53 B3 1Y i N

I Vol. 53, No. 1
2025 % 1 H

JOURNAL OF THE CHINESE CERAMIC SOCIETY January, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240389

FHRHALSON 3D 3T R 8 ZEAA R 5L 0 S W 4 B 52 i

mEF, TR, T %
(P R R SORER R TR B AT IR A T, G OB 5 A S0 %, LT 100024)

B F: ATREMEER. EEAEAPEE R S BR GRy AT S L B R E R, 3D T EKIR A EB3DPO)
WA 1) A A R G T AR IR oS 3DPC WA AORE LR, SR A X i K7k, WHFE 1KLL bl
KK KA Ky 15 B0 3DPC S 4e . B S TR AR O, i TR E SRR AT TH SR T AR ORT 3DPC WL (s i e
[, XTEO i T A IR A R BRI . 25 AR BN K 3DPC KB B MK B WS AR O A PR T M. 72 3 d I 1Y
TR RERD B BRI TN . 35 AR AT [R] LE I K 3DPC 1) 14 d BN T1RUL s, TG B 2K 2d )5

B E WA 5 d BT T4 . AR 3DPC URZE IBLE R EIINA: KIREL. BPERHE. iR E. MIEKBE,
B AT A T 3DPC. B mHERETREE RIS S i g 2, BN 3DPC R 4E T 7L T LLEE A

KUEIA): 3D TED; AKUEIEMRL AUdE; TR KGR T

REDHS: TUS28 XHEkARERE: A
4% H AR AHiE) : 2024-11-20

KPeFAEL 3D HTED T 202 — Ml 2 &0
PR 7 PG E R R . RS T 8T
Wit 38 TR MU TH IR R R 25 2 R,
TR AN 1 N AT A s T KB EL 3D
FIEPEEH A By AR IR AN o 205 2 Fh s B 77
%, H, $ia 3D TEPRE A Bl T 5 1F,
EH TITED R M SN, ATt s 2 1 E
WMEARES, HRFFRY, AL G s i 77,
IKVEFEA B 3D FTER AT ks> 30%~60% 1 337 3%,
50%~80% 1IN LA T 50%~70% ) A 7= it )41,
HEATHTEM . &3 & A s TR,
A A0 5| A SR i = b e J 1 B R R 670,

i R BT H S 2 AT T B A ] A i
GHEIR, 3D FTEI/KIEEABL(3D printed cement-
based materials, 3DPC)if " A & kL FH &K
I LA, M DA AR BRI RR i, HLBE A 4T B
FEHEAT, 3D FTENSS M R0 2 5 T35, Kok
%, REFTERG R IAFE W AE, BI5E 7 A
X 3DPC Wi 4 A A A5 0t F2 mp AR T 2L R 4R R
Markin ZEPHRIE T R 3D T EQEEER 45 4 KRS

Wk H 1 2024-06-05. BATH: 2024-07-10.

FEGTUH b E A B RO AR SRR H (2021YCIS01-2-1); %=+
PRI H (ZA-100).

P MIWFA999—), T, BLHRA.

WEEE: FRM1984—), B, Ht, BRI,

SEHS: 0454-5648(2025)01-0084-11 ::l:!:‘"'g-'?:-';{i_-"é::.
i
W

T

FFRMILS, Moelich ZEUOMB & 2] T 5050 % 3D T
E R PR RIS 48 T B0 T R %

Al WL 3DPC B FM AR TR & E IR A,
AT G = R o TS A — HLR A BT B
%, AGEMEN, B FENE EN IR N
BUEFEIEIE, PR BRI A, R B kgt
Py gz 4RO, RN 24 B T 3DPC Y4 vl 851
PAFE AL .

SR, B ATV 28T R4 7E 3DPC 17 H AR
FTNBE R L0219, 23T 3DPC HIUR 4 34
) @ . Shahmirzadi ZE0 7 50 Kk LRI FE 261 2 5.3
S 3DPC (R4, W 35 CHF, FXHZEEM
85% FFEE| 50%2> 18 3DPC (1Tl i Kk 28 5 5k
f) 3.5 £ . Zhu 208 Y 3D 4T EIRAE (1 20 J2 45 H xof
Wi B ASFIRE, )2 8] X35 55 AL 3 S 80 3DPC
et k. Shi 29845 7 3DPC £ /KAl B
J7 1) BRI SIUR 4R REAE, 32 3DPC fFTEVR
o0 B 7 T PR BE LR o A M B 3 AR (R Rl 2L e £
R RS0 W] 3DPC WO MU ) A i A DL .
RHATAERR 3=t 3D 47 BRI IEA RH 4

Received date: 2024-06-05. Revised date: 2024-07-10.

First author: HAO Pengyu (1999-), male, Master candidate.

E-mail: hpyhpy1999@163.com

Correspondent author: WANG Zhendi (1984-), male, Ph.D., Professor.
E-mail: wzhendi@163.com



9% 53 BE 1 AT 55 MORHARRRT 3D 4T B SRR U AR - 85 -

MWARTTVE, MWRIKE . iR EAEL G 3 F880=91%, HARE R RIAKAEE. Bk
R4 B M AR S Bl S P B2 7 4B 7R TR OM FERECH 3.7 MRARIRD . A ERK. R
BHHA R 3DPC 4R « B IR BT 150 4 T 52 m, 3 FAMINF e TEEER S RoK IR ), I
FHIRNTTE T MR T 3DPC Y4 152 i A EE OBy 782-3 BRURPARBEE SRR EhIE B, 40
Ei T 3DPC S5 Ah/KIR AR U AR, PO (80 um TFLIRTHAR)<12%; WUKFINERIR Rt
3DPC M4H Al s TH A A IR A 3 (2 5 1k B REOKF], SR 40%, JRKE 33%; SEHFINE
R VI H 4T 4k R (HPMC), 2% 7K AR ZE N 150 Pa-s.
A 1.2 i HHIE
1.1 Edet 3DPC KHMECA Lk 3 Frox, HA e siss
KA P1 42,5 BERR KIS, DLEBR/KIEHIRE BLERER 1, HARM B AR T B R 5
MBREAWINS 3DPC WA TR, KIS BRE. e TIEMEREZR, 3DPC FiH&—
IINT BT A R LR 1, EPERE AR 2. A EMN BRI, SIRI0UE, MKEL L/
2 AR E R B E NS AR, — MR TR T 028 I, bRk T80, ToikidEsksr; X4
WHEIK, SHRE4S pm FTILIRIRA)<12.8%, $5aA KK T 032 i, #iekikmmshttiton, ik
RHIREARAN S 5Kk, JaRens —Jokik; H—F SR @IEMER, Bk, KR HIEEERAE 0.28 £
F& S95 H Ky, EERMAN 449 m¥kg, 7dIEME 032 Z A,

F 1 P142.5 EEERERKCRCFLH AR B BRI H4R AR

Table 1 Chemical composition of P-I 42.5 cement and mineral composition of its clinker W/%
Chemical composition Mineral composition
Si0, AlLO; Fe 03 CaO MgO SO; NayOeq f-Cao GCsS GC,S GA C4AF
20.94 4.31 3.28 63.46 2.76 2.23 0.56 0.80 59.83 16.69 6.41 10.49

W is mass fraction.

T2 P142.5 BERREIKRYIIR M RE
Table 2 Physical properties of P-1 42.5 cement

Fineness Density/ Specific surface/  Standard Setting time/min Flexural strength/MPa  Compressive strength/MPa
(80 pmsieve)/%  (grem™)  (m>kg™) consistency/%  Initial Final 3d 28d 3d 28d
1.2 3.16 358 26.60 142 206 54 8.3 29.7 51.0

%3 3DPC WL &Lt

Table 3 Mixture composition of 3D printed cement-based materials (3DPC) wW/%
Group Water Cement Fly ash Ground granulated Sand Flash .setting Superplasticizer Viscosity enhancing
blastfurnace slag admixture agent
W28 28 100 0 0 20 3 0.2 0.2
W30 30 100 0 0 20 3 0.2 0.2
W32 32 100 0 0 20 3 0.2 0.2
FAO 30 100 0 0 20 3 0.2 0.2
FA10 30 90 10 0 20 3 0.2 0.2
FA20 30 80 20 0 20 3 0.2 0.2
FA30 30 70 30 0 20 3 0.2 0.2
GGBSO 30 100 0 0 20 3 0.2 0.2
GGBS10 30 90 0 10 20 3 0.2 0.2
GGBS20 30 80 0 20 20 3 0.2 0.2
GGBS30 30 70 0 30 20 3 0.2 0.2
N 30 100 0 0 0 3 0.2 0.2
S20 30 100 0 0 20 3 0.2 0.2
5S40 30 100 0 0 40 3 0.2 0.2
S60 30 100 0 0 60 3 0.2 0.2
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Fig. 14 Shrinkage of three typical cement-based materials
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Effect of Material Composition on Early Age Shrinkage of 3D Printed
Cement-Based Materials

HAO Pengyu, WANG Zhendi, WANG Ling
(State Key Laboratory of Green Building Materials, China Building Materials Academy, Beijing 100024, China)

Extended Abstract

Introduction The rapid adoption of 3D printed cement-based materials (3DPC) in construction industry, particularly in sustainable
buildings, highlights a critical importance of understanding its shrinkage characteristics. Different from conventional concrete, 3DPC
is characterized due to the absence of coarse aggregates, the lack of templates support during printing, and immediately exposure to
environmental conditions, which make it more susceptible to shrinkage-induced cracking. Shrinkage in cement-based materials leads
to internal stresses and potential durability issues, affecting a long-term structural integrity. It is thus to investigate the shrinkage
behavior of 3DPC. In particular, the effect of material compositions (i.e., water-binder ratio (W/B), sand-binder ratio (S/B), and
supplementary cementitious materials such as fly ash (FA) and ground granulated blast furnace slag (GGBS)) on the shrinkage (total
shrinkage, autogenous shrinkage, and drying shrinkage) is not fully clarified. This study was to investigate the shrinkage
characteristics of 3DPC and compare it with other cement-based materials (i.e., UHPC and cast mortar).

Methods To investigate the impact of material composition on 3DPC shrinkage, a series of laboratory experiments were conducted
by a standardized contact shrinkage testing method. Four key factors evaluated were W/B, S/B, FA replacement ratio, and GGBS
replacement ratio. These material variables were selected based on their known influence on the microstructure and shrinkage
behavior of traditional cement-based materials.

Total shrinkage (TS), autogenous shrinkage (AS), and drying shrinkage (DS) were measured at specific intervals to capture
early-age shrinkage behavior in 14 d. TS was calculated as a sum of AS and DS to represent the overall dimensional changes of the
material for over time. The degree of influence of each material factor on the shrinkage was determined by grey relational analysis
(GRA). GRA is a statistical method that enables the quantification of the relationship between multiple variables in complex systems,
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making it particularly suitable for determining the relative significance of material compositions in the context of 3DPC shrinkage.
For comparative purposes, the shrinkage characteristics of conventional cast mortar and UHPC were also analyzed under
identical conditions, enabling a comprehensive evaluation of the shrinkage performance of 3DPC.

Result and discussion The results reveal the distinct shrinkage patterns based on the material composition of 3DPC. Increasing the
W/B can significantly reduce AS. However, the influence of W/B on DS is less than that on AS. Also, the S/B has a measurable effect
on drying shrinkage. After an initial curing period of 3 d, a higher S/B ratio leads to a marked reduction in DS likely due to the
presence of fine sand particles, which restricts the movement of water within the matrix and limit capillary stresses.

Besides, the replacement of cement with FA has a beneficial effect on shrinkage reduction. The 14 d AS and DS both are
significantly lower in 30% FA-modified 3DPC, compared to the control sample. Also, the incorporation of FA reduces the 14 d
autogenous shrinkage and drying shrinkage of 3DPC in the same proportion. In contrast, the use of GGBS has a more complex
influence on shrinkage. While GGBS replacement increases AS after 2 d, it reduced drying shrinkage before 5 d. The TS of 3DPC
firstly decreases and then increases with the increase of GGBS dosage, and the TS of 3DPC is the minimum value when the dosage of
GGBS is 10%.

The grey relational analysis shows the factors influencing 3DPC shrinkage in an order of significance, i.e., W/B, S/B, GGBS and
FA. This highlights a predominant role of water content in governing both autogenous and drying shrinkage in 3DPC systems, which
is consistent with those in other cement-based materials. However, the relative importance of sand and supplementary materials
indicates that a further optimization of the mix design can lead to an improved shrinkage performance. Comparing the shrinkage
behavior of 3DPC with that of UHPC and cast mortar, the shrinkage magnitudes of 3DPC are generally higher. These results indicate
a necessity of tailored shrinkage control strategies in 3DPC, especially in large-scale applications where cracking risk is a major
concern.

Conclusions This study provided a comprehensive evaluation of the shrinkage behavior of 3D printed cementitious materials,
especially the influence of material compositions such as W/B, S/B, FA, and GGBS. Increasing the W/B of 3DPC significantly
reduced AS more than DS. The DS decreased with increasing S/B after 3 d. The replacement of FA proportionately decreased the 14 d
AS and DS of 3DPC, whereas the replacement of GGBS replacement ratios increased AS after 2 d and DS before 5 d. The influence
of material composition on 3DPC shrinkage was ranked in a decreasing order of W/B, S/B, GGBS, and FA. Compared to other
cement-based materials like UHPC and cast mortar, 3DPC exhibited a higher shrinkage, indicating the need for more focused research
and innovation in shrinkage reduction techniques for 3DPC. These findings contributed to a deeper understanding of the material
behavior and provided a foundation for a future work on optimizing 3DPC for large-scale and crack-resistant applications.

Keywords 3D printing; cement-based materials; autogenous shrinkage; drying shrinkage; grey relational analysis



