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Table 1 Chemical composition of P-I 42.5 cement and mineral composition of its clinker w/%
SiO, ALO3 Fe,03 CaO MgO SO; NaOeq f-CaO CsS C,S C;A C4AF
20.94 431 3.28 63.46 2.76 223 0.56 0.80 59.83 16.69 6.41 10.49

T2 P 1425 BEEREIKIRYIIR M AE
Table 2 Physical properties of P-I 42.5 cement

Compressive strength/

Fineness Density/ SpecificSurface/  Water for standard Setting time/min Flexural strength/MPa MPa
80 um sieve)/% -cm™ m* kg’ consistency/%
0w e (gemd (ke ) e Initial ~ Final 3d 28d 3d 28d
1.2 3.16 358 26.60 142 206 54 8.3 29.7 51.0
#3 3DTENRAELHIEALL
Table 3 Mix proportion for 3D printed concrete kg/m’
Cement Sand Water Superplasticizer Viscosity enhancing agent Accelerator
8723 872.3 261.7 26.2 26.2 523
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Fig. 1 n-shaped plain round steel bar
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(a) Side view of specimen
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Fig. 4 Schematic diagram of specimens’ sawing
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Fig. 5 Schematic diagram of reinforcing bar under nonoverlapped condition
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Fig. 7 Schematic diagram of three-point bending test

2 HER500

PMEEEHTRFEN NSRRI

B 8 NARFEEEAME T n BUS0 5F 5 EE TS M g
gz, HHE 8 AL, AANEC IS (Pron=0), A1)
YU BRE N 5.57 MPa, 11124 Poop=0.1 I, % 5
NPER 2.58 MPa, AJ WL n B II A R BE R 5
3DPC, & KIEREMK T 3DPC IPTA5RE . X EE &
BT n BHNEE—2, mEZmAmL, ~—4
n BEHE S E— n BRI R R A G %
HE, BT TIECH, (BRI E
WA SGE. Y n BUEES: 2 MTEZ L ER, BETE
ZFRERIIEIN, B 3DPC KPS SR W A, (H
1E Poon<<0.5 1, L 5E /N AELH 3DPC KT
LR, XA T n B A SRR G 7R S I AL T
FRETBRE FEUT o 2 Poon=1.0 I, HTE5 3R A Kk
| 5.88 MPa, 5 /REC % 3DPC AHEL, (U&= 0.31 MPa,
HI&A H DR T KR R T DU s 25

2.1

XATREEZLR T A R AG, WS 5505 TR
AR B IEL AT ORI, FEANE 12
AT, n RUFHAE S AN BOA A RO, n B LT
BOA B ACR .

7.0

—=— Nonoverlapped condition

6.0 1

5.0

4.0

Flexural strength/MPa

3.0 +

2.0 . . . .
0.4 0.6 0.8 1.0
Penetration degree

B8 AR TR BT B n R S O 02 0

Fig. 8 Flexural strength of specimens reinforced with

0.0 0.2

nonoverlapped n shaped bar under different

penetration degrees



ES3EE 1

FARI S n BUHA E 7 IO 3D ST ENTREE L PUES PERE © 31 -

2.2 PEBEFHTESRGNEE-AHthsk

B9 NANFEE 5% AF T L 3DPC (1 far 28— 7 ith
2. HE 9 R, 4 P,,=0 i, JEACH 3DPC i
WAL MZE 2D 2 BY B 56 1 BB 2 AL RS 1
SRS, fr ES A AR BB LG, UE B Ry
BORMMERL 56 2 M BUR Mk Bl KA ke, BEAL
B 2w N, W Eanis, HRAHE
(1) e AR B, 2 30 A B S P i P AR . JERC /5 3DPC
5 AR R TR 1) T T 2 VR e - TR i B A 2R Ry
fEA—2

2.0

0.00 0.05 0.10 0.15 0.20 12
Displacement/mm
B9 AR AR n RIS s iy 3
4 i 25
Fig. 9 Load—displacement curves of specimens reinforced
with n shaped bar of different penetration degrees
under nonoverlapped condition

2 0.1<Ppon=<<0.5 I}, faidk—ArF% M2k )R IMAT
NS TR 3DPC A —5, S 2 BrBURHE,
BB AMEHEREIR o 1 3R AR i 2% B R R TR AR AR R A
B2 A TER IR 3 B . I IEN T, MR AT
B A Hh 22 R T ARER R, U B ) ] 2R M B
PIMERsE . EHATFEENZ, 2 0.1<Py»<0.5 K,
Tof B~ A% il 2R FE R I T ARSI AN KT Poon=0 B 1 fif
WALFE M2 B AR . I, 7E Poon<<0.5 i,
BC /i 3DPC HIHIMEII AR T AEC A AE, B
B A B A 1) 3DPC, IEFFHK T 1.

2 Poon=1.0 I, 7 8k—A0 88 2R 5% T i Blsn i B
AR B 2 BB, EHBLT BC JEAREL, AL

(@) Pron=0 (b) Pron=0.1

(€) Pron=0.2

KETRIHI I, W EEIER/ANEE NS X8
RTEFM n WS 5 T TIE, Wik g EH
AN, EFEA IR, B 2 LA
RO R R A P O P A IR
23 FAEEFZFHTRHNHERERSARUB

Bl 10 A4 T ECH 3DPC KW HE 3 -
tHE 10a 7] W, 3DPC #5 )= A1 S W R 8 5%, 2 M
S B MPUAIOREE 7 e BORES, S R RIS
SERFVE . IXFW] 3DPC )2 A 45 & 3 B R T 3644
LRI RE, TES RN JERT, WA T b i
W, BREGASENEEE.

FH ] 10b~F 10d 7] 0L, 3 AN [F] 51 %8 R, 3DPC
U T S5 BT T DL e R A e R R R e (R
F)y 7E Poon=0.2 Al Po,=0.5 5}, BRI T n BB
5 b —FT B2 Bk T B i 78 BRI MR . X E
B 7 EZ AL N —A n BUBRB TS L —4n
B 5 (1 o AR A BOEHE, n B A 85 i 78 ST
AT R T SRFEFEINE T R R4S A TS, W
S XA F S5 AR I HARFE T 5 B e MR

Y n B e AR, 3DPC IR R A4
T, K 10e FTLAE H, B 5 R 584200
&, RMEERIT A — MR, WETaEE 2 A
Iy AR BUE B i . IXR M n BYE R B
Hg25 7 T, SMURIMERRET Y K, X
WLARRE T (a3 F i 2k P I BC B

T I W7 R TR 3 45 A et B0 A it 4 4 A R] A
AT, TEAREEAMET, n BUHIG iR s
FHEMERER, n BUEXF 3DPC JLT-I%AA 15 Fl 16 3)
EM .

Bl 11 AR PR . HE
11 AT WL, FEREPERABT, W AR
R ZER . ARG IAGFRAEN 017 mm, R
Y Pron=0.5 B R FE A 5 AR 3DPC #12Y,
Y Poon=1.0 B TAACH 3DPC, 1X-5 /i 1) Wr
FUEINEE RI e — B0, R R AR AMT,
n BYJHJE 0 SR I A ST AL B T G, BRI I A
WA R, I E.

(d) Poon=0.5
10 ANFERRIFAF NANR B % L n 2555 18 5im i F) i T T 35

Fig. 10 Section morphology of specimens reinforced with n shaped bar of different penetration under nonoverlapped condition

(€) Pron=1.0



32 . (RERR Sh22 30

J Chin Ceram Soc, 2025, 53(1): 27-36

2025 4F

0.25

- Nonoverlapped condition

0.20

0.20 -

0.15

0.10 -

Crack displacement/mm

0.05 -

0.00
0.0 0.1 0.2 0.5 1.0

Penetration degree
11 ANERSAAT ARSI n RISk TR0 RS
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Table 4 Three main factors affecting flexural strength

Sample fw/MPa P pl% f/MPa

n shaped bar 5.57 0.50 0.79 5.38
(Poon=0.5)

n shaped 5.57 0.30 1.57 12.71
bar(P,,~0.3)

Rivet!'! 3.16 0.11 14.18 12.66

Chopped bar!'?! 13.13 0.17 0.64 16.34

fio is matrix flexural strength of reinforced 3DPC; fi is flexural strength of

reinforced 3DPC; P is penetration degree; p reinforcing ratio.
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Fig. 17 Correlation degree between three main factors and

flexural strength of reinforced printed specimens
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Effect of Layout of n-Shaped Bar on Flexural Properties of 3D Printed Concrete

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

Extended Abstract

Introduction Compared with the conventional moulded concrete process, the layer-by-layer stacking process produces a large
number of interlayer interfaces in 3D printed concrete (i.€., 3DPC), leading to a low flexural and tensile strength of 3DPC and a poor
structural integrity of 3D printed concrete structure, which restricts the development and large-scale application of concrete 3D
printing technology. Reinforcement is considered as one of the most effective measures to improve the flexural and tensile properties
of 3D printed structures and enhance the structural integrity. Various reinforcement techniques for 3DPC, such as fiber reinforcement
and transverse reinforcement, are developed, but all of them fail to effectively reinforce the interlayers. A longitudinal reinforcing
approach involving short-cut straight and n-shaped bars was firstly proposed in 2018, and some work showed that longitudinal
reinforcing method of n-shaped bar could enhance the mechanical properties of 3DPC.

In this paper, the influences of the penetration degree of the n-shaped bars and the overlapping conditions on the flexural
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properties of 3DPC were investigated, and the damage process of 3DPC was analyzed via crack displacement and section morphology.
The different reinforcing methods were compared.

Methods Portland cement P-1 42.5 according to Chinese standard and natural river sand with a fineness modulus of 3.4 as a fine
aggregate were used. Hydroxypropyl methylcellulose (HPMC) with an apparent viscosity of 198 Pa-s was selected as a viscosity
enhancing agent and a bauxite-based powdered accelerator with a fineness (80 pm square-hole sieve residue) of 9% was used to adjust
the thixotropy and buildability of 3DPC. A polycarboxylic acid-based high-performance superplasticizer with a solid content of 39%
was used to adjust the flowability of the printed materials. In this work, a ratio of the layer number penetrated by n-shaped bar (Lp) to
the total layer number (Lp) was defined as a penetration degree (P) including overlapped penetration degree P, and nonoverlapped
penetration degree P,,,. Eight types of n-shaped bar layouts that meet the constraint requirements of the formula were investigated.

To ensure the accuracy of the n-shaped bar overlapping and positioning, a manual reinforcing method was used to accurately
locate and reinforce the n-shaped bars. This process was repeated for ten layers of concrete, resulting in the completion of 3DPC
specimens reinforced by n-shaped bars. For the unreinforced specimens, the preparation was completed via directly printing ten layers
in a row.

After printing, the specimens with the sizes of 40 mm>200 mmx180 mm were placed in an indoor environment for 24 h and then
transferred to a standard curing room for 28 d. In the curing period, the specimens underwent a three-point bending test using a
CMT-300 universal pressure testing machine. The span between the specimen supports was 160 mm, and the loading was controlled
using mid-span displacement mode at a loading speed of 0.01 mm/min. The flexural strength of each group with three specimens was
obtained via calculating the average value.

Results and discussion When P,,,=0.1, the addition of n-shaped bars fails to strengthen the 3DPC, and reduces the flexural
strength of 3DPC. When P,,,=1.0, the maximum flexural strength reaches 5.88 MPa, which is only slightly greater than that of the
unreinforced 3DPC. Under the condition of nonoverlapped, the n-shaped bar is not effectively connected at the interface, and the
n-bar has little enhanced effect.

Pow=0, Compared to the unreinforced 3DPC as P, =0, the flexural strength of reinforced 3DPC increases when P,,,=0.2, with an
increase of 100%. As the penetration degree increases, the flexural strength increases by 128% when P,,;=0.3 and by 152% when
Pow=0.9. The flexural strength is highly improved by an overlapped n-shaped bar. The damage mode of overlapped n-shaped bar is
mainly a ductile failure with obvious strain hardening characteristics.

The influence weights of f,, P and p of flexural strength of reinforced 3DPC are 0.896 2, 0.836 0 and 0.766 3, respectively.
Based on the analysis of these influence weights, the advantages and disadvantages of the two reinforcement methods, i.e., the rivet
method and chopped bar method, are evaluated. To ensure a fair comparison, each parameter is normalized to the same order of
magnitude and unit, and transformed into equivalent flexural strength. The chopped bar and n-shaped bar (overlapped) methods both
have the similar reinforcing effects, with equivalent flexural strengths of 27.74 MPa and 26.25 MPa, respectively, based on the
proposed equivalent flexural strength formula.

Conclusions The interface defects at the shoulder and bottom of the n-shaped bar were increased when the n-shaped bar was
nonoverlapped, having little effect on the flexural strength. All the reinforced 3DPC exhibited a brittle damage. When the n-bar was
overlapped, the flexural strength of reinforced 3DPC increased with the penetration degree, but there was a saturation value for the
reinforcement of flexural strength by penetration degree, and there was a most economical penetration degree in the actual project.
The damage mode of 3DPC reinforced by n-shaped bar under overlapped condition was a ductile failure with strain hardening
characteristics. Based on the gray entropy system theory, the flexural strength of reinforced 3DPC (f,) of the influence weight was
obtained in a decreasing order, i.e., matrix flexural strength (fo)>penetration degree (P)>reinforcing ratio (p). To improve the
flexural strength of current longitudinal reinforcement methods, the chopped bar and overlapped n-shaped bar were proven to be more
effective rather than the rivet and nonoverlapped n-shaped bar techniques. It was essential to carefully choose an appropriate
reinforcing method corresponding to the specific requirements of the printing project.

Keywords n-shaped bar; 3D printed concrete; penetration degree; flexural property



