.1.3 YUK RKIe M BB R PR A
SRIGIRE () ok ROR RS A L5 BN C-S-H B AR
KA, ek ek, FEAREA0FL(10~5000 nm)
FLBRAALLTLBRZE . Bk FL(<10 nm)EE (A 4),

e S BIPLRLME BE (125 GPa)BEWS I 1) R4 IO MR IBE 2L
I3 o Yu 251 HIE S S T A 2] UHPC 4410
FEAE, S A I X T . Wan 25U OPVE B
A1 SR A PR R A A A A I B BRI LR T AR,
Iz F1H f-COOH 5-OH B A &N Il 5
C-S-H Bt KA A (K 4), (iKY /KA HBaE K
=IO EE . Yao S5V BRI A BRIR, 78

KB RO T S 7 AR A S8, SEBIAT SRk 1 e 20
R, (R HEKYE SR RFBUR A R IUES 5 B A F e

B4 AR ek om0

Fig. 4 ‘Bonding effect’ of graphene!'%?

U GK R SEHI A 7y BA B 3R],
EGORMRE ot m i LR AN, W RAF7E 5 FR
BB, 75 FL I DA 78 3 R4 L AR
3.2 WEMEEFARIMCREM R A ST

WAEMHAR R —MBONH BB EHAR, KE
MAEMRIE RS PR E . FhtE . TRIEH .
RBAEIR . H WA AL AR PR Y, A DR
TR AR AN TE TR W LME S BRI (] 5). Li 1)
B GRTR 2 B B B R A UTUE BE T A A
PR BREE . X STRATH AR E /b R I AE K
P IEARL AT RS 84T . Alengaram 25U VR 4k
T FER I A AR R T BT A (CaCOs) BA S A i 284
S, B A SR F U RR A P A (R R A
7R 4k, SEIUNTERE 0.1~0.2 mm 2% 100%1&
5o AKYEIEM B LONTAE PR AL R T (0 A A7 305G
HAZFEARAE TN BE B S

K5 SAEME R KU IR Rk 1) S B

Fig. 5 Principle which microorganism repairs the defects in cement-based materials

3.3 C-S-H SRMEMM AT KEEM BRI
%
C-S-H i B AEAEE T KETLT M,

REKFEE A C-S-H #E BB A E R Ca/Si
e FIBEI K &8, CalSi— A 0.6~2.01'%), ST
AE T C-S-H B DU T AR 58 4 B A0 g v e
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Ca/Si F#MIK, C-S-H & H [H] J2 [ B R K & B k2L
BEAEFIN Si—O—Si B EN N, KA 0—Ca
T ER/D, C-S-H B MO I 24 R 5 (] 6).
Wang 25 ORI AR AN SE K S ST0, TRARY R
il £ AN Ca/Si L C-S-H &, &3 Ca/Si EUEA,
50 nm DL R FLBRBURED, C-S-H B 3 SL T i
Mep R R T 00750 )1 33 T AN CalSi ELf
C-S-H #Ef /TR, RILY Ca/Si th 1.0 Y,
C-S-H &R b h o B e K o

C-S-H 5 o fe S DU THI A SR 6 P 52 ) | B
HPEMEER K. K%l R H BSE-Raman
BOREI T C-S-H B Q1. Q2. Q3 Ak Y14
BEGMIE R, EEERREK . HETR AR, 4
TR R, C-S-H BRESERR, M
AR o Kumar 250 Hi i 4y 7R B, 24 C-S-H
Mz Q2 ik A DU Th A B 4 0 A A R IR R BE T
IRV SRR 32 % AT 2 5 66.7%. Hou 25K B
RGP IZK Si0, I INiE CH HIVE#E, A3 TR
16 C-S-H #EIS I Ca/Si tho Yu 2SNl #4244
PRI, BEIN CO, IREERS, %R Ca/Si LU C-S-H
Al DL 4 B A5 A HIG Ca/Si BB C-S-H. B C-S-H
B Ca/Si b, RmIHAEANmAREE, fEi
FEEERE Si—O—Si B E R, MMM, #
151 C-S-H #E5 F To i 2 ) 12
3.4 PNARBEVIACREM BB BEF T

YK A W IR e B A R ) B LR AL
B AFNEER. MEER: 9RREYRIRE
O A/ B 1T W Rt AR Gk <2
AR s AT 5K T A LT & 454,
P E KA IR 4 R 2 Liu 2 IR

(a) AA-AMPS 120

K6 AN Ca/Si LU C-S-H Bl sy T AL )
Fig. 6 Molecular model of C-S-H gel with different Ca/Si
ratiol!'®!

JHIR(AA) S 1- M B2 -2- Y 6 DY B TR (AMIPS) T
J% 1) 5% & ) (AA-AMPS) 21 K Je 25 04 kL, FE
AMPS 15| NFRFE, M 9 55 85 2 1 A B e

T I i A0 5 S WK A 40 2 R 2% 25 R
%, AA-AMPS FLERYIE AT SE 78K e HEA RL P R
b, 2 EAE R m/K IS R B AATIVE(L I Ta).
Wang 2520V B N- 5 P 3 7446 9% e (PNIPA M) R 5 43
HOK P RRL,  ELW B AEA T FLAR R K B IK J5 7T A
FoFLBR(IE Tb), e S BRI« pE P a2

(b) PNIPAM!'?!

K7 REVRKIESEA R ) IR 2

Fig. 7 Toughening principle of polymer for cement-based materials
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R, FIFHRIE T 2R O R K e Rk L 5
IKVEFERT R FLEBR KK 47% THFLED 41%, W
PMEE . GERURILE C-A-S-H BRI TR
PEAR T C-S-H #itfe, FIF &8RRG MTE C-S-H KR
FFIE A Al—Si 8, (R4l C-S-H KR B A 5 KA
Fitk . Tang SUPKESZAE 7 REAB R SRS
AT CH @R A1, HABER 0.5%M), 7KK
(¥ 3 d HUP RS 2 93.63%. Du 25! 2N Sz ER U
T ¥R 5 C-S-H B P ) Ca® it # HL A
gitr, MM KIREM BB AR RE. Ha, 94
KEEGYBRT BRIERRES, &7 w5k 4
ANHE B I R

4 KREMHEZ RELEHRE A
AR

N TEIR R RSB 7 TE 5t AR i K e ik
FRE A R RO (R BR B 35 R A G VROR AN 2 A

2 REERITIH 73 37K Je AR & 3G 5, SEIE
JRESEILA 53 2 )40 08 (R 35 LA o 5 20
TERAFYE(CF) & T 5] ARZNKE (CNTs) (WA 8a),
FFF A o 28 T REL e 8 5 b 3 T R =25 384 K ) i 784
4R BL(CNTs-CF), CF 5 CNTs B oNth7E, Al[H
X 20 O 2 RO SRS AT MR IE, /KB A4
BB T 3 — CF Wit . Cui 251N
SECERRANK A DO IR R 4T 4 5 /KA P~ B A SR A1
Mgtk (WK 8a). Yang Z5U1R 2 K AR AT 4
WKL CaCO; RN KA 550 3 PRSI 4H
o3l g OB m I K Ve EE M RE, JFRAN, sl
PR R R GE AT I, 4% &, CaCOs /i
DHURIA £ AEMR IR AEAH N RUFEE ™R 0k 2R 4 76D B A BB 25N
(VLI 8b), AL — WA 4 3 s it Foh S 5 FE A
29.9%. XtF 2 R EESEFI A 7 2 A & RO, 75
P ICER R R . R HERE . WK IR
b2 P RE SRR 2 R VR A AN HEAT R 22 30T, BA
I KR BEWOR % R SE B 20 73 ) LS RO

K8 5 R IE AL X K P AR e AL 2

Fig. 8 Toughening mechanisms of cross-scale toughening components on cement-based materials
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