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Review on Fiber Distribution Effect on Engineered Cementitious Composites

WANG Zhenbo, WANG Pengyu, SUN Peng
(School of Mechanics and Civil Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China)

Abstract: The distribution and orientation of fibers in the matrix have a great impact on the characteristics of strain hardening,
multiple cracking and crack self-healing of engineered cementitious composites (ECC). Based on recent work on ECC fiber
distribution, this review briefly introduced the characterization parameters and methods of fiber distribution. Effect of fiber
distribution on the mechanical properties of ECC was represented from micro- to macro-scale. Three factors affecting ECC fiber
distribution are fiber characteristics, matrix characteristics and molding process. In addition, some problems in the current research of
ECC fiber distribution were also discussed, and the future research aspects were given.
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(a) Fiber bridging stress transfer
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Table 1 Summary of research on fiber distribution characteristics of ECC

Reference Fiber type Characterization methods Evaluation index Mechanical tests
[10,17] PVA fiber Fluorescence microscope Fiber distribution
[3,21] PVA fiber Fluorescence microscope Fiber distribution Uniaxial tensile tests
[4, 14] PVA fiber SEM Fiber orientation Four-point bending tests/
Uniaxial tensile tests
[12] PVA fiber Optical microscope Fiber distribution Uniaxial tensile tests
[19] PVA fiber CT Fiber orientation Uniaxial tensile tests
[29] Polyethylene (PE) fiber Fluorescence analysis /SEM Fiber distribution Four-point bending tests/
Uniaxial tensile tests
[13] polypropylene (PP) fiber SEM Fiber orientation Uniaxial tensile tests
[9,25] High tenacity polypropylene (HTPP) fiber SEM Fiber distribution/ Four-point bending tests/
Fiber densitymaps Uniaxial tensile tests
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Table 2 Common fibers and their sizes in ECC

Fiber type Length /mm Diameter /um
PE 12 24
18 24
18 20
6 20
Modified PE fiber 12 25
6 20
PP 10 12
12 31
12 16
HTPP 10 12
PVA 12 39
8 39
18 20
12 26

SR M PR T =M. =ML B
3 PR E) PP AR K h ) o EihE, e
gl 6 Fron. DURE#TH PP 4F 4k s Re ok
U, =MIBM=HR PP AP YELERD I T i 2k &
B MARE T 5.7%M 11.38%, A ROF) F Z& (B A7 T
TP £ 4 S B MR 250 B V8 AR 250D BLAED) U 43 1 2 v
T 17.62%F1 30.70%. Mk K, TR AT (= A TE
I BT ) £ 4 1 A R T S I P v T R A T 4
Yt, HFT UM 8. 5 HATE R4 LFARRE
XA tE LR I D, B BRI T
JE 1, ZiE— D AT L E

1.00 1.00
40.95
- 095 2
5 4090 E
k) =
o N
2 085 1080 Z
=]
= | L
5 0.80 075 B
8 0.75 107 2
: H0.65
0.70 0.60

Circular

Bl6 AF#EIEAR PP LF4EK) 5 B AEPY
Fig. 6 Dispersion properties of PP fibers with different cross
sections”*®!

Triangle Trefoil

3) “#4B=E

X T 8 AR R HLK B EUAE 52 1 R R =
AEBERBREREALEIERS, 4R
/N, RIS A 4 2 TR T 2R B R A B L B R A
fi o Wi 2 S EUHA e B AR FED, [RII [E R Bk
[ EE R 2 K, ARSI VER 2 A8 72, A 4EAE



. 2290 - CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(8): 2284-2295

2022 4

TR Y8 3 Ak vt B 7 5 s TR U T AR — A A
R, FHEMRAZERT BECC hILMEME, 18
PRAIE N A2 B A AT 4 (1) BT 4 R B 0] B s/ 2 4
. Ak, LT ECC #itRBEIR T B/
FA WK B S, HIRERS SZH ECC R AR ff
WHRHE /N 4ES R . HSL b, HEmsage s =
HA— 2 BRE B KL )V RE . Takashima
s IPIE St PP-ECC B A BB, T 4EE B &
ik 7.4%M, PP-ECC H A 0.55%HIM% FR PN AR .
ZBR T4 BN SRR S H ARG
[ EE R . ECC LT 4E4BRAE 2%/ 45 ] LASEEL
FENE, A4S ER AR ER AN, F, R
SCERIRIE 2T 4k B B ECC 2] 44 A (R

LFYEIR 2 AE S ECC H ey 1tk BE A (R AN T
WG I 4 4B ', F HIRZ 4480 X B H
T AR UATRRAE (1 27 4 4L 510 i SRR R sz Pl
YIS, TRALF4EXT ECC 7RI PR RE R
TN ECT, Rk, R YEE IR A A B R
(A E NN EE ., Ahmed &MYl — R 3R IGR
H TR 4R 4E ECC MR S AF4e R F 3 e, 1%
HAR NN T & PR 27 4 TR A 47 4E 52 A kL
TET IR VI GRS o, /N T 27 i KM 32 5 )
Ocu MIRTHE N, T DA 5 JH A —Ffr 2 4 (1 A A1 2 £
Vi CASRAS A 45 2 ) e /MR A3 B v o bR
Fe A e A R AR SRR R B v N eF 4 1
PR H0m Fer4E 2 s/MERU S, B
Ve =V +VEN . Bk, XFIRZEF4E ECC, TR
BRI 7 HEEE VST o SRR A, S
T TR0 S N AR B A AN 2 T R 1 I
KB, HRIERPT LR EUE D .

A
o
. ! o
Vfcnl — Vf[ + Vfllm“ cu
For a gien or
,,,,,,,,,,,,,,,,,,,,,,,,,, >
7 Multiple-cracking
Vfl;!in
>
Via

Bl 7 IRIAEFYE ECC rhEF4iilfy SRR B e Y
Fig. 7 Definition of critical volume fraction of fiber in hybrid
fiber ECCH*Y

ULl TERITULT 445 B 55 47 2 43 A B S2 A I
MBS A Y LR . i, A ¥E iR
4R T rop(Fr r NF4ERIKARLL, o NEF4E
AR B ) R & H R AT R B M4 KR
LU 25 4 4 A I 52 o Martinie ™ 28 B 98 % 924 LA
IKVEHK RIS, WA T 4R T RN T 4, B
TN A YA 5 43 B H 25 5 51 NSl B3 ()%
JRATR JE, T RIS ECC T 4F 4o #ids 51 (1 s
KRB ERME T 5%, FsL b, BAAYEE R AR
SHEZ, MKREEME A BHNE RN, 5
Jei A1 7% BT K S AT SRk 2 4k 35 50 43 5O I 5
SRfE Tk, DAR FIRARETYE ECC MRHERS 41
T
3.2 EMHHE
3.2.1  HEARMOREH R

(1) H R KK ED)

WRPE LA 77 2 SR, FESEIL ECC 1) AR AL,
N 2 BRAR A T 2490 B o TR R AR AE — M 2 3
IR BRI, T BEAR B N AR e 7. (R,
ECC 38 % % F 4imb s g e E ke — Bl h,
g RHRRLAR K T 1 ¥ 41 4 18] BE B 2 5 B0 R
WL [E) BV AR e S R AR K, FF HX R
S B e K BURL R SF 8% n g 5 i B
Sahmaran 2 IE B 705 RIS AR R ] 4 ECC %E %
T PERE I sE R B 48 H S B R R I3 i 2 e &F
YIS o B E AR . 7R — IR IREL T,
RELAD A T o 45 R A 38 I, 272 41 SR BAAS T 44 (1)
BEMEH, M4 S5 IR AT . X2
ECC fE M H Z R &K .

K340 T MR ECC B A k. M ECC
(0B iR B AT, 858 1 1) 7K Bl R AR P e fise L e
il AR IS AR T 4, AT A R T ST B A i A 4
U, (HARYE Yang 5B SE R, o K
bb &M ECC Wb MIFNRE, FHnlRe 2B L4 n A
AN¥, BCC MR HTHL 8 B ANz e 97 A8 §E ) th 2
RS2 B R . R, WRAKRR G, 77
P S UL (6] A VR 1 B R K2, 3 BLKAK
Je ) [ A RTOREAE 0 H 51 ) FR G A 4 ) i 3k R4 A
NE GBI, HAR P 2R AR ik 4 A 1
O BRIy, ET R SR P A R AR R Bh B B
B AR, WENECANAME, FAEH0ET4EH.

WO AE g — P AN R R 0RE, 7EREE 0 (1)
1AV P B s T KRR T . MR R L K, B
A Hp AU (1) B0t 2 3N, B R SR AR KR B)



50 55 8 1

FIRWE 55 VKU SRR Y 0 A B SLRE R DR KT S R .+ 2291 -

PR E RN, SRR 3 0 BE B J0 A8 K, A DL S
U210 . AL, ARYE T ECC AP RHRFAE

S 8 5 1 K M B RVRD L T 538 27 e 76 2 1
oA EE

%3 HE ECCER&LLW
Table 3 Typical mix proportion of ECC"®

Mass ratio Mass fraction
Cement Sand Fly ash Water Superplasticizer Viscosity agent Defoamer Volume fraction of fiber
1 1 0.11 0.42 0.012 0.049% 0.048% 2%

(2) WL R &AM

MR BP R EAFHA G 55
MRS EC BT 5 mKJe AR, B
YESEIGINT ECC EARMRLFN A4 FLTH 2 18] (1
e KB, T B (AR A — RS b i 4T 4
3. TEWIT ECC ML A LI B & 3 ¥15
HRH U . st B SR B4 KR -
W15 6 kL5 AR RN, BRI AU 24 I
BEARIE AR B BE . Mustafa 25800y, 78R BEARL
M EABHIE LT, KB EBEARE 35 K e Al
1FIRARARFRIE N . AR AR B kb T 48kl
FAR T AR EE R, B T SRR S, AT A
ECC WK MAdnmstt. Hn—>J7mm, s
AR & R T AR B 7R RO B K Ll AR AR
R, AT DM R KAk, SRS X LR, b 4
o /AR A B ET . kIR R L, &
R BEC L o B L SR R A T R PR 4 o 145
&, SEIL PVA 470 KA 1355 70 8. Godek
25 OV 5t BLAE S 44 Fh i N v 08+ R AT B s
ECC ™ PP A4 it o, 1 Hnl L4 ECC
(402 i P R PR

b LR B A R LA, 7R ECC RIS 2
HHOE A T AR R A 1R B RS T — g 11k
AN, ARG KR ZRAR IR B, AR 4Ry
S1 o H AR A — A R AT BRI o 8 F 146 224
AN SRR BR ISR A 51550 AR 2
TVEE Xof 2 o o A 1) O A ) TR AR SR L 45 3
TE St 2020 R Mg, AN S i A
HYEEIN, S0 RER. a1, dEEEK
P FEFEE YUK, T2 E R A4 H
322 AN

ECC #r#-m0 K (A8 I8 5 1 Bingham 7Y
R, HS 8 BAAHEE R PER R . RS
Bingham 58, JAR IR 20 1 AT 52 2 5o IR AR B (1) ik
N3 (BI YIRS e/ ME), BBV RE R Eh Ja B ) R
FIMETI R H AR, Yang 2578 HoiF ot b ok
DL, ECC FrHemb 2% 05 B e 3 45 4 45 A 1t i 72

HOR YRS AR, T HAE R B R R e
MR . BAMEMEIERE, U 2R
fE o Li Dk i 45 L B, RN PVA £ 48T ECC
WHRITRASE . PVA 417 8MEf ECC E&
PR B 2 A 477558 A S o 75— e Ju N
BN BCC b 2% 1 B8 14 3 B ] o 38 41 4 o ik
N E BTV AR 3E PVA SR 4ER3 500 A . T
BEE ORI AR S 7 A0 28 M R R A7 B K e B
R T 7 5 P 7K B 2 ) s e, ot o R () 7K A
FEE IR, FEA P IB YRR S R RN # 2
BEBREY, Fik, SFRKIR AT ECC 1)
il 2 Rt o B . R K EL A, BrEE Rl
UKL 2 TH] 7K B 2 SRR Dk /)N - SR ) 7 FH g 3 i o [
B, R A R e R s K TR FE = A A ) B 2
A3 KBS, W 2 4 78 3 A v AT 7 B B £ 18
IR A 2 A, 2T 4553 2 Bl g TR o1,
F—J7 0, TEGEHI R O R R R B 1 . BN
P F B 5 [ RE £ B 0 2T 4 1) 40 A7 B ) B3, — A
N, TERHER B R E I #E, A 4Er e &k E
LR B T AN W IR, BNV IR HE SR AT
B2 WA e I B3R 7 ), T sh e & R ik
J1. BN R 5 MR B 2 (A7 75 5 m F8 2O o0
PEBTY, AT, A IR AT o £ 4 4 A R 5 R A TR
FERS 2T

N T B SRR B AR S H O A 4 A 1 R
W, it 5835 AT 1A B AR SRS A A T R T K&
i, SREIRESEI O R IG R ORI, 24 BECC HAKM 18
PEBEEE N 1.3~7.3 Pass I, 0k A] ) R 008 4
S, WURL S TR, AR Z B S > . BE
B PVA £F4Er SR EORT 0.92, 7 LLSZEL KA
BE N PVA 21457 ECC RAkth 1934514085 Li 251
ST ECC Wb¥ ) Marsh-cone il 5 MFE 2
F9E 5, FFAHT 24~33 s K fE Marsh-cone
IR VG, LR X ) ECC AR SR B N 1.50~
11.59 Pa's. fEiZJEE N, PVA £F4EfE ECC J ik
ReW I 514y, RPN AR T IA R 3% . B AR
BV R B, WUR AR R, S A 4k



. 2292 . CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(8): 2284-2295

2022 4

RITah, Lh4erfUL AR, Wl 8 pron.

1.00
098 1
0.96
0.94 1 od
092 1
0.90

n oo

.88
0.86
0.84 1
0.82 -
0.80
3

Fiber dispersion degree

4 5 6 7 8 9 10 11 12 13
Plastic viscosity/(Pa-s)
B8 LF4Eori s 5KV SR TR o R DY

Fig. 8 Relationship between the fiber dispersion and the

viscosity of cement pastel®”!

ATLVE H, ARFER A4 80, B
H 2B M 8 P A ) A BV E PR TR T R
TR A AT RHEC LU S AR E 22 57, ANEFT 45 H IR
I 8 P VO P AR A A E . R R, H
HITEE =W ECC A8 Tt X £F 4 73 A0 i s ) 22
KA IBIEFESE, W 53 RS IR D
X2 MRS S A Y B R R A, &8
TUHR B R INTIA 33, HoAth 21 2 VR B = v B £ 4E 4>
BIRIE 70t A7 78 S ABL AR i 001,
33 BETZ

(1) hgbisi

R 15 e 3o it £ 2 AR T 7K TR R BB »
ECC WINEITER 73 5Bk, B ENIE 3.
H AT, BN A0 238 Ik X6 21 4 43 A7 1 52 i i
177 KREWIT, AL SCERAE FH BB T B A AR
AHIE, AR H L5103 38 H RN 5 27 4 55 A0 (1 2.
Mt , Burak LR ESBIE 7T KRS
PEL YRR AR ECC J2EPERERISE . 45
BN, IMANA4E)E, MERANBIHNEK, BE
TR V4 o RN Pk B AR A3, AR 41K R B
LR o R A A R TR R RORE ) 2 4 R 5
S0 . Zhou SV HINEAL G5 (1 )5 15 47 4k k34T T
o, AR AR BRI & ROROK R G 4
3% 1 min A &K 2 min 8 £F /5 BN\ PVA 44,
B 5 PR S 2 min JEINATI A K. EIEIR
A& B BRI E R SR B 2R T IR R
UFEF A AT TG B . SRR, (o
EF RN B i £ R SRR B R, PR
TS AR, 50 T ECC A+ i 4 P FO K BR
PSR FE o

2) #iETE

TE TR T % NSRRI, 2 R FHRFI 7
fil % ECC, MIARBEMN, PREMEH . B LA R
I B 3 THURH R 52 5F 21 4E 43 At (1) 5% Wi 33 72 SCRR A
FraaEt @, pEE ECCc B EE YR, R
W B5 k. 3D FTEISE R iE ECC g5t 4%
PSR 2 1V . 5& g0 1T 07 X A 41 — 4
AT AAF, Wi e 3D FT EIE AR °] S £F4E 1)
T YA Y3 A%, Takashima Z51PEXSEE T
BES AR AN BRI PP-ECC Ja R I, BES AR
(1) ECC H 4 4 1) # 2 o3 A AE 9°~63°Va [l A, T %
JEE I ECC HRZTH 80%I1I 41477 Al gy 5 457
JET7 A5, FAERCKAEFE BRI T 4R 45 158 7] O3
Ao FE—B TR, B RSB Y %4 A
F T £F o 38 T w4 7 mHESI 7, T 3D 3T Al
Tk 42 | W W A B T 1) 5 5 A 4EAE N 7 I HE, S
PRAF L) 8 M3 2150 AT . [FIEE, BT LR S, &
AN BRI FLBR R BIS, R EE35), R1GI
ECC fEHERE . U 98 B A P o FE 55 U7 1 3
A7 B KR TFION O, 33 Sy e e £ 8 A R) P9 3 1 23 A7
T OLBRAE T BTV B BRI R IR — Ly
Rt R . UL 3D TERNB, BT 4R 4R
KPEER, FEFT BN IS R b 25 5y th B 28 i g B T
LGN, Wk HEA WAL ECC ik T2,
B0 A2 A PRS ESE ], DUHSEI ECC it
e s tERe I iR g —.

4 REHEWN

ECC 1EJy— i 2 my PR AE 21 4E 1 5 /K e 2 2
SRR R OAE AR TREURE D KN
11 BE A AT 70 5 SEER A A ifERE, BECC 2R 4Esy
A7 )RR RSOR A2 [0 51 kS [ A 4622 5 TR S o8
Ee WHANRIB S KRG, AT TU AR s
LA KPe A R I A B2t 7 B AR, BN hE
Tt ECC WM RIERE Je nl SE R N7 1 e Se kit . A7
K ECC £H4E 7 A B FAAERFERIR N, 456 3Tk
VAREEE R LU JL B O i

1) HFil#% ECC IEF4E LR G4 fE %
CT P52 B AN 2 4 1) K BB V8 BB A7 A — 22 1
o AEAWIOCAL T B BAS D[R I A5 75 O R (4
FIBAR, Xt ECC 21 4 7 A 1 L HEAT Fs 4 AL 1) = 4
RAL

2) A7 TAR K2 SLBR - WF 7T £F 4 7 A %
ECC M J A EREMITENA , 4 5 ih i 255 R 4T 4k /)



50 55 8 1

FIRWE 55 VKU SRR Y 0 A B SLRE R DR KT S R .

2293 -

A% ECC AR, Iisidte. E @AM,

3) CFAERIK . TURTHRAE A7 4 5 15 R

DL K, 22 R PE 4T VR 2 I 4% B S B T A
A JE HRUTF 5 b 3 — 25 B A

4) A FELFYEAETR A AR TATE B B

FLAR o 1) I3 A 2 TR AR AR IR/ R AN, AR LR
] o X AR A AR 4E ECC BT I B E 5 1)

5) GfAT#E ECC /™ % il 5% 1L FE R 5 5 FE A

B 5 AR R A AR, IR B
DAT I HE o BT IR R A S

SEH:

(1

(2]

B3]

(4]

(3]

(6]

(71

(8]

]

[10]

(11]

HIRDE, ZPOR, Fo6L, 5. PLTYEIREE LR S - RAR R 1Y)
BUIRHTTE[I]. KPR, 2002(5): 47-50.

DONG Zhenying, LI Qingbin, WANG Guanglun, et al. J Hydraul
Eng(in Chinese), 2002(5): 47-50.

LI V C, LEUNG C K Y. Steady-state and multiple cracking of short
random fiber composites[J]. Int. J Eng Fluid Mech, 1992, 118(11):
2246-2264.

TOSUN-FELEKOGLU K, FELEKOGLU B, RANADE R, et al. The
role of flaw size and fiber distribution on tensile ductility of
PVA-ECC[J]. Compos, Part B, 2014, 56: 536-545.

DING C, GUO L, CHEN B. Orientation distribution of polyvinyl
alcohol fibers and its influence on bridging capacity and mechanical
performances for high ductility cementitious composites[J]. Constr
Build Mater, 2020, 247: 118491.

LI M, LI V C. Rheology, fiber dispersion, and robust properties of
engineered cementitious composites[J]. Mater Struct, 2012, 46(3):
405-420.

LI V C, WANG Y, BACKER S. A micromechanical model of
tension-softening and bridging toughening of short random fiber
reinforced brittle matrix composites[J]. J Mech Phys Solids, 1991,
39(5): 607-625.

QING L, LI Y, WANG X, et al. Investigation of mixed-mode fracture
of aligned steel fibre reinforced cementitious composites[J]. Int. J Fract,
2021, 228(2): 159-178.

SR, FRAAHEE, MESR, 4. SFRCAUMEUE HA 7775 K A1 477 1)
X T RV BE B2 R ) 2 AT (). M RLRLSE S TRE AR, 2019, 3703):
480-486.

QING Longbang, SU Yimeng, YU Kelai, et al. J Mater Sci Eng(in
Chinese). 2019, 37(3): 480-486.

GODEK E, FELEKOGLU K T, KESKINATES M, et al. Development
of flaw tolerant fiber reinforced cementitious composites with calcined
kaolin[J]. Appl Clay Sci, 146: 423-431.

TKREHE, FROEHE, PV, . e KR HE S A AR AR R A
LRAEMRTE]. 2R PR A4 (1 R BHEAR). 2014, 44: 1037-1040.
ZHANG Lihui, GUO Liping, SUN Wei, et al. J Southeast Uinv: Nat
Sci Ed(in Chinese), 2014, 44: 1037-1040.

YU J H, LI V C. Research on production, performance and fibre
dispersion of PVA engineering cementitious composites[J]. Mater Sci
Technol, 2009, 25(5): 651-656.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

ZHOU J, QIAN S, YE G, et al. Improved fiber distribution and
mechanical properties of engineered cementitious composites by
adjusting the mixing sequence[J]. Cem Concr Compos, 2012, 34(3):
342-348.

TAKASHIMA H, MIYAGAI K, HASHIDA T, et al. A design
approach for the mechanical properties of polypropylene discontinuous
fiber reinforced cementitious composites by extrusion molding[J]. Eng
Fract Mech, 2003, 70(7/8): 853-870.

DING C, GUO L, CHEN B. An optimum polyvinyl alcohol fiber
length for reinforced high ductility cementitious composites based on
theoretical and experimental analyses[J]. Constr Build Mater, 2020,
259: 119824.

SWAMY R N. Fibre reinforcement of cement and concrete[J]. Mater
Constr, 1975, 8(3): 235-254.

LORENZONI R, CUROSU I, PACIORNIK S, et al. Semantic
segmentation of the micro-structure of strain-hardening cement-based
composites (SHCC) by applying deep learning on micro-computed
tomography scans[J]. Cem Concr Compos, 2020, 108: 103551.

LEE B Y, KIM J-K, KIM J-S, et al. Quantitative evaluation technique
of Polyvinyl Alcohol (PVA) fiber dispersion in engineered
cementitious composites[J]. Cem Concr Compos, 2009, 31(6):
408-417.

ZHENG D, SONG W, FU J, et al. Research on mechanical
characteristics, fractal dimension and internal structure of fiber
reinforced concrete under uniaxial compression[J]. Constr Build Mater,
2020, 258: 120351.

LORENZONI R, CUROSU I, LEONARD F, et al. Combined
mechanical and 3D-microstructural  analysis of strain-hardening
cement-based composites (SHCC) by in-situ X-ray microtomography[J].
Cem Concr Res, 2020, 136: 106139.

BAMEAE. CaCOs &b -PVA-HR L 4 /K U8 = 44 B} 10 45 4 7 ik
BFFE[D]. KiE: K#EH Tk, 2018.

MAO Yagqian. Study on the fiber dispersion of calcium carbonate
whisker-PVA-steel fiber reinforced cementitious composites (in
Chinese, dissertation). Da Lian: Dalian University of Technology, 2018.
TORIGOE S I, HORIKOSHI T, OGAWA A, et al. Study on evaluation
method for PVA fiber distribution in engineered cementitious
composite[J]. J Adv Concr Technol, 2004, 1(3): 265-268.

RANADE R, STULTS M D, LEE B, et al. Effects of Fiber Dispersion
and Flaw Size Distribution on the Composite Properties of
PVA-ECC[C]. 6th International RILEM Workshop on High
Performance Fiber Reinforced Cement Composites, 2011: 107-114.
XIA M, HAMADA H, MAEKAWA Z. Flexural stiffness of injection
molded glass fiber reinforced thermoplastics[J]. Int Polym Proc, 2013,
10(1): 74-81.

DING C, GUO L P, CHEN B. Theoretical analysis on optimal
fiber-matrix interfacial bonding and corresponding fiber rupture effect
for high ductility cementitious composites[J]. Constr Build Mater,
2019, 223: 841-851.

FELEKOGLU B, TOSUN-FELEKOGLU K, GODEK E. A novel
method for the determination of polymeric micro-fiber distribution of
cementitious composites exhibiting multiple cracking behavior under

tensile loading[J]. Constr Build Mater, 2015, 86: 85-94.



+ 2294 - CRERR R 2540 J Chin Ceram Soc, 2022, 50(8): 2284-2295 2022 £
[26] LIN Z, KANDA T, LI V C. On interface property characterization and WANG Zhenbo, ZHANG Jun. Concrete(in Chinese), 2018(4): 65-69.

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[33]

[36]

[37]

[38

[39]

[40]

performance of fiber reinforced cementitious composites[J]. Concr Sci
Eng, 1999, 1(3): 173-184.

SOLTAN D G, LI V C. A self-reinforced cementitious composite for
building-scale 3D printing[J]. Cem Concr Compos, 2018, 90: 1-13.

LI V C. On engineered cementitious composites (ECC) a review of the
material and its applications[J]. J Adv Concr Technol, 2003, 1(3):
215-230.

LEI D Y, GUO L P, CHEN B, et al. The connection between
microscopic and macroscopic properties of ultra-high strength and
ultra-high  ductility cementitious (UHS-UHDCO)[J].
Compos Part B, 2019, 164: 144-157.

PEREIRA E B, FISCHER G, BARROS J A O. Effect of hybrid fiber
reinforcement on the cracking process in fiber reinforced cementitious
composites[J]. Cem Concr Compos, 2012, 34(10): 1114-1123.

AHMED S F U, MIHASHI H. Strain hardening behavior of

composites

lightweight hybrid polyvinyl alcohol (PVA) fiber reinforced cement
composites[J]. Mater Struct, 2011, 44(6): 1179-1191.

ZHU H, ZHOU H, GOU H. Evaluation of carbon fiber dispersion in
cement-based materials using mechanical properties, conductivity,
mass variation coefficient, and microstructure[J]. Constr Build Mater,
2021, 266: 120891.

Ea, ERR, kES. FBRA 4R 7B CFRC I £ ML RE I 5
W), FRFSIR, 2007(5): 125-128.

WANG Chuang, WANG Ailing, ZHANG Xiushen. Mater Rep(in
Chinese), 2007(5): 125-128.

KONG H J, BIKE S G, LI V C. Constitutive rheological control to
develop a self-consolidating engineered cementitious composite
reinforced with hydrophilic poly(vinyl alcohol) fibers[J]. Cem Concr
Compos, 2003, 25(3): 333-341.

TWARM. EBGKH E R e KRS SRR 5 ek
fE[D]. FARL: ARFR, 2019,

LEI Dongyi. Design and Key Performance of Eco-nano Ultra-high
Strength and Ultra-high Ductility Cementitious Composites (in
Chinese, dissertation). Nanjing: Southeast University, 2019.

BANFILL P F G, STARRS G, DERRUAU G, et al. Rheology of low
carbon fibre content reinforced cement mortar[J]. Cem Concr Compos,
2006, 28(9): 773-780.

A5, WA, MR AUERRKIRIE S SRR BT S AL
PEWFFREIE[T]. FPRHTR, 2019, 33(5): 819-825.

SI Wen, CAO Mingli, FENG Jiaqi. Mater Rep(in Chinese), 2019,
33(5): 819-825.

TREEHE, XU As, BRANYZ, 55, AN AIRPPAF 40 b dk Hi s vk
TR RE I S HLER[T]. AR R R R (A R B AR, 2016, 46:
160-164.

ZHANG Lihui, LIU Jianzhong, YANG zhiqian, et al. J Southeast Uinv:

Nat Sci Ed(in Chinese), 2016, 46: 160-164.

T, HeA, FEIE, % RLR YR A Y A R S
R AU R[], RERRER 244, 2021, 49(8): 1732-1742.

ZHANG Xiuzhi, BI Mengdi, LIU Tongjun, et al. J Chin Ceram Soc,
2021, 49(8): 1732—-1742.

FEIRUE, KA. R AR SR A Rt st e )], R
BEt, 2018(4): 65-69.

[41]

[42]

[43]

[44]

[43]

[46]

[47

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

AHMED S F U, MAALEJ M, PARAMASIVAM P. Analytical model
for tensile strain hardening and multiple cracking behavior of hybrid
fiber-engineered cementitious composites[J]. J Mater Civ Eng, 2007,
19(7): 527-539.

MARTINIE L, ROSSI P, ROUSSEL N. Rheology of fiber reinforced
cementitious materials: Classification and prediction[J]. Cem Concr
Res, 2010, 40(2): 226-234.

SAHMARAN M, LACHEMI M, HOSSAIN K M A, et al. Influence of
aggregate type and size on ductility and mechanical properties of
engineered cementitious composites[J]. ACI Mater J, 2009, 106(3):
308-316.

EIH, VEES, SRR R AETE AR 4R SR Ve S A MR O ) 2
it PERE RO RERAFA[T]. RERR 3R 253K, 2015, 43(5): 632-642.

CAO Mingli, XU Ling, ZHANG Cong. J Chin Ceram Soc, 2015, 43(5):
632-642.

YANG E-H, SAHMARAN M, YANG Y, et al. Rheological control in
production of engineered cementitious composites[J]. ACI Mater J,
2009, 106(4): 357-366.

WA, VPER, SKER. ARREIKAKLE. W0 2K L T RRERAS Uk /K Ve i
FRABMERI R[], FERR R 2441, 2016, 44(2): 246-252.

CAO Mingli, XU Ling, ZHANG Cong. J Chin Ceram Soc, 2016, 44(2):
246-252.

SRR, JBITR, WARH, S KRR KA AR SRR
FERIREMA R ZR[T]. RERR 2441, 2013, 41: 1481-1486.

MA Kunlin, LONG Guangcheng, XIE Youjun, et al. J Chin Ceram Soc,
2013, 41: 1481-1486.

LI V C, HORIKOSHI T, OGAWA A, et al. Micromechanics-based
durability study of polyvinyl cementitious
composite[J]. ACI Mater J, 2004, 101(3): 242-248.

FAREE, AT, KE, 5 IR KR A B2 R
AR, BRI, 2018, 21: 639-644.

WANG Zhenbo, ZUO Jianping, ZHANG Jun, et al. J Build Mater(in
Chinese), 2018, 21: 639-644.

GARG M, DAS C S, GUPTA R. Use of silica particles to improve
dispersion of -COOH CNTs/carbon fibers to produce HyFRCC[J].
Constr Build Mater, 2020, 250: 118777.

THE, FEENRE, WA, & BRI SR B S AR L
eSS I APEREDT]. TR, 2019, 33: 1652-1658.

DING Cong, GUO Liping, LEI Dongyi, et al. Mater Rep(in Chinese),
2019, 33: 1652-1658.

KONG H J, BIKE S, LI V C. Constitutive rheological control to

alcohol-engineered

develop a self-consolidating engineered cementitious composite
reinforced with hydrophilic poly(vinyl alcohol) fibers[J]. Cem Concr
Compos, 2003, 25(3): 333-341.

KWAN A K H, FUNG W W S, WONG H H C. Water film thickness,
flowability and rheology of cement-sand mortar[J]. Adv Cem Res,
2010, 22(1): 3-14.

FUNG W W S, KWAN A K H. Role of water film thickness in rheology
of CSF mortar[J]. Cem Concr Compos, 2010, 32(4): 255-264.

LIU J, WANG K, ZHANG Q, et al. Influence of superplasticizer
dosage on the viscosity of cement paste with low water-binder ratio[J].

Constr Build Mater, 2017, 149: 359-366.



50 55 8 1

FIRWE 55 VKU SRR Y 0 A B SLRE R DR KT S R .

2295 -

[56]

[57

[58]

[59]

[60]

[o1]

[62]

FRAGAE, X, KIHE, 5. 595G R RK IR H AR i AL 1k
REM SN FC[T]. AR, 2020, 34: 22054-22057+22086.
ZHANG Qiangian, LIU Jianzhong, ZHANG Lihui, et al. Mater Rep(in
Chinese), 2020, 34: 22054-22057+22086.

SR, M, R, 55 B Rk RE IR AR 1 R LX) £
FEOMRNERIFEMR[T]. #HRHTR, 2017, 31: 73-77.

ZHANG Qiangian, LIU Jianzhong, ZHOU Huaxin, et al. Mater Rep(in
Chinese), 2017, 31: 73-77.

RANIJBAR N, ZHANG M. Fiber-reinforced geopolymer composites:
A review[J]. Cem Concr Compos, 2020, 107: 103498.

PEREZ VILLAR V, FLORES MEDINA N, HERNANDEZ-
OLIVARES F. A model about dynamic parameters through magnetic
fields during the alignment of steel fibres reinforcing cementitious
composites[J]. Constr Build Mater, 2019, 201: 340-349.

KHAYAT K H, MENG W, VALLURUPALLI K, et al. Rheological
properties of ultra-high-performance concrete - An overview[J]. Cem
Concr Res, 2019, 124: 105828.

OZYURT N, MASON T O, SHAH S P. Correlation of fiber dispersion,
rheology and mechanical performance of FRCs[J]. Cem Concr
Compos, 2007, 29(2): 70-79.

FELEKOGLU B, TOSUN-FELEKOGLU K, RANADE R, et al.
Influence of matrix flowability, fiber mixing procedure, and curing

conditions on the mechanical performance of HTPP-ECC[J]. Compos

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Part B, 2014, 60: 359-370.

ZERBINO R, TOBES J M, BOSSIO M E, et al. On the orientation of
fibres in structural members fabricated with self compacting fibre
reinforced concrete[J]. Cem Concr Compos, 2012, 34(2): 191-200.
SVEC O, ZIRGULIS G, BOLANDER J E, et al. Influence of
formwork surface on the orientation of steel fibres within
self-compacting concrete and on the mechanical properties of cast
structural elements[J]. Cem Concr Compos, 2014, 50: 60-72.

LI V C, BOS F P, YU K, et al. On the emergence of 3D printable
engineered, strain hardening cementitious composites (ECC/SHCC)[J].
Cem Concr Res., 2020, 132: 106038.

ZHU H, YU K, LI V C. Sprayable engineered cementitious composites
(ECC) using calcined clay limestone cement (LC3) and PP fiber[J].
Cem Concr Compos, 2021, 115: 103868.

KAUFMANN J, FREEH K, SCHUETZ P, et al. Rebound and
orientation of fibers in wet sprayed concrete applications[J]. Constr
Build Mater, 2013, 49: 15-22.

ZHU B, PAN J, NEMATOLLAHI B, et al. Development of 3D
printable engineered cementitious composites with ultra-high tensile
ductility for digital construction[J]. Mater Des, 2019, 181: 108088.
HAMBACH, MANUEL, MLLER, et al. Portland cement paste with
aligned carbon fibers exhibiting exceptionally high flexural strength

(>100 MPa)[J]. Cem Concr Res, 2016, 89: 80-86.



