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Abstract: Cement-based 3D printing technology is increasingly popularized in civil construction and rock-like physical simulation,
yet its cement-based 3D printing materials not only is limited by the challenges in quality control such as liquidity, shrinkage, and
processability, but also is lack in basic formula in concrete material. This paper firstly establishes a set of assessing system based on
six indexes and corresponding quality classification method considering the whole process of solid model forming for cement-based
3D printing, including fluidity, extrusion, setting time, buildability, compactness and deformation rate. The quality evaluation of the
3D printing solid model is realized in three aspects: printing process, stacking process, and solid accuracy. Then, through the
two-stage orthogonal design and printing test with different threshold ranges, the basic mix ratio of cement-based 3D printing
materials, which is ideal in comprehensive printing performance, is obtained. Finally, the uniaxial compression test is carried out for
the printed cement-based 3D solid model and its rock-like mechanical properties are evaluated, which can provide a new type of
rock-like cement-based 3D printing material. The specific mix ratios lay the foundation for the civil construction and physical
simulation test of rock engineering based on cement-based materials.
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F1 KBRS R LB
Table1 Cement composition and proportions
Ay %
Si0, ALO; Fe,0O; CaO MgO SO; TiO,
FERRER/KIE 1728 526 266 6516 2.12 312 0.25
BRASERERAKIE 723 1856 434 4510 135 1250 0.87
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Table2 Cement setting time
3 — Bk I 8]/ min S—
HE R 7K Y BRAR R E K Y
I 18] 150 25
LB 8] 240 180

&3 KESFERE

Table 3 Mechanical properties of cement

AR R K e PR R R Eh K e
I/ d PUTEREE  PURRRE O BUTRE PURME
/ MPa / MPa / MPa / MPa
1 - - 6.0 30.0
3 35 17.0 6.5 425
28 6.5 42.5 7.0 45.0
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2.2.1 /KYRHE 3D FTEN I ik &

AARIG K VR T 2R, RIS T35 R ke
TRPRR ST ENIE AR . FTEIHLAY 3D 4T BN Sk
X. YT KFRs), FTENF G Z 77 R EH 5.
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Fig.1 Preview process of visual printing process of digital
model after model slicing
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Fig.2 3D printer structure
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Fig.3 Evaluation index system of printing materials
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Fig.4 Improved penetration tester
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Fig.5 Constructive test model
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Fig.6 Non-metallic sonic tester
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Table 4 Preliminary screening formula in the first stage

. it/ g
RERREKYE AR X R PRk
1 450 90 160 2.6 20
2 450 100 165 2.7 30
3 450 110 170 2.8 40
4 450 120 175 2.9 50
5 450 130 180 3.0 60
6 460 100 170 2.9 20
7 460 110 175 3.0 30
8 460 120 180 2.6 40
9 460 130 160 2.7 50
10 460 90 165 2.8 60
11 470 100 180 2.7 20
12 470 110 160 2.8 30
13 470 120 165 2.9 40
14 470 130 170 3.0 50
15 470 90 175 2.6 60
16 480 110 165 3.0 20
17 480 120 170 2.6 30
18 480 130 175 2.7 40
19 480 90 180 2.8 50
20 480 100 160 2.9 60
21 490 120 175 2.8 20
22 490 130 180 2.9 30
23 490 90 160 3.0 40
24 490 100 165 2.6 50
25 490 110 170 2.7 60

3.1.2.1 shtE

% 5 Fias ikEe Tt 3D FTER/KJe 5 m BHE RSN
PE 7 T () U BRI S FAR DGV . Hor, 1 5
BC 7 A RLE RS, 4T B FE AR A AR R AR, A2
K, MARTCIETERA; 2 SRR AT BLIE
WL 3 SECTAMEHREE, MRS B, DAE
THTEINAE, FE TR Ol L8 68 78 e d T Ep
R, HRAISURIRZE, 4 SEJTHEIN RS
o7, EFRHUEFIBEREL FME A EA S
H A gt e enmisk, SEGEe kit
ITHTER.

KGR, BT 15 em [F/KTREEMEA
BAFAATENR RE, BRI E AR, e I wf LA
P, Hmst B, ARG i AT Ak

TEE 1 WrBmsh e s vr r, J8id b o
ERR B B N BE SRR, WIS EIRR 6 (e T
v, BIKVe BRI NFEAE/NT 15 em FIK T
35 om WFETEIE R UL EER, RSN AL N KL
ML s, Eh FE I AR DAHERR o
3.1.2.2 Hrikt

B BV 45 R B AR B, sk 7
B, PPRHBIET AT LAar 2. il 1F 3k 3 2.

&S5 ARSI TT KIS HERRE
Table 5 Flow characteristics of typical material formula
i FTELRG FTENH

1 SRR, STE R
PHEE AR AR, ATt
*

2 ST IE R AT ED

3 SETTHEE, MRS
Wy, DAE T I A

4SBT, WAL ZE, f1E
HHLER B IEME T L
V0 i MR AT 12 i 2 4T B
S, SEATCEMATITED

®6 Tishtkiaiz
Table 6 Liquidity indexes

AR FIAE

/cm
o fig <15
TR 15~35
JUL7¢ >35

KT HriteiaE

Table 7 Extrusion standard
I

Beh ko> 2%

R, A
% W Rk
Rt

Rk, % o .
WA RS |
4%& [ -

P, Ky |
i B 24450 “

3.1.2.3 ERgERTIE]
RIE PR IRECE rERD, — RT3 K
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Fig.8 Printheads scrapped due to clogging

3.2 52 BrBdmiE
3.2.1 552 Y B A b IEAS R T e &b

552 BB KR SRR IE RS FL LG (3R 8)
JEREHE— P40/, RERSRIE KPR MR FEAFT B
FRAIEESR . FEEESS I KT 60 min [ BBl P B4
KRR AR IR Sh KR = [ e 20 g, FRAEHI
YR GEPFD EBIE E 9 4%0, HETMH 425 L8
IR ER /KU I T VU FE 4 /N &2 460 470, 480 g, £
PR R B IEE/NE 1104 130, 150 g, KR ETE
FEIEX 170 175, 180 g. ik 3 IR (RERRER/KIE.
AFERD, KD 3 KFIER R &R 10, IF
BTG, SRS T 3 RE R

RS F2HMBAREAL

Table 8 Experimental mix ratio in the second stage

JRE g
G : . - ;
R A K AR PUEKIE
X1 460 110 170 2 20
X2 460 130 175 2 20
X3 460 150 180 2 20
X4 470 110 180 2 20
X5 470 130 170 2 20
X6 470 150 175 2 20
X7 480 110 175 2 20
X8 480 130 180 2 20
X9 480 150 170 2 20

55 2 BrBUKJedE 3DP SLARHS AT LAST BT AR,
ISR R FT EPBE AL 27 A4S, # o R 9
Fios e AT e 870 e, AR & e
PN, AR P 3 R BRI oK J5 R AT
DI 3L F7 o

(a) KIRIEATEH 3D HTERFE

.|

(b) MG T R4 J /K e 2 3D 9T EFE

B9 HAKEERE 3D ITEEA
Fig.9 Typical 3D printed samples

R 9 NAHE 9 KPR RN AT i E |
B SENE R AR 3 LU B R AR MRS R

R REFNERRRSER

Table 9 Experiment results of quality evaluation indexes

- EFNEE e st AR
/ mm (m-s™h) /%
X1 28.06 44 3552.10 1.78
X2 29.45 26 357521 1.05
X3 33.95 22 3478.61 0.22
X4 32.94 18 3427.25 1.00
X5 26.93 44 3598.42 0.32
X6 29.03 16 3516.47 0.04
X7 31.73 48 3632.83 0.73
X8 30.36 14 3510.39 0.54
X9 19.67 42 3693.34 1.32

X% TR B ) 25 REAT s 70 Hr - 3% 10 NTE
WUT RPN R AR KR . D3R A HEAT T 240 &
fgs . EEMEACHE P AT DAY AN AR B (]
MR ARRTEAGI AR B s 5 2
FEVEARPRET 95%MER, P HFIMT 005, %
P<0.05, BEHIKIK EEXT VAN 48 b IO A A7 72 2 251
SN, I RARAAE E A
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R10 ZFREIWMIRR S AR REZ RHRY T
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Table 10 Significance level P value of each quality
evaluation index and water-cement ratio, sand rate
under each function type

o KK P (8 e
T S - B
FNE Py PO e VT oy B

&PE 0.001 0.031 <0.001 0.039 0.638 0385 0.774 0.823
TR 0.002 0102 <0.001 0.130 0.776 0.702 0.958 0.607
i 0.001 0.029 <0.001 0.038 0612 0380 0.772 0.771
#0002 0.051 <0.001 0265 0.559 0454 0.775 0.615
8% 0.002 0.053 <0.001 0268 0.569 0.458 0.777 0.631
E 0.001  0.030 <0.001 0.038 0.624 0383 0.773 0.796

MFE 10 ] LLE H, &R EIFN e bs 5K K
EZMRECRT N A R AR, R
— B MR S MR B RS, T A 2 B Ak
G AN £ 10 hibzE P KT 0.05, XKW
TG AN RE UL A % U S A R AR AP 2 P A Z [A] 1Y
KFR, WH HEZAMMAAEREFEHRK R,

3.2.2 yishtE

MEFNESRIR KRG, 2 3 Himsh g, 5
9 HmZE. JFH, F AR SRR (A1 5
FHIC, 3D FTENZK Ve M4 BHI EH N FEFR FRBE A 7K 2K E
(14 186 KT 220 T 1 K

2 11 A5G A 9 LS & LTRSS TEAN R AR A
AR &5 I 5 AR KK L E s 2 TATE 2 1 pR 2
TUREREL R TR FRER R H R £
FOA B 11 3 2 1 K PAE TR 5 R A RP (R BB K
[E] AR PR AT SRR ) o MEESRTTLLE H, &Fh
BRI R PEYY/NT 0.05, RIBEAYIAAE Giit-2%
B, HM RREWEE (AEEAN R*x100%) -
TR BRI T R K o) B R > 2 M R 0 T R - T
AR

RN AAEEKRESRBRBUSER
Table 11 Fitting results of each function type of
penetration and water-cement ratio

BRI P1i R? RN PIE R
s 0.001 0.819 w 0.002 0.773
e/¢ 0.002 0.878 Ei=p 0.002 0.764

i 0.001 0.832 PIEA 0.001 0.825

B HdE i, KBARAG AKX =k
BRAR R 25 T AR RO AN S 2, R R ORI 0 )
BEREARE, R EE T IRRECRE, fERIRN
PR MR Rk R E AR MR ) R KL, B RR A
HABHRMIR IR 12 s, UG LK 10.

K12 HAEERERUS RZHER
Table 12 Penetration inverse function type fitting
coefficient results

2551 2 P1H
17K K 151.50 <0.001
i -43.81 <0.001
350 4
2
325
g L
£ 300 @@&
B 275 A PERR S
R o
&= 250 . KB
/ gL
22.5F/ KR KL
20.0 . , , . )
0.34 035 036 037 0.38 0.39

IKIK L

B 10 3DP /KIBEMEET ANERKK LK RALEE
Fig.10 Fitting diagram of the relationship between
penetration and water-cement ratio of 3DP
cement-based materials

MR y, 5KIKEE x Z 18] 40L& R EON

y, =151.5-43.81/x 2

IKIREEIE R, BN K, XANEA SN
FFEamNm, RIKIELphs S, MRkpmshtE 8
SRR . DR, MIXAMAREE BFE, DU ANBEER
3D FTERK VA B R B M fabs B &3
3.2.3 Hribt

REURATITEDRIRRT, SE2IPPRIE AR f5 4T
Bl —4ciRAE 4%, i P HR ST B 2 SRR
Ala, B 9 ZHAC A AR Y SEAS R FT B R
B A, WEBT TR . S ARE AR
ZIWAFE—E R EZER, SKIREMERRE)
P, MR KA RL, $TEIH I R)Z
AR IR TE FEmE K. H i TR0 b & & Leb
BHOmaIE RN, HEE 7R 1A 5% 4 mm,
Rk, 9 dHRC & Lkl 2 ) (4 H PR 22 AR
3.2.4 WG

9 HARCA LR, &5 7 4UKVEIEA B BATITED
EHmm, BT IE L, 2 6 A EMA R AT
BT 16 ERiikgirp e Rim G, diEtnz.
KYEHE 3DP AT ENZHON g R i 11 pr
7No

F 13 24 3D FTEI/KYR HEA R 57K K L 2 R 7E %
FRETL KA LA TEL, o] WARPERIAY, Wk 4
B DL RS B A N 3 BAGi23 . A4S
R EE D BN 51.0%. 51.6%F1 51.4%.
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(@) BLJ7 | ALtk (b) A7 5 MALETER:
11 #HAEHT 3DP KIEMEHIITENE S

Fig.11 Number of print layers for some set of materials

£ 13 THEHEKKIEERPEBMELER
Table 13  Fitting results of function types between the
number of printing layers and the water-cement ratio

EEiesil] Py R? RECEH PIE R?
&k 0.031 0.510 " 0.051 0.441
e/¢ 0.102 0.533 e 0.053 0.437

b 0.029 0.516 bIE 0.030 0.514

K15 BEMARE
Table 15 Construction standard
SRV % BT Iy
FTEN 282 <20 20~40 >40

3.2.5 #SLik

FRYE P PR 25 B mT A, 9 HARFEEs 9 4
FIE B R, R MR PG Z AL & B AT B AR B
WS G 4 HPOERD, USSR ZE. K 16
NBGRE KK LG4 R, PAEBAEE /N, $E R
AT, A5 BRI B R B o (1 R TR R R A

£ 16 POEEKKILE BB ELER
Table 16 Fitting results of each function type of wave
speed and water-cement ratio

A 12 R A B, BEE KK E x 1
WK, MOEHOIT EVZEL p, BHTE N FISRA &
RYL, BEUEATONEREEER (k14 , Ha
B

v, ==296.65+116.75/ x (3)
SOF, o-1 1o Sl
2 — RS
3—— XTHR L
40 4- - B pR
I 5 ZIRBRAEL
= 6 BHM
1t 30 N 7~ 1R
St
° <=6
Ry
10 : I
034 035 036 037 038 0.39

B 12 TEVEEA 3DP KB EMEIKK R R UG-
Fig.12 Fitting relationship between the number of printed
layers and the water-cement ratio
of 3DP cement-based materials

K14 TEHREEREAEMERBER
Table 14 Print layer number inverse function type fitting
coefficient results

Bl ZH P
1/7KIK 116.75 0.029
i -296.65 0.042

AR T I PR 9 ZHARE0 45 SR N AT T T g
MR RIY (R 15) , B ILIZIRITENZBLE 20
JZLLR.20~40 JZ A K 40 2 DL B4 AT adtigtE 2.
EUFRIGE 3 AR SRS . R AT F At GG B X TT
PR R DR BT HR, [ETRR
R T LU — D AT R E R .

Eikveill P1{Y R? REC)  PE R?
gtk <0.001 0.848 W% <0.001 0.942
R <0.001 0.857 iR <0.001 0.849

BUITIEA <0.001 0.865 RIg <0.001 0.857

WK B R A Rk 17 Fron. Fit,
AHBOE yy FIAPELKIKEE x Z (8] R4 B H80R
v, =1726.38x7"7 (4

R17T PORTRERAUNE RBGER
Table 17 Results of fitting coefficient of wave velocity
inverse function type

g3l 2 PiE
1/7K Kt -0.70 <0.001
i 1726.48 <0.001

Bl 13 KK AT s AU A O &R AR

IR LGRS, B S R i s, Ly ek
Bk AT, RIS G RIS A E] 94.2%.
3700

. 1 o S
. 2 — £

3600 [

PWIH/ (m - s7")
g

3400
0.34 0.35 0.36 0.37 0.38 0.39

JKIKEE
13 JEA 3DP KPEEAEIK K LR RIUE
Fig.13 Fitting diagram of wave velocity and water-cement
ratio of 3DP cement-based materials

Sl AL, RiE 9 R ok R
K938 3 ANER, ik 18 fin.
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Table 18 Compactness indexes Table 20 Results of fitting coefficient of wave velocity
ST s T 3 inverse function type
P/ (m - s >3 550 3 500~3 550 <3 500 ES]| FH Pl
17K 0.046 0.038
WE -0.121 0.047

RIGIEFR A, SR (13 o Bl s A, (H
FEFE RN, BITE 3 400~3 700 m/s 2 [A], A SC
WR[43]72 8, IX 2L 3D T ERFE (13 38 5 TR b A 1)
BB .

3.2.6 HEARMLE

MR R R RE, 2 6 HikFen) s
AR, WaERAD, 51 HRE SRR
WK, URZEtE i . AT S, R AR
b 2R SR 7KK L (R 38 R8N ka4 . 2 19 e
FEARLE p, 5K IK L x 2 18] 5% 2R OSSR (1) 41 26 20
Frgs, wOLAE— IR R A TR, X R R
TRHMTIIAR, =& Z RN REASRIEE .
Bl 14 Ay BEARAL ZRFI7K K L & 2R AL th 40 & 1

R 19 BERUREKRLERERBENEER
Table 19 Fitting results of various function types between
height change rate and water-cement ratio

Epvesill P R? RES)  PE R?
2 0.039 0.479 R 0.265 0.173
e/ ¢ 0.130 0.493 EizRA 0.268 0.171

pUITIEA 0.038 0.483 XL 0.038 0.481

0.020

1 1 o Sz
i f—
3 —— W%
0.015 f. 4-- WA
o 5= ZIREH
¢ o 6L
2 0.010 7. 2 7~ R L
o
Bl
g 0.005 |
-~
0.000 .
0.34 0.35 0.36 0.37 0.38 0.39

B 14 FEZLEN IDP KIBEMEKKEXRE
Fig.14 Relationships between height change rate and
water-cement ratio

HEB: R B P> 0.05 245, $%IE—IKER

H e FRBOR/IMIGE B FE AR B AR LE x 2 ]

Mo Z, ISR EEAI R Bk, N 0.483, EPLL

WRBSRAWATSE N 48.3%, MIFLINE bR E A
TG W 20, HEHARXN

v, =0.046/ x —0.121 (5)

IRV FEAR IS RN 73 W3k 21 s

£ 21 THREIER
Table 21 Deformation rate indexes
IR %= i) I
e S5 ARk 2 >1.0% 0.7%~1.0% <0.7%

3.3 REFI SR KK EEESR
PAAT ENCR BT L Lh EOuRE, S5 &4
LI AR TR HR XS SRR B, 3% 22 PR

®22 RERFRERKKEER
Table 22 Water-cement ratio requirements for the
inversion of quality indicators
izt Sl e N KK EE fEPRIE FUREZOR KK
WEhtE B 0321~0376 stk BIFULE <0364
IEYE B bk <0.369 AR Bl >0351

L3 & TR AR ARAERT A1, 4 3D 4TEI/K IR
FRHRIZK K ELAE 0.351~0.364 2 RS 4T BRI AT LA
R B EhRE . (EUREERE B, 2 RE6 T OEST EIA
BHO B, BRI 0.351 $Ei; #HHEK
VST BV R R R B T BN SR AR T AR, 7K
IRECAT B EEIT 0.364.

4 JKye: 3DP WA A R TR,

4.1 JKVEE 3DP REEHA R

RIS AN R AT 02, S FETIRI A
100 mm, HREEA 50 mm. =4 100 mm FIARE
FIAEARE, JRF LRV 347 55 45856 1)
XA A RHE ERDCE 77 2 58 i EAT R e
HL RMT-150C H A /12Elin e o (B 15) , ndok
FN 0.002 mm/s.

Bl 15 RMT-150C &7 771 R 5 R &
Fig.15 RMT-150C rock mechanics test equipment
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Bl 16 7K JE2E 3DP A_AFETE RMT b AT B il e
FESRAIIN S - 2k . A 16 ATE Y, HAR
MR A AR, KRBT 4 AN B FLBR
R B ST B AR R KR B AEER
STERRR M B, B35 BRI B

E A A R 1) 0 S5 B - A i 2 A7 78 & Y
RFFE, X ] BE R RN B i@ I 3D 4T EV3kAS,
WL R TG, S EGARE i B BN
HARRETEA AT, G

® 23 NIRFETERSRRT R R o AR AR
WER LE, X1. X3, X4, X8. X9 BEA BIYIH A
WA BRI, X2, X5 BEA B AR MIR,

(7 Aty S 08 200 2 5 8511 R v ) 8 20 BBOOR - X6
NHETRREOR, X7 )R S BT IR .

0

NAE g
16 3DP /KVBEM BHARER. /- FAE fhk

Fig.16 Stress-strain curves of 3DP cement-based materials

R 23 3DP KIBEAEHARE I LA BEIR IR A

Table 23 Specimen destruction photos of 3DP cement-based materials

X3

wanr §

s |
s

X5

X6

BATVR IR AR IN T FE P AR #2402
JeRIT, ARG RAETIDISEE RN . fln, 7EE 16
X2\ XS5 AR XA IR RE R B B HE oK .
K—IMEEGITEREA KR, &FRAER ST
R E T AN, XA — @R L AREE
FTENEFE M BHREAR,  AMHTX — 2 5108 A R i
MR BRI DA B 22, B EER 55, FhE %
Sy MR i 9% o
4.2 JKJRE: 3DP MEHK 7 R IE

N TV ZK IR R 3DP iR RE R R A Sy R
KEIEFTIHAT N, dE— 0 I R T 88K e 3
3DP BRI A BRI . 2 24 NARE G
REIMAE KGR, OFSAEE LMY, 0k
RERAARAEL .

£ 25 AEWIEVEMARPRFIK KL . Whde
[ETE LR [7] R SR R 47 i R 0L 1 2 3 PR K
SV PAH. AT LU AR 58 B FIRD 56 2 [ A7 AR B3
HRAR.

x4 SRR
Table 24 Experimental results of mechanical properties
PUESREE R

=l SRS

ETES) / MPa /GPa EL/N
X1 48.14 7.49 0.28
X2 44.01 10.33 0.24
X3 36.84 9.90 0.23
X4 44.25 11.06 0.26
X5 38.68 11.08 0.21
X6 36.08 11.83 0.26
X7 58.18 10.99 0.27
X8 48.00 10.42 0.24
X9 48.43 12.21 0.24

#25 BHFNEREKREMDREZLRHRBT
BEMKF PE
Table 25 Significance level of P value for each mechanical
evaluation index and water-cement ratio, sand rate

under each function type

e FARPR S KK L) P B e SN PE

PUESREE sipEBiE AL PURTRE SR JH L
gtk 0.272 0472 0991  0.049 0.198  0.133
/Y 0.506 0.630 0483  0.162 0.465  0.087
bul 0.280 0.081 0980  0.046 0.196  0.103
" 0.280 0.543 0961  0.044 0.184  0.133
e 0.276 0.550 0975  0.045 0.184  0.150
T E 0.276 0465 0995  0.047 0.197  0.117
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26 4 3D T EQBLTY (1) ST R 50 B B SRR
ATEE PR R N ATV E 1S B B2 K P
H LS k8 REL R

H5E, BLP < 0.05 AbnifE, R—RmE, ¥
PREL. TERRE FE B R BRI B R bR e
Me R, WK 17 AR, BEERRE/N, 3
BRI 9 P BRI

#®26 BEFIEBRESDESRERBUEGER
Table 26 Fitting results of uniaxial compressive strength
and sand rate of various function types

RE Py R fB¥  PE R?
&t 0.049 0.447 = 0.044 0.461
— 0.162 0.455 iRl 0.045 0.459

pUs 0.046 0.455 PO 0.047 0.452
60r 1o sl
2 — 2R3
SRl 3 - XA
= 4-- el
= 50 5= IR
= 2 o 6 R
PR e 7 -~ fadR AL
ﬁ 40| O\1
4
st 4
o 5
30 1 1 1 1 1 O 1 ]
0.18 0.19 020 021 022 023 024 025

(RS
B 17 R A R SR AR RO R I
Fig.17 Relationships between uniaxial compressive
strength and sand rate of specimen

R 27T NBRBRM TG AKX S ALNE

L EZENKF. TIEER P> 005, FtlG
BRECA

B=-0.974In 4 (6)

R2T HBHPIEBERRERANERHELER
Table 27 Fitting coefficient results of power function
relation of uniaxial compressive strength

4.3 KU 3DP MPEHE AR Re i

FERHRS A AT A B I R, Gl A R
S 3 AR 1 £ RT DAAS 2125 2 1R (1 Bl T 5iR E
PSR 9 21 27 MAKE R AR SR, INBUE FHE
MGEH AR 27 HEERAT LA A 1 74T -

G, K2 o AN LT L 5 P {E 2 [R)EAT
&7 28T, P < 0.05 BFRIYCHIZE 7% 45 1A
REMEW, SHSWN P HIER 28 FiR, XK
425 WHERERR HKTe . AR = K5 BT
TR P R A 470 s 58 B8 A7 B 5 TR

i

28 KYEH 3DP RAFKIRE KB A R T EMTER
Table 28 One-way ANOVA results of cement-based 3DP
specimens as a function of strength

TERR EL /KT PRAE K Y
0.014 0.017

K
0.022

Y15
P1H

FEARSE 3 ANDRAS A B 2 [ R AEAE A BN )
ROHE T, XX S B AT 33— 20 (19 IR 2858 2 b o]
DIFF R & R R s B SE R (R 29) , ALFRIR
FR R RN, B 1 R HZAH S R E
S AN SRR R B K, Bk 3 U3 B s ma AR
XfE e IR KIS K, 425 Hi@rERR
KRR, FH BRI 55/

#29 & FFR B R R 3R R AR R
Table 29 Order of influence of each factor on uniaxial
compressive strength of specimen

Moy TERRER KT AR K
Hifk 2 3 1

I ER AT, ] DA R SRR S 8
EERN (B 18) o SAE RN B A i s R A
FEANKFEAS R (35ME, BRI EN 460, 470
480 g I ek IR R A8 2 9l %o 87 [ 56 B PR 404, o

A 1104 130 150 g A7 TERb43 Jil 06 o7 1 5 FE A 348

Sl 2 P1i
Ind 0974 0.044 PAKFR BN 170 175+ 180 g 7K 43 il %) B i BE 1 3]
ik 2.593 0.155 {8, MR AN 1 B2
55 ¢ 55 55 -
§ sot § 50 § 50 b
% 45} % 45 \ % 45 /\
P P P
% 40 %3 40 r Eﬁz 40
35 1 J 35 1 J 35 N y
460 470 480 110 130 150 170 175 180
kR KRR/ g FERb i g KB/ g

(a) o PELMA ek PR /K e 0Tt 2
K 18

(b) TRSELIE A I 2

(0) BRPEHIME KT 2
EE E RN A

Fig.18 Main effect plots of mean



5 R

KYeE 3D T EIRA BHEERITC & Latls 5 5 & o

1257

M 18 HE H, DAEAET SR m AR,
425 EErE R £h/K R i SR 480 g, A ERD T A
B 110g, /KRN 175g, BlffERc &L 30.
RIS R R, ZE A LKV SE 3D FTEIA
BB FEVO I —AE 30~50 MPa. Kb, iZ/Kiedt
3D FTERMPRI O] B4 T-4T Bl =4 2 R 3R, A
TR (WA, BE) MEARIALE; W
AT T2 [ — AR L i st BE AR (B e AR i
O W45 RAF A B, Can LT AL R A 3~5) 6

#F 30 3DP KEEMBERER S

Table 30 Best mix ratio of 3DP cement-based materials

2045y HRSEKE AR K P KYE B
/g 480 110 175 20 2
:‘: A}
5 én l/t\;

ASCHE T /KVEHE: 3D FTERA R LR E & Lk
BT s 3D FTERSAAR R ST, 7 LS 2
PR 258 A

(D #g 7 —FEHEKIEHE 3DP SRR Y i Ay
IR R EVENY 6 Tabrik R K H R E S H T,
BFERENPE. BriitE. LSRR, TGN, ST
PELLRARTEZ, MFTERERE . MERUS R, SefRg B2
=TT SEIN 3D 4T B SEAR I BT E VAT

(2) $EH 7 b AT — ORISR S Bl ) 1E 28 i e
Wit, VT R IR AFT BPE SR I /K Ve ARG
A eyai, e s E TS 2 BYBUNE R
IE RS, M KUedE 3D 4T ENJERtPE R 5 S8
Jiie

(3D FIFH PR BE A 1k S H SRR I 75
BT, 13307 1 41 3D 9T ER R 1 REBLLF (R 7K Je s Kt
Fmbld gy, BIECE N 425 EmEERR T KR R
480 g, FAYLRbRE AN 110g, KFEEN175g, R
AR 4G IR £h /K VR LB 20 g, SEFHFI BN 2 g.

(4) BEXKYeR: 3DP BUEE B IS 45 %
B, JETKVEHE 3D FTENAEH B R 1 A2 T Al
INFFAE S S 3R A e Rl A RS A
115K, T /KIEEM B A A TR 12847
R R B R B E

Z % X W
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