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Preparation of 3D Printable Concrete with Small Coarse Aggregate and Its
Printability and Mechanical Properties
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Shaoxing University, Shaoxing 312000, China; 3. Key Laboratory of Advanced Civil Engineering Materials of
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Abstract: In order to prepare 3D printable ink based on small coarse aggregate concrete (SAC) on site, the effect
of different viscosity materials on the workability and rheological properties of SAC were investigated. The early
age mechanical properties of 3D printable SAC were studied. At the same time, the 28 days strength of 3D printable
SAC which printed by 3D printer were carried out. The results show that the addition of 0.10% hydroxypropyl methyl
cellulose (HPMC), 1.50% metakaolin or 5.00% cement in the secondary mixing process of the SAC can meet the
workability requirements of 3D printable SAC. HPMC with the dosage of 0.10% has great effect on the enhancement
of plastic viscosity but limited effect on the enhancement of extrusion force, which is positive to the extrudability and
working time. The mechanical properties of 3D printable SAC are anisotropic. Compared to the casted specimen,
the compressive strength of 3D printable SAC is 20.03 % —40.46 % lower and the flexural strength is 17.23%—19.54 %
higher at 28 days.
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ToHF R IR 7 i, T B ARG T3 35 o A R B
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FEF b AR SO Gl 2 A0 A TR B (SAC) B0
Be il & 3D AT EN SAC W7 ik IR0 5E T AN [R] 3 48 14 R
X SAC TAEPEBE AN AR P 0 P8 A, [ BE X 3D 4T
BN SAC IR T 85 AR ) 2 Mg A T T
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1.1 EHR

IKIECC) R PO 42.5 K Ve ; 418 Ak h 35 38 T )
b A ERECR 2.69 5 4 A KL BB R 5 1, kAR
M 5~10 mm; MBI F 28 Z 90k K, 28 d i PR T
B R 85.00 %6 ; A= Ry (R K IR T @ SURENR I 554, &
B SR AR R IR g 1, EE ALY CaOo
Si0,. ALO, fl Fe,O,, #i 42 Ky 5~40 pm, o 47 ki 42 H
10 pm, 28 d i PEFE Bk 80.05 % , Hofth FEA I fiE (40 7k
Ao, SO T 50 55 ) DL SCHERk [ 10-11] 5 4 5 1% £+ (MK)
B 7 kL 42 4 10 pm, 28 d §F MR BOA N T
110.00% 53K 5 (SP) Ay #3 AR 2R AR BRIk K 57 5 F2 N
FEPREL 45 2 (HPMC) B REE Sl 200 Pa-s; $EAIZKH
F kK . SAC K L (BT L, SCrfil K iy el
Ay iR LB 80 S 0.32, o KRR 10 mm,
JUE B A R DAy KU R SR R P A R A Ry SR R N A
oy A 1 A AR TRD L 2o KU A A 15,500, 1 R
60.0% , Bafr FH /K By 186 kg/m*, 3 2 ] 45 vt 2k 5741 1y
JHE 7 6 SAC B3 224 200~230 mm.
1.2 3DITENHAARBRRLTHEFE

% 1B B R B TAEMERE B ok 5 3DPC
2 SRR AR SCHR 3l T SAC B 1 ) 4% 3D 4T
BN SAC By i, BARP B B . (1) E i 17 SAC T

i 0 5 6 EOK [R] B BB % S St R IE SAC YT T B
(R, BER SAC (1 I} BE7E 160~180 mm, Jf A
B E/NYHE S . (2)i8 5 SAC Zjifi T3, 5
Jei VS JIRR R 1 B A T R R A R A TR 0 T
PEVERE , (0 2006 2 vT 4T ERPE R 2ok L iad R b, ik
Tt 138 R R} 04 B 20 DL B kB () 3 5
SACHEM I TAEMEREA ¢ . (3)E il T —
W BGE il 25 1 3D 4T ED SAC #i 2% Z 4T ER AL F
it T .

A SCHE Y 3D AT BN SAC I & e, — r A
FFfift e 3SDPC 14 A 77 3 i e 05 55 — 7 1 A b
3DPC KA 3 Az 77 B 47 S (14 3 37 JRk M 0 A A
7] B2 05 ¥ LA SAC Sy BEA B RL , T 75 % BLA 1
i TR B b A R AT R IR B R, T AR R LA
FI T #E 2 3DPC 1y K4t & 0 H , B S8 B T &%
1.3 REWAHFE
1.3.1  SAC Y TAF M AR A AR M L5

R GB/T 50080—2016( 3% i 1 5 + ¢ & Wtk
AEI I B AR v ) , I SAC RIPHE FE P R B R
H ConTec Ji Z8 {U Mk SAC B i 28 S50 . w22 LN
HHEAMEREY N 10.0 cm, 4 E EHA M 14.5 cm. ik
B0 I 4 2 B K TR N 0.5 1/s W28 R 0.1 v/, 3 1)
KA 6 A A5 B ORI A, I 3 3 Reiner-Rivlin J5 ##
THE R HL i IR 7 g A SR R
1.3.2  SAC Y TAEM: B8 A Be B 54094 e I 3

SAC 1 TAE P BB AT AE M K 58 B | 78 R R
FLAK I BEASAR (9 45 44 64T Z R B B ACAS 5] 1)
AR A kORI CHPMC \MK) |, 5t £ 5 min, & %
A B AL RHB B w DR EE AL R RS T, K TR
B w9 1.00% .3.00% .5.00% , HPMC 4
H wWypye 20 510 0.03% ,0.05% ,0.10% , MK i $5 &
Wy 77 9 0.50% .1.00% , 1.50% . — W4 $F 58 &
Jei , SEBIXF SAC FFJR an R R (1) T 48 % i Fn i AR
P63 7 2 W 1,315 (2) B K, R A
TS 0 % B I BT A g, O i B
KANPEM SAC 1y /] £ 3 ¥ 5 (3) 18 I8 38 B (green
strength) Ml i , A & ASTM D2166 {Standard test
method for unconfined compressive strength of
cohesive soil) , K IR BE - 26 A ¢70 X 140 mm K [ 4%
AL Borp B 5~10 min J5 YRR B AL, I I J& e
FR B 1 3 5 4 56, I 288 R o 30 mm/min, A LUK
PRS2 15 min R, 2 5 45 B8 15 min #6471
P, B 90 min 45 U .
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1.3.3 3D #TEN SAC i {4 iy il £ S LA Ak I 77 24
AE I 3t

FHIL 77k MR 28 R AR AL A B #6 T R O R
G e T 2R SR B £ 3D ATEIAL, R~F 2 8 m X
6 mX 6 m, FTE R AIRFF 7 07 =0, $5 i 0 AR
100 mm. & % B 47 B0 3 28 55 50 mm/min, $ E % £k
RE KA 1000 mm, B2 E R 30~50 mm,
LFTEN 32, FT B 98 B 10 S AT BD 45 1Y 58 8 2 e &
AT PEAN 3D T EN SAC 19 AT 4T B - sl 4 4T B 52 1%
1dJE ¥ HATE A 100 mm X 100 mm X 100 mm Y 37,
7 IR H AT 100 mm X 100 mm X 400 mm 448 FE AR,
He RIS GB/T 50081—2002¢ % 5 1R #E + 11 2~ 1k fE
RIS PR iE) , WA 3D FTEN SAC 19 28 d Bt He iR JiE
B ST P BE RGO . % I8 ] 3D 4T EI SAC )
VBB Y 25 1) Sk T R OR [R) 2 19 ) 24 1 e
R, I # oy R B E LR L. 54, S HE R 3D 4T E)
T A B IR A 0 e B 58, SR A TR Y 3D 4T BN
SAC il £ B S AT (cast).
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Fig. 1 Diagram of loading direction(size: mm)

(a) Cubic specimen
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2.1 AEEFAF BT SAC BRI R
2.1.1  BHEEMY R

AN [ 3R bR SAC HHE BE NP i B 14 5 1 D,
F 1R SAC PGSR 210~225 mm,
PR A A430~440 mm ; R P IS [F] 385 B A4 kL
TNAAE SAC HIHE B2 R J B 2 REAIC, ELR & 3558 b1

EFH B I 3 R, L AR B 8 K L SR IR O B R
e BRE A R 2R A S 3 A H K R SO K R
FH R0, s FE I A HG b b 2 bR i e e
REE+ P A K, SEOL TAEM BB, H =k i
FELERR I B R A RL 25 S R R T T AR
REFH 2 . SK PR L , MK Xt SAC T AEPEBE Y 5 0 17
KK MK BB R 1.00 % B, SAC B 3K B
O R BT 11.4%.31.0%, ¥ R EE 4y B R T
27.9% .54.5% , X J& R i MK B BUR R AR 58/, HE 3
T AU IAGHT £ SAC Ja 2 PR i i F k. 5K
e MK AH L, HPMC X 87 H1 1R 5 - TAF 2 B 1Y 52
R ,CHHBE R 0.10% B, SACHPHEE 3 B/
WIREAR T 35.6%0.37.5%, X B hE o F1EY
HPMC FAMRERIL, GBI 5K /1 I8 B8, 38 n
VoS I 288 B T XX A 26 LR VR AR 38 ) A B R A Y
38T U T Y B JE T R 0 TR 4 SR
7 IR BEE A PHE R 90~130 mm B, J7 Al SZER
SDATENRYELE Fag Br il . SAC A kit 7
4 HPMC . K 8 \MK 48 & 43 5] 5 0.10% . 3.00~
5.00% .1.50 % B}, SAC REAE I 2T ER Y 2E5K . J5 3¢
F 5% vp 358 B 4 kL HPMC 7K 2 . MK 9 & 500l 0
0.10%. 5.00% . 1.50%, il % f SAC 43 5l id 2~
HPM(C0.10.C5.00 . MK1.50.
2.1.2 JE RN g A A

Jef A S8 77 RSB M B R e 3D T ER SAC 1 #F
R RTBE B ) () A8 T2 BE 1 . 24 3D 4T B SAC 7E FF
O R v Az B BT R KT JE RN 7 B B AT AR
HER s s R R NS (2 R B VAW U A N A
B 1 1% ] TR 8 b % 728 T2 5 K . 98 P 8 8 U TR B -
0 B 30 3l A MR RE L S5 TR BE 0 B S T T
A e, I B A K T aRE i T R R S T B 42 1)
K S T 1 FE ARG SAC IR L 3 98 M A
)52 UL 2% 2. f 3R 2 AT UL, 2 HPMC K 2 \MK 1)
BE N 0.10% .5.00% . 1.50% B, kB FE 5
SAC 1y Jii Ml 12 7 43 50 35 1 27.56 % . 50.48 % Fi
40.94 % , Y8 1 b B 4y B N T 34.56 % .20.25% Fi
23.26%. M A 5.00% ) /K Jé 5k 1.50% 1) MK J5 ,

F1 AEHEREH R SACIHEZEEMT BENRNE

Table 1 Effect of different viscosity materials on slump and slump flow of SAC

Wypne/ %0 Slump/mm  Slump flow/mm wy/ %  Slump/mm  Slump flow/mm we/ % Slump/mm  Slump flow/mm
0 225 440 0 210 440 0 220 430
0.03 200 350 0.50 180 300 1.00 195 310
0.05 175 305 1.00 145 200 3.00 125 200
0.10 125 275 1. 50 100 200 5.00 90 200
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SAC i J I 93 5 U8 2 2 T 98 1 D 0 0 K
FiLHE /N T IR 93 3 P 4 2k 9 i MK 78 A 9
SAC J5 i 0 K . S SR ) 95 6 5L B W
WA 6k 7 B D 8 5 17 G 78 SAC B9 iz

PEH I HPMC # A J5 , 1 T HPMC 7E 8 # SAC
rh W K T T T e AR 5 445 ey, W B A K U8 UL 3R
], 58 K7 43 5 T AR T I, AT A SAC 8 1 26 2
AT BRIEE T

R2 AEEHEMETSACERE HFBHEFENEMm

Table 2 Effect of different viscosity materials on yield stress and plastic viscosity of SAC

Before secondary mixing

After secondary mixing

Viscosity material w/%
Yield stress/Pa Plastic viscosity/(Pa-s) Yield stress/Pa Plastic viscosity/(Pa-s)
HPMC 0.10 184.35 18.52 235.16 24.92
Cement 5.00 182.02 16. 84 273.91 20. 25
MK 1. 50 176.68 18.01 249.01 22.20

2.2 3D3TENSACHIEHA &L
221 FHrtk
3D AT EN SAC HF thh B By 62 8 5 % th 07 Z 1Al i 6

Z UL 2.k 2 0] WL R I Bh R S R BT R
I8 P %5 % 0 h 300 mm/min, 1% 1 F8 0 fif VE Bt
35 B SORAS 5 4 A7 B 38 B 140 mm A2 A7 B B AR

B F E 100 mm/min, I 5542 1~2 min, R H
TR IR 6 BB B, BOR BE - C 23k 2%

&fﬁ%ﬁéjﬁ?ﬁtﬂ s TE IR BE B &) WBT Y ) A
LB I R 8 BT X OR TS R
&EP,Fﬁ%{m@iqﬂéﬁﬁi%aﬂw,*ﬂﬁ*Jr@iﬁ%ﬁ%fﬁ
T RO WY X, S BT 218 LT AR SCR
FHE 2 B 7R B 5% R JF & 3D 4T ER SAC £ il
K, I8 ST B B B R 100 mm/min A B
4 200~300 mm Be 14 5t 7, BOZ B Bo gt s 1 191
BIEAE R 3D TED SAC W58 J1, FHFIFAY 3D 4T E
SAC HHF M . 8% 3 7O, 5 Hh v 2%
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Fig.2 Relationship between displacement and extrusion
force during extrusion of 3D printable SAC

N [v) 358 B 44 L X 3D AT BN SAC B HE 7 5952 i W,
P 3, P HP R Al B 2l T U R S RS BN bR
P 3T L R BEFE W25 TR A AN [ 2 19 3D 4T ER

SAC B #4178 90~130 mm , HH5 H 771
BORBY 2400, 80 1.50% MK B 3D $T B SAC $F i /1
% K (605.4 N), =248415.00% K5 0.10% HPMC
(9 3D FTEN SACFHF H F7 0 445 2 A7 5 bt 25 ¥ 0 ek [ %) 42
K, MK X5 H 77 38 1 35 i B BR G, Ok 2 K e
FTHPMC, 24 & 1] 2 30 min 5, 3B MK K J€
HPMC 1 3D #TEJ SAC W55t J1 43 5l T 341 % .
241% .63% . AN HEH ARG SDATEI SACHF H 1y
S AT LA M TRBE = v /K 6 1 /K AR Ry T fif o - MUK
20 B R B A 1 3 P B A TRk T8 AR K Ak
T, Bifi 25 7K Y8 KAk fR 2R AT, K 8 S0RE ] g 1 ke ik
S, BOH U B M W e Ok, BETT R R T R T
HPMC 23 W B 76 7K U ks e 18, 4E 227K e (1) - 7K 4k
TR X S I e e ) AR AR A S M N
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Fig. 3 Effect of different viscosity materials on
extrusion force of 3D printable SAC

SDFTEN SAC YK BE 545 1 1 Z A1 1Y 5C & LI 4.
F T AR] DL Bl 3% BE i 38 K, 3D AT BN SAC I #5% 1
JIBE N PIE Z AR G R X UL ITE
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WA BT . 5B A0, 3D AT EN SAC Ml £ 52 i 3]
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PERE T I FTENAY R, DI K BT /55 i g 28 b A
A B SR % 3D FTED SAC TAEPERE W 2 T ED
LR RS RIRR A < TAR R, 55 1 0 (0 2 i AR 4k
LN N 1 = A R 3 [ =S S S CvAR SR 9 S B
0 56 R DAKGE A 4T ER 1A B2 T 8L, o] LA E 24
Fri 1 KT 1488 N, 3D HTEN SAC ANRERL T 7 .
5G4 H,1.50 W MK B A ZJ5 3DATEI SACH
s PG HL T AERT B #E 15~30 min, 1 5.00 %
KIREL0.10 % HPMCIEL ) 3D 4TEN SACH i 13K
BRGNS, T ARR K, KT 30 min.
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0
\
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Z AN
D \
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Fig.4 Relationship between slump and extrusion force
of 3D printable SAC

2.2.2  {RIRGRSE

3D AT B SAC Y #1 5i J (1) 18 4 5 L mT i 1 2%
DIRH G, 10 20 0 88 3 4 o SR8 B P, ATl il PR ey 7
R B[] P ) AT B 08 = DXL T R T B
P i il T80 AN RIS B A REXT 3D T B SAC Wi 2R 5%
JE (R 5% LI 5.l TS TT L 2 3D AT B SAC Y 21 5%
B )Y AE K T R K, R B R B A
5.00% 7K P8 5% 1.50 %MK %} 3D 4T Bl SAC 15 & 5% J&F
) 5% W B 30 B, 90 min P43 K T 1.88.1.98 4% ,
1M 0.10 %0 HPMC 48 A X} 3D T EB SAC i 26 538 Ji 1Y

»»»»»

e -
(a) 3 layers of 3D printable SAC

= HPMC0.10 L
o C5.00 IR |
80 F 2 MKI.50 Lo s

Green strength/kPa
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t/min

K5 ORI BB RL X 3D T EN SAC M HR 5 BE (1 52
Fig. 5 Effect of different viscosity materials on green
strength of 3D printable SAC

SR AL/IN, 90 min WAXIE K T 1345 . i nl i 2.2.1 43
T I AS [R) 38 B AR X 7K 8 K AR AR FH 1) 5 i) ok A ¢
2.3 3DITEDSACHIEPRITENR B S F 4 AE

FH B SC 3 B TR, B B e A 38 AAS R 1
B AL TR SAC IR BC Ay i 2 3D T ER R 1y TAE T
RE . b TSR EAS SO iy U7 2 -2 A 0.10 % HPMC
() 3D $TEF SAC(HPMCO0.10) JF & SZ bR 4T R 5, If:
WEoE T H 15 kR
2.3.1  SEPRITEIZLCR

3DFTEI SACHT BN 8 A LI 6. ¢h 11 6 AT I
3DFTEN SAC HABAF 5 Mk BRI B I5) i 2L
Brib s th TR F R RS MIER 3D FTEI SAC i) &
BOGH AP/ 25 B, B8 8 WL 4¢3 B 8 19 )22 (] YR
5 5 B S B Y T8 O 100 mm, 585 H TR EAR A
] 5 B FRR A T TR Bk 3D FTEN SACAEZE ]
)BT R ), B R S 2 IR BE TR (LA 6
(a)), 3% AT DL 1 42 = 3D 4T ER SAC 14 ] 2 i 1 i 1
FEBE R EURE 2T EN B R AT s 5 1B 6(b) R 7E
B 2 B2 Tt o501 o] 6147 7F 2448 3 AT L i i 3 4T
IS AE S TH IS B ) B AR 4 T R A T

T T ————— S ——

(b) 3D printable SAC filament

Bl 6 3DFTEISACHTELJF LR
Fig. 6 Printing result of 3D printable SAC
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i HPMCO0.10-X i F HPMCO.10 () X J7 [1] , HiAth
JEHE). f B 7 0] WL - 3D T B SAC BT He Bk A7 76 W i
145 ) S 5 S5 B SR AR B L XL Y Z 07 1 I TR
55 B 43 I REAIR T 38.73% .40.46 % F120.03% , X fil Y
J7 ) BT 5 B AL, ELYS/INF Z 5 Il BT SR 5 2
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Specimen

(c) Flexural strength

BESAE R XZ 8 YZ B, 3D FTED SAC (8% S5t 7 5 &
AN, 43 R BE SR 7 108.07 %6 .95.06 %6 5 8%
ZATHCA XY - 1, B 2T H 5 B A W 0 T B PR AR
MR M 26.46 % 5 3D FTEN SAC BT HT 58 B 1o T 0 SRR
H, Y Z I m st 17 19.54% .17.23%.

g
=]

m Average value Sample 1
Sample 2
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o W (=) w
T T T
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Splitting tensile strength/MPa
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2N N\
Cast HPMC
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(b) Splitting tensile strength

_

(d) Cross section of XZ direction

K7 3DATEDSAC [ J1 %k fE
Fig.7 Mechanical properties of 3D printable SCA

3D AT EN SAC 5 JE (1 45 1] 5 Pk 15 22 2 M 8 110 At
1 7 A O, 4 3 37 ) B A AE 25 B, 2 i A R
BE 1 0% L RE U SR BE AR . XF 3D AT EI SAC 4t
FE 58 B 1 7« 24 2k ) ok Z 7 e R Y 2 R A
AT 5 00 48y ) L, DR O T 5 A 5 MV X
Y 5 ) A g, s i )23 (8] LT 0 2k Oy AT, 3
B S YY) ) B PR R S B R R A )
SDATEN SAC M BF 24T Hi FE & : &2 11 XY i 5
J2 18] BT AT, PR O B B b o B e fIX, Hh XZ 0
T f) B 4 T (O &1 7 (D)) o] A i 7 B R v R A
FERE Z 23 B, SXCUE B T 2 8] 5 T 53 XY Ifd N AR T
s B RN, 2 B i % 3D $T BN SAC Fi 4
PRS2 M 58 /0N, 302 TR A S o 3R TSP R e s, 3D AT ER
SAC B 5 B A< 7 A 1 B 1) 728 i BR A1 PR ke 23 ¥
Y A B Sy, S BRI S, Ak TR
T FEXT R R R4 5 B 3D AT E SAC AR

WS E RS AR Z R B 2 0 B, b 4 v T
Pri| iz . 5 3D FTERAP I — 3, 3D 4T EN SAC Hii He 5
E/NF B %t T 3D FTER SAC (L iram i
Ding %™ i BIF 5% 45 3 5 A 30— 8. 2l R 4T
By J a1 b 45 45 52w , R[] 2 71 J7 5] SDPC 1 Bt
FE 5 B B ST o AP AT R B 0 KN IR B
— [P

3 HHig

(DX TR Y% BE A 210~225 mm B9 40 A 1R
Bt (SAC) , WK B HF 0 24 B2 70 55 1 L o7 4 K
(HPMC) K I8 i 25 1 4 (MK) A9 45 1 43 51 i B
R 19 0.10%,5.00% . 1.50% I}, BE % i /2 3D
FTEDRFIREE + TAEVERE MR .

(2) W PE R, 0.10% HPMC BE W% & 3 2 =
3D FTER SAC (A YA, 90 min P LR B 5% B 4 4
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