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Abstract

:

Three-dimensional concrete printing (3DCP) is emerging as an innovative technology and shows promise to revolutionize conventional construction modes. However, the current 3D-printed concrete (3DPC) generally requires higher cement content than conventional concrete to ensure its rheology for printing. From the perspective of cleaner production and reduce carbon emissions, this study explored the feasibility of replacing parts of cement with waste glass powder (WGP, 0%, 20%, 40%, and 60% by mass) and compared the properties of the developed 3DPC, including fluidity (flowable spread), rheology, heat of hydration, buildability, compressive strength, anisotropy, and drying shrinkage. The results showed that less than 40% WGP replacement had limited influence on the initial fluidity and static yield stress, as well as drying shrinkage, of 3DPC. Although the WGP inclusion decreased the compressive strength, it slowed down the fluidity loss and static yield stress increase, which could extend the workable time of the mixture for printing and improve buildability. The 40% WGP replacement was found increase to the buildability of the printing mixture from 150 mm to 155 mm. The printing mixture prepared with 60% WGP reduced the dying shrinkage by 50%. An exponential decay function between the fluidity and static yield stress was established so that the simple fluidity test could be used as an indicator of printability. The findings in this study provided a solution to reduce the consumption of cement in 3DPC, which could contribute to a greener production in the construction industry.
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1. Introduction


Currently, the construction industry is one of the typical labor-intensive professions with a low automation degree and environmental pollution [1]. Under a low-carbon and sustainable development background, 3D concrete printing (3DCP) has emerged as an innovative and automatic construction method that has aroused worldwide interest in both academia and industry [2,3,4]. Compared with conventional construction methods, 3DCP technology is a form of additive manufacturing utilized for fabricating buildings or construction components by depositing cementitious materials layer upon layer without the use of formwork [5,6,7]. This concept was firstly mentioned by Pegna [8], and then developed by Khoshnevis [9] to construct large 3D structures with complex geometries through gantry robots. So far, researchers have regarded 3DCP as a cleaner production method compared with conventional construction because of its higher automation degree and reduced waste generation [10,11,12,13].



However, further examination of 3D-printable/printed mortar/concrete (3DPC) reveals it has high embodied carbon, as most of the 3DPC compositions are generally characterized by a high cement content (830 ± 230 kg/m3), which is almost twice that of conventional ready-mix concrete [14,15]. Additionally, due to its high cement content and production without formwork, 3DPC has been observed to be easily cracked because of its higher drying shrinkage nature, which severely limits its practical applications [16]. In order to solve these two challenges, supplementary cementitious materials (SCMs) are therefore routinely used to partially replace cement in 3DPC mixes [17,18,19].



The commonly utilized SCMs, such as ground granulated blast-furnace slag (GGBS) and fly ash (FA), have attracted many researchers and already had widespread applications in the construction industry because of their positive effects on consuming waste by-products, reducing carbon dioxide emission, and improving concrete durability, etc. [20,21]. However, the supply of these conventional SCMs is becoming scarce in some regions because of changes in the industrial landscape. For example, in Hong Kong, FA supply is diminishing due to the phasing out of coal-fired power plants. Therefore, incorporating waste glass powder (WGP) as a kind of new SCM in concrete production is becoming significant and promising. As an example, the amount of glass bottles disposed of at landfills was up to 73,365 tons in Hong Kong in 2019; in other words, about 200 tons of glass bottles were dumped in landfills every day [22]. As a kind of inert material, disposal waste glass not only wastes resources but also takes up substantial landfill space. Recycling and efficiently reusing waste glass has economic and environmental values [23].



Moreover, positive effects have been found when using WGP as SCMs in concrete. Sadiqul et al. [24] partially replaced (0–25% by mass) cement with WGP for sustainable concrete practice and revealed that recycled glass mortar/concrete achieved better mechanical properties after curing for more than 90 days. The mechanism behind this was explained by the micro-size WGP’s pozzolanic reaction and the formation of secondary C-S-H gels. Matos and Sousa Coutinho [25] investigated the effect of using WGP as a cement replacement (0%, 10%, and 20%) from the perspective of durability. The results indicated that the mortars containing WGP exhibited higher resistance to chloride ion penetration and remarkable resistance to sulphate attack because of the produced dense gel. The positive effect of WGP on the hardened mechanical properties and durability of mortar/concrete is also reported by other researchers (Omran and Tagnit-Hamou [26], Schwarz and Neithalath [27], Lu et al. [28], Aliabdo et al. [29], and Jiang et al. [30]).



However, using WGP as a SCM in 3D-printed concrete is a new application with associated challenges. This is because the issue in developing 3DPC lies first and foremost in its fresh properties due to the no-formwork and layer-upon-layer construction characteristics of 3DCP technology [31]. At the same time, the hardened mechanical properties of 3D-printed (3DP) products, such as compressive strength, also plays an important role in making 3DCP technology feasible in practical construction. Until now, research on incorporating WGP into 3DPC has been limited. To fill this research gap, this study explored the effect of replacing cement with different contents (0%, 20%, 40%, and 60% by mass) of WGP for 3DCP on the fluidity, setting time, rheology, and heat of hydration. The feasibility of 3D printing was evaluated by buildability with actual printing. The effect of WGP on the hardened properties including compressive strength, anisotropy, and drying shrinkage of the 3D printing mixtures was also investigated. The general relationship between fluidity and rheology of printing mixtures was revealed in this study. It is believed that our findings can provide a chance to reduce the consumption of cement in 3DCP and contribute to cleaner and greener production in the construction industry.




2. Materials and Methods


2.1. Materials and Mix Proportions


CEM I 52.5 ordinary Portland cement (OPC) utilized in this study was produced by Green Island Cement in Hong Kong. WGP was used to partially replace OPC, which was ground from waste glass cullet with a laboratory ball mill at the rotation speed of 300 r/min for 6 hours without interval in the laboratory. The waste glass cullet was sourced from waste glass bottles collected by a local glass waste recycler. Before grinding into powder, the waste glass cullet was firstly washed, dried at 105 °C and sieved to a particle size of between 1.18 mm and 2.36 mm. The chemical compositions of CEM I 52.5 OPC and WGP were characterized by X-ray fluorescence and are listed in Table 1. The detailed particle size distributions (tested by DF-PSI Particle Size Analyzer) and morphologies are presented in Figure 1 and Figure 2. It can be observed from Figure 2 that OPC and WGP had similar morphologies at the micrometer scale, which showed an irregular fragmented shape. Comparatively, the size of WGP was even smaller than that OPC. The mean and median particle size of WGP were shown to be 18.67 μm and 11.15 μm, respectively. River silica sand ranging with a particle size from 0.42 to 0.84 mm was used as aggregate for producing the printing mortar. A commercial superplasticizer and hydroxypropyl methylcellulose (HPMC) (which is a kind of viscosity modifier produced by Badische Anilin und Sodafabrik (BASF)) were used as admixtures to adjust the printability of the printing mixtures [5,32]. Since WGP also showed a hydrated cementitious property similar to cement, the dosages of admixtures were kept constant at each mix proportion so that the ratios between admixtures and binders could be kept constant. The mix proportions of the prepared printing mixtures with different contents of WGP are listed in Table 2. The mixing procedure for all of the mixtures was consistent, with 2 min dry mixing and 3 min wet mixing.




2.2. Three-Dimensional printer and Printing Parameters


A commercial 3D mortar printer of NELD with effective printing sizes of 600 mm × 600 mm × 600 mm in the directions of X, Y, and Z was utilized in this study. Printing was conducted by a circular nozzle with a diameter of 20 mm. Other printing parameters were set as follows: the height of each printing layer was 8 mm, the moving speed of the nozzle on the X-Y plane was 25 mm/s, and the extrusion speed of the nozzle was 4 mL/s.




2.3. Experimental Methods


2.3.1. Fluidity


In this study, fluidity (flowtable spread) was tested with the flow table test and recorded as the diameter (spread) of a conical sample after tumbling 25 times according to the standard (ASTM C230, 1997) [33].




2.3.2. Rheological Parameters


Static yield stress, dynamic yield stress, and thixotropy were measured as rheological parameters to describe the rheological behaviors of the 3D printing mixtures. The measurements were conducted by a commercial MCR 72 rheometer of Anton Paar. Before testing, for each sample, a period of 10 s of vibration was carried out on a concrete shaking table to ensure the samples were homogeneous. After that, a 180 s constant shearing with a shearing rate of 0.2 s−1 using the rheometer was performed to obtain the rheological parameters. It can be seen from a typical shear stress developing curve in Figure 3 that the peak value and equilibrium value are generally regarded as the static yield stress τi and dynamic yield stress τe [34]. Here, the ratio between τi and τe is defined as thixotropic index Ithix. In addition, to explore the time-dependent rheological characteristics of the 3D printing mixtures, five separate samples from the same batch were tested at 0, 30, 60, 90, and 120 min after mixing.




2.3.3. Heat of Hydration


The heat flow and cumulative heat were measured to analyze the effect of WGP contents (0%, 20%, 40%, and 60%) on the reactivity or hydration of the 3D printing mixtures. During the test, 50 g of the dry powder mixtures M1–M4 (without sand) were thoroughly mixed in an insulated container, and then, 17.5 g of water (w/b = 0.35) were mixed with them for 1 min in the container. Subsequently, a sealed container was placed into the isothermal calorimeter (Calmetrix I-CAL HPC). The temperature of the calorimeter was kept at 20 °C and the test period was set as 72 h.




2.3.4. Buildability


The buildability refers to the deformation-resistance ability of the deposited 3D-printed mixtures under increasing load, which is an inherent prerequisite for the formwork-free 3DCP technology. Currently, there are still no recognized standards for the buildability of 3DPC. In this study, the buildability was tested with a commonly used method by printing the mixtures as high as possible in the form of a circle. According to previous experience [32], the buildability was assessed by the maximum printed height through printing a circular structure with a diameter of 300 mm, and each printed segment was 20 mm in width and 8 mm in height.




2.3.5. Compressive Strength, Anisotropy, and Drying Shrinkage


Compressive strength, anisotropy, and drying shrinkage of the 3D printing mixtures were tested to describe their hardened properties. For compressive strength and anisotropy, the specimens were prepared according to the following steps: (i) printing a rectangular slab with sizes of 300 mm, 300 mm, and 40 mm in the directions of X, Y, and Z; (ii) cutting the slab into 40 mm3 cube specimens after 28 days standard curing (temperature of (20 ± 2) °C and humidity >95%); and (iii) loading the specimens from different directions according to our previous experiments [35]. The mold-cast 40 mm3 cube specimens were also measured for comparison. With the prepared specimens, the compressive strength was determined in accordance with the standard (ASTM C109, 2008) [36] and the anisotropy was assessed by the difference of the cast and printed specimens tested from different directions according to the following formula:


  A =      (   C   X   −   C   C   )   2   +   (   C   Y   −   C   C   )   2   +   (   C   Z   −   C   C   )   2        C   C      



(1)




in which A is the anisotropy; CX, CY, and CZ are the compressive strength of 3D-printed specimens tested at the curing age of 28 days and loaded directions of X, Y, and Z, respectively; and CC is the 28-day compressive strength of the cast specimen. As for the drying shrinkage, it was tested according to the standard (ASTM C157, 2017) [37] with testing specimens with the size of 285 mm × 25 mm × 25 mm and a testing period of 28 days. This was tested three times to obtain the average value of the compressive strength and drying shrinkage.






3. Test Results


3.1. Fluidity


Figure 4 shows the time-dependent properties of the 3D printing mixture with 0, 20%, 40%, and 60% of WGP. It can be observed from this figure that M1~M4 had initial fluidity values of 168 mm, 173 mm, 175 mm, and 194 mm, respectively. Fluidity of the four printing mixtures decreased with the time. The fluidity decreasing rate of WGP-incorporated printing mixtures was slower than that of pure OPC mixture. More specifically, it took 150 min for the fluidity of M2 and M3 to decrease to 140 mm, compared to 90 min for M1. The fluidity test indicated that the addition of 20% and 40% WGP had little influence on the initial fluidity, but caused a decreasing rate of fluidity with time. However, replacing cement with 60% WGP not only slowed the fluidity decreasing rate but also dramatically increased the initial fluidity. According to previous research [38], the similar initial value and reduced decreasing rate of fluidity indicated that the 3D printing mixtures obtained a longer time span for printing. However, the largely increased initial fluidity of M4 could cause a big influence on the extrudability and buildability of the 3D printing mixtures.




3.2. Yield Stress and Thixotropy


The rheological properties, including static yield stress, dynamic yield stress, and thixotropy of the mentioned printing mixtures at different resting times (0–120 min) are presented in Figure 5 and Figure 6 and Table 3. Figure 5 comparatively shows the yield stress–time curves of the printing mixtures M1~M4 at a resting time of 0 min to depict the effect of WGP. It can be observed that the yield stress of all of the mixtures firstly increased to different peak values and then decreased to the residual values. It should be noted that printing mixtures with 0%, 20%, and 40% WGP obtained similar peak and residual values, but significantly lower values were recorded for the 60% WGP mixtures. As reported by Zhang et al. [39], the yield stress peak was caused by the breakdown of the flocculation structure due to early-age binder hydration, and represented the static yield stress. The residual value indicated that the mixture had reached an equilibrium flow state and this value referred to the dynamic yield stress. Thus, it can be concluded that replacing cement with 40% WGP had a limited effect on the static yield stress and dynamic yield stress, while 60% WGP substitution rate decreased them greatly.



For resting time, the static yield stress and dynamic yield stress of M3 tested at different resting times (0, 30, 60, and 90 min) are shown in Figure 6. It can be observed that the increasing trend of static yield stress with resting time was obvious, which was changed from 4147 Pa at 0 min to 9164 Pa at 90 min with an average increasing rate of 56 Pa/min. Comparatively, the corresponding increasing rate (30 Pa/min) of dynamic yield stress was much smaller. The increase of both static yield stress and dynamic yield stress could be explained by the larger hydration degree of the printing mixture. The difference in the increasing rate of static and dynamic yield stress caused the change of thixotropy of printing mixtures with time, which was shown below.



More quantitatively, the static yield stress, dynamic yield stress, and thixotropy of all the 3D printing mixtures M1~M4 tested with different resting times (0~120 min) are tabulated in Table 3. For all the specimens, their static yield stress and dynamic yield stress increased with resting time at different rates, which changed their thixotropy. Generally, the thixotropy of the printing mixtures prepared with WGP increased with time and replacing cement with WGP was found to have an enhancement effect on the thixotropy. At the resting time of 0 min, the recorded thixotropies of the printing mixtures M1 and M4 were 1.15 and 1.43, which showed an enhancement of 24.3%. This indicated that resting after mixing for a longer time and adding WGP could both help to balance the conflict between extrudability and buildability of 3D printing mixtures.




3.3. Heat of Hydration


Figure 7 presents the early heat evolution rate of the 3D printing mixtures prepared with different amounts of WGP. Generally, the heat evolution rate of all the mixtures increased to peak values and then decreased to low equilibrium values within one hour at which the hydration of cement enters the dormant period. As reported [40,41], this initial period referred to the dissolution period of the most reactive component such as tricalcium silicate within the cementitious binders. It can be observed from the figure that replacing cement with WGP from 0% to 60% gradually decreased the dissolution peak of the printing mixtures from 14.7 mW/g to 11.4 mW/g. This is because the addition of WGP reduced the tricalcium silicate contents in the printing mixtures [40]. Since the dissolution period was within the printability window of the printing mixtures, this can thereafter be utilized to explain the effect of WGP on workability and rheology.



Figure 8 shows the cumulative hydration heat of the 3D printing mixtures M1–M4 within 72 h. The cumulative hydration heat usually reflects the hydration degree of the cementitious binders [41]. It can be found from the figure that the cumulative hydration heat of printing mixtures decreased with the replacing amount of WGP and the difference increased with time, which indicated that WGP decreased the hydration of the binders of 3D printing mixtures. This result is consistent with other studies, which showed that replacing cement with waste glass powder reduced the mixed binders’ hydration heat during the initial 72 h [42].




3.4. Buildability


It should be pointed out that only M1 and M3 were tested for buildability. Comparatively, M2 with 20% WGP had limited influence on the fluidity and rheology of printing mixtures; at the same time, M4 with 60% WGP significantly changed the initial fluidity and static yield stress of the printing mixture, which was predicted to have a big negative influence on the buildability of the printing mixtures. The buildability testing results are shown in Figure 9 and it can be seen that the maximum printing heights of M1 and M3 were 150 mm and 155 mm, respectively. This indicated that replacing cement with 40% WGP could improve the buildability and proved that WGP showed a positive effect on 3D concrete printing from the perspective of printability. This result was also consistent with the testing result of static yield stress (which is regarded as the indicator of buildability), which increased from 4121.4 Pa to 4147.6 Pa after replacing cement with 40% WGP.




3.5. Compressive Strength


The compressive strength at curing times of 1, 7, and 28 days of the 3DP specimens with 0%, 20%, 40%, and 60% WGP were presented in Figure 10. It can be observed that WGP had negative effects on the compressive strength development of the 3DP specimens. By replacing 60% of cement with WGP, the compressive strength of 3DP specimens M1~M4 decreased from 24.8 MPa to 6.8 MPa at 1 day, from 42.9 MPa to 18.6 MPa at 7 days, and from 48.6 MPa to 25.3 MPa at 28 days. This indicated that the addition of WGP decreased the strength development and the final compressive strength within 28 days of curing. The decrease in the compressive strength is attributed to the decreased cement content and explained by the inferior hydration behavior of water glass powder than cement, which can be proved by the cumulative heat release of the 3D printing mixtures incorporated with WGP. This is because the WGP of this study (same source, grain size, and preparing steps used by the authors’ research group previously) attained moderate reactivity [43]. However, it should be noted that studies have indicated that replacing cement with suitable content of WGP could improve compressive strength, especially under the development of ultra-high-performance concrete with seawater [44,45]. These phenomena were explained by the low water/binder, long-term cuing condition, and the marine metal ions, which showed that WGP could serve as a filler and act as a pozzolanic material to improve the compressive strength. However, in this study, under the 0.35 water/binder ratio and 28 days standard curing, the negative effect of WGP on compressive strength was observed.




3.6. Anisotropy


Anisotropy is a special property of 3D-printed products, which is caused by its layer-upon-layer printing feature. In this study, the compressive strength of the printed samples (28 days) loaded in different directions with 0% and 40% WGP are presented in Figure 11. It can be found that the compressive strength of 3D-printed mortar with/without WGP had obvious anisotropy. The highest compressive strengths were generally in the Y direction in this study, which was even higher than the value of the mold-cast sample. The lowest compressive strengths appeared to be at the loading direction of Z. Taking M1 as an example, the highest and lowest compressive strengths were 55.9 MPa in the Y direction and 37.0 MPa in the Z direction. According to the anisotropy index calculation method shown in Formula (1), the anisotropy index of the printing mixtures with 0% and 40% WGP were 0.31 and 0.36, respectively, which indicated that WGP slightly increased the anisotropy on the compressive strength of the 3D printing mixtures.




3.7. Drying Shrinkage


The drying shrinkage testing results of the 3D-printed mixtures with various dosages of WGP are shown in Figure 12. It can be observed from this figure that the drying shrinkage of the printing mixtures with different contents of WGP all sharply increased during the first seven days and then tended to moderate. Comparatively, the 28-day drying shrinkages of printing mixtures M1~M4 were 1198 με, 1102 με, 1008 με, and 680 με, respectively, which indicated that replacing cement with WGP could reduce the drying shrinkage of the printing mixtures and that a 43.2% reduction was achieved by 60% WGP replacement. Generally, the glass showed alkali–silica reaction (ASR) when utilized in mortar/concrete and this ASR expansion effect would partially offset the drying shrinkage of mortar/concrete [46,47]. The particle size range in which glass began to reduce ASR was ambiguous because different studies provided different ranges; however, a general average particle size in which reduction in ASR can begin to be seen is below 1 mm [48]. In this study, since the size of the most parts of WGP was under 75 μm, we could therefore ignore the offset effect of ASR on the drying shrinkage. Thus, in this study, the benefit of WGP on the drying shrinkage reduction can be attributed to the promoting effect of WGP on the pore structure of mortar/concrete because of its filling effect and pozzolanic reaction. Similar positive effects of WGP on the drying shrinkage reduction of mortar/concrete were also found by other researchers [49,50].





4. Relationship between Fluidity and Rheology


Fresh property is comparatively more important for 3DP concrete than conventional concrete because it affects printability. Fluidity and rheology are often studied together as important parts of the 3DCP-related studies to evaluate printability. Comparatively, fluidity is easier to test and also shows operational sensitivity. In contrast, the rheology test is more accurate and scientific for assessing the fresh properties of 3DCP; however, it requires special experimental instrumentation and is difficult to utilize on-site. Since both fluidity and rheology have a strong relationship with printability, it is believed that there is a certain relationship between fluidity and rheology.



Figure 13 shows the relationship and fitting curve between the fluidity and static yield stress of mixtures M1–M4. The fluidity was negatively correlated with the static yield stress. Meanwhile, the amount of WGP was found to have a slight impact on this relationship. Taking the fluidity at around 160 mm and 168 mm as examples, it can be observed that the static yield stress increased with the WGP content when the mixtures had similar fluidity. Additionally, taking the static yield stress of 4000 Pa as an example, it can be observed that the higher the WGP content, the higher the fluidity of the printing mixtures. These results are consistent with the buildability testing result, which showed that M3 prepared with 40% WGP had a better printability than M1 without WGP. The mechanism behind it was probably because of the increased static yield stress at a similar fluidity.



Furthermore, when all of the points of M1~M4 were fitted to explore the quantitative relationship between fluidity and the static yield stress. An exponential decay relationship can be found. When the fluidity was in the range from 155 mm to 195 mm and the static yield stress was in the range from 1000 Pa to 10,000 Pa, the relationship between the static yield stress (Ysys) and fluidity (Xf) could be described by the following relationship:


Ysys = 3.4 ∗ exp(−Xf/12.3) + 1350



(2)








5. Discussion


5.1. Fresh Properties


According to the above results, it was found that the incorporation of WGP had an influence on the fresh properties of the 3D printing mixtures. Generally, WGP not only improved its initial fluidity value but also reduced its decreasing rate with time. As for the rheology, the effect of WGP was similar to that of fluidity. Specifically, replacing cement with less than 40% WGP had a limited effect on the static yield stress and dynamic yield stress, while the 60% WGP substitution rate decreased them significantly. As previously reported [51], the fluidity and rheology are mainly influenced by the flocculation structure formed by the binder dissolution and hydration when the parameters of aggregate and water are constant. Thus, the effect can be explained from the point of view of heat of hydration testing results.



It was found that WGP decreased both the initial exothermic peak intensity and cumulative heat release of the 3D printing mixtures within the first three hours, which indicated that WGP-incorporated mixtures had a weaker early hydration dissolution and activity, and it therefore explained the increase of fluidity, slowing down of the fluidity decreasing rate, and decrease of the static yield stress. However, it should be noted that when the cement replacing rate was less than or equal to 40%, the differences between the exothermic heat peak of the three mixtures were slight. This indicated that the amount of binder dissolution and the dense degree of the formed flocculation structure were similar in these three printing mixtures, which thereafter explained that the initial fluidity and static yield stress of the mixtures prepared with 20% and 40% WGP were similar to the cement mixture reference. However, when the cement replacing rate reached 60%, the exothermic peak showed a significant decrease, indicating that there was a decrease in the amount of binder dissolution and dense degree of the flocculation structure, which therefore caused the high increase in the initial fluidity and decrease of the initial static yield stress.



Except for the flocculation structure formed by the binder dissolution and hydration, the fluidity and rheology were also influenced by the colloidal interaction between particles, which was highly dependent on the volume fraction, bulk density, and particle size of the binder particles [52]. As described in Figure 1, the particle size of WGP was smaller than cement, indicating its larger surface area, which could help increase the colloidal interaction between particles and thereafter decrease the fluidity and improve the static yield stress [53]. This also helped to explain that there was not much difference in the fluidity and static yield stress when the WGP substituting ratio was no more than 40% due to the offset effect of the decreased chemical flocculation and increased physical colloidal interaction. However, the physical colloidal interaction was much weaker than the chemical flocculation structure; thus, it could not change the influence caused by reduced flocculation structure formation when the WGP replacing rate was 60%.




5.2. Buildability and Hardened Properties


In terms of buildability, the similar initial static yield stress implied that replacing 40% cement with WGP had limited influence on the buildability, which was confirmed by the buildability test of the printing mixtures M1 and M3. Meanwhile, the slowing down of fluidity decreasing rate implied that adding 40% WGP could extend the workable printing time of the mixtures. Thus, from the perspective of fresh properties and buildability, replacing cement with WGP is beneficial for 3D printing when the substituting rate is no more than 40%. However, as for the hardened properties, this study found that WGP had a large negative effect on the compressive strength development. At curing ages of 1, 7, and 28 days, there was a respective 58.9%, 50.1%, and 38.5% decrease of compressive strength with a 40% replacement of cement. The decrease in the compressive strength could be explained by the decreased cumulative heat release of the 3D printing mixtures incorporated with WGP. A positive effect on drying shrinkage of replacing cement with WGP only appeared at 60% replacement rate. Thus, other methods should be explored to make up the loss of mechanical properties and help control of drying shrinkage of the printing mixtures when incorporating WGP into 3DCP.




5.3. Relationship between Fluidity and Static Yield Stress


In the case of the investigation of the relationship between fluidity and static yield stress, an exponential decay function was provided in this study. Generally, the fluidity tested by the flow table is operation-sensitive and therefore lacks accuracy, but it is easy to operate and suitable for testing and judging the state of concrete on site. On the contrary, although rheology is more accurate and scientific, it is hard to operate on site. It has been reported that rheology plays an important role in deciding the printability of 3DPC and some studies have tried to explore and build a relationship between rheology and printability. For example, Roussel [51] discussed the rheological requirements needed to control the final geometrical dimensions of one layer and of the entire object, including buckling stability and surface cracking. The research of Kruger et al. [54] presented an analytical model based on the novel rheological characteristics of materials as a method for quantifying the buildability performance of a 3D-printable concrete/mortar. In this study, the easily tested fluidity parameter could provide information on the rheology and printability, and help to set up reasonable printing parameters such as the thickness of the single printed layer, the maximum total printing height, the moving speed of printing head, and the minimum printing time of per layer, which could provide a guideline for practical printing.





6. Conclusions


In the study, WGP was used as a replacement of cement to produce greener 3DPC. Properties of the 3DPC with different WGP contents (0%, 20%, 40%, and 60% by mass) were comparatively explored, including fluidity, static yield stress, dynamic yield stress, thixotropy, heat of hydration, buildability, compressive strength, anisotropy, and drying shrinkage. The relationship between fluidity and rheology of the printing mixtures was revealed. According to the experimental results and discussions, the following conclusions can be drawn:




	(1)

	
Less than 40% replacement of cement by WGP had a limited influence on the initial fluidity, initial static yield stress, buildability, and drying shrinkage of the 3D printing mixture. Although it decreased the compressive strength, it slowed down the fluidity decrease and static yield stress increase, which could extend the open printing time of the mixture and was therefore regarded to be beneficial from the perspective of printing.




	(2)

	
The printing mixture prepared with 60% WGP reduced the dying shrinkage by 50%. However, it significantly decreased the initial fluidity, initial static yield stress, buildability, and compressive strength of the printing mixture.




	(3)

	
An exponential decay function between fluidity and static yield stress was provided. Based on this, the simple fluidity test could provide information on the printability of printing mixtures and help to set up reasonable printing parameters to guide practical printing.
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Figure 1. Particle size distributions of OPC and WGP. 
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Figure 2. Morphologies of OPC and WGP. 
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Figure 3. Typical yield stress–time curve of the 3D printing mixtures under constant shearing. 
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Figure 4. Time-dependent fluidity of 3DP mixtures with different contents of WGP. 
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Figure 5. Yield stress–time curves of 3DP mixtures prepared with different WGP contents. 
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Figure 6. Yield stress–time curves of M3 at resting times of 0, 30, 60, and 90 min. 
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Figure 7. Heat evolution rate of M1–M4 within first 72 h. 
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Figure 8. Cumulative hydration heat of M1–M4 within 72 h. 
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Figure 9. Maximum printing height of 3D printing mixtures M1 and M3. 






Figure 9. Maximum printing height of 3D printing mixtures M1 and M3.



[image: Buildings 13 01476 g009]







[image: Buildings 13 01476 g010 550] 





Figure 10. Compressive strength of 3DP specimens with 0~60% WGP at curing times of 1, 7, and 28 days. 
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Figure 11. Compressive strength of M1 and M3 specimens with different loading directions [35]. 
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Figure 12. Drying shrinkage behavior of 3DP mixtures with different contents of WGP. 
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Figure 13. Relationship between fluidity and static yield stress of mixtures M1–M4. 
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Table 1. Chemical compositions of OPC and WGP (mass content, %).
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	Material
	SiO2
	Al2O3
	CaO
	MgO
	SO3
	Fe2O3
	K2O
	Na2O
	LOI





	OPC
	18.7
	4.40
	68.1
	-
	5.24
	2.70
	0.56
	0.32
	0.98



	WGP
	69.0
	2.62
	10.5
	1.35
	0.13
	1.42
	0.79
	13.5
	0.69
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Table 2. Mix proportions for the printing mixtures (g).
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	Mix
	OPC
	WGP
	Silica Sand
	Water
	Superplasticizer
	HPMC





	M1
	1000
	0
	1000
	350
	1.0
	1.0



	M2
	800
	200
	1000
	350
	1.0
	1.0



	M3
	600
	400
	1000
	350
	1.0
	1.0



	M4
	400
	600
	1000
	350
	1.0
	1.0
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Table 3. Static and dynamic yield stress and thixotropy of mixtures.
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Mix

	
Resting Time (min)

	
M1

	
M2

	
M3

	
M4






	
Static yield stress (Pa)

	
0

	
4121.4

	
3699.1

	
4147.6

	
1789.5




	
30

	
7368.4

	
7090.2

	
5815.9

	
2847.6




	
60

	
/

	
9986.5

	
6998.6

	
3250.1




	
90

	
/

	
/

	
9164.4

	
4821.2




	
120

	
/

	
/

	
/

	
10,162




	
Dynamic yield stress (Pa)

	
0

	
3589.3

	
3269.1

	
3179.1

	
1247.5




	
30

	
5109.1

	
4714

	
3468.8

	
1398.6




	
60

	
/

	
5868.2

	
4180

	
1700.1




	
90

	
/

	
/

	
5607.4

	
2664.5




	
120

	
/

	
/

	
/

	
6375




	
Thixotropy

	
0

	
1.15

	
1.13

	
1.30

	
1.43




	
30

	
1.44

	
1.50

	
1.68

	
2.04




	
60

	
/

	
1.70

	
1.67

	
1.91




	
90

	
/

	
/

	
1.63

	
1.81




	
120

	
/

	
/

	
/

	
1.59








Note: “/” means that the tested yield stress exceeded the equipment range.
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