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Printability, Mechanics, Shrinkage and Carbon Emission Analysis of 3D Printed Concrete
with Coarse Aggregates

ZHANG Yunsheng'?, CHEN Yidong', LIU Cheng'
(1. School of Materials Science and Engineering, Southeast University, Nanjing 211189, China; 2. School of Civil Engineering,
Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: This paper was to clarify the impact of coarse aggregate from printing to aging on 3D printed concrete. The mix design of
3D printed concrete containing coarse aggregate was conducted at a mass ratio of cement paste to aggregate (P/A) based on a
continuous and discontinuous grading of coarse aggregate. The buildability, basic mechanical properties, and drying shrinkage
properties were tested. The results show that the lower the P/A value is, the higher the maximum buildable height of 3D printed
concrete containing coarse aggregate will be, improving the mechanical and drying shrinkage resistance. The excessive proportion of
coarse aggregate with large particle sizes affects the constructability and mechanical properties but has a positive effect on reducing
the drying shrinkage of concrete when using discontinuous coarse aggregate gradation. Also, the effectiveness of 3D printed concrete
containing coarse aggregate in reducing carbon emissions during the production and manufacturing phase was investigated and
compared with that of 3D printed mortar and conventional cast methods. Using coarse aggregate in 3D printing concrete technology
can effectively reduce carbon emissions during the production stage of concrete raw materials, and it is still necessary to further
reduce the use of cement materials. The advantages of 3D printing concrete technology in carbon reduction mainly depend on
modeless construction and labor reduction characteristics. Compared to the conventional cast method, 3D printing concrete
technology can reduce carbon emissions by 36.5% during production.
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Table 1 Chemical Composition of cement by mass ratio wW/%
CaO SIOZ A1203 F6203 (NazO)e MgO Kzo SO} TIOZ PzOs L.O.I
68.05 18.52 4.15 2.01 0.23 1.15 1.07 3.34 0.24 0.11 1.13

w—DMass fraction.

*2 EAHEI
Table 2 Mix Proportion design

p(basalt stones)/(g-cnf})

Mix P/A rate Cement slurry

Sand PCE HPMC

4.75-10.0 mm 10-20 mm 4.75-9.50 mm 9.5-16.0 mm 16-20 mm
P1 0.9 1123.7 438.6 304.4 495.4 3.94 0.63
P2 0.75 1014.9 488.1 338.8 551.3 3.94 0.63
P3 0.5 845.2 565.3 3924 638.5 3.94 0.63
S 0.75 830.2 551.3 3.94 0.63
M 0.75 1014.9 0 830.2 0 551.3 3.94 0.63
L 0.75 83 166 581.2 551.3 3.94 0.63

P/A—Volume ratio of cement paste to aggregates; PCE—Polycarboxylic water-reducing agent; HPMC—Hydroxypropyl methyl cellulose ether.
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Fig. 3 Cutting large blocks to 100 mm>100 mmx100 mm and 100 mmx100 mmx400 mm prisms
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Fig. 4 Drying shrinkage measuring device
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Fig. 6 Four constructive collapse or failure modes
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(a) Compression test results of P1-P3

(c) Flexural test results of P1-P3
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(b) Compression test results of L, M and S

(d) Flexural test results of L, M and S
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Fig. 7 Compression test and flexural test results of each group

*3 BEAHFMHEMALE

FESEEFEE

Table 3 Average value and anisotropy of basic mechanical property test results

Group Pave (compressive)/MPa Ny /% Ny /% N, /% Paye (flexural)/MPa Ny /% Ny /%
P1 43.83 -9.2 10.4 -1.2 4.19 -39 3.9
P2 52.44 -8.8 11.2 -23 5.69 -5.7 5.7
P3 58.50 9.1 10.4 -14 6.42 -5.0 5.0
L 37.86 -12.2 11.9 0.3 3.61 -7.8 7.8
M 45.81 —6.9 8.2 -1.3 5.45 5.4 5.4
S 64.56 6.7 5.6 1.2 7.22 -2.9 2.9

Pave (Compressive) is the average compressive strength of specimens; Ny, Ny and N, are the difference between the X, y, z and the P,y (Compressive). Ny and Ny

are the difference between the V, H directions and the P,y (Flexural).
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Table 4 Carbon emission factors (CEF) of fossil energy

Source Coal (kgCO,e/kg) Oil (kgCO,e/kg) Gas (kgCOze/m3)
Chinese Academy of Engineering!* 2.493 1.980 1.503
Energy Research Institute of National Development and Reform Commission*”! 2.734 2.167 1.624
Climate change project of the National Science and Technology Commission!**! 2.662 2.134 1.500
National Environment Agency Greenhouse Gas Control Project®) 2.734 2.138 1.628
United Nations Intergovernmental Committee on Climate Change™™” 2.761 2.149 1.643
US Department of Energy"™"! 2.574 1.753 1.426
Japan Institute of Energy Economics™*! 2.772 2.148 1.646
CEF refers to the carbon emission factor; Average CEF of coal, oil, and gas are 2.676, 2.067 kgCO,e/kg and 1.567 kgCOe/m’, respectively.
*5 BOHEMET
Table 5 Power emission factors
Source CEF (kgCO,e/kWh) Mean
Chinese Academy of Engineering!**! 0.953
Climate change project of the National Science and Technology Commission!*! 1.019
National Environment Agency Greenhouse Gas Control Project) 1.049 1.014
US Department of Energy[m 0.986
Japan Institute of Energy Economics®! 1.063
Average CEF is 1.014 kgCO,e/(kW-h).
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Fig. 9 Carbon emission calculation content in concrete manufacturing stage
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Table 6 CEF statistics of concrete raw material production stage

Kind

Items

CEF (kgCO,e/unit)

Source

Portland cement Cementitious material (t) 735 GB/T51366—2019
Fly ash Cementitious material (t) 19.1 Yang"™!
Silica fume Cementitious material (t) 14 Gabi database
Tap water Water (t) 0.17 GB/T51366—2019
Natural sand Fine aggregate (t) 2.51 GB/T51366—2019
Recycled sand Fine aggregate (t) 3.68 Xiao et al.**
Crushed stone Coarse aggregate (t) 2.18 GB/T51366—2019
Recycled coarse aggregate Admixture (t) 2.35 Xiao et al.*"
Superplasticizer Admixture (t) 1064 Moghadam!>
Ordinary wood, plywood, particleboard Formwork (m®) 501 Zhang!*®!

®7 RBELTEFREMENEMIEZIE CEF &tk
Table 7 CEF statistical table of transportation process of raw materials for concrete production
Items Distance /km CEF (kgCO,e/(t-km)) Conveyance Source
Cement 35 0.104 Heavy gasoline truck GB/T51366—2019
Fly ash 300 0.01 +0.104 Rainway + Heavy gasoline truck GB/T51366—2019
Silica fume 200 0.01 +0.104 Rainway + Heavy gasoline truck GB/T51366—2019
Fine aggregate 50 0.104 Heavy gasoline truck GB/T51366—2019
Coarse aggregate 50 0.104 Heavy gasoline truck GB/T51366—2019
Admixture 10 0.334 Light gasoline truck GB/T51366—2019
Formwork 20 0.115 Medium gasoline truck GB/T51366—2019
#8 HA D ITENRAL/MRSEGIRFURELAL
Table 8 Typical 3D printing concrete/mortar and conventional pouring concrete mix proportion kg/m’
Component Type 3DPCC 1 3DPCC 288 3DPM 1P¥ 3DPM 28 3DPM 31 ocC
Cementitious material Portland cement 788.6 444 1000 864 546 451
Fly ash 96.6 18 156
Silica fume 41.4 18 78
Water Tap water 236.6 275.5 395 288 219 194
Fine aggregate Natural sand 551.3 500 900 1171 562
Recycled sand 818 500
Coarse aggregate Crushed stone 826.9 1152
Recycled coarse agg. 541
Admixture Superplasticizer 3.94 1.75 1.85 2.16 8.2
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CM—Total carbon emissions from raw material production; C—Total carbon emissions during raw material transportation.
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Fig. 10 Carbon emissions and total emissions during raw material production and transportation at a volume of 1 m® for each mix

ratio (unit: kgCO,e)
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Table 9 Production carbon emissions in the production stage of traditional pouring and 3D printing concrete technology

Production method Items E.i/(kW-h) Cei twi Cpi C,
oC Vortex paddle mixer (250 L) 34.10 34.58 4 138.32 1151.39
Woodworking circular saw 24.00 24.34 10 243.40
Concrete troweling 23.14 23.46 6 140.76
Portal crane 88.29 89.53 2 179.06
Heavy labor 0.118 420 28.32
Formwork production 400.29
3D printing 3D printer 8.30 10.20 48 302.98 731.14
Vortex paddle mixer (250 L) 34.10 34.58 4 138.32
Portal crane 88.29 89.53 2 179.06
Moderate labor 0.100 96 3.60

E.; is the hourly energy consumption of the i" production process (kW-h or kg); C.iis the hourly carbon emissions of the i" production process (kgCOse/h); tyi is

the working duration of the i production process (h); C,i is the total carbon emissions of the i" production process (kgCOse); C, is the total carbon

emissions during concrete production stage (kgCO,e).
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