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Table 1 Chemical composition list w/%
Material CaO SiO, Al,O3 Fe,03 SO3 MgO
OPC 64.43 21.14 5.78 3.590 2.35 152
GGBS 38.10 28.70 14.80 0.425 2.18 10.60
FA 14.30 47.70 24.00 4.520 1.33 2.78
w is mass fraction.
*2 EAtt
Table 2 Mix ratio m/g
Simple FA GGBS OPC Water Sand  Water reducing agent  Early strength agent ~ SAP  Internal solidification water
External curing 180 90 630 333 900 3.6 3.6 0 0
Internal curing 180 90 630 333 900 3.6 3.6 0.9 135
m is mass.
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Table 3 Printing parameters

Printing parameters Numerical value

Horizontal printing speed/(m-min) 4.8
Nozzle diameter/m 0.02
Extrusion speed/(r-min-1t) 3.33
Single layer printing height/m 0.01
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Table 4 Weibull two-parameter damage model distribution regression parameters

Number A a R?
Cast-NC 1.216 26 —6.863 09 280.415 37 0.99893
Cast-SC 1.96532 -10.806 67 247.854 84 0.98145
Cast-Tgo 1.30187 —7.354 42 283.11452 0.99952
Cast-SAP 1.83371 -10.08577 246.53702 0.984 46
Cast-SCH 1.856 34 -10.265 46 253.343 27 0.986 06
3D-NC 1.18306 —6.259 54 197.305 87 0.996 56
3D-SC 1.15087 -6.49211 280.695 05 0.998 64
3D-Teo 1.24340 —6.57142 198.11757 0.99885
3D-SAP 1.21707 —6.84050 275.42324 0.99972
3D-SCH 1.09355 -6.17729 281.94512 0.99707

A=p. B=pIna. a is characteristic lifetime parameter. £ is Weibull shape parameter. R? is determination coefficient.

x5 FRRBINEHIE
Table 5 Fitting equations for freeze—thaw damage

Number Freezing—thaw damage fitting equation Number Freezing—thaw damage fitting equation
B n 122 B n 1187
Cast-NC D, fl—exp_—[m] } 3D-NC O *1‘”"_‘(197.31) ]
- n 197 n 115
Cast-SC D, =1-exp 77(247.85j :| 3D-SC D, =l—e><l{*(280l7j }
n 13 r n 1247
Cast-Teo B, =1’exp{’(233.nj } 3D-Teo & ﬂfexpf[mmz)
B n 183 r n 1227
Cast-SAP D, —1—exp_—[ 2165 4] } 3D-SAP O ’1_eXp__(275.42) |
- n 1.86 r n 109
Cast-SCH D, —1—exp_—[253'34] ] 3D-SCH O ’1_”"__(281.95]
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Table 6 Predicted life based on Weibull freeze—thaw
damage model in different regions
Predicted life in different regions/a
Number
Northeastern China ~ North China  Northwestern China
Cast-NC 16.2 231 16.5
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3D-SCH 15.2 21.7 155
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Extended Abstract

Introduction The appropriate curing methods for 3D-printed cement-based materials have not yet been clearly defined, thus
restricting their durability in cold regions. This study was to investigate the effects of natural curing (NC), standard curing (SC),
high-temperature curing (Teo), saturated Ca(OH)2 solution curing (SCH), and internal curing withabsorbent polymer (SAP) on the
performance of solid waste-based 3D printed mortar (3DFGCM). The objective was to establish quantitative relationships among
curing methods, mechanical anisotropy, frost resistance, and pore structure, thereby providing a theoretical foundation for improving
the service life of 3D printed structures in cold regions.

Methods The fly ash-slag-cement based mortar (FA : GGBS : OPC=1: 2 : 7) was prepared at a sand-to-binder ratio of 1 : 1 and a
water-to-binder ratio of 0.3. After vibration casting and 3D printing of the slurry, the specimens were naturally cured for 1 day and
then divided into five groups for further curing. The 28-d compressive strength and anisotropy were tested in the X, Y, and Z
directions. After 28-d curing under respective conditions, the specimens were immersed in water at 15-20 ‘C for 2 d before
undergoing freeze—thaw cycles. The mass loss rate, relative dynamic elastic modulus, and strength loss rate were measured. The pore
structure was analyzed before and after freeze—thaw cycles to determine parameters such as air content, chord length distribution, and
spacing factor. Finally, a damage evolution model based on the Weibull distribution was established to predict service life, and a
neural network was used to map the relationship between pore parameters and damage.

Results and discussion  This study systematically investigates the effect of curing method (i.e., NC, SC, Teo, SCH, and SAP) on the
performance of 3D printed fly ash-slag-cement-based mortar (3DFGCM). The comprehensive analysis of mechanical anisotropy, frost
resistance, and pore structure, combined with freeze-thaw models and service life prediction models indicates that the 28-d
compressive strength and isotropy coefficient of 3D printed specimens are lower than those of cast specimens. Among the curing
methods, 3D-SC demonstrates the most significant enhancement in the 28-d compressive strength, while the SAP increases the 28-d
compressive strength to 36.8 MPa, which is increased by 41.17%, compared to the NC group, with the lowest anisotropy coefficient
(i.e., 0.187). The frost resistance of 3D printed specimens varies significantly. The 3D-NC and 3D-Teo groups both fail after 125
freeze-thaw cycles, the 3D-SAP group exhibits the optimum frost resistance, retaining 61.5% of its dynamic elastic modulus and
showing a mass loss of 4.57% after 150 freeze-thaw cycles. Its closed micropores and humidity balance mechanism effectively
mitigate frost heave damage. In terms of the pore structure, 3D printed specimens exhibit distinct elliptical pores. The 3D-SCH group
shows a limited improvement in cavity and interlayer cold joint defects, with large pores accounting for 75% more than those in the
3D-SAP group. The incorporation of SAP improves process-induced defects and significantly inhibits pore coarsening. With the
relative dynamic elastic modulus as an index, the Weibull damage and service life prediction models are applied to assess freeze—thaw
damage and service life of 3DFGCM, with R? of > 0.98. The 3D-SAP group performs optimally, with a predicted service life of 15.9
years. Furthermore, based on BP neural networks, the effective correlations are established between pore structure parameters and the
Weibull-predicted damage and service life, with R? of > 0.97.

Conclusions In terms of mechanical anisotropy, the strength of 3D-printed specimens followed a decreasing order of Cast>X>Z>Y.
The SAP curing resulted in the lowest anisotropy coefficient (i.e., 0.187), with a 41.2% increase in the strength, compared to the NC
group. For the frost resistance, after 150 freeze-thaw cycles, the SAP group retained 61.7% of its dynamic elastic modulus and
exhibited only 4.57% mass loss. In contrast, the NC and Teo groups failed after 125 cycles due to pore coarsening. In terms of the pore
structure, the initial air content of 3D-printed specimens was 1.5 times higher than that of cast specimens. After freeze-thaw cycles,
the total chord length of the NC group was increased by 65.3%. The SAP effectively inhibited pore coarsening, with large pores
accounting for only 36%, representing a 75% reduction, compared the NC group. Finally, a damage evolution equation was
established based on the Weibull distribution model, predicting a service life of 15.9 years for 3D-SAP in cold northwestern regions.
The BP neural networks were employed to predict damage and lifespan based on microscopic pore structure. This study could provide
a reference for the design of methods and frost resistance optimization in 3D-printed construction materials.
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