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Load-bearing performance of 3D printed steel fiber concrete
circular arch structure under circumferential reinforcement
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Abstract: In order to enhance the mechanical properties of 3D-printed concrete arc arch structures, this paper
uses the methods of adding steel fibre and configuring steel reinforcement to investigate the effect of

circumferential reinforcement on the mechanical properties of 3D-printed steel fibre concrete arch structures.
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The appropriate steel fiber content was determined by mechanical property tests under different steel fiber
contents. On this basis, two groups of 3D-printed concrete arc arch structures were designed. By applying a
uniform load to the arch roof, the load-displacement curves, strain changes with load, cracking load, and
ultimate load of the arch structures were measured, and their deformation and failure laws were analyzed.
Considering the influence of symmetric and asymmetric loading, as well as the position of sectional
reinforcement, on the arch structure, finite element calculations were carried out to further study its bearing
performance. The results show that: (1) When the steel fiber content changes in the range of 0-3%, the
compressive strength of 3D-printed concrete in X, Y, and Z directions first increases and then decreases, and
the compressive strength in the X, Y, and Z directions corresponding to 2% steel fiber content is the highest;
(2) The loading failure process of the two groups of arch structures is basically the same, and the ultimate
bearing capacity of the arch structure with circumferential reinforcement is about 37.5% higher than that of the
plain concrete arch structure; (3) The adopted finite element modeling method is relatively accurate, with the
error between the simulation results and the test results less than 4% . The loading method and the position of
section reinforcement have certain effects on the ultimate bearing capacity of the arch structure.

Keywords: 3D printed concrete; steel fiber; arch structure; cracking load; ultimate load; sectional reinforcement
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Table 1 Mechanical properties of steel fibers

N K /mm A0 B4 /mm % /(kg/m”®) YUPLGE B/ MPa K& il P R (8 3 mm)
Q235 4 12~14 0.18~0. 30 6 500 =3 000 65+6.5 zé%‘ 90°,9/10 AWt
Fz2 3IDITENEBIEAL

Table 2 Mix proportions of 3D printing concrete %
G5 OPC SAC FS MS 7K I 7K 71 AFA VAE LT Y
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Table 3 Strip continuity and fluidity test results
%5 WY B it/ % Sty i S A KBS /mm AR5 % /mm L /mm
SFRC-0 0.0 RMBOVHE LU 166.5 172.7 169.6

SFRC-0. 5 0.5 RMBOV A LA 175.4 165.5 170.5
SFRC-1.0 1.0 RBOVHE L4 185.5 161.7 176.6
SFRC-1.5 1.5 RMBOVHE LU 187.7 173.3 180. 5
SFRC-2.0 2.0 RMBOVHE LU 193. 4 182. 8 188.1
SFRC-3.0 3.0 KRBT H L4 188.5 176.6 182.5
SFRC-4.0 4.0 NGRS R 2 174.1 166. 4 170. 3
SFRC-5. 0 5.0 e N i 163.1 151. 2 157.2
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Fig.1 Schematic diagram of strip continuity test and strength test
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Table 4 Compressive and tensile strength measurements

PIE BREO% BE0.5% BE1.0%
J7 14 f./MPa f./MPa f./MPa f./MPa f./MPa f./MPa
X[l 39.7.38.4.40. 2 0.63.0.62.0.73 41.2.41.3.44.0 0.81.0.74.0.76 46.4.42.6.43.8 0.99.1.02.1. 14

Y [f] 34.1.37.2.34.6
Z1n] 24.8.24.4.27.1

0.27.0.34.0.32
0.27.0.25.0. 30

35.8.39.2.38.7
29.4.27.3.26.3

0.32.0.33.0. 35
0.32.0.34.0.29

42.7.41.0.40.5 0.46.0.45.0.51

37.1.37.2.36.1 0.58.0.58.0.59

T B 1.5% BH2.0% B3 0%

J7 1wl f./MPa ///MPa f./MPa ///MPa f./MPa f./MPa

X i 53.4.50.4.54.6 1.31.1.33.1.28 55.8.55.3.51.9 1.78.39.5.0.66 47.6.49.6.48.9 2.02.1.96.,2.09
Y 45.3.49.5.46.8 0.58.0.65.0. 64 47.7.50.2.49.9 0.54.39.5.0. 66 44.2.41.3.44.7 0.36.0.43.0. 44
Z1 41.7.41.2.46. 1 0.72.0.71,0.65 44.8 47.2 45.1 0.74.39.5.0.66 37.9.39.7.42.9 0.68.0.58.0.59
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Fig.2 Compressive and tensile strength curves of

concrete with different steel fiber contents
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3D printed concrete in the X-direction
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Table 5 Mix proportions of concrete for 3D printed arch

structure %

OPC SAC FS MS Kk Wk#l AFA VAE -4

47.5 2.5 25 25 22 0.12 0.1 0.28 2
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Table 7 Actual cracking load and ultimate load test values
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Fig. 9 Load-strain curves of arch structures
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Table 8 Loading and reinforcement methods of arch

structures
g gy X 20 51 T A5 7 ORI Ay
B, Hii,a, =50 mm
B, i, a, =15 mm
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B, B, a,=15 mm
B, Wi, aq=15mm , a,=15mm
C, i, a, =50 mm
C, PR a,=15mm
ESSEIYIES o
Wi, a,=~15 mm
C, W, aq=15mm , a,=15mm
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Fig. 10 Loading scheme of arch structures under
asymmetric load and schematic diagram of section

reinforcement
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Fig.11 Failure mode of arch structures at limit state

(d) B,

under symmetric loading
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Fig. 12 Failure mode of arch structures at limit state under

asymmetric loading
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Table 9 Ultimate load results from finite element analysis

21 5 1 BRAif 8/ kN 21 51 % BR fir 28 / kN
B, 79.7 C, 54.5
B, 88.9 C, 65.6
B, 81.5 C, 49.9
B, 89.2 c, 65.3

TR BE W37 B 1 LSS PR B i B A T
Y MBI EAE S SR E; &
ABAQUS i &b ¥ 53f F2 vf 4% 3D 4T BV BE + 4T B ™
A R T ¢ T R A A Ak R (E S PR Al B R AT
4.2.2 Aoy XAt h

AR B II~E 13, AXEFRm T He 45
a4 A PR 7 2 T B/ T X BRI R, EUAS X R A 2T
HESE A6 (%) N ) 53 A BERXERR AN 5] o LA S o7
A R] B B4 Cod g 1], C 4 i 258 44 %) b B 7 2% 0
9 54. 5 kN, AHXS T X RR N2k iy B AL, HAR BR 2K )
Ly REAR 3206 5 1 20 HE 25 48 1) o7 - 00 B il 2k AR L
TR SR AL I AR A0 35, C 2k 235 4 0 M Y B A
Ji I 2 BN T B R AR RN s Ik b
C 41 % 722 £ 3 B2 fin DR 5 2 A0 FRUIR 25 B, 79 20 A B
PR HE R AT, AH C 4 B9 A% BR for 2% B 2 /N T B4



192 + K5 33¥ L4

FAROF & L)

% 48 %

4.2.3 BB AL E AT B MARIRARR A 6% h

F 26 O 1) Wk BR fr 2 A5 400 45 SR W] 260 XERR N 2% F
B,. B, B, 2 #t 25§ 1 # R 7K 487 43 il ol 88.9.
81.5.89.2 kN, 5 B, 2 Mt 29 43 il #2 71 11. 5% .
2.3%.11.9%, B0 B, 20 5 B, 41 $2 TF# BR 7 2% 1 138
TR B2, By 4 3 T RO B/ 5 AN X FR 02
T, Co  Cy C 21 HE 25 1 1) B BR 7 281 4393 4 65. 6.
49.9.65.4 kN, 5 C, 41 #H Lt 29 23 5 $2& 7+ 20. 3% . F
8. 4% T 20%, B C, 405 C, 41 $2 Th 1 B 7k 2%
J7 R R AR 3 HL 0, C 2 B 25 4 ) A BR 7
B AT P BEAR

HY U A) L, 76 8 ) Ahger 2R AR T HE S5 0 4 i
0 LAE S 32 01y 3 o ¥ 52 07 B9 i A B A g 25 4K T
Hh Pl L BB A IR BT ) DXk, T vk 4 4 K
Oy R IXR AR TR S 5 R R IR I 4 o A T R
22 10975 R 5 1) 0 TE A 2 DG G A OG5 o D
AN AR BR AR 3R s AR . i an, % T B 41 HE 45
A, A S B (0 7 ) A T Ay R v R TG T (4 AR
T 1) A A 8 0 B 8t A 24 1/4 85 B Ak B 22 A A
(¥l B 2) , UL 11, v A T 43 K 32 OE TS R
QLR OEE DT N A 1 SO 1 B A B (B
B 20 32 J1 5 i A AR BRE T S B A SRR B 4 o A
[ 1A IS AR R X AR 3R ) — o SR THE A B
22 1A 7 B A A AT L (R AR RGP 2 A
P AR T 2 7 B A5 R HCHRE TR AR X B 4 BB
B AL 7E M T A 2 A BE AR AT R
PO R 1A IR, R SR 2 A 15 A
T 2 A4 B35 40 DRI B, 4% HE 45 4 R 28 7 0 2 A
IR o X C A 25 by | FLRkE IR i % 4 i 4 1 ok
T AR 0 2K U 43 o5 b i 224> A (o A 1) A
28R D 43 a5 Ak A T (A AR T 2) |, R T 43 S R 37
IEA A, WK 12, C, C, 4l 7E #3506 A B 52 7749
i, BEAT REHC P43 R 1 %) 670 A RD Ot 4R e it
S5 R AR T 50 Co 432 I i A B AE A TR AU
J ) 4K T 2 19 O A R B HE BT VE L R BB AR 2 A
F P 1A A AR B C A R Y A PR K
27 R A i B AR

5 #ig

L 3D FT B A0 £F 4 TR B 1 1 45 0 R F 5 5 42
FF R 0 45 Y TR BE 1 7 4 P R 0 5 S5 F
I, A5 A ) E A A% 1 R A 4R TR e 1 R
{14 fi 48 -100 A% 1l 2 g A% B i 48114 A8 AR T 2
#X 5 0 B 7 2k 4, 91 A ABAQUS A7 FR G 51 14 %t
A1) e 457 14 45 K HE AT 5 07 0 2B AL AR DU

ik

1) Y5 4 45 1 AE 0~3 %0 3 1B 9 32 i 385 i il
SDFTEIREE + XY . Z = A5 [l i bt e i JiE 1 2 5
B s AR S, BB 2% 1, 3T i
P 58k 5 459 315 B o KA

2)) TE B TR 1] 35 475 far AR TR, 9 4 4R 25 4 1Y
10k IR ek A A Ry AR AR, 24 3 B A L T Ak 284 4 B 2 A
T, T BUE 4, LA A A0 B B 2 1/8 5 B Ak T
HERRIEE A FHEE W,

3) T B 2R ) A9 3 I, 3D FT BN AR 41 4k TRk 1 1R 9K
PEZEHE A FR AR ) A R R 4 il e 4 2R
L HIRE 285 37.5% 6

4) 2R ABAQUS A B I8 3K 4 X6 B4 1] Fie 7 H4E 45
g E AT D0 0 KRB A AL, 45 R 3R W < AE X R A 2K
ERF BRI BR & 3 1 556 &5 R & L iR
ZE AR 4005 n 7y 25 A A A E X 25
(14 A B8 7 28 1 35 — s R i

£ & Uk

(1] 3cfR, ¥ks, ks, 5. 3DATEN @SB BHIF 5T

AU ;] K e R B T]. IR BE - 5K el &, 202006):
26-29.
WEN J, JIANG Y B, HU J X, et al. Research on
materials, typical applications and development trends of
3D printing buildings [J]. China Concrete and Cement
Products, 2020(6): 26-29. (in Chinese)

[2] 5KRME, EHR . 3D IT B HE 1 AR R BE bl 54
AR RT]. BERRERE 2, 2015, 34(6): 1583-1588.
ZHANG D W, WANG D M. Progress of 3D print of
concrete materials and concrete construction technology
[J]. Bulletin of the Chinese Ceramic Society, 2015, 34
(6): 1583-1588. (in Chinese)

(3] ANILAD, SRR, =5, 4 iR EEL 3D T ENH B K

3D T ENBRE AR B N Y 2 RE[T]. A e 8 41, 2021, 40
(6): 1832-1843.
SUN KL, WU X Q, LIN X Q, et al. Research prog-
ress on concrete materials for 3D printing and 3D print-
ing formwork technology [J]. Bulletin of the Chinese Ce-
ramic Society, 2021, 40(6): 1832-1843. (in Chinese)

[4] hmeste, WRIR, Eide, % . 3D TENTRKE LK AR

B RPUE AT I [T]. AR TR 24, 2022, 55(10):
1-10.
SUNXY, SHENJY, WANG H L, et al. Bending be-
havior of composite beam with 3D printed concrete per-
manent formwork [J]. China Civil Engineering Journal,
2022, 55(10): 1-10. (in Chinese)

[5] himeste, REH, Eilde, 55 . 3D 47 BN AR X IR BE - HEAR
S5 K I3 2 TR RE RS2 e LT WL R A A R (L D,
2020, 54(11): 2085-2091.

SUN X Y, TANG G, WANG H L, et al. Effect of 3D



% 14

B, F REA AT 3D AT AN A 4R st £ IR 4 M R R A

193

—
(o}
[a—

—
3
[a—

—
oo
[

[12]

[13]

printing path on mechanical properties of arch concrete
bridge [J]. Journal of Zhejiang University (Engineering
Science), 2020, 54(11): 2085-2091. (in Chinese)
2R A% . 3D AT ENIR BE L J2 A 36 45 1 A8 M AT ENHEZ5 M B
JEPERE ST AT [D]. WA IR : IR IR Tolk K%, 2020.

LIJ L. Analysis of interlayer bonding performance of 3D
printed concrete and stability of printing arch structure
[D]. Harbin: Harbin Institute of Technology, 2020. (in
Chinese)

PEEE, R E, B, &5 3D T BN iR %t L 4 th
AT 56 - B A 1 B i AL i 3 F 9 (0], R v B T K = 2
WA BB, 2022, 19(4): 47-54.

HE H X, JIANG Y B, DENG Y F, et al. Experimental
study on segmental forming of 3D printing prefabricated
concrete twisted formwork-cast-in-situ concrete column
[J]. Journal of Changsha University of Science &
Technology (Natural Science), 2022, 19(4): 47-54. (in
Chinese)

WANG B L, YAO X F, YANG M, et al. Mechanical
performance of 3D printed concrete in steam curing
conditions [J]. Materials, 2022, 15(8): 2864.

CHEN Y. Structural behavior of 3D printed concrete
specimens with reinforcement [J]. Journal of the Korean
Recycled Construction Resources Institute, 2018, 6(3):
174-181.

CHEN Y D, ZHANG Y S, PANG B, et al. Extrusion-
based 3D printing concrete with coarse aggregate: Print-
ability and direction-dependent mechanical performance
[J]. Construction and Building Materials, 2021, 296:
123624.

SOLTAN D G, LIV C. A self-reinforced cementitious
composite for building-scale 3D printing [J]. Cement and
Concrete Composites, 2018, 90: 1-13.

MA G W, LI1ZJ, WANG L, et al. Mechanical anisot-
ropy of aligned fiber reinforced composite for extrusion-
based 3D printing [J]. Construction and Building Materi-
als, 2019, 202: 770-783.

XIRWE, TH, 2, 5 REE L 3D FTEin i3 4 5
RS RLT). T 5T, 2021, 51(6): 9-15.

LIU T H, WANG L, LI Z J, et al. A review of
incorporating reinforcement method in 3D

printing [J]. Industrial Construction, 2021, 51(6): 9-15.

concrete

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(in Chinese)

MR B, VLI, S 3D FTEN SR YE 3 SRR B 1 b
BB sT [T BERR R4 4R, 2021, 49(11): 2538-2548.
YEJH, ZHENG Y, YU J T, et al. Research progress
on 3D printable fiber reinforced concrete [J]. Journal of
the Chinese Ceramic Society, 2021, 49(11): 2538-2548.
(in Chinese)

VR, g, R, RSB RS MR S
3D T EVIR B b R A AT % S AT B e B (U] A BN 2
iz, 2022, 43(9): 222-231.

JIANG Y B, HU J X, ZHOU H, et al. Continuous
printed height of 3D printing concrete circular tube with
equiangular movements of starting point [J]. Journal of
Building Structures, 2022, 43(9): 222-231. (in Chinese)
PoAS, BT, R, S REE L SDATENE AR M AT
5L BRAR[T]. i T AR (h3E30), 2023, 52(10): 1-9.
YAO J, HUANG M Y, ZHAO B J, et al. Research
3D
technology [J]. Construction Technology, 2023, 52(10):
1-9. (in Chinese)

PANDA B, LIM JH, TAN M J. Mechanical properties

and applications status of concrete  printing

and deformation behaviour of early age concrete in the
context of digital construction [J]. Composites Part B:
Engineering, 2019, 165: 563-571.

CHEN Y D, ZHANG Y S, PANG B, et al. Steel fiber
orientational distribution and effects on 3D printed con-
crete with coarse aggregate [J]. Materials and Struc-
tures, 2022, 55(3): 100.

R B L 454K J7 5 4R vfE: GB/T 50152—2012 [S]. b
a0 E ST AL, 2012.

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

TR¥E 25 L : GB 50010—2022 [S]. b5t
HEF T AL, 2022.

Code for design of concrete structures: GB 50010—2022
[S]. Beijing: China Architecture &. Building Press, 2022.

(in Chinese)

(% R&)



