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Abstract: In order to further investigate the compressive performance of composite columns with 3D printed

concrete permanent formwork, an interface based finite element (FE) model was established to analyze the load-
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displacement response and failure mode of composite columns and the same size cast-in-place columns under
axial compression on the basis of the experiment. The parameter sensitivity analysis of composite columns with
3D printed concrete permanent formwork was carried out with consideration of the interface bonding property,
compressive strength of cast-in-place concrete, thickness of printing template, and load eccentricity. Results
showed that the ultimate axial compression bearing capacity of composite columns increased with the
development of shear strength, stiffness of interface and compressive strength of cast-in-place concrete. As the
compressive strength of the printing material is higher than that of the cast-in-place concrete, the compressive
ultimate bearing capacity of the composite column appeared approximately linear growth with thickness of
printing template, and negative linear correlation with the load eccentricity. In addition, the influence of
eccentricity on the reduction of the ultimate bearing capacity of composite columns is greater than that of cast-in-
place columns.

Keywords: 3D printed concrete; permanent formwork; composite column; compression performance;
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TRt - 25 4 J2: fie 32 2 00 SR A5 40 JB 20, AR 7
TRt 25 Fg 23 i i R0 2 B M 08 I O S bR 2 6
P AN, B A TR TR E A5 R TR M A 20 %0~
30%, i T R T8 19 30%~40%, i T. T34
M 50% Ao B0AT B9 AR B (i FHAE 2 9 U, 1 A
U PR TG P BT IR IR 2% . 3D ATENIRBE R ER K
J 45 K AR AR R AL T T A i e SRS AT AR A TR
e B HEAT T R FT D SRS, S A
Tt T AT N W, It T R

S EANTE X SD AT EN R AR B S 45T R T
ISR FE A TR 2B . Zhu 25531 3D 7 B Ak A B
B A T A R BC L B ST T E A R X 3D T Bl gk AR
MR VR BE 1 B 5 FE il e 2R R T 1 s e, F 5 2R WUk
AR AN B e I E AT L R AR R R A R RE B
EHERRERAE I T A B . Lin SR X
T £ Y TR 27 28 i A YR 6 - 3T ER A A B, B
GE T T ED 2 HORFT B 48 06 B 25 1 i 10 434 i 5UR
i 3 M AR W 00 o 48 2o A% o i) 5 40 3 Ak L B R T
— iR ATRRE AL R W B A R R . Wang S5
L LA CT 94, WF9E 1 3D AT ERR B +
K AABER NG D TR 5E - A AL RS 25 PR BE L OF AL T
T T 5 D) 9 R Y 98 P A PR R AT g 2 BRD 4 R R
B, 24T B2 (3 TE ORELRE B OE A 48 A ) R 20
mm & HE I ] 18] B 7 d B, 7 BB AN S D8 TR B+
SO B AR S e RE . R R TR T 3D 4T
B i A B T TR B A R R R BT R
FHERR AR IR E M G X I AT T X . Bai
S5USE 1 3D HT BN LU0 BEAR B2 HEARI AR |, 5 7E BT AR N
OB BIRGE, BESIRBE A, E WAL Tk K s N
i — JEHENF . Anton U T — 4 3D ATENE HI &
ZRIE IR EE LB A s b A = LIt 4 iy T 2

TIUAT S e Ve R PEAN J5 v o AH Y 7 3 32 2 ik
95 J7 T BT 3D T ER K AR & G 45 rY PEfig |
AR W B BAE 534 o

FIED T2 S SO RR 8 + B A & 25 25 (6] 45 )
Sk, T R A% e 45 1) (6] PR B R T SRR AT 40
BT o SR FH K 25 1) [ P 32 22 A 50 50 FAS 25 1 iy 25
JIE (1 A I PR OTAH 25 A1, T R 3D T ENTR B - 4
F BUME 3 B Bk — i R B . Xiao V3 F
ABAQUS # 57 Fm 80, i 5% 3D 4T B[R % 1+ 3L Bk
TEFE B AR R, 45500 RS L2 2% 18] 5 I KG 45 7
AE TR BE 1 58 2 XS 3D 4T B R B 4 il B & 1) S v )
24T NBYES I . Van Den Heever 235 F DIANA
FELRVAR T TR i O R N S Ao Sl N D B2 e e N
IR 5 K AR R AL . ARLEE X 3D 4T B IR BE
d K AR B A O o M 0 BUE BT A E
RAMEIE o BUE RIS i 56 0 58 00 5 Bl 7 v, ]
DA T H Jr A [m) 17 280 T A8 A O 2 o g B R AL
PR W S BRI S, UL AR B S R T
B T 2000 B ) v 55 AL T 6T 245 44 A for R4 T B4
TR 1 5 )

FE G 4 R 45 4 v i E R R A 1, A7 TR
REXTEE A R EREE X EE . AT H DTSR
g5k TR Kony 4R AR, 285 2 T 3D AT B
A TR BE AR S A B R A R, T R
B A AL BT T BT R 45 1 BE L R TR BE 1 o
JE R At i O i AT S8 BT

1 DIk AREWMERZLTEEHES
EEE RIS
1.1 I HER

BT Al e B F T 3D 3T BN K A -4 517 T 15
L&A RALMZ EERET . Mt SRR AE, o



196

T RExm¥ £ FROPE

% 46 %

BT, R 2R, AR 2R,
FE2 MR, B B A R SH I 1R AR R R 1
K D=40 mm. FTEB#FBLR H 3D FTER PV A £F 4 1%

200

SRR HE L A LR 1R o IREEM RN 42,5
PR A B 5 AR AR AR R #h K 8 L B 12 mm KER R L
I 4E(PVA)

30 " - 200 200
~40. ‘ ) 5 40
T30 L nsrakasi -0 - 3DITHIRABHL == I CasHpeiE
! b ossmpemset ! C3SHLBEIREE +: | CISBUE I L i
g | 4c14 s 4C14 6C12  06@60
S ©6@60 & D6@60 D6@60
Vi v
e r— ?
CTE '\ ==
4C14 — I I I 6C12
\ = =
D6@60 I I | D6@60 e
=] o‘ 1=
S ) <3
) © l ! I =
|
|n|
I |
«
- \ /LA
2@ 200 = / o /i >
s / v '
/4\{20 / \
s/ o\

1 3D#TENRE T &SR A E

Fig.1 Reinforcement of 3D printed concrete composite column
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Fig.2 Permanent concrete formwork composite
column manufacturing process
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Fig.3 Loading and measuring point layout
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Fig. 6 Finite element model of axial composite column
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Table 2 Plastic damage model parameters of concrete
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Table 5 Comparison between FEA and test results of ultimate bearing capacity of square column
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Fig. 9 Comparison between FEA and test results of cast square column
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Fig. 10 Comparison between FEA and test results of 3D printed square column
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Table 6 Comparison between FEA and test results of ultimate bearing capacity of circle column
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Fig. 12 Comparison between FEA and test results of cast circle column
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Fig. 13 Comparison between FEA and test results of 3D printed circle column
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3D printed composite column capacity
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Fig. 18 Effect of different eccentricity on the 3D printed composite column capacity
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B B PUE R ROR B TR O 4 ZEip

(1 31 R T 3 AR, S B2 P TR S i TR 4 47 2K
RCE - A RRYER NI oA R T E DR R R v P
L, B A A T A BR R ) R R R i O
BE 2z —8 AR B e=50mmA}, & &
PR R AR B FEAK 67. 9% o MEAL A O FEXS B &
VP8 A 8 R 7 2803 T I R 8 9 520 T B [ A

(d) Cohesive it #4251 (e=25)

1) 3D T B 7R A -1 375 1R B3 1 B 5 A B ] R
1R IR A BT R RE XS IR R, S G
PR32 J1 P e K i BRR BRE I 0 T BB AT

2) W B ) -0 3% it 2k AR L SRR 56 T
F T A AR R R AT DA A UL B 5 A 32 AR
A T A0



%14 ]

R, 5 3D AT PP R R A BEAR B A AR 09 A0 R M AR BAE AL AT R 205

3) S B 5% A B A A il A B R 2R T B
V55 1T B V) S R A S B R TR - B R i
P14 38 R 1S O, AELAar 28 0 D o0 23 325 18— M A A Al 52
L, T 55 B T4 7 A LA A5 43 2 5 R e B B AR
A HE R B A BR R 2R T . RO BE R B R A A B
AR AT I 55 R B R T IR A .

4)FE 3D 4T ED B A A A S bR T RE I b, B
mwﬂwiad%Wﬂ%E%Lﬁ%%ﬁﬁ%@

PR BE 5 18 2 2 = b R] D8 SRTR 6 4 5 B 5 4 o A oL Ao
L
S % Lk
[1]LT W, LIN X S, BAO D W, et al. A review of

formwork systems for modern concrete construction [J].
Structures, 2022, 38: 52-63.
LLORET E, SHAHAB A R, LINUS M, et al

—
[N}
[—

Complex concrete structures: Merging existing casting
techniques with digital fabrication [J]. Computer-Aided
Design, 2015, 60: 40-49.

MENNA C, MATA-FALCON J, BOS F P, et al.

—
w
[

Opportunities and challenges for structural engineering of
digitally fabricated concrete [J]. Cement and Concrete
Research, 2020, 133: 106079.

ZHU B R, NEMATOLLAHI B, PAN J L., et al. 3D

—
e~
[

concrete printing of permanent formwork for concrete
Cement and Concrete
Composites, 2021, 121: 104039.

[5] LIU M, HUANG Y M, WANG F, et al. Tensile and

column construction [J].

flexural properties of 3D-printed jackets-reinforced
mortar [J]. Construction and Building Materials, 2021,
296: 123639.
[6] WANG L, YANG Y, YAO L, et al. Interfacial
bonding properties of 3D printed permanent formwork
with the post-casted concrete [J]. Cement and Concrete
Composites, 2022, 128: 104457.
1o U 3D AT B AR AP IR BE LB R H & A
WEFEID]. B - BT RF, 2020.
GAO J F. Mechanical properties of 3D printed concrete

—
-3
[a—

1

permanent formwork and integrated reinforced concrete
components [D]. Hangzhou: Zhejiang University, 2020.
(in Chinese)

BAI G, WANG L, MA G W, et al. 3D printing eco-

—
oo
[

friendly concrete containing under-utilised and waste
solids as aggregates [J]. Cement and Concrete
Composites, 2021, 120: 104037.

ANTON A, BEDARF P, YOO A, et al. Concrete

—
©
[a—

choreography: prefabrication of 3D printed columns

[M]//Fabricate 2020. UCL Press, 2020: 286-293.

[10] LOURENCO P B, ROTS J G. Multisurface interface
model for analysis of masonry structures [J]. Journal of
Engineering Mechanics, 1997, 123(7): 660-668.

[11] XIAO J Z, LIU H R, DING T. Finite element analysis
on the anisotropic behavior of 3D printed concrete under
compression and flexure [J]. Additive Manufacturing,
2021, 39: 101712.

[12] VAN DEN HEEVER M, BESTER F, KRUGER ]J,
et al. Numerical modelling strategies for reinforced 3D
concrete printed elements [J]. Additive Manufacturing,
2022, 50: 102569.

[13] SUN X Y, ZHOU J W, WANG Q, et al. PVA fibre
reinforced high-strength cementitious composite for 3D
printing: Mechanical properties and durability [J].
Additive Manufacturing, 2022, 49: 102500.

(14] TR BE L 25 #9340 7 W4 1 : GB/T 50152—2012 [S]. b
a0 EE ST AL, 2012.

Standard for test method of concrete structures: GB/T
50152—2012 [S]. Beijing: China Architecture &
Building Press, 2012. (in Chinese)

[15] SANEZ L P. Discussion of equation for the stress-strain
curve of concrete’ by Desayi and Krishnan [J]. Journal of
the American Concrete Institute, 1964, 61: .

[16] HORDIJK D A. Local approach to fatigue of concrete
[D]. Netherlands: Delft University of Technology, 1991.

[17] CEB-FIP F. Fib model code for concrete structures 2010
[M]. Ernst And Sohn, 2013.

[18] YU T, TENG J G, WONG Y L, et al. Finite element
modeling of confined concrete-II: Plastic-damage model
[J]. Engineering Structures, 2010, 32(3): 680-691.

[19] CHEN G M, CHEN J F, TENG J G. On the finite
element modelling of RC beams shear-strengthened with

FRP [J]. Construction and Building Materials, 2012,

32: 13-26.
[20] CAMANHO P P, DAVILA C G, DE MOURA M F.
Numerical —simulation of mixed-mode progressive

delamination in composite materials [J]. Journal of
Composite Materials, 2003, 37(16): 1415-1438.

[21] TENG J G, FERNANDO D, YU T. Finite element
modelling of debonding failures in steel beams flexurally
strengthened with CFRP laminates [J]. Engineering
Structures, 2015, 86: 213-224.

[22] 5Kk . 3D FT BN R B L A AL AL 5 51 52 75
[DI. HTHM: #7E K%, 2021,

ZHANG J. Research on 3D printed concrete constitutive

1 RE BF

=

model and flexural performance of beam [D]. Hangzhou:
Zhejiang University, 2021. (in Chinese)
[23] SZCZECINA M, WINNICKI A. Relaxation time in

CDP model used for analyses of RC structures [J].



206 R B3R LR FROP E ) % 46 %
Procedia Engineering, 2017, 193: 369-376. (28] Tk, 4FiE %), e, 55 . 3SDITERIREE - )2 & A AL
[24] CHEN H B, XU B, MO Y L, et al. Behavior of meso- PUHL L BE 5 A BE Y [T, Wi VT R 2 24 4 (T 2 W),
scale heterogeneous concrete under uniaxial tensile and 2021, 55(11): 2178-2185, 2214.
compressive loadings [J]. Construction and Building ZHANG J, ZOU D Q, WANG H L, et al. Bond tensile
Materials, 2018, 178: 418-431. performance and constitutive models of interfaces
[25] WU J Y, L1J, FARIA R. An energy release rate-based between vertical and horizontal filaments of 3D printed
plastic-damage model for concrete [J]. International concrete [J]. Journal of Zhejiang University (Engineering
Journal of Solids and Structures, 2006, 43(3/4): Science), 2021, 55(11): 2178-2185, 2214. (in Chinese)
583-612. [29] WANG H L, SHAO J] W, ZHANG J, et al. Bond
[26] S . = 2 0N 005 TR EE 1 45 44 A 2kt 3h oy i R A BIF o shear performances and constitutive model of interfaces
(D] dt5t: d E E AR 5B, 2009. between vertical and horizontal filaments of 3D printed
NIE Q. Research on nonlinear dynamic history analysis concrete [J]. Construction and Building Materials, 2022,
of reinforced concrete structures [D]. Beijing: China 316: 125819.
Academy of Building Research, 2009. (in Chinese) [30] VAN DEN HEEVER M, BESTER F, KRUGER J,
[27] VAN DEN HEEVER M, BESTER F, POURBEHI et al. Mechanical characterisation for numerical

M, et al. Characterizing the fissility of 3D concrete
printed elements via the cohesive zone method[M]//
Second RILEM International Conference on Concrete

and Digital Fabrication. Cham: Springer, 2020: 489-499.

simulation of extrusion-based 3D concrete printing [J].

Journal of Building Engineering, 2021, 44: 102944.

(% HAxD)



