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Abstract

:

Three-dimensional concrete printing is a promising technology and attracts the significant attention of research and industry. However, printable and mechanical capacities are required for 3D printable cementitious materials. Moreover, the quantitative analysis methods of printable performance are limited and have low sensitivity. In this study, the orthogonal experiment through samples combining 3D concrete printing method with fly ash, silica fume, and ground granulated blast furnace slag was designed to obtain the printable and mechanical property influence of various mix proportions. Furthermore, multiple industrial wastes were utilized to improve material sustainability. Meanwhile, the static and dynamic extrusion pressure measured by the original 3D printing extrudability tester were verified to achieve a high-sensitivity evaluating indicator. Thereby, a novel high-sensitivity quantitative analysis method of printable capacity was established to explore the influence of industrial wastes usage on the printability of 3D printable mortars. The optimum dosage of fly ash, silica fume, and ground granulated blast furnace slag was 20 wt.%, 15 wt.%, and 10 wt.%, respectively, based on printable and mechanical property experiments. Furthermore, the optimum dosage was employed to print the sample and achieved a higher compressive strength (56.3 MPa) than the control cast.
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1. Introduction


Additive manufacturing is a method exhibiting the characteristics of material saving, economic, high construction speed, and flexible design, hence having been employed in various fields [1,2]. In the last decade, the interest of additive manufacturing in the building industry has significantly enhanced [3]. The rapid growth and elaborate research in this field indicate that additive manufactured construction structures are possible in the near future although still in their nascent stage [4,5]. Meanwhile, 3D concrete printing (3DCP) that is one of the additive manufacturing technologies of construction has attracted most attention from both academia and industry in the additive manufacturing areas [6]. Concrete 3D printing is the cementitious composites deposited in layer-by-layer shapes by the coordination between computer design and the help of a printer [7]. Advantages of 3DCP have been verified on no formwork, waste reduction, materials saving, and labor dependence reduction [8].



However, desirable materials using the 3DCP method ought to demand high flowable performance from the printer pump to the nozzle [9,10,11]. Simultaneously, the printable materials should reveal high buildability to ensure the maintenance of printed shape as well as printable layers without flowing and collapse [8,12]. Besides, the printable property of the composite and mix proportions ought to be coordinated with print process parameters [13,14]. Furthermore, conventional concrete by 3DCP methodology generally uses fine aggregates, leading to more cement usage, CO2 emissions, and energy consumption than traditional casting concrete due to the higher cement content [15,16].



The rapid development of industrial production has led to the huge amount of various wastes [17]. Meanwhile, most industrial wastes are directly landfilled, thus impacting the health of humans and the environment [18]. As a result, the effective improvement of reuse for industrial wastes is urgent to further obtain sustainability. Fly ash (FA), silica fume (SF), and ground granulated blast furnace slag (GGBS) are industrial wastes in the by-product of the energy and smelting industry, which need to be resolved at a considerable cost [19]. However, FA, SF, and GGBS are used in cementitious composites to reduce cement dependence and improve sustainability, as well as influence printable properties of materials [20]. Simultaneously, the addition of industrial mineral wastes can improve hydration products and pore structure, thereby enhancing the mechanical property and interlayer bond of 3D printed cement-based materials [21]. The polyvinyl alcohol (PVA) fiber is one of the most suitable polymeric fibers to reinforce cementitious composites, enabling the crack resistance and the early strength of printed material [22]. Moreover, hydroxypropyl methylcellulose can benefit the buildability and green strength of printable mortar [23].



The plastic viscosity and yield stress reduction can improve extrudable and pumpable properties but negate the buildable performance for 3DCP [24]. Printability is therefore a property requiring a balance of buildability, pumpability, and extrudability [25]. Simultaneously, the composites used in 3DCP demand sufficient rheological and thixotropic properties, which are differed from traditional cast concrete [26]. Rheological and thixotropic properties are conventionally evaluated by the parameters containing the rheology spanning, slump deformation, and setting behavior [27]. Additionally, printable parameters can influence the printing process comprising nozzle moving velocity, and pumping pressure [28]. Nevertheless, the traditional experimental methods in the field of cast cement-based materials or other 3D printing fields are applied due to no criterion in the 3DCP area [29]. Meanwhile, the extrudability and buildability of the printable cementitious materials are commonly described by the Bingham model using static yield stress, dynamic yield stress, and viscosity as shown in Equations (1) and (2) [30,31]:


   τ t  =  τ d  + k  γ ˙   



(1)






   H b  =  δ  ρ g    τ s   



(2)




where τt (Pa) is shear stress, τd (Pa) means dynamic shear stress, τs (Pa) demonstrates the static shear yield stress, k (Pa.s) describes plastic viscosity,   γ ˙   (1/s) symbols shear rate, Hb (m) denotes element buildability height, δ means the geometric factor, g (m/s2) describes the gravitational constant, and ρ (g/cm3) symbols density.



The printing process is not properly simulated by the conventional evaluation criterion of printability for materials using 3DCP technology [32,33]. Besides, the traditional rheology experiment methods, such as slump tests and rheometers are not sensitive for early-strength concretes [34]. The Sliper is concrete testing equipment and has advantages, which are extremely close to the practical pumping process and relatively simple for robust settings [35,36]. However, the printing process cannot be accurately simulated by the assessment of conventional Sliper because the section size of outlet using 3DCP technology is commonly smaller than the section size of the pumping line. Moreover, the evaluation methods applying rheometers are restricted in practical applications of 3DCP due to the high cost [37,38]. Thereby, research on determining appropriate test and evaluation methods of printable property for 3DCP is urgent [39,40].



This study aims to investigate the influence on printable and mechanical performance when multiple industrial wastes are incorporated into the concrete using 3DCP technology. The original 3D printing extrudability tester and orthogonal experiment are conducted to reduce the experimental workload and obtain high-sensitivity evaluating indicators. Simultaneously, the mechanical and printable performance influences of FA, GGBS, and SF are discovered for multiple industrial wastes incorporated composites using 3DCP technology. Thereby, the optimum mixture design combining the printable and mechanical performance of concrete using 3DCP technology is acquired.




2. Materials and Methods


2.1. Raw Materials


The raw materials of sample in this study were 42.5R Portland cement (conformed to Chinese national standard GB175-2007 [41]), FA (Class F, conformed to Chinese national standard GB/T 1596-2017 [42]), GGBS (S95, conformed to Chinese national standard [43]), and SF (conformed to Chinese national standard [44]), as shown in Figure 1. The chemical compositions of the precursor materials are shown in Table 1. The quartz sand of particle grading range between 40 mesh and 70 mesh was proposed to be used, conforming to Chinese national standard GB/T 14684-2011 [45]. The physical and mechanical properties of PVA fibers utilized in this study are shown in Table 2. Additionally, the high-efficiency polycarboxylic acid type water reducer and hydroxypropyl methylcellulose (viscosity at 40000 Cp) was employed to improve the working performance of 3D printing concrete.




2.2. Orthogonal Experimental Design of Mix Proportion


The mixing proportion of 3D printing concretes mainly includes water binder ratio, sand binder ratio, high-efficiency polycarboxylic acid water reducer, PVA fiber, hydroxypropyl methylcellulose, etc. The water binder ratio of this experiment was 0.36 based on the trial test by the comprehensive consideration of printable fluidity and mechanical strength. Additionally, the sand binder ratio at 1.3 was verified to prove smooth extrusion and reasonable cost. Subsequently, an orthogonal experiment on components of FA, SF, and GGBS in the cementitious materials was designed when the total calculation percentage of binder materials was 100 wt.%. Additionally, the PVA fiber, polycarboxylate superplasticizer and hydroxypropyl methylcellulose content were 0.21 wt.%, 0.23 wt.%, and 0.016 wt.%, respectively, to improve the flowable and water-retaining property of mortar. The mix proportion of the control sample and tested samples in orthogonal experiment is shown in Table 3. The orthogonal experiment can effectively explore the influence degree of various industrial wastes on mechanical and printable performance although they cannot detect information about mutual effects of the components. Furthermore, this study utilized range value to analyze the influence of various industrial wastes for more intuitive results and convenient calculation compared with variance analysis. The range value is that subtracts the minimum level average from the maximum level average. The influence degree of three industrial wastes (FA, SF, and GGBS) is determined by the range value.




2.3. Flowability and Slump Test


The flowability and slump test adopted the Chinese national standard GB/T2419-2005 [46]. The flowability test was that the average diameter of the bottom extension of samples was measured after the sample was placed on the truncated cone mold vertically agitated up and down, as shown in Figure 2a. The flowability test was immediately started when 25 beats were accomplished within 25 ± 1 s at a frequency of one per second. After agitating, a diameter measure method of two mutually vertical directions on the bottom surface of the mortar was applied and the average value was in mm calculated. The slump test can evaluate the buildability of 3D printable mortar. The specimens were poured into the slump cone (65 mm height) and slowly lifted the slump cone, measuring the average value in mm calculated, as shown in Figure 2b.




2.4. Printable Performance Evaluation Method


In contrast with conventional equipment of independent pumping and extrusion, this test applied pumping and extrusion integrated printing equipment to eliminate the phenomenon in which extrusion and pumping speed could not be coordinated. Through the rotation of the single screw stem in the pumping pipeline, the material was continuously extruded from the variable-section nozzle. The reacting force was produced because the size of outlet section of printer was smaller than the size of constant pumping section; thereby, a test method was proposed to determine the difficult degree of continuous and stable materials extrusion based on extrusion pressure. Furthermore, this study applied a digital-display 3D printing extrudability tester in which the section size (length: 38 mm, width: 14 mm) of its extruding outlet was the same as the nozzle of the printer, as shown in Figure 3. The elastic connecting rod of extrudability tester deformation changes electric resistance, which leads to the pressure value variety in the display, as shown in Figure 4A.



This tester was employed to simulate the printing process by pushing the pull rod by hand to extrude the material. To ensure stable extrusion speed and repeatable experiment, extrusion length of mortar from the barrel was the same when extrusion time of 0.2-L material (the volume of piston barrel) was 10 s, as shown in Figure 4B. The 1-time constant extrusion filament length, nozzle speed, and angle were 200 mm, 20 mm/s, and 15°, respectively. The printing nozzle is close to the printing platform to prevent vertical error. Simultaneously, the rectangular tester nozzle can improve the consistency of width and deposition height of the extrusion filament, thus ensuring the stable width and deposition height of the filament. The final result employed the average to enhance the accuracy of the test. Moreover, the average was obtained by a respective 3-time measure using every group sample of Table 3. The repeated measure would be conducted when the standard deviation of a single result was greater than 5% of the average value.



Before the material was extruded from the printing nozzle, the friction (between material and pipe as well as between material and nozzle) and the shear yield stress (mortar was conveyed to the internal extended pipe and the cross-section of nozzle) were produced in the extrudability tester, as shown in Figure 5. After the material was transported and extruded at a constant rate, the material bore relatively stable shear stress to destroy the network flocculation structure inside the fresh mortar. Thereby, the extrusion pressure to block material was reduced to turn into dynamic extrusion pressure after the material broke through the yield shear stress. FB1 represented static extrusion pressure (sum of the friction and shear yield stress) before the material was extruded from the printing nozzle. Meanwhile, FB1 was the maximum pressure value through slow extrusion from the tester nozzle. The dynamic extrusion pressure was demonstrated by FB2, which is a stable pressure value under the condition of rapid extrusion rate. Moreover, FB1 and FB2 were successively noted by the digital display tester when the mortar was extruded at one time.



FB1 is influenced by the static yield stress and has a positive correlation to depositing capacity. FB2 is impacted by the dynamic yield stress and is a negative correlation with pumpable capacity. Moreover, index FJ (%) represented the extrusion shaping capacity based on FB1 (N) and FB2 (N) is the positive correlation to the thixotropy, as described in Equation (3).


   F J  =    F  B 1   −  F  B 2      F  B 2      



(3)







In this study, the extrudability of concrete referred to the method of Le et al. [47]. The method employed the relation coefficient of extruded filament width (N) and nozzle width (38 mm) to calculate extrudable index (J) shown in Equation (4) and Figure 6. J represents extrudable property of printable composites. Additionally, J was a negative correlation to the extrudability of mortar. To ensure the accuracy of N, the part (height higher than 14 mm or width less than 38 mm) of 1-time extrusion material was not employed. Subsequently, N1MAX, N2MAX (respective maximum width), and N1MIN, N2MIN (respective minimum width) of two-part extrusion filaments, which meet the requirement, were utilized to determine N in a single test demonstrated in Equation (5). Moreover, L1 and L2 represent the length of the selected two-part extrusion filaments, respectively.


  J =   N − 38   38    



(4)






  N =   (  N  1 M A X   +  N  1 M I N   )  L 1  + (  N  2 M A X   +  N  2 M I N   )  L 2    2  (   L 1  +  L 2   )     



(5)







Figure 7 shows that the mortar was extruded from the nozzle of the 3D printing extrudability tester to form a layered structure. Meanwhile, the structure of 100 mm length, 42 mm height, and 3-layer vertical deposition was fabricated by using three barrels of material of extrudability tester. Additionally, the interval time between upper and lower layers is 0. Subsequently, the buildable index Q (mm) was described by 3 times the height of extrusion diameter (42 mm) and the total height W (mm) of extruded filament shown in Equation (6) [48]. To ensure the accuracy of W, the part (deposition height higher than 42 mm) of a single extrusion test was not employed. Subsequently, maximum width (WMAX) and minimum width (WMIN) of one part of extrusion filaments, that meets the requirement, were utilized to determine W in the one-time test shown in Equation (7).


  Q =    42 − W    42    



(6)






  W =   (  W  M A X   +  W  M I N   )  2   



(7)








2.5. Mechanical Performance Test


The mechanical performance test adopted the standard ISO 679-2009 [49]. The tests of flexural strength utilized 9 groups, 40 mm × 40 mm × 160 mm of prismatic sample of concrete using various mix proportions of orthogonal experimental to cure 28 days in standard conditions. Meanwhile, the test of compressive strength employed the sample in which a prismatic specimen was divided into two after the flexural experiment. The flexural and compressive tests were employed to evaluate the flexural performance influence of various industrial waste proportions by testing machine (TYE-300E, manufactured by Wuxi Jianyi Instrument & Machinery Co., Ltd., Wuxi, China). Consequently, the optimum mix proportion of composite integrating printable and mechanical capacity was printed to respectively fabricate cast and printed samples of the compressive test, as shown in Figure 8. Moreover, the printed cube samples were obtained through cutting the printed structure (430 mm × 420 mm × 130 mm size). To print structure, the moving velocity of printer nozzle was 12 cm/s. Besides, each layer was manufactured with 12 round-trip continuous paths and the number of vertical deposition layers was 20 for printed structure, as shown in Figure 8c. By adopting the Chinese national standard GB/T 50081-2002 [50], the cast and printed sample (100 mm × 100 mm × 100 mm size and 28-days standard condition) of compressive test were conducted by TYE-2000B (manufactured by Wuxi Jianyi Instrument & Machinery Co., Ltd., Wuxi, China) to compare.





3. Results and Discussion


3.1. Analysis of Flowability and Slump


The fluidity (D) and slump (H) test data of samples using various industrial wastes content were summarized in the L9 (33) orthogonal experimental table (Table 4). The average values of fluidity and slump cone height ratio were obtained by results and calculation of orthogonal test, as shown in Figure 9. The fluidity range values of varying content of FA, SF, and GGBS are 30.67 mm, 6.50 mm, and 12.33 mm, respectively, obtaining the influence degree of three industrial wastes on fluidity (FA > GGBS > SF). Meanwhile, the slump range values of varying content of FA, SF, and GGBS are 4.00 mm, 2.83 mm, and 1.50 mm, respectively, obtaining the influence degree of FA > SF > GGBS. Furthermore, Figure 9a shows that the fluidity was the positive correlation, negative correlation, and negative correlation with the content of SF, GGBS, and SF, respectively. Figure 9b shows that parabolic correlation, negative correlation, and positive correlation were achieved on the slump with the content of SF, GGBS, and SF, respectively. However, the test sensitivities of fluidity and slump were insufficient when the contents of SF, GGBS, and SF were transformed. The above results were acquired by more tests than expected, especially slump.




3.2. Analysis of Printable Performance


The printable index of test data and calculation results for this study is summarized in the L9 (33) orthogonal experimental table (Table 5). The average values of FB1, FB2, and FJ were obtained by orthogonal test results and calculation with various FA, SF, and GGBS content, as shown in Figure 10. The FB1 range values of varying content of FA, SF, and GGBS are 80.34 N, 26.53 N, and 24.38 N, respectively, obtaining the influence degree of three industrial wastes on FB1 (FA > SF > GGBS). Meanwhile, the FB2 range values of varying content of FA, SF, and GGBS are 65.21 N, 23.12 N, and 25.17 N, respectively, obtaining the influence degree of FA > GGBS > SF. Furthermore, the FJ range values of varying content of FA, SF, and GGBS are 16.85%, 12.06%, and 19.85%, respectively, achieving the influence degree of GGBS > FA > SF.



Figure 10a,b shows that FB1 and FB2 are primarily influenced by FA and enhanced by 25.88% and 40.18%, respectively, when FA content improves from 10 wt.% to 15 wt.%. Using the FA with low fineness enhances the water demand, thereby enabling yield stress up of material. However, FB1 and FB2 reduce by 50.11% and 50.36%, respectively, when FA content improves from 15 wt.% to 20 wt.% because particles of FA possess smooth surfaces to reduce internal friction between particles. Besides, FA filled the particle voids of materials and revealed the micro-aggregate effect, improving the fluidity of the mortar and reducing the yield stress of the composites when the FA content further increases. The influences of SF and GGBS content are similar to FA for FB1 and FB2. Moreover, the combination of FA, SF, and GGBS leads to water demand reduction, thus reducing the dynamic yield stress of materials and the loss of material fluidity.



Extrusion shaping properties influence the printing parameters design, printable quality, and mechanical capacity of material. The relation of FJ with FA, SF, and GGBS content are negative correlation, positive correlation, and positive correlation, as presented in Figure 10c. Simultaneously, the FJ is up by 38% and 65% when SF and GGBS content enhances from 10 wt.% to 15 wt.%, respectively. For GGBS, its irregular particles, rough surface, and similar average particle size to cement particles improve the viscosity; therefore, enhancing the buildability of mortar. Moreover, the addition of SF enables the viscosity because its high SiO2 content and pozzolanic activity improve heat release and water demand of hydration.



FA content improves from 10 wt.% to 15 wt.% to enable FJ down by 39%, enhancing the extrusion shaping capacity of mortar. However, the variation trends of FJ are slowed with the increase in FA, SF, and GGBS dosage from 15 wt.% to 20 wt.% (reduction by 3%, improvement by 10%, improvement by 22%, respectively).



The average values of J, Q, and FB1 − FB2 of varying industrial wastes proportions were obtained by orthogonal test results and calculation, as shown in Figure 11. The J range values of varying content of FA, SF, and GGBS are 3.95%, 3.07%, and 6.14%, respectively, obtaining the degree of influence of three industrial wastes on J (GGBS > FA > SF). Simultaneously, the Q range values of varying content of FA, SF, and GGBS are 8.13%, 6.15%, and 6.55%, respectively, gaining the influence degree of FA > GGBS > SF. Consequently, the sequence of influence degree of various industrial wastes on J is the same as FJ because their influence degree depends on the thixotropy of mortar. Meanwhile, the width of extruded material is closely related to the subtract between static and dynamic yield stress. Similarly, the sequence of influence degree of various industrial wastes of Q and FB2 is the same when the rest time between printing layers is almost 0. The deposit height is thus determined by the dynamic yield stress of the printable composites to support the over-layer material of self-weight.



Figure 11a shows that the primary influence of industrial wastes for J is GGBS. Moreover, FJ and J exhibit the same growth trend when GGBS content increase from 10 wt.% to 20 wt.%. The extrusion shaping properties reduce through GGBS content improvement. Thereby, FA, SF, and GGBS contents of the optimal extrudable performance are 15 wt.%, 20 wt.%, and 10 wt.%, respectively, based on the average values of J. Figure 11b shows that the relations between Q and industrial wastes (FA, SF, and GGBS) content are negative correlation, parabola correlation, and parabola correlation, respectively. Additionally, the negative correlation, parabolic correlation, and positive correlation are demonstrated through the relation of FB1 − FB2 with FA, SF, and GGBS, respectively, as shown in Figure 11c. A positive correlation is achieved by FB1 − FB2 and Q when the value is within a range of 0 ≤ FB1 − FB2 ≤ 16N. Q is related to both the FB2 and FB1 − FB2 of the material. Thereby, printable mortar exhibits the optimum buildability when FA, SF, and GGBS contents are 20 wt.%, 15 wt.%, and 15 wt.%, respectively.




3.3. Sensitivity Comparison Analysis


Figure 12a,b demonstrate that range values between FB1 and slump as well as between FB2 and fluidity have the same influence degree (FA > GGBS > SF and FA > SF > GGBS, respectively). However, the sensitivity of FB1 and FB2 are 9 to 20 times of slump and 2 to 3 times of fluidity, respectively. Furthermore, the accuracy of the digital display instrument is two orders of magnitude higher than the conventional scale. Moreover, FB1 and FB2 tests are more reasonable measurement methods than slump and fluidity tests because they can simulate extrusion processes and reveal high accuracy and sensibility.




3.4. Analysis of Mechanical Performance


Table 6 shows that the mechanical properties of test data and calculation results for the L9 (33) orthogonal experiment are summarized. The average values of compressive performance and flexural capacity are obtained by orthogonal test results and calculation with various FA, SF, and GGBS content, as shown in Figure 13. The compressive strength range values of various content of FA, SF, and GGBS are 5.07 MPa, 3.83 MPa, and 1.63 MPa, respectively, obtaining the degree of influence of three industrial wastes on FB1 (FA > SF > GGBS). Meanwhile, the flexural strength range values of varying content of FA, SF, and GGBS are 0.93 MPa, 1.27 MPa, and 0.60 MPa, respectively, obtaining the influence degree of SF > FA > GGBS. Figure 13a shows that the relations between compressive strength and industrial wastes (FA, SF, and GGBS) content are positive correlation, parabola correlation, and parabola correlation, respectively. Moreover, the flexural strength is parabola correlation, parabola correlation, and negative correlation with FA, SF, and GGBS contents, respectively, as shown in Figure 13b. Hence, the optimal industrial waste incorporation proportion used in 3DCP is 20 wt.% FA, 15 wt.% SF, and 10 wt.% GGBS, combining extrudable, buildable, mechanical properties. Subsequently, the optimal incorporation proportion of industrial wastes was employed to fabricate samples using 3DCP technology, creating 28-day compressive strength of 56.3 MPa. Therefore, the compressive strength of printed specimens is higher than the cast sample (45.0 MPa) because the deposition impact of 3DCP improves void structure in concrete, exhibiting the homogeneous distribution of air voids and reducing dimensions of the air bubbles. Besides, the flexural strength of printed specimens decreases because the layering effect of printed concrete may influence cracking mode compared with cast samples.





4. Conclusions


This study proposed that a novel method and orthogonal experiment were applied to evaluate the printability of concrete using 3DCP technology when various industrial wastes content were incorporated in materials. Subsequently, the optimum mix proportion combining mechanical and printable capacity was determined to investigate the mechanical properties of printed samples. The following conclusions can be drawn:



(1) The influence degreed of industrial wastes for fluidity and slump are FA > GGBS > SF and FA > SF > GGBS, respectively. The most influential industrial waste (FA) is a positive correlation with both fluidity and slump. However, fluidity and slump as printable evaluation indexes are low sensitivity;



(2) The range values between FB1 and slump as well as between FB2 and fluidity have the same influence degree of FA, SF, and GGBS, respectively. Printable evaluation result exhibits higher sensitivity when FB1 and FB2 replace slump and fluidity, respectively;



(3) Adopting FB1 and FB2 as printability evaluation parameters, an evaluation index of printable performance (FJ, J, and Q) is proposed to investigate the influence of multiple industrial wastes contents. Meanwhile, FA reveals the most influence for FB1, FB2, and Q by applying the range value analysis of the orthogonal experiment. GGBS is the most influential industrial waste for FJ and J;



(4) FA and SF have major influences on the compressive and flexural property of the material, respectively. Consequently, the optimum dosage of FA, SF, and GGBS were 20 wt.%, 15 wt.%, and 10 wt.%, respectively, based on rheological and mechanical property experiments. This was employed to manufacture the sample using 3DCP method, creating a higher compressive strength (56.3 MPa) than cast.
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Figure 1. (a) FA, (b) SF, (c) GGBS, and (d) quartz sand used in specimens of this experiment. 
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Figure 2. (a) Flowability experiment, (b) slump test. 






Figure 2. (a) Flowability experiment, (b) slump test.



[image: Buildings 12 00374 g002]







[image: Buildings 12 00374 g003 550] 





Figure 3. The digital display 3D printing extrudability tester. 
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Figure 4. (A) The schematic of digital display 3D printing extrudability tester (a: sensor, b: elastic connecting rod, c: piston rod, d: piston barrel, e: rectangular extrusion nozzle) and (B) the test procedure of printable performance. 
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Figure 5. Pumping and extrusion process: (a) the friction of material between the pipe and nozzle, (b) the internal extended shear yield stress. Where f (N) is friction between the material and the inner wall, τ (N) means shear stress of the material, N (N) demonstrates the stress given from instrument inner wall during the extrusion process, F (N) notes resultant of N and f. 
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Figure 6. Measure printable filament width. 
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Figure 7. Measure deposit height of printable filament. 
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Figure 8. (a) Cast sample, (b) compression and flexure integrated testing machine (TYE-300E), (c) printing path model, (d) printing process, (e) compression testing machine (TYE-2000B), (f) printed sample. 
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Figure 9. The average values of (a) fluidity and (b) slump cone height ratio with the various content (10%, 15%, and 20%) of FA, SF, GGBS, respectively. 
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Figure 10. The FB1 (a), FB2 (b), FJ (c) average values with the various content (10%, 15%, and 20%) of FA, SF, and GGBS, respectively. 
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Figure 11. The J (a), Q (b), and FB1 − FB2 (c) average values with the various content (10%, 15%, and 20%) of FA, SF, and GGBS, respectively. 






Figure 11. The J (a), Q (b), and FB1 − FB2 (c) average values with the various content (10%, 15%, and 20%) of FA, SF, and GGBS, respectively.



[image: Buildings 12 00374 g011]







[image: Buildings 12 00374 g012 550] 





Figure 12. (a) FB1 and slump range value comparison, (b) FB2 and mortar fluidity range value comparison. 
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Figure 13. The compressive strength (a) and flexural strength (b) average values with the various content (10%, 15%, and 20%) of FA, SF, and GGBS, respectively. 
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Table 1. Chemical compositions, specific surface area, fineness of 45 μm sieve residue, and density of the cement, FA, SF, and GGBS (wt.%).
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Precursors

	
Content (wt.%)

	
Specific

Surface

Area

(m2/kg)

	
Fineness of 45 μm Sieve Residue (%)

	
Density

(kg/m3)




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
Loss

	
MgO

	
SO3

	
K2O

	
Na2O

	
Cl−






	
cement

	
19.4–21.5

	
4.1–4.9

	
2.8–2.9

	
61.9–64.2

	
1.9–2.0

	
1.1–1.2

	
3.0–3.2

	
0.6–0.7

	
0.1–0.2

	
0.01–0.02

	
350–400

	
-

	
2800–3200




	
FA

	
43–54

	
28–34

	
8–13

	
0.4–0.5

	
1.6–4.7

	
1.1–2.3

	
0.5–1.2

	
2–4

	
0.8–1.5

	
0.01–0.02

	
-

	
6.7–7.3

	
2400–2500




	
SF

	
93–97

	
-

	
-

	
0.26–0.28

	
1.0–1.1

	
-

	
-

	
-

	
-

	
0.01–0.02

	
20,000–27,000

	
2.2–4.1

	
320–380




	
GGBS

	
34.7–38.2

	
9.1–10.2

	
0.5–0.7

	
38.8–40.5

	
0.6–0.8

	
9.9–11.1

	
0.1–1.8

	
0.12–0.14

	
0.24–0.29

	
0.01–0.04

	
420–480

	
5.8–7.5

	
2800–2900
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Table 2. Main properties of the PVA fibers.
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	Diameter (μm)
	Length (mm)
	Density (kg/m3)
	Elastic Modulus (GPa)
	Tensile Strength (MPa)
	Elongation (%)





	30
	6
	1.2–1.3
	40–42
	1600–1640
	4–6
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Table 3. Sample mix proportion of this test.
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Number

	
Components (wt.%)




	

	
Cement

	
FA

	
SF

	
GGBS

	
Sand

	
Water

	
Polycarboxylate Superplasticizer

	
PVA Fiber

	
Hydroxypropyl Methylcellulose






	
0

	
100

	
0

	
0

	
0

	
130

	
36

	
0.23

	
0.21

	
0.016




	
1

	
70

	
10

	
10

	
10

	
130

	
36

	
0.23

	
0.21

	
0.016




	
2

	
55

	
10

	
15

	
20

	
130

	
36

	
0.23

	
0.21

	
0.016




	
3

	
55

	
10

	
20

	
15

	
130

	
36

	
0.23

	
0.21

	
0.016




	
4

	
55

	
15

	
10

	
20

	
130

	
36

	
0.23

	
0.21

	
0.016




	
5

	
55

	
15

	
15

	
15

	
130

	
36

	
0.23

	
0.21

	
0.016




	
6

	
55

	
15

	
20

	
10

	
130

	
36

	
0.23

	
0.21

	
0.016




	
7

	
55

	
20

	
10

	
15

	
130

	
36

	
0.23

	
0.21

	
0.016




	
8

	
55

	
20

	
15

	
10

	
130

	
36

	
0.23

	
0.21

	
0.016




	
9

	
40

	
20

	
20

	
20

	
130

	
36

	
0.23

	
0.21

	
0.016
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Table 4. Orthogonal experimental table of various test group designs, flow expansion, and slump test data.
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Test Group

	
Components (wt.%)

	
D (mm)

	
H (mm)




	
FA

	
SF

	
GGBS






	
1

	
10

	
10

	
10

	
130.5

	
7.5




	
2

	
10

	
15

	
20

	
158

	
11.5




	
3

	
10

	
20

	
15

	
141

	
6




	
4

	
15

	
10

	
20

	
154.5

	
8.5




	
5

	
15

	
15

	
15

	
142.5

	
6.5




	
6

	
15

	
20

	
10

	
144.5

	
6.5




	
7

	
20

	
10

	
15

	
187

	
14




	
8

	
20

	
15

	
10

	
167.5

	
10.5




	
9

	
20

	
20

	
20

	
167

	
9




	
Control

	
0

	
0

	
0

	
172

	
10.5
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Table 5. Summary of printable performance test and calculation results.
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Test Group

	
Components (wt.%)

	
FB1 (N)

	
FB2 (N)

	
FJ (%)

	
J (%)

	
Q (%)




	
FA

	
SF

	
GGBS






	
1

	
10

	
10

	
10

	
133.5

	
115.9

	
15.19%

	
5.26%

	
10.71%




	
2

	
10

	
15

	
20

	
118.8

	
80.7

	
47.21%

	
18.42%

	
9.52%




	
3

	
10

	
20

	
15

	
129.8

	
80.5

	
61.24%

	
6.58%

	
8.33%




	
4

	
15

	
10

	
20

	
140.4

	
100.1

	
40.26%

	
7.89%

	
3.57%




	
5

	
15

	
15

	
15

	
206.4

	
171.2

	
20.56%

	
5.26%

	
−5.95%




	
6

	
15

	
20

	
10

	
134.2

	
117.2

	
14.51%

	
5.26%

	
11.90%




	
7

	
20

	
10

	
15

	
71.3

	
62.3

	
14.45%

	
14.47%

	
1.19%




	
8

	
20

	
15

	
10

	
93.5

	
72.8

	
28.43%

	
5.26%

	
0.60%




	
9

	
20

	
20

	
20

	
75.2

	
57.7

	
30.33%

	
7.89%

	
2.38%




	
Control

	
0

	
0

	
0

	
233.0

	
185.9

	
25.34%

	
13.16%

	
0.00%
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Table 6. Summary of mechanical performance test and calculation results.
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Test Group

	
Components (wt.%)

	
Compressive Strength

(MPa)

	
Flexural Strength (MPa)




	
FA

	
SF

	
GGBS






	
1

	
10

	
10

	
10

	
32.8

	
11.1




	
2

	
10

	
15

	
20

	
35.7

	
10.1




	
3

	
10

	
20

	
15

	
42.7

	
11.5




	
4

	
15

	
10

	
20

	
45.9

	
10.1




	
5

	
15

	
15

	
15

	
30.2

	
10.3




	
6

	
15

	
20

	
10

	
40.9

	
11.8




	
7

	
20

	
10

	
15

	
42.6

	
11.5




	
8

	
20

	
15

	
10

	
45.0

	
11.3




	
9

	
20

	
20

	
20

	
38.8

	
12.2




	
Control

	
0

	
0

	
0

	
25.9

	
9.6
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