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2k Yu SRR Z5 8. Ogura S & (1
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T HE ] R A . Ye Z5UUE ] PE 274 A
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Ko BB A AR 2 Fis.

4%~9%. Zhu U T T AFEIRELX 3DP-ECC 1or——= Y e A
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1 % A /
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J AF= TR ANTE TN R 0 I\ v i ZEL e A SN N
%DE%ZZ(SF_), @ﬁ%ﬁﬁﬁ*ﬁfgﬂ RN QRS RN TR ﬁ B EMEMERAR A A
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#1 PEH4SH
Table 1 Parameters of polyethylene (PE) fiber
Fiber type Length/mm Diameter/um Density/(g-cm™) Tensile strength/MPa Young’s modulus/GPa
PE fiber 6,9,12 24 0.97 3000 110
%2 3D#TE) HS-ECC WIEL &Lt
Table 2 Mix ratio of 3D printing HS-ECC
mlg
Specimen Volume fraction of PE/% Fiber length/mm
OPC FA SF HPMC SP Water QS
3DP/Cast-V1 628 241 131 0.1 8 200 500 1.0 12
3DP/Cast-V2 628 241 131 0.1 8 200 500 1.5 12
3DP/Cast-V3 628 241 131 0.1 8 200 500 2.0 12
3DP/Cast-L1 628 241 131 0.1 8 200 500 2.0 6
3DP/Cast-L2 628 241 131 0.1 8 200 500 2.0 9
3DP/Cast-L3 628 241 131 0.1 8 200 500 2.0 12

m is mass. OPC is P.O 42.5 cement. FA is fly ash. SF is silica fume. HMPC is viscosity modifier. SP is polycarboxylate superplasticizer. QS is quartz sand. PE is

polyethylene fiber. 3DP/Cast is 3D print/cast.
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Fig. 2 Rheological properties test program
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Fig. 3  Effect of fiber doping and fiber length on static and dynamic yield stress and plastic viscosity of HS-ECC specimens
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Fig. 4 Effect of fiber doping and fiber length on early mechanical strength of HS-ECC specimens
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Fig. 5 Extruded strips and printed rings with different fiber doping and fiber lengths
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Fig. 8 Effect of fiber dosage and fiber length on compressive
strength properties of 3D printed HS-ECC specimen

222 Fifidge

1) BiJj-RiAg th2E

6 ZHF5(Cast)F1 6 41 3D $TE[l HS-ECC FHifH
NS J-PAR AR AR R W ] 9 B, 456 18] 10a
AICUE H, BT A 12 4 i R 38 I R AR R AL AT
N fl#E ECC Wit JEl, ECC HIRARRAT R
FEBAGE T E. FY7 A 45 Rk 2 a5
IS R kg 2027, e 9a iR, BE# PE 4143
B0, 3D 4TE1 HS-ECC R FRF 4 3 48 5 3 53
HiTHaR . BARTE, MT4EBEMN 1.0%38 N2
2.0%HF, AOEHIRBRAH KR 5L 5 T2 69.23%. 1X—
MRKH, PE 45w IGINA SOy 58 1 2%, H
FEWLH— 7 AL T A A B 2R TG 8 T 4E 0
BN, LR T RGNS R, R GE
THMERTCERE . — &R 5 A4
TR R T S AR s R g, e T
MR, SR ARHE R AT R B 2K 2 T
KIBIEMASRK LSRR . & 9b Fios, 4F4EK
FEBG e 7R RE T, KRR 1 £,
P BR A KRR T 24 53.11%, %45 R, 240
B R — e u P B £ 4K P 1A 38 on g 3
1M 2% FUB E 1) 6 mm £F4EMFEERE J18055, ToikfR
FraS8ay B, K 9c iz, 3D FTEIRFEM
M BR A R 0 2 TR A, X — IR EE AR
FAT BNt FE o £ 4 R HR ) 40 AR R4 BT Bk
M5, TE 3D FTENERErR, £F4EVRFTEN 7 M) G R A&
KT ) S 00 L v S [ AT, RN AR SR F AR R
BER B 5] o X PRI [ HESI RIS &) 43 B Re
W TG R R A I RAE I, SRR e,



. 2314 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(8): 2308-2319

2025 4F

M2 2 HE AR ZE e RIS TR RE T AHELZ R,
GEHURARE o )£ o0 A il s LI A, Bk
B R 2, FECIR PR AR K. Bk,
3D FTER L 2@ A 21 4 o3 A ANE ], 235 23 1
MR 7122 e, JCHRRBRAT K2, i — DTt
7 HS-ECC KB A VERE

—_
(=]

Tensile stress/MPa
S = N W ke N N0 0 O

—— V3-3DPC
fffff V3-Cast
0 1 2 3 4 5 6
Tensile strain/%
(a) V1, V2, V3

10

Tensile stress/MPa

Tensile strain/%

(b)L1,L2,L3

950 o 3DPC —o— Cast —o—3DPC - +- Cast |

90l 445
X
140
£ 851 §
b= 135 2
2 8.0f 2
& 130 2
L 750 5
'z 425 &
2 70] 1,0 £
]

6.5F 415

6.0 1 1 1 1 1 1 1.0

Vi V2 V3 L1 L2 L3
Specimen

(c) Tensile stress and ultimate tensile strain

K9 BRI 3D 41 E) HS-ECC R (1L fek 87— A% T 22
FLfERE
Fig. 9 Tensile stress—strain curves and tensile properties of
cast and 3D printed HS-ECC specimens

2) HifPFFRL T

AHFFTELE 7RIS 3D 4TEI HS-ECC (i
PERE, o 3D 4T ERFE R AR PERE R I R 57
Rl 6 2H 3D 4T B 28 AT T R4 55 .
IR RGEUR 08, A B T R E (V)
RV I 288 55 T (we),  FExF UG AT B AL Ab 7,
BB T IR4E(D), B 10a Fios. 0K
10b Fivn, 8850 SR AR g —8, 4%
Bt 20 % BEEASEBREAKENNN, £2
YH/INFLAE T IO 2L S AN AN 5 B00T 2 4 4% 5 15 (1) sk
N o IXF 2 ZLBE I RN AR AT A AR N AR R AL,

V1§

45 110
041 o41
or 100
3.6 9.83 1 By
= =
%g: 35F . 24 E
5 289.72 s 490
< 0 2 gom | B
— [ 5
_g 83/6 %g’p
Z )5 6 1502
20 Il Il 1 1 1 | 70
Vi \ V3 L1 L2 L3
Specimen
(b) Crack analysis
1.307 1.307
1.3 1.281
Q
_E 1.233
2
g2 1 181
= 1 151
=
g
= 1.1F
10 1 Il Il 1 Il Il

V1 V2 V3 L1 12 L3
Specimen

(c) Fractal dimension

K10 3D {TE1 HS-ECC RFEITT RIS . REEDHT A 73T
Fig. 10 Cracking pattern, crack analysis and fractal dimension
for 3D printed HS—ECC specimens



5355 8 BT

T CIBETYEXT 3D §7 By 5 P i AE P /K 8 56 A AR RE 1 52 « 2315 -

FEMEI E R, RPNV EAER A LT
NAEEH, RELE T AP RE. ME 10c AT,
ST BE 4 445 B A B I T 3 K, 5 2484
R — A TR 4EE 3G n e e T 3L
I3 A0 2 2R PEFIA R} P S0 1 A 11 22 ROBEARFALE
RO\ YE R G5 A B 22 OGS T ADRH W 2L . 45
REWH, ETHHESH 2.0%12 mm PE -4/ 3D 47
Fl HS-ECC B &1t 4% MIhifd AR RE ) 45T
% FE N 89.72 um AIHERL 80 MPa P K58 .
2.3 SFUEFFEXT R 1S RE RO 52 I 4 B

PE Z4Ef R0 fm HS-ECC hr iR
M EEHNKZ P AR PE 4145t HS-ECC i
fd5R R /ERIALEE, A SEM X 6 mm A1 12 mm
KN HS-ECC MM MEAT 7 MEE, i
11a~A 11b FizR. XF 12 mm PE £F4ElFE(LE
11a), PE £F4EMH B A28 MR H, (HEHT PE

g €7 %
b= - s
o % .

(c) Cast specimen

Y SRR T4 RE R 22, (RSN HAE
T, PE £F4E NEEAR PR H IR R IIAE . X — i AR
WK RERL T R EAR RS, MM RESE T iR 245% 1
SrhP . 5T 6 mm PE 48R FE(LE 11b), 1E
S EAER T, 6 mm PE P 4EM%:T 12 mm PE
Y G T IR, B FMMAEE S, X—
WG — R, 12 mm PE £ 40 R F
PRALAIMTERE LT 6 mm PE £F4E3800E, M8 e
P ZEPE 5 25 52 i . R R R IS 3D #TED HS-ECC
PP PEREI ZE 5, X P IO 25 A AT TSR,
WK e B 11d fion. X550 12 mm PE £F4E
HS-ECC(MLIE 11¢), PE £F4EAH B2 i I T M IR 45
My, RIS A AR T R . 0T 3D 4T ER
HS-ECC(LE 11d), PE 441 A K, =W
BT mEMEHT Y 3D FTED L ZiRehs SEIL AR 4E (1A 2
SE M, W 2 s R (e g

Extraction

5 i
vla t v
LrTERA A
el i -';%’(-‘«’~

(b) L1 specimen

F

PE fiber

(d) 3D printed specimen

B 11 SEMIBA: V3iRFE. L1 REE. BEHREEA 3D 4T ENkkE

Fig. 11 SEM images: V3 specimen, L1 specimen, cast specimen and 3D printed specimen

2.4 FLBRFFAERXT =M 1 S04 B A 52 M 4L 1R
IR AT T MR 2 K F I AL &=
oA, PAIRASFLBUK B 43, T R AE A RE ) FL
B2k, B 12 e (Cast) 5 3D $TEN HS-ECC
FESFLBR A Il 2 R FEAIFLEE N 2 E 5
AGTE 0.001~0.010 wm YEH A, FEHUAE M /N LR
fi L6 oA 90%, 1M 3D 4T EFE & A 60%~70%, it
B 3D 4T EVAE & & B 2 R ALBR . an 1 12a BT
V1. V2. L1. L2 FEfbAHEE V3L L3 A, IR

I FEAR, IRV YD B BRI 4 =
TALE SR, IR AR T B & KR TR PE £ 4E
5K PR SR R 45 BRI A, 2 2k 2 25 170 FE 1 2
FLE, SR R PUS 98 PR & 12b fros,
JE 3D ATEIREfh g2 5 R dn s —
B AR KU R R A%, — T T 3D AT ENE )=
o T LR IR T AT BN A 5, 53— D7 Tl Al g S
3T EJ)J 8] 18] g B 18] A b 244852 A7 0, S 8L
B 73 A AN LA o



« 2316 - CRERR R 2540 J Chin Ceram Soc, 2025, 53(8): 2308-2319 2025 4
030} Cast-V1 0.16- ——3DP-VI
—— Cast-V2 0.14} ——3DP-V2
025} —— Cast-V3 ——3DP-V3
< —— Cast-L1 e 0121 —3DP-L1
£ 020} Cast-L2 E N 3DP-L2
2 —— Cast-L3 £ 0.10F
] 2
£ 015} 5 0.08F
bS] bS]
g g 0.06}
3 0.0} 5
L [
= £ 0.04}
(o} o
=¥ =¥
0.05} 002l
0.00 } L = - 0.00 L L L -
104 0001 001 0.1 1 10 100 104 0001 001 0.1 1 10 100

r/pm

(a) Cast specimens

r/um

(b) 3D printed specimens

K12 BRERAN 3D 3T EIASFI D 34 dh (A LR 734

Fig. 12 Pore distribution of cast and 3D printed specimens with different factors

Nk R FL A AR SR R, A [
K231 3D 4T EIFE it I FL R ZE AN FLAR 43 AT 4
Wi 13 fs, iR FLAR RN 7 A TEE FL(<0.01 pm).
16 FEHNFL(0.01 ~0.05 pm) 1A E FL(>0.05 pm)P,
WK 13a fioR, £F4E85 A 13 N A kHFL IR
GEM A T W EETTRY: UGB E
M 1.0% 52T 2.0%I , 7k RS SLBRZE H 5.17%38 I
2 5.99%; AN, LF4EKEMN 6 mm A 12 mm
SHEALBRMM 5.36% FFFE 5.99%. XFHFLEF
(Y384 in 32 B2 R 4 - B AR AU E X (ITZ2) 4
KA LEFE T B B N T — 5 il
FILFLAE>0.05 pm) A RF RIL: mA4Es =
(2.0%) AP A FILFLRFRIEE] 4.0%, BHEAEA
(1.0%35 E)$E Tt 2.0%; KEF4E(12 mm)ikFEH F5L
FLBRZN 4.0%, BHRLFHE6 mm)iFEEEIN 1.0%.

18
17F T I
HE q
141
]3 — o CECH YO Oy 0 CI;‘?.usmn. o
{% L y[;y-vuf U.;n;"; 0.05 pm
S F
S 10 £
2 9t
S 8F Cast-V1 Cast-V2 Cast-V3 Cast-Ll Cast-L2 Cast-L3
g 5 Specimen
W)
SF 517 40 2 536 364 paam
LA L
3F
2F
1F
0

Cast-V1 Cast-V2 Cast-V3 Cast-L1 Cast-L2 Cast-L3
Specimen

(a) Cast specimens

XFAF AL R E G IR HE T 1) S 4Enmini
SIS 2) KRS+
B RIS 3) M B4R AA TAE
PET RS, BUEIRI % SLRE PR, DL BSR4 4
B R A 3 IS FLER R i [, A =1L
WAER I, T MRl B EUE M B, AT B AR
HS-ECC {1 /15 pe K. 4l 13b fs, 3%
30 HS-ECC 5 3D #TE1 HS-ECC 7EFLFR 45 M FFAE 1
EMBEER., TERAONEH: FIH HS-ECC &
FLBRE AN 4.92%~5.99%, i 3D FTEN HS-ECC [/
FLBRHRAUN 3.09%~4.82%, HiH &5 E 1) 1.24~1.67
Yo XFZESFFEEET 3D FTENE RN ERHEFIRL
NEFIEE R SE R s 1) T EmEmE b iy 55 U] 5 44
BB R T 2) BEWR T D T 50
U ) TR . SR1T, 3D 3TEN HS-ECC 1A AL

um<r<0.05 pum

NE- . e e B
3DP-V1 3DP-V2 3DP-V3 3DP-L1 3DP-L2 3DP-L3
Specimen

Porosity/%

4.82 4.82

L 4.26 15 4.23
s & T B
‘» -

1 1 1 1 1 1
3DP-V1 3DP-V2 3DP-V3 3DP-L1 3DP-L2 3DP-L3
Specimen

[ RS G NSNS e NN |

(b) 3D printed specimens

K13 BRIRAN 3D 3T EIAS R DR 3R dh (0 FLER R 5 LA 0 A

Fig. 13 Porosity and pore size distribution of cast and 3D printed samples with different factors



5355 8 G N

T CIBETYEXT 3D §7 By 5 P i AE P /K 8 56 A AR RE 1 52 .+ 2317 -

(FL#A>0.05 wm) 5 LLIR B 30% A4, B3 & Thes
WFER 4%. XA FEILR ML ST L2 3
e AP, EEAT LR 3 ;1) 4TENZA
ditmEEHEELSLEAMER, HENSERE
Tt S FIAR S BORIC. SR E 3
BAHLUR 2 Mjik: — KW= 7E 2R st
hns R AL L EMr R G 0. 2) )= 1A [A] R
B (B A LT LA Y 38 I A8, 24 [ R s [
RS, R FALIAR G K. XRAR L — T
TR TR T B 23R T K AR FE 39 0 5 250 5 i &5
HRESINIE, 75— 7 TR AR A PR R 1 I AR R o
3) - EBITENJZ T HB 45 44 1 e S A 2 2 s
FLorAn, FTENZEEE I, EEE A2 A #
FUARAR A, X Rl SRR AT DA E ik 238 41 4R H
) R 3E HEAARBE SR ST o
25 HFBRGIEEE

WEEAFM R R RIE AR R,
Kl 14a. & 14b Pron. BEARRIN:

1) HEETEKPREAR Y I, FHARum 4
, SEdT R

2) MRLEEIEFBFLIRES, NJE LR L,
T0iE 7 ZLEE T s

3) ML TR, SUTE AT 5K
Bz () S T X A J 5

4) MREEIBB) YRS, NI4T EL A
Serp TR, ISR TR IT7 1, G T
HEE RN S, (RS R B S .

MR BT (LB 112), BEE 4SRRI
(3G, A4S KV HAR R T AR K, 4y
JEE AR, AORLRE S RS2 TR T, R RGH
(AN EE . FLRRZ R L asd e ALk R 4 pe
et R R . B 12 A 13 NSRRI FLER 2 A
FFLBREE MR . R 45 B A K R mT B
Kl PE £F4Ef st K M K Ve SRR B 4 1 e A 1 =
LB IN, 152 10t 5 T8 OB 1 544%, (HEF4E(
B 7 REENERY R, WMl T 2544
YV RAT R RE . 46K 13 58 14c /]I, 3D 4T
Ell HS-ECC #HE T3 HS-ECC, T4 417K F
SIS, RAEY LR, MRKZRLT
MRESIFETE, ML T B 2854, thob, 45
A 12, B 13 5K 14c 7T 0L, 3D #TEI HS-ECC 4%
5 R FLER SR AN FLER N T840 HS-ECC, X
H— BRI TR AR BRE T, R IR 5
HS-ECC HJz et

(a @ (C) l . 2 . .
4 1 A L F,
(H dn dn v Cast HS-ECC
F f crack i . 3
. our types of crack expansion Ja k.
’ ] o d
! ') 3DP HS-ECC
( I ) ( H ) (]]]) (IV) Qs P Pf)re PE fiber
Process of crack propagation g Er;zl;mg stress

K14 REEY R Hr

Fig. 14 Mechanistic analysis of crack extension

3 %

RIS T T A B E ALK EXS 3D 9T
Ell HS-ECC FIfE LT PERE . AL G F7 22 M RE AR
iR, UL T 48

1) LS EN1.0%~2.0% KJF N 6~12 mm
(VG N, B 27 4845 B M 21 481 B 138 n, 30
FAS RS, 238 m . tk4h, 3D 4TER HS-ECC (1
W i P R Bt 2 B0 . @I SR BRI, AR
MM ATST Ep M 5 i AR PR RE A — 8 A G, &
B £ 25 10 I N B B8 2% 5 9T BN 72 (1 45 1 AR
TEE

2) HELLJE SRR R, &F 2.0%
12 mm PE £F4(#) 3D T EJ HS-ECC E. &L 4%
PRI RE ). R TIYTEEEN 89.72 pm AT
80 MPa It 3

3) PE ZF 4k I\ FAR oy 5 05 () B DR R 8 o
B EAKE RGN M. 6 mm PE £F4E4H
BT 12 mm B 5T, MR LE AR
I AL, FFms s 55t i 3D 3T B T2 A 8 S £ 4
WA LA, MR ER S T 3D 4TH
HS-ECC ¥ ZEPE .

4) SL4EBEN 1% F4EKEN 6 mm KR
WAL, UAEBEINE 2.0%. FHKEH S
12 mm i, 3D 3TE] HS-ECC M FLER RS il w5
T 21.75%F 11.75%, M FECR 1 715 PR
B#. /2% 3D 4TEN HS-ECC (K455 M BB FLIR R B A&
GURFAIEE BT, H BT 2 R 4 [a] FLFR I
s, R RIR R

SH 3R

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

[2] LLORET E, SHAHAB A R, LINUS M, et al. Complex concrete

structures Merging existing casting techniques with digital



« 2318 - FERR 2L 254 )

J Chin Ceram Soc, 2025, 53(8): 2308-2319

2025 4F

fabrication[J]. Comput Aided Des, 2015, 60: 40—49.

[3] VC LI, Engineered Cementitious Composites (ECC)[M]. Springer,
2019.

[4] HUANG B T, ZHU J X, WENG K F, et al. Ultra-high-strength
engineered/strain-hardening cementitious composites (ECC/SHCC):
Material design and effect of fiber hybridization[J]. Cem Concr
Compos, 2022, 129: 104464.

[5] ZegEili. 3D #TEN ECC J1%#A7T AR AL i SHEIAHLIE 3 HT[D]. 7
A RFKEE, 2022.

LI Baoshan. Study on mechanical behavior of 3D printing ECC and
analysis of tensile and bending failure mechanism (in Chinese,
dissertation). Nanjing: Southeast University, 2022.

[6] YUKQ,LILZ, YUJT, et al. Feasibility of using ultra-high ductility
cementitious composites for concrete structures without steel rebar[J].
Eng Struct, 2018, 170: 11-20.

[71 KAMAL A, KUNIEDA M, UEDA N, et al. Evaluation of crack opening
performance of a repair material with strain hardening behavior[J]. Cem
Concr Compos, 2008, 30(10): 863—-871.

[8] CHEN Y X, YU J, LEUNG C K Y. Use of high strength
Strain-Hardening Cementitious Composites for flexural repair of
concrete structures with significant steel corrosion[J]. Constr Build
Mater, 2018, 167: 325-337.

[9] HOU M J, ZHANG D, LI V C. Material processing, microstructure,
and composite properties of low carbon Engineered Cementitious
Composites (ECC)[J]. Cem Concr Compos, 2022, 134: 104790.

[10] RANADE R, HEARD W F, WILLIAMS B A. Multi-scale mechanical
performance of high strength-high ductility concrete[C]// Dynamic
Behavior of Materials, Volume 1. Cham: Springer International
Publishing, 2016: 93-101.

[11] CUROSU I, LIEBSCHER M, MECHTCHERINE YV, et al. Tensile
behavior of high-strength strain-hardening cement-based composites
(HS-SHCC) made with high-performance polyethylene, aramid and
PBO fibers[J]. Cem Concr Res, 2017, 98: 71-81.

[12] HUANG B T, WU J Q, YU J, et al. High-strength seawater sea-sand

(SS-ECC):
performance and probabilistic modeling[J]. Cem Concr Compos, 2020,
114: 103740.

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

[14] YU J, LEUNG C K Y. Impact of 3D printing direction on mechanical

engineered  cementitious  composites Mechanical

performance of strain-hardening cementitious composite (SHCC)[C]//
First RILEM International Conference on Concrete and Digital
Fabrication — Digital Concrete 2018. Cham: Springer International
Publishing, 2019: 255-265.

[15] OGURA H, NERELLA V N, MECHTCHERINE V. Developing and
testing of strain-hardening cement-based composites (SHCC) in the
context of 3D-printing[J]. Materials, 2018, 11(8): 1375.

[16] YE J H, CUI C, YU J T, et al. Effect of polyethylene fiber content on
workability and mechanical-anisotropic properties of 3D printed
ultra-high ductile concrete[J]. Constr Build Mater, 2021, 281: 122586.

[17] ZHU L L, YAO J, ZHAO Y, et al. Effects of composite cementation
system on rheological and working performances of fresh 3D-printable

engineered cementitious composites[J]. J Build Eng, 2023, 65: 105801.

[18] ZHAO Y, DUAN Y H, ZHU L L, et al. Characterization of coarse
aggregate morphology and its effect on rheological and mechanical
properties of fresh concrete[J]. Constr Build Mater, 2021, 286: 122940.

[19] PERROT A, LECOMPTE T, ESTELLE P, et al. Structural build-up of
rigid fiber reinforced cement-based materials[J]. Mater Struct, 2013,
46(9): 1561-1568.

[20] A NRFLRIE (5 A0 2 i, MR E g R, GB/T
50081—2019 JR#E W3 72V REREG I A dES]. dbat: HrEZ
FULb HH FiAL.

[21] YOKOTA H, ROKUGO K, SAKATA N. Recommendations for design
and construction of high performance fiber reinforced cement
composite with multiple fine cracks[M]. Japan Society of Civil
Engineers., 2008.

[22] A5, KB YL AR5 K ECE LT 4R 3D T E/K e Epp Rl al 47 Epd:

GRS [I]. 2 A RE£A,2022,39(11):5537-5547.
ZHAO Yu, WU Xikai, ZHU Lingli, et al. Acta Mater Compos Sin, 2022,
39(11): 5537-5547.

[23] PANDA B, LIM J H, TAN M J. Mechanical properties and deformation
behaviour of early age concrete in the context of digital construction[J].
Compos Part B Eng, 2019, 165: 563-571.

[24] VAN DEN HEEVER M, DU PLESSIS A, KRUGER J, et al. Evaluating
the effects of porosity on the mechanical properties of extrusion-based
3D printed concrete[J]. Cem Concr Res, 2022, 153: 106695.

[25] VAN DER PUTTEN J, DEPREZ M, CNUDDE V, et al. Microstructural
characterization of 3D printed cementitious materials[J]. Materials,
2019, 12(18): 2993.

[26] CAO M L, XU L, ZHANG C. Rheological and mechanical properties
of hybrid fiber reinforced cement mortar[J]. Constr Build Mater, 2018,
171: 736-742.

[27] LAO J C, HUANG B T, XU LY, et al. Seawater sea-sand Engineered
Geopolymer Composites (EGC) with high strength and high ductility[J].
Cem Concr Compos, 2023, 138: 104998.

[28] MAALEJ M, LI V C, HASHIDA T. Effect of fiber rupture on tensile
properties of short fiber composites[J]. J Eng Mech, 1995, 121(8):
903-913.

[29] BRI, AR AR, 55 5L T 0 T 4R 3D T EVARIE 7K Ue St ek o
ol S 45 0 P S UL B UK MU (], 525 A1 e 2741,2024,43:1-10.

ZHAO Yu, SHEN Guanghai, ZHU Lingli, et al. Acta Mater Compos
Sin,2024,43:1-10.

[30] YU K Q, ZHU H, HOU M J, et al. Self-healing of PE-fiber reinforced
lightweight high-strength engineered cementitious composite[J]. Cem
Concr Compos, 2021, 123: 104209.

[31] QIAN X Q, ZHOU X M, MU B, et al. Fiber alignment and property
direction dependency of FRC extrudate[J]. Cem Concr Res, 2003,
33(10): 1575-1581.

[32] BEDE A, SCURTU A, ARDELEAN I. NMR relaxation of molecules
confined inside the cement paste pores under partially saturated
conditions[J]. Cem Concr Res, 2016, 89: 56-62.

[33]GUO T T, WU T, GAO L M, et al. Compressive strength and
electrochemical impedance response of red mud-coal metakaolin
geopolymer exposed to sulfuric acid[J]. Constr Build Mater, 2021, 303:
124523.

[34] LIU X F, CAI H C, MA G W, et al. Spray-based 3D concrete printing
parameter design model: Actionable insight for high printing quality[J].
Cem Concr Compos, 2024, 147: 105446.



o5 53 &5 8 1 B S RGNS 3D T B ey o e A K YR 2 A AR RE R .+ 2319 -

Effect of Polyethylene Fiber on Properties of 3D Printing High-Strength Engineered
Cementitious Composites
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Extended Abstract

Introduction Research and development of alternative technologies to conventional reinforcement and exploration of printable
building materials with excellent properties ECC prepared from polymer fibers has high ductility, excellent toughness, and superior
strain-hardening energy dissipation properties. The effects of polyethylene (PE) fiber dosage (1.0%, 1.5%, and 2.0%, in volume) and
length (6, 9 mm, and 12 mm) on the pre-strain-hardening early properties, post-strain-hardening mechanical properties, and
microstructure of 3D-printed HS-ECC were investigated. This study provides new ideas for the design and performance optimization
of 3D-printed HS-ECC, which further promotes the application of 3D-printed technology in construction.

Methods In this study, we experimentally investigated the effect patterns of polyethylene (PE) fiber doping (1.0%, 1.5%, 2.0%) and
length (6, 9, 12 mm) on the pre-hardening early properties, post-hardening mechanical properties, and microstructure of 3D-printed
HS-ECC. The rheological properties and early mechanical properties were correlated by actual printing tests. The influence
mechanism of mechanical virtual was explored by utilizing microscopic testing means SEM, NMR methods combined with
experimental results.

Results and discussion The static and dynamic yield stresses of HS-ECC increased with increasing fiber doping and length, and the
effect of fiber doping was more pronounced. With the increase in vertical strain, the stress of the specimens increased approximately
linearly before yielding, and the increase in stress slowed down after yielding. Specifically, increasing fiber doping and fiber length
increased the early strength of 33D-printed HS-ECC, and the bridging effect of fibers increased with increasing doping and length. The
pattern of printable properties was consistent with the rheological properties and early mechanical strength by actual printing tests.

The post-hardening mechanical properties of the 3D-printed HS-ECC with 2.0% 12 mm PE fibers yielded a tensile strain
capacity of more than 4%, an average crack width of 89.72 pm, and a compressive strength of more than 80 MPa. The degree of
destruction of the PE fibers after detachment from the substrate increased with fiber doping and length. The 6 mm PE fibers were
easier to pull out than 12 mm, and thus the ductility of the material increased with the increase in fiber doping and length. to pull out
and thus the ductility of the material decreases. In addition, nozzle extrusion-based 3D-printed HS-ECC allows for effective
directional fiber orientation, resulting in increased ductility of the 3D-printed HS-ECC.

The pore size distributions peaked in the range of 0.001 pum to 0.010 um. Cast samples contained and the proportion of small
pores in the casting samples is less than 90%, while the 3D-printed samples are 60% to 70%, which indicates that the 3D printed
samples contain a higher number of large pores. The primary and secondary peaks of samples V1, V2, L1, and L2 are lower compared
to those of samples V3 and L3, and the trend suggests that the increase of fibers raises the number of pores, which results in the
decrease of compressive strength. Although the variation of the primary peaks of the 3D printed samples is consistent with the
pouring trend, the pattern of the secondary peaks is complex, which may be related to the time between the printed layers and the
pressure on the upper layer of the material, resulting in an irregular distribution of pores. The total porosity increases by about 21.75%
and 11.75% with increasing fiber doping and fiber length, while the mechanical properties of 3D-printed HS-ECC specimens decrease
at the same time. The comparative results show that the porosity of cast HS-ECC is 1.24 to 1.67 times higher than that of 3D-printed
HS-ECC, but the harmful porosity of 3D-printed HS-ECC accounts for about 30%, which may lead to the decrease in the mechanical
properties of large-scale components.

Conclusions With the increase of fiber doping and fiber length, its dynamic and static yield stress increases. In addition, the early
mechanical strength of 3D-printed HS-ECC increases. Through the actual printing test, the pattern of its printable properties is
consistent with the rheological properties and early mechanical strength. The post-hardening mechanical property test results yielded
that the 3D-printed HS-ECC containing 2.0% 12 mm PE fibers possessed a tensile strain capacity of more than 4%, an average crack
width of 89.72 um, and a compressive strength of more than 80 MPa. The degree of damage of PE fibers after separation from the
matrix increased with fiber doping and length. 6 mm PE fibers were easier to pull out compared to 12 mm, resulting in a decrease in
the ductility of the material. In addition, nozzle extrusion-based 3D-printed HS-ECC allows for effective directional fiber orientation,
resulting in an increase in the ductility of 3D-printed HS-ECC. The increase in fiber doping and length increased the total porosity by
21.75% and 11.75%, respectively, which led to a decrease in the mechanical properties of 3D-printed HS-ECC specimens. 3D-printed
HS-ECC showed a decrease in the intra-strip porosity compared to casting, and an increase in the interlayer and inter-strip porosity
resulted in a decrease in strength.

Keywords 3D-printed concrete; high strength engineered cementitious composites; polyethylene fiber; rheological properties;
mechanical properties



