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Abstract

:

The rapid advancement of 3D concrete printing (3DCP) and the development of relevant cementitious material compositions can be seen in the last few decades. The commonly used 3DCP method is to build the structure layer by layer after extruding the material through a nozzle. Initially, the pumping and extrusion of the material should be done with considerable fluidity and workability. The extruded layers should retain their shape immediately after extruding and depositing. While constructing the structure in a layerwise manner, the bottom layers should have enough early age strength to support the layers at the top. Therefore, at different processes in 3DCP, the rheological requirement is contradictory. As the rheology of the material is the deterministic factor which decides the fluidity or workability of the mix, proper rheological characterization should be completed accurately. In some instances, due to the higher stiffness, and higher time and rate-dependent material behavior (thixotropic behavior) compared to the conventional concrete, standard rheology measurement techniques have many limitations when used for 3DCP material. Therefore, non-conventional and novel techniques can be implemented with suitable material models to characterize the rheology of 3DCP material. In this study, a comprehensive review was conducted on conventional and non-conventional methods used for characterizing the rheological parameters for 3DCP material. The previously conducted studies were highlighted with the targeted 3DCP processes in the study (if applicable), and rheological parameters achieved from the test (i.e., yield stress, viscosity, and thixotropy). In addition, some experimental studies were conducted to compare several selected testing methods. The rheological parameters achieved from different test methods were compared to identify the similarities, dissimilarities, pros, and cons between the test methods. Furthermore, the extrudability and buildability studies were conducted for the mixes to demonstrate the usage of the mixes in 3DCP applications and to correlate the achieved rheological parameters with these processes.
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1. Introduction


Originally, 3D concrete printing (3DCP) was first introduced by Pegna [1], and later implemented on a larger scale by Khoshnevis as contour crafting [2,3]. Since then, the method has evolved rapidly, and in the last few decades, large-scale structures were developed showing the capability of the 3DCP method as a potential technology for overcoming the barriers in conventional concrete construction [4,5,6,7]. The 3DCP method reduces formwork usage and lowers wastage compared to conventional construction. Additionally, complex geometrical shapes can be achieved free from rectilinear shapes. Due to the usage of robots in the 3DCP method, worksite hazards can be reduced as manual labor will be minimized, and dangerous jobs such as working in heights can be eliminated.



Currently, in many countries, large-scale 3D printing construction projects have been completed and are ongoing. Rapid advancement in robotics technology, material, process, and research and development within the last few decades made real-world applications possible for concrete 3D printing. Some of the large-scale real-world projects using concrete 3D printing include the 3D printed community by ICON BUILD in the USA [8], the two-storey building constructed by Kamp C in Belgium [9], and the 3D concrete printing projects completed by Winsun, China [10].



Of several methods available for 3DCP, such as smart dynamic casting [11,12], particle-bed 3D printing [13,14], and extrusion-based 3DCP, extrusion-based 3DCP is the commonly used method implemented on a larger scale. In the extrusion-based 3DCP method, the material will be pumped and will be extruded through a nozzle to print the structure. At these two stages, in general, the material should have enough fluidity and workability to flow inside the pump and the nozzle system without any blockages, segregation, or phase separation [15,16,17]. After the extrusion, layer-wise construction will be completed. Immediately after the deposition of the layers, each layer should have enough early strength to retain its shape. While constructing the structure, the bottom layers should have enough stiffness and early strength to carry the weight from the top layers without collapsing or deforming excessively [18,19,20,21]. Additionally, the printed layers should exhibit a good surface quality without any cracks, pores, splitting, or tearing of the filament printed. Furthermore, each layer should have enough bond strength to ensure structural rigidity, specifically at the hardened state of the material [22,23,24,25].



The rheology of the mixes is the key factor that determines the fluidity, rigidity, or workability of the mixes at each stage of the 3DCP process. Controlling the rheology is the key concept in the 3DCP process. Therefore, important physical parameters that define rheology should be accurately identified and characterized. The following sections focus on the key rheological parameters important for each process in 3DCP and the existing rheology measurement techniques specifically used in 3DCP applications to characterize those parameters.



From the up-to-date literature for 3D printable concrete, the rheological parameters obtained in each of the studies are massively varying according to the test method used for the rheology measurement. There are no comparison attempts on how and why the parameters are changing according to the test method used, what the selection criteria are for each test, and what to expect when using different test methods. In addition, there is not any work that discusses the pros and cons of each test method and the importance of the 3D printing process when selecting the test method. Furthermore, most of the previous review papers only compare either conventional methods (such as rheometers or slump) [26,27,28] or non-conventional methods separately [29]. Therefore, to address the above gaps, the authors introduce the in-hand review paper, which addresses all of the above aspects. Additionally, to strengthen the review, the authors have conducted experiments to analyze the rheological parameters obtained from several test methods and relevant process parameters to consider in 3D printing. This type of work has not been done in past studies and will address most unanswered questions relevant to the rheological test methods used in 3D concrete printing applications.



Structure of the Paper In-Hand


This review paper consists of five main sections. In Section 1, we introduce the current research gaps, the importance of the current study, and the structure of this paper. In Section 2, the rheological parameters important for 3D concrete printing, process parameters, and rheology measurement techniques (conventional and non-conventional) used for concrete 3D printing are reviewed, with highlighting of their pros and cons. In Section 3, experimental work for selected rheological testing methods (standard and non-standard) and laboratory scale printing procedures are presented for different printable concrete mixes. The results from the experimental work and discussion of the results will be presented in Section 4, and the conclusions of the study are presented in Section 5.





2. Process Parameters and Rheology Measurement Techniques


This comprehensive review of the rheological characterization techniques was conducted systematically. Initially, the keywords such as rheology, concrete 3D printing, 3DCP, rheometry, yield stress, extrudability, buildability, and viscosity as well as key phrases such as “rheology for concrete 3D printing” and “measurement of rheology for concrete” were used. Then, the relevant literature was selected considering the 3D printing applications and disregarding other concrete materials such as self-compacting concrete or normal concrete mixes. This was done by looking at the keywords used in the papers as well as skimming through the abstracts of each paper. The year of publication was not restricted after narrowing down the relevant literature specific to concrete 3D printing. As concrete 3D printing is a considerably new research area, the publications currently available in this regard are deemed to be within the past few decades. Mainly papers published in tier 1 and tier 2 journals were considered for the review and the initial searching was completed using Google Scholar, Swinburne University of Technology (Australia) online library, and journal websites.



2.1. Rheology and Process Parameters for the Material Used in 3DCP


2.1.1. Rheological Parameters for 3DCP


The main rheological parameters relevant to 3DCP material can be identified as yield stress, viscosity, and thixotropy. The yield stress (   τ 0   ) can be defined as the minimum shear stress at the onset of material flow. Below the yield stress limit, the material can exhibit solid-like behavior.



After exceeding the yield stress, the material can flow. If one considers the concrete as a fluid with different infinite layers divided parallel to the flow direction, the resistance between the infinite fluid layers can be defined as viscosity ( μ ). The higher the material viscosity, the lower the flowability.



Concrete is a complex composite material with cement particles, fluid (i.e., water and admixtures), and granular material interactions. Many chemical reactions are occurring between the components in a concrete mix. Specifically, the cement particles tend to flocculate with time and form a structure when kept at rest. As a result, the yield stress and viscosity can increase with time. A parameter can be defined as the structural built-up rate (   A  t h i x    ), which quantifies the time-dependent rate of increase in the yield stress of the material. At the same time, the shearing or mixing of concrete may result in deflocculation of the cement particles and can reduce the yield stress and the viscosity of the mix. This type of time and rate-dependent behavior can be identified as the thixotropic behavior of concrete [27,28,30,31].



These three parameters mainly decide the pumping, extrusion, and layer-wise construction capability of 3DCP mixes. For each process, multiple parameters or a single parameter would be the governing factor for controlling the process, and it is useful to identify which parameter(s) has a significant effect on the process considered.




2.1.2. Pumping and Extrusion


Initially, the mixed material should be pumped through a hose or a pipe system directly to a nozzle or an intermediate mixing device [30]. At the pumping stage, the material should not get blocked inside the pump, hose, or pipe system. Progressive cavity pumps are the commonly used pumping device in 3DCP applications to pump and transport the material to the desired location. According to the previous studies, material viscosity is the most important parameter to be considered while pumping the material [31,32,33]. However, for a very high yield stress material, the yield stress to viscosity ratio could be a governing factor. Typically, for flowable concrete such as self-compacting concrete and conventional concrete, the lubrication layer (LL) formation inside the pipe or hose wall can improve the pumpability and decrease the pumping pressure [34]. As mentioned in the previous literature, two flow regimes can be identified while pumping concrete. These are (1) slip flow behavior with unsheared bulk, and (2) combined shear and slip flow behavior where there is a plug flow + a partial shearing of the bulk in combination with the slip flow [35]. Therefore, characterizing viscosity and yield stress in the lubrication layer and the bulk material will be important.



If a concrete mix has a higher viscosity or very high yield stress, the pumpability will be reduced. Therefore, to improve the pumpability, the viscosity and the yield stress should be kept at a minimum. However, in 3DCP applications, these rheological parameters cannot be minimized extensively because, after the pumping and extrusion process, the material will not have enough strength to retain the layer geometry or to support the top layers. Therefore, during the pumping and extrusion process, the optimum rheological parameters should be considered, which are favorable for pumping, extrusion, and layer-wise construction.



Therefore, in practice, very high thixotropic material will be used in 3DCP applications (i.e., if no accelerators are added near to the nozzle head). In the pumping and extrusion stages, higher shear rates will be applied due to higher pumping pressures, higher velocities inside the hose or pipes, and higher rotational speeds applied in some pump screws and screw extruder devices. For very high thixotropic material, at higher shear rates, the viscosity will be reduced, and the material will flow easily. However, after the extrusion and deposition stages, the material will almost become static, and very low shear rates may apply due to the material flow under gravitational forces. Hence, the viscosity values will become higher and due to the time-dependent structural build-up, the yield stress will increase rapidly, giving a higher early age strength in the layers. In addition, it should be noted that even though the yield stress and viscosity are kept at an optimum level favorable for pumping and extrusion, the structural build-up rate may also have a significant effect at the pumping and extrusion stage. It was found, in previous studies, that a short interruption (after around 20 min) in pumping can cause blockages inside a pumping system if the thixotropic build-up rate is around 0.3 Pa.s−1 [33]. Therefore, the structural build-up rate also should be considered an important parameter when making decisions on allowable pausing time frames of the pumping and extrusion processes.



The material extrusion or extrudability requires a similar rheological requirement as in the pumping stage. However, the extrusion ability also depends on the nozzle sizes used, nozzle geometries, extrusion speed, and also the type of extruder used [36]. It goes without saying that the higher the nozzle sizes, the higher the extrudability without any aggregate blocking [37]. Furthermore, in terms of nozzle geometry, if the die length is higher, the extrudability will become lower [17,38]. However, in the current study, only the rheological and material parameters are of interest, and further discussion of the influence of geometrical parameters of the extruder on extrudability is out of the scope of this study.




2.1.3. Buildability


After the pumping and extrusion processes, layer-wise construction should be completed, and the individual layers should have enough strength to support the self-weight of the layers. In addition, the bottom layers should be stiff enough to prevent excessive deformations and collapsing due to the vertical forces (due to gravity) induced by the top layers. Two common failure modes were identified by several researchers for the 3DCP technique. Due to exceeding the material strength limit, a strength-based failure could occur. Mainly, if the stresses induced by the vertical forces reach the strength limit of the material, the particular strength-based failure occurs. Different researchers followed different approaches and material models to define the particular strength limits of the material. Di Carlo [39] used a linear Drucker–Prager yield criterion to predict the failure of the 3D printed layers. The unconfined compression test and parameters were used in the model. Wangler et al. [40] proposed a rheology-based model, where the strength-based failure occurs when   ρ g H /  3    ≥    τ y   t   . Here,   ρ , g , H   and    τ y   t    are material density, gravitational constant, total build height, and the time-dependent material yield stress, respectively. The same rheology-based model was used by Roussel et al. [41] and many other researchers [7,42,43,44].



Kruger et al. [42] also used a rheology-based material model to predict the early age strength-based failure occurring in 3D printed layers. They used a bi-linear material model considering both the structural build-up rate and the re-flocculation rate for defining the material thixotropic behavior. The Tresca failure criterion was used in the study to predict a lower bound failure layer number rather than achieving the exact value.



Wolfs et al. [20] developed a finite element model based on a time-dependent Mohr–Coulomb failure criterion to predict the strength-based failure as well as the buckling failure. However, the numerical model overestimated the failure heights achieved experimentally. The major reasons for the discrepancies between the numerical and experimental results were predicted as the overestimation of the Mohr–Coulomb and elastic modulus parameters in the tests due to material compaction.



Jayathilakage et al. [18,19] also used a time-dependent Mohr–Coulomb-based material model and a finite difference simulation technique to predict the strength-based failure of 3DCP. The tests were conducted to determine Mohr–Coulomb parameters and elastic modulus parameters, and care was taken to reduce the material compaction. The simulation was able to predict the failure heights accurately. In addition, in the study, it was concluded that the rheology-based models underestimated the failure heights, specifically, due to neglecting the frictional components acting in the material. In addition, in the study, it was concluded that the Mohr–Coulomb-based model had higher accuracy than the rheological-based models. Therefore, a simplified analytical model based on the time-dependent Mohr–Coulomb failure criterion was introduced in the study.



In addition to the strength-based failure, stability failure also can be seen frequently in 3DCP. Most of the printed structures consist of thin walls and higher slenderness. Therefore, stability failure may occur in larger print heights frequently. Furthermore, the eccentricities occurring at layer placement can cause stability failure. Wolfs et al. [20] developed a finite element model to predict the stability failure occurring in 3DCP as mentioned earlier. Mainly due to the radial deformations occurring in the structure, stability failure was initiated in combination with the strength-based failure in that study. Suiker et al. [43] developed parametric models to determine the buckling failure of printed straight walls. Later, Wolfs et al. [44] used experimental and numerical studies to determine the accuracy of the analytical equations developed by Suiker et al. [43]. The parametric model by Suiker et al. [43] considered the time-dependent material properties and print velocities (defined by a curing function), support conditions of the printed wall, and the geometrical imperfections.



From the studies available in the literature, Roussel et al. [41] pointed out that the critical height (   H T   ) which transitioned between the strength-based failure and stability failure of 3DCP could be found from    H T  = 2 δ   ( 1 + ν ) /   3  3   γ c       . Here,  δ ,  ν , and    γ c    are the width of a layer, Poisson’s ratio, and the critical shear strain, respectively. The buckling failure may dominate if the print heights are higher than the transition heights, and plastic collapse will occur if the print heights are lower than the transition heights. However, this simplified calculation may only be valid for rectangular cross-sections similar to straight walls. In addition, it should be noted that in 3DCP applications, the material parameters can vary rapidly with the concrete age due to the higher thixotropic characteristics when compared with the material used in conventional concrete applications and self-compacting concrete applications. Therefore, it is important to accurately determine the time-dependent rheological parameters of the 3DCP as well as the time-dependent elastic material behavior.



As discussed in earlier sections, rheology plays a major role in achieving a pumpable, extrudable, and buildable concrete mix. Therefore, accurate measurements of rheological parameters relevant to 3D printing processes are of the utmost importance. There are already established standard methods as well as non-conventional methods for measuring the rheological parameters. However, one of the important factors to consider when selecting a rheology testing method is the rheological model used for the material. The following sections describe the rheological models frequently used for 3DCP material, and the commonly used conventional and non-conventional methods used for characterizing the rheological parameters.




2.1.4. Rheological Models and Time-Dependent Rheological Behavior of 3DCP


Most commonly, the concrete is considered a Bingham fluid [45] with yield stress and viscosity. Therefore, simply the Bingham model [45] is used to define the shear stress vs. shear strain behavior as follows:


  τ =  τ 0    + μ  γ ˙   



(1)







In Equation (1),  τ  and   γ ˙   are shear stress and shear rate, respectively. However, as mentioned earlier, concrete typically shows a thixotropic and shear-thinning behavior (i.e., the viscosity will reduce with the increasing shear rate). Therefore, to show the shear-thinning behavior of concrete, the Herschel–Bulkley model [46] is commonly used as shown in Equation (2).


  τ =  τ 0    + μ   γ ˙  n   



(2)







In Equation (2),  n  is the flow index and the value is usually lower than 1 for shear-thinning fluids ( n  = 1 for Bingham fluids).



Additionally to the Bingham model and the Herschel–Bulkley model mentioned above, there are many other flow models such as the modified Bingham model [47], Casson model [48], De Kee model [49], Quemada model [50], Vom Berg model [51], Yahia and Khayat model [47], and Robertson–Stiff model [52]. The similarity between all the models mentioned (except the Quemada model [50]) is that they all define the yield stress parameter, which is the intercepting point of the flow curve in the shear stress axis (in shear stress vs. shear strain plot). However, most of the testing methods discussed in this study will be based on the Bingham and the Herschel–Bulkley rheological models.



Specifically, in 3DCP applications, time-dependent material behavior also should be considered for each rheological parameter. Typically, the yield stress increase with concrete age, and the Roussel model [53], and the Perrot model [54] explain the evolution of yield stress with time as shown in Equations (3) and (4), respectively.


   τ y   t  =  A  t h i x   t +  τ  y 0    



(3)






   τ y   t  =  A  t h i x    t c     e   t   t c      − 1   +  τ  y 0    



(4)







In Equations (3) and (4),    τ y   t   ,    τ  y 0    ,    A  t h i x    , and  t  are the time-dependent yield stress, initial yield stress, thixotropic constant, and the concrete age, respectively. In Equation (4),    t c    is defined as characteristic time, which is a curve-fitting parameter. According to the Roussel model in Equation (3), the yield stress is increasing linearly. However, Perrot et al. [54] later found that for 3DCP concrete material, the yield stress will increase linearly up to around 60 min and keep increasing exponentially after around 60 min. However, the linear to exponential transition time duration may vary with the type of mix used.



In many studies, plastic viscosity ( μ ) also was identified as a time-dependent rheological parameter [55,56]. Papo et al. [55] developed an analytical model, as in Equation (5), to describe the time-dependent behavior of the viscosity in cement pastes and slurries.


  μ  t  =      t   t v       N    1000 −  μ 0    +  μ 0   



(5)







In Equation (5),    μ 0   ,    t v   , and  N  are initial viscosity, the time taken for the material to reach a comparatively high viscosity (correlated to water: cement ratio), and a parameter related to the kinetics of cement hydration, respectively. Typically, in most 3DCP applications as well as in rheology measurement techniques, consideration of time-dependent viscosity cannot be seen commonly. The main reason for this is that a considerable change in viscosity for cementitious material takes place after a concrete age of around 30 to 60 min depending on the mixed constituents [55]. However, in most 3DCP applications, the first few minutes can be the most critical.





2.2. Conventional Rheology Measurement Methods


According to the National Institute of Standards and Technology (NIST), the rheology measurement techniques for cementitious material can be categorized in Table 1 [57].



In Table 1, most of the free flow test methods such as slump flow tests, J-Ring tests, etc., are most suitable for normal concrete and self-compacting concrete (SCC), which have considerable flowability. For very stiff concrete and comparatively less flowable concrete used in 3DCP applications, the free flow tests may not be suitable because the stiff concrete may not flow freely due to its self-weight (due to higher yield stresses). From the free flow tests such as slump flow tests, yield stress can be measured primarily and will be discussed in detail in the following sections.



Similarly, confined flow tests are not suitable for very low to moderate slump concrete mixes which do not have sufficient fluidity to flow under confined conditions. Confined flow tests are commonly used for SCC, which highly flows. Using confined flow tests, not only the yield stress but also the apparent viscosity of a mix can be measured. Furthermore, physical phenomena such as passing ability and aggregate blocking can be measured using confined flow tests such as the L-box test.



Vibration test methods are most suitable for low and moderate slump concrete which are mostly vibrated in field applications. Vibration test methods are typically free flow or confined flow and are simple to perform. The flow table test with vibration is one of the methods frequently used to compare the rheology of different cementitious mixtures used in 3DCP. However, in this method, only a comparison between mixes can be made, as no quantifying method of rheology or any analytical solution is available for the method [59]. Therefore, the method should be used with another rheology testing method, such as rheometers, and is not very effective in measuring the rheological parameters directly, specifically for 3DCP applications.



2.2.1. Slump Test and Flow Table Test


The slump test is a free flow test method and is commonly used in field applications as a standard test method to measure workability. A standard slump cone will be filled with the material, compacted, and the cone will be lifted slowly, allowing the material to flow under gravity. Measurement of the difference in slump height (slump value) or the bottom diameter (slump flow value) will indicate the workability of the mix. The higher the slump flow or the slump value, the higher the workability of the mix. The slump cone consists of different dimensions according to the standards used. According to the standard ASTM C143/C143M [60], the slump cone mold has a bottom diameter of 200 mm, a top diameter of 100 mm, and a height of 300 mm.



The slump height typically correlates with the yield stress value of a concrete mix. The viscosity has a negligible effect on the slump value, and in most instances will be neglected. The higher the slump height, the lower the yield stress of a mix and vice versa. Few researchers have developed analytical models to predict the yield stress values from the measured slump height [61,62,63,64,65].



Kurokawa et al. [66] developed analytical equations correlating slump (  S L  ) in cm and slump flow (  S F  ) in mm values to concrete yield stress (   τ y   ) as shown in Equations (6) and (7):


   τ y    S L   =   7 ρ g   H − S L     1200  3     



(6)






   τ y    S F   =    V s  ρ g   25  3  π ( S  F 2  )   ×   10  8   



(7)







In Equation (6),  H  is the slump mold height (i.e., 30 cm), and in Equation (7),    V s    is the volume of the slump cone in m3.



Similarly, Hu et al. [63] conducted finite element simulations on slump tests with varying slump values (0 to 25 cm) and introduced the BTRHEOM rheometer to correlate slump values with yield stress. The relationship between the slump value and the yield stress in [63] is given in Equation (8).


   τ y    S L   =   ρ   30 − S L     27    



(8)







In Equation (8), the slump value (  S L  ) should be given in cm. It was found in the study that Equation (8) is only valid for the concrete where the viscosity is lower than 300 Pa.s.



Roussel et al. [64] developed an equation to calculate the yield stress values using the slump value. The computational fluid dynamics (CFD) simulations and different rheometer experiments were conducted to validate the model. According to [64], a simple linear expression between the slump (in cm) and the yield stress can be written for a slump range of 5 to 25 cm as in Equation (9).


   τ y    S L   =   ρ   25.5 − S L     17.6    



(9)







From Equations (6), (8) and (9), the maximum yield stress value can be measured from the slump test and is around 2.5 kPa (i.e., if the slump value is zero and the density is around 2300 kg.m−3). Therefore, it can be predicted that for concrete mixes used in 3DCP applications, the slump value will be nearly closer to zero because a typical 3DCP mix can initially have yield stress around 1 to 5 kPa or even more [31,42,56], and will increase with time rapidly, compared to a conventional or self-compacting concrete mix. Therefore, slump tests may not be very accurate or less sensitive in measuring the yield stress of 3DCP mixes. Therefore, it is obvious that the slump flow value also may not be accurate in measuring the yield stress values of 3DCP mixes due to very low flowability. It was found in [66] that Equation (7) is accurate for a slump flow value higher than 300 mm, which can be much smaller for 3DCP mixes. However, due to its availability (inexpensive) and the fact that it is easily conducted as a field test method, the test method is widely used in 3DCP applications.



Another test method similar to the slump test is the flow table test. However, the cone used for the flow table test is usually smaller than the one used for the slump test. According to standards ASTM C230/230M [67], the cone used for the flow table test has a base diameter of 100 mm, a top diameter of 70 mm, and a height of 50 mm. According to the ASTM C1437 [68], the cone should be filled with material and tamped and then the cone should be lifted, similar to the slump test. Afterward, the flow table is dropped 25 times in 15 s. Then, the spread diameter will be recorded and presented as the percentage change in the diameter before lifting the cone. The value is defined as the flow value of the mix. The method was used in previous research only to compare the mixes used in 3DCP [59,69]. As mentioned earlier, there is no analytical equation to correlate the spread value with the rheological parameters. However, it was found in earlier research that the final spread diameter is linearly proportional to the slump value for highly flowable concrete mixes [70].




2.2.2. Rotational Rheometers


The devices attempting to use methods of fluid rheology to measure the flow of concrete by measuring shear stress at varying shear rates are called rheometers [58]. The resistance to flow with varying shearing rates can be measured in the commercially available rheometers. Commercially available rheometers are mostly designed for polymer systems or measuring the rheology of cement pastes or mortar with very fine aggregate. Rotational rheometers have different geometries such as parallel plates, coaxial cylinders, and vane geometry. Due to the inclusion of large particles in concrete, the most commonly available rheometers cannot be used for concrete.



Many types of research have been conducted to develop rheometers for evaluating the rheology of highly fluid concrete mixes such as self-compacting concrete [71,72,73,74]. A considerable amount of research was conducted using commonly available or custom-made rheometers for cementitious material. However, the results achieved for rheological parameters may not be comparable due to the differences in the mixes used, the protocol followed, material preparation, etc. [72,75,76].



From a survey conducted in France [77], the results reported that, even with the same material and mixing conditions, large variations in yield stress and viscosity values can be observed. However, a good correlation between the rheometers can be seen and a qualitative comparison can be made in the values. Twelve different concrete mixes and five different rheometers (with different geometries such as parallel plate, coaxial, and mixing action with impeller) were used in this study. The slump values of the mixes ranged from 90 mm to 235 mm.



Nevertheless, rheometer usage in 3DCP applications may have many limitations in terms of the material model used, sample preparations, and also the measurable value range. Additionally, when including the larger particle sizes, the geometries used in many rheometers will not be adequate to measure the rheological parameters. For example, coaxial and parallel plate geometries may cause wall slippage as found in a few studies when used for low or no-slump concrete [75,78]. In addition, particle migration and segregation [76,79], not enough gap widths to include larger particles, and plug flow formation [80] are some well-known issues when using a parallel plate or co-axial cylinder geometries [75]. Hence, to eliminate issues such as wall slip and plug formation, vane geometries are used more often to measure the rheological parameters of 3D printable concrete mixes. However, the above-mentioned issues can still exist in a vane geometry when used for the higher yield stress concrete mixes typically used for 3DCP applications.



The torque ranges applied in the motors in standard rheometers are typically designed for measuring the shear stresses (ranges up to hundreds of pascals) of highly fluid mixes typically used in self-compacting concrete applications or cement pastes. Typically, the mortar or concrete used in 3DCP applications reaches up to thousands of pascals. Therefore, most of the rheometers available in the market are not suitable for measuring the shear stresses of 3DCP mixes. However, recently there are few rheometers available in the market which can measure up to thousands of pascals.



For 3DCP material as well as for other cementitious materials, the most commonly used rheology measurement protocols are the stress-growth test [54,81,82,83] and performing the hysteresis loop test [81,84,85,86]. For the stress-growth test, the material will be sheared with a very low constant shear rate (typically 0.01 to 0.001 s−1) and the shear stress variation will be recorded. The peak shear stress value where the structure is considered to break fully is then considered as the yield stress value of the material. For 3DCP mixes, this method is frequently used to achieve the yield stress evolution rate with the concrete age [18,56,84]. The same test method can be performed for different concrete ages to achieve the thixotropic build rate (   A  t h i x    ) of the mixes.



However, when applying the stress-growth test to measure the structural build-up in 3DCP material, several issues should be overcome according to the previously published literature [81,82]. Nerella et al. [81] proposed a strain-based stress-growth test rather than using a constant shear rate as small as 0.01 s−1 to 0.001 s−1. The main issue in using a small shear rate is the longer times taken by the material to reach a critical strain (i.e., where a peak shear stress is occurring). For 3DCP material, which is prepared as a single batch to measure the time-dependent structural build-up rate, longer testing times may give erroneous results. Therefore, according to the material used, one can select a minimum critical strain and an optimum total test duration to prevent structural build-up and achieve the peak shear stress of the material. Ultimately, the shear rate can be higher than the usually used range mentioned above. Nevertheless, the selection should be made to minimize viscous effects.



Ivanova et al. [82] discussed the challenges and applicability of the constant shear rate test using two rheometers, namely, the HAAKE MARS II and Viskomat XL. The single batch approach for measuring the time-dependent static yield stress and structural build-up rate was considered in the study. According to the study, similar static yield stress values as well as comparable thixotropic build-up rate values (   A  t h i x    ) can be achieved for the same mixes using the two rheometers. However, care should be taken to apply the same shear rates and the same structural breaking criteria without excessive deformations. Additionally, in the study, it was found that plug formation can happen if there is a large gap between the cell and the probe of a rheometer. Because of the plug formation, there can be inaccuracies in the formulas used to convert the torque and the rotational speeds into shear stress and shear rate, respectively. However, a considerable error will occur in shear rates when compared to the shear stresses due to the erroneous conversion.



In the hysteresis loop test, the material will be sheared from the rest with an increasing shear rate linearly within a certain period (up curve), and then decreased up to zero linearly (down curve). The up curve represents the structural breakdown of attractive cement particles, and the down curve shows the stress vs. strain behavior of the flowing material. Typically, the shear stresses in the up curve are higher than the down curve shear stresses because higher stresses are needed to break the structure and allow the structure to flow. Typically, in the up curve, the intercepting location of the shear stress axis at a zero shear rate will be taken as the static yield stress of the material, and the slope of the stress vs. strain curve as the viscosity. The intercepting location of the down curve in the shear stress axis (i.e., the shear rate at zero) is considered the dynamic yield stress. Dynamic yield stress is defined as the threshold shear stress needed to maintain the flow of the material. However, according to the total testing time and the thixotropic behavior of the material, the shape and the values of the up and down curve can vary (i.e., if the material has a higher structural build-up rate and the testing time is higher, the down curve can show higher shear stresses than the up curve due to the rapid structural build-up) [85]. Therefore, it is advisable to use lower testing periods for highly thixotropic material used in 3DCP applications. The total test times should be selected carefully to reproduce the up and down curves to achieve the rheological parameters accurately.



Small amplitude oscillatory shear (SAOS) rheometry is also a method used recently in 3DCP mixes to measure the rheological parameters [26,87]. Typically, rotational rheometers with parallel plate geometry or vane geometry are used commonly for the method. In the SAOS method, a sinusoidal oscillation will be applied to the sample continuously to reach a given displacement or stress. Typically, the displacement amplitudes or the strain amplitudes applied to the samples are very small (ranges from 10−6 to 10−4 magnitudes of strain for cement pastes). Therefore, samples will deform within the elastic range. Hence, the SAOS test is also considered a non-destructive test method and is commonly used to evaluate the time-dependent structural build-up parameters in 3DCP using a single batch of material. Two parameters, namely the storage modulus (  G ′  ) and the loss modulus (  G ″  ), can be measured using the method. The   G ′   represents the elastic component of the material stress and the    G ″    represents the viscous or the liquid component of the stress in the material. For example, if the material is ideally solid, the   G ″   component will be equal to zero because the material is perfectly elastic. Similarly, if the material is an ideal liquid, the   G ′   component will be zero because there is no rigidity. Therefore, the method simply measures the visco-elasticity of the material. The relationship between the time-dependent shear stress, storage modulus, and loss modulus can be written as in Equation (10).


  τ  t  =  γ 0     G ′  sin ω t +  G ″    cos ω t    



(10)







In Equation (10),    γ 0    and  ω  are the strain amplitude and the angular velocity, respectively. Three methods can be incorporated to do the test, namely the oscillatory frequency sweep, oscillatory amplitude sweep, and the time sweep method. In the frequency sweep test, the amplitude (strain) keeps constant and the frequency keeps increasing up to around 100 Hz. The method is used to find an appropriate frequency for the SAOS test [88]. In the oscillatory amplitude sweep test, the frequency keeps a constant (more than 0.2 Hz is recommended because no specific changes in   G ′   can be seen above that frequency [89]) and the amplitude keeps increasing incrementally above the critical strain limit of the mix (typically 10−5 to 10−1 range). From this method, a critical strain amplitude can be established. The time sweep test can be used to evaluate the structural build-up and rheological parameter evolution with concrete age. After selecting a critical strain limit from the amplitude sweep test and a frequency, the oscillation can be completed with a constant frequency and a suitable constant amplitude (lesser than the critical strain amplitude) within the selected time period. It was found in previous studies that the   G ′   increases with increasing concrete age similar to the static yield stress. However, the magnitudes of the static yield stress and   G ′   are not similar [90]. According to the intermittent tests carried out between the static yield stress measurement and SAOS measurement in a concentric cylinder geometry, it was explained by Yuan et al. [90] that the SAOS storage modulus measurement considers smaller critical strains occurring between the C-S-H structure in smaller cement grains. However, for static yield stress measurements, large critical strains in colloidal cement particles are incorporated.



Nevertheless, for measuring the time-dependent structural build-up of 3DCP, the method shows great potential due to the consideration of the solid-like region of the material. Specifically, for the 3DCP buildability assessment, this can be useful. Silva et al. [87] used the SAOS method to assess the time-dependant rheological parameters such as yield stress and elastic modulus to assess the strength and stability-based failure of 3DCP. Moeini et al. [26] used the SAOS method to evaluate the structural build-up of cement-based material used in 3DCP. The storage modulus evolution rate achieved in the study shows a good correlation with the extrudability and the shape stability of the printed layers. Moeini et al. [26] pointed out that the structural build-up of already printed material should be considered via the SAOS test, which considers the undisturbed material in the testing protocol. For newly deposited material after shearing and being disturbed in the pump and the extruder, the static yield stress measurements after pre-shearing protocols are more suitable. Hence, the SAOS method sheds some light in future research on assessing the rheological parameters useful for 3DCP applications.





2.3. Non-Conventional Methods


As discussed in previous sections, most conventional rheology measurement techniques have been designed for measuring the rheological parameters of highly or moderately fluid concrete typically used in self-compacting concrete or normal concrete. Even though some equipment such as rheometers were developed recently to overcome many barriers, there are still many limitations when applied to stiff and highly thixotropic mixes such as 3DCP mixes. In addition, the protocols used in most rheometers may not correlate with the 3DCP processes resulting in erroneous rheological values. It is also essential to identify the rheological properties of mortar and concrete in different loading conditions and strain rates. Therefore, several experimental methods were proposed and examined to find a better approach for measuring the rheological parameters of stiff and extrudable concrete. Physically, the cementitious material used in 3DCP applications is closer to moist clay. As a result, experimental methods developed in geotechnical applications to identify the soil parameters are being experimented with to determine the rheological parameters of cement pastes, cement mortar, and concrete by various researchers. The tri-axial test [91,92], vane shear test, and direct shear test [93,94,95,96] are some methods in geotechnics that are used to measure the rheological parameters of concrete, cement pastes, and mortar. Additionally, the testing methods such as squeeze flow test, ram extrusion, and cone penetration test method are also being used by a few researchers to characterize the useful rheological parameters for 3DCP. Some testing methods and implications for 3DCP are discussed in the following sections.



2.3.1. Direct Shear Test


The direct shear test is used commonly to study the shear behavior of soil under normal stresses. The apparatus consists of a box with a square or circular cross-section. There are two sections of the box where one part (top or bottom) can be moved horizontally with a constant displacement rate, while the other part stays stationary. This allows the material to fail in a pre-defined horizontal plane. Figure 1 shows the schematic diagram for a direct shear box.



Commonly, the linear Mohr–Coulomb behavior will be considered to determine the relationship between the shear strength ( τ ) and the applied normal stress (   σ ′   ) as in Equation (11).


  τ = C +  σ ′  tan ∅  



(11)







 C  and  ∅  are the cohesion and the friction angle of the tested material. Initially, a constant normal load will be applied until the material reaches a constant consolidation. Afterward, the material will be sheared at a constant displacement rate, and the similar stress vs. displacement (time) curve as in rheometer static yield stress measurements can be achieved. The peak shear strength for a constant displacement rate and normal stress will be recorded as the failure strength. The test should be conducted for different normal stresses. Typically, the failure shear stress increases with the increasing normal stress. The linear Mohr–Coulomb failure envelope as in Equation (11) can be then used to determine the cohesion value (shear strength at zero normal stress) and the friction angle value (slope of the shear stress vs. normal stress line).



From previous research, it was found that the yield stress and cohesion value have a good correlation and have similar values, when terminate the possibilities of having a normal stress application in the considered testing method [96,97,98]. Therefore, few researchers use the direct shear test to determine the yield stress of cementitious material. The direct shear test was used by Lu et al. [99] for cement pastes and cement mortar to predict the yield behavior. The study concluded that the normal stress has a significant effect on the yield stress of paste with low w/c ratios (lower than or equal to 0.4), and the normal stress needs to be considered in the material rheological tests. Furthermore, the test results from the direct shear test for low w/c ratios are closer to the results from the rheometer tests.



Assaad et al. [93] have collected measurements of yield stress in cement pastes using the direct shear test method for different types of cement pastes, and compared those yield stress values with yield stress values achieved from the vane shear test. The yield stress computed from the direct shear test is lower than the vane shear test results in the study. However, the vane measurements (yield stress measurements) from the topmost part of the sample (where the normal stress exerts on the vane from the material is nearly zero) are closer to the yield stress values achieved from the direct shear test. In other cases of vane shear measurements (for shear stress measurements in different depths from the free material surface), the normal load applied from the self-weight of the top material part may lead to the overestimation of yield stress values.



Jayathilakage et al. [96] conducted a comprehensive study of implementing the direct shear test for measuring the rheological parameters of 3DCP material. They found that the displacement rates used in direct shear tests are typically low and do not affect the rheology measurements (cohesion values and friction angles are not changing). Therefore, a proper displacement rate can be selected to conduct the test and prevent structural build-up. Additionally, it is recommended in the study that the low w/c ratio mixes be used in the test due to the possibility of water drainage from the material.



Because of the drainage of water when applying normal stress, it was found that the low w/c ratio mixes are much more suitable to test in the direct shear test. Therefore, recently, few researchers have used the direct shear test for 3DCP mixes due to the low water content used in the mixes. Furthermore, the Mohr–Coulomb failure criterion is used to predict the strength-based failure of printed layers at an early age. Wolfs et al. [20] used the direct shear test to measure the time-dependent Mohr–Coulomb parameters to implement a finite element model to determine the strength-based failure. Jayathilakage et al. [18] used the direct shear test to measure the Mohr–Coulomb parameters (initial cohesion and friction angle) to implement a finite difference model and to predict the strength-based failure of 3DCP layers. However, in the study [18], it was proposed to use a vane shear test to measure the time-dependent yield stress, because the direct shear test takes a long time to conduct when compared with the vane shear test.



The direct shear test seems to have advantages when measuring friction angle values that cannot be extracted from other rheology measurement techniques. Additionally, the test is most suitable to study the rheological behavior of the material in a static state. For the 3DCP process, the rheological parameters achieved from the direct shear test are useful for determining the failure of printed layers [18,19,20,44,100]. Specifically, the failure criteria such as the Mohr–Coulomb failure seem to be suitable and accurate for predicting the strength-based failure of printed layers when compared with other rheology-based models [18]. Therefore, the direct shear test can be a useful test method, which gives the shear stress behavior under different applied normal stresses (similar to the stresses applied in a printed layer).



However, there are limitations to the test method when applied to cementitious material. Primarily, the time taken to complete a test is comparatively higher than a rheometer, and only a single sample can be used per one particular test. Therefore, measuring the time-dependent evolution of yield stress (cohesion) can be difficult and sometimes erroneous. Additionally, due to the drained conditions used in the test method, there is a possibility of water drainage from the material while applying the normal stresses. This can overestimate the measured shear stress values under normal stresses. The test only can be used as a static test due to the low shear rate range used in the test. Therefore, a flow curve cannot be achieved as, in the rheometers and viscosity, measurements cannot be achieved accurately. Furthermore, the friction between the two halves of the boxes should be prevented by using a roller mechanism [93] or by applying lubrication between the surfaces [96]. Otherwise, the measured shear stresses will be higher than the actual ones.




2.3.2. Vane Shear Test


A vane shear test is used commonly to measure the shear strength of the soil. Specifically, this is used on-site to measure the shear strength of soil due to the easiness of conducting. Additionally, there are laboratory-scale vane apparatuses as well. The vane shear test has a similar mechanism as the rotational rheometers with vane geometry. The difference in the vane shear test is that it has a lower rotational speed and only can be used to measure the static yield stress if considered cementitious material. Some vane shear test apparatuses have a simple handheld mechanical gauge fixed to the vane, which can be used easily to measure the shear strength (yield stress) of concrete immediately after mixing. This enables the ability to obtain quick onsite measurements of the shear strength while processing the material. The procedure applied in the vane shear test is similar to the static yield stress measurements followed in rheometer tests.



Le et al. [99] used the vane shear test to measure the yield stress evolution with time for 3DCP mixes. The main purpose of their study was to identify the open time (the material extrudability limit) and the correlated yield stress range. Rahul et al. [98] and Jayathilakage et al. [18] recently used a simple vane shear apparatus to measure the static yield stress evolution with time for 3DCP mixes. Rahul et al. [98] used it to compare the mixes used and the effect of mixed compositions (viscosity modifying agents, nano clay, and silica fume) on yield stress evolution with time. Jayathilakage et al. [18] used yield stress evolution data from the vane shear test in a numerical simulation to accurately model the strength-based failure of 3D printed layers at an early age.



From the studies conducted by previous authors, it can be concluded that the vane shear test is a cost-effective and accurate test method to evaluate the time-dependent yield stress evolution of 3D printable concrete. However, similar to the direct shear test method, only the static yield stress can be achieved using the vane shear test, which is useful for 3DCP buildability studies. Contrary to the direct shear test, the vane shear test can be quickly and easily conducted, and hence, can be used easily to evaluate the time-dependent yield stress behavior.




2.3.3. Tri-Axial Test


Similar to the direct shear test, the tri-axial test is also based on the Mohr–Coulomb failure criterion and is commonly implemented in geotechnical applications. Nevertheless, few researchers have used the method for normal concrete, self-compacting concrete [101,102,103,104,105], and also for 3DCP mixes [92].



A cylindrical sample should be prepared and the test should be completed according to the ASTM D2850 [106] or a similar standard. The testing will be completed in axis-symmetric loading conditions as shown in Figure 2. Using the principal stresses, the Mohr–Coulomb failure envelopes can be developed to obtain parameters such as cohesion and the friction angle value.



Wolfs et al. [92] conducted the tri-axial test for 3DCP mixes to evaluate the time-dependent Mohr–Coulomb parameters. The parameters assessed were then used in a finite element model to assess the early age failure in printed straight walls. The model predicted the buckling failure effectively for lower-length walls (lower print times). However, with increasing concrete age, the accuracy of the model weakens. The main reason pointed out by the authors is the temperature effects and confining effects occurring at the bottom-most layers, which are not incorporated in the numerical simulation. Nevertheless, the authors identified the tri-axial test as a useful test method to achieve not only the Mohr–Coulomb parameters but also the early age compressive strength and the elastic modulus variation with time. These parameters can determine both the strength-based failure as well as the stability failure commonly seen in 3DCP.



However, a major disadvantage of using the tri-axial test is that the time taken to complete a single test is longer. Therefore, very early age properties (in the first few minutes of printing) cannot be achieved. Wolfs et al. [92] used the tri-axial tests for concrete age equal to and more than 15 min. Then, they extrapolated the earlier age (less than 15 min) properties considering a linear relationship. However, this interpolation can only be valid for some mixes used in 3DCP. For mixes with a fast setting, the tri-axial test may not be effective. In addition, for faster print speeds and faster build rates (which can be a prospect in the future), the method will not be suitable to determine the early age Mohr–Coulomb and mechanical properties.



Another main disadvantage of the method is that the method is a static test. Hence, flow curves and viscous properties cannot be achieved. Nevertheless, post-yield behavior can be attained in terms of the dilation angle. The samples used in a single test will be destructed while doing the test and cannot be used in multiple tests. This is also a disadvantage that results in the wastage of material and more test trial requirements.




2.3.4. Ram Extrusion


When it comes to the extrusion-based 3DCP process, the extrudability of material depends on the material characteristics, process parameters, as well as the extruder setup as described in previous sections. Therefore, many researchers found the ram extrusion method as a potential rheological characterization method to define the rheological parameters which are important in characterizing the extrudability of the 3DCP material [15,16,107,108,109,110,111]. Alfani et al. [29] reviewed possible testing methods for extrudable cement-based material and mentioned the ram extruder as a promising test method specific to extrudable cementitious material. Figure 3 shows a ram extruder (which consists of an orifice) and a schematic diagram.



A ram extrusion test measures the pressure required to extrude the material through a die with a certain length, or through an orifice with zero die length. Initially, the material will be filled inside the extruder barrel and then extrude with different ram velocities. For a constant ram velocity, ram force at a steady state can be measured using a load cell attached to the ram. The force vs. displacement curve can be typically achieved as shown in Figure 4.



The average steady extrusion force (Figure 4) then can be converted to the extrusion pressure. The procedure should be conducted for different ram velocities and different die lengths to determine the rheological parameters. A simple analytical model based on the studies conducted by Benbow et al. [112] can be used directly to determine the rheological parameters as in Equation (12).


  P =  P e  +  P d  =   2 ln      D 0   D    (  σ 0  + α V ) +   4 L  D     τ 0  + β V    



(12)







In Equation (12),    D 0   ,  D , and  L  are barrel diameter, the diameter of the die, and the length of the die, respectively.  V  is the material flow velocity of the die.    σ 0    and    τ 0    are the uniaxial yield stress and the shear yield stress, respectively.  α  and  β  are two parameters that characterize the speed at die entry and die exit, respectively. As shown in Equation (12), the total extrusion pressure ( P ) consists of two components. One is the pressure drop at the die entry (   P e   ), and the other component is the pressure drop at die land (   P d   ). The assumptions are made, such as the material is viscoplastic and incompressible. In addition, Equation (12) is only valid for square-ended barrels. The pressure drop at the extruder barrel is neglected. Another main drawback of using Equation (12) is that the values  α  and  β  have no physical meaning when defining the rheological parameters and can vary according to the extruder die length, die diameter, and barrel diameter [113].



Basterfield et al. [113] developed an analytical model to derive rheological parameters using an orifice extrusion. A uniaxial form of Herschel–Bulkley flow behavior is considered in the analytical model. The closed-form relationship between the extrusion pressure and the mean shear rate (  V / D  ) can be written for an orifice extrusion as in Equation (13).


  P = 2  σ 0  ln      D 0   D    + A k       2 V  D     n    1 −      D   D 0        3 n      



(13)




where


  A =  2  3 n       sin  θ  m a x     1 + cos  θ  m a x        n   



(14)







In Equation (13), the  k  and the  n  values are the flow consistency and the flow index parameters in the Herschel–Bulkley model.  A  parameter can be calculated from Equation (14), where    θ  m a x     is the maximum flow convergent angle. The main advantage of using the analytical model in Equation (13) is that it gives important parameters to define the rheology of a mix, irrespective of the geometry used. In addition, the usage of the orifice extrusion is simple due to disregarding the shaping force (i.e., the friction forces acting on the material/die interface and the force required for the internal bulk deformation). However, for 3DCP applications that consist of different types of nozzles, the shaping force component and the shear yield stress can also be of importance [107,110]. Figueiredo et al. [110] proposed that the uniaxial yield stress has a direct correlation with the buildability of the mix component in 3DCP (the higher the uniaxial yield stress, the higher the buildability). The shear yield stress derived from the ram extrusion test provides a threshold value for the pumpability of the mix according to the same study.



Even though there are many advantages of using the ram extrusion test to characterize rheology in 3DCP applications, there can be many drawbacks as well. One of the major drawbacks is the filtration of water from the granular medium of the mix. Frequently, this phenomenon is occurring at low extrusion velocities according to the previously done studies [114,115]. As a result, the extrusion pressure will increase rapidly (without reaching the steady extrusion phase in Figure 4). Perrot et al. [114] proposed a model based on Darcy law and consolidation studies to predict the extrusion pressure evolution occurring due to liquid migration. Rahul et al. [116] proposed a disorptivity-based approach to determine the liquid migration occurring during a ram-type extrusion. Nevertheless, it is important to determine the extrusion pressure at low ram velocities accurately. The main reason is that when using least square error methods to fit analytical curves to the experimental data, more data points are required near zero extrusion velocity (mean shear rate) to accurately determine the uniaxial yield stress. Hence, 3DCP mixes which can be extrudable without any phase separation at lower extrusion speeds should only be selected for testing in this method.



Another major drawback of the ram extrusion test is the assumptions made of the material to be considered as perfectly plastic or viscoplastic. The expressions which are given in Equations (12) and (13) are only valid for the aforementioned type of material. However, typical cementitious material used in the 3DCP extrusion method can be frictional plastic material [117]. As a result, a frictional component should be considered between the extruder wall and the material interface. Hence, Perrot et al. [117] developed an analytical model considering the frictional plastic behavior of cementitious material used for extrusion applications. Therefore, to use the analytical equation as shown in Equations (12) and (13), the extruder wall surfaces must be smooth.



It was proposed by Basterfield et al. [113] to use larger barrel diameters and reduce the orifice (die) diameter to the barrel diameter ratio in ram extruders. From the experimental studies, it was proven in [113] that the smaller orifice diameters to barrel diameter ratios provide consistent results for measured rheological parameters irrespective of the diameters of the extruder used. Furthermore, using a large barrel volume gives the advantage of conducting higher test runs for several extrusion speeds in a single material loading inside the extruder. Hence, the data required to form a flow curve can be achieved from a single test run with a large barrel diameter (higher material volume). Nevertheless, there can be difficulties in measuring time-dependent material behavior, because generally several test runs should be needed to form one flow curve for a particular concrete age. In addition, the test can take a few minutes to complete depending on the extrusion length and speed.




2.3.5. Squeeze Flow Test


Another technique commonly used to measure the rheological parameters of extrudable cement-based material is the squeeze flow test. In this method, generally, the material will be placed between two parallel circular plates with the aid of a cylindrical mold. Afterward, the mold will be removed and the material will be compressed with different displacement rates by moving the top or bottom plates. Typically, the sample height is chosen to be smaller than or equal to the sample radius to provide an extensional flow as shown in Figure 5. The analytical models to determine the rheological parameters in this test vary with the boundary conditions used (rough or smooth) and the test method used (constant volume or constant area) [118,119].



In a squeeze test, the flow conditions (extensional flow conditions and shear flow) are similar to the flow conditions occurring in the extrusion of material through a narrow nozzle [118]. Therefore, useful rheological parameters important for 3DCP extrusion can be achieved from the test method [111,120,121].



Roussel et al. [118] have formulated an analytical model to obtain Bingham parameters for a highly concentrated, stiff, non-Newtonian, yield stress fluid using a squeeze test. The formulations were built for rough and for slip boundary conditions separately using a 3-dimensional Von Mises yield criterion. The extensional flow region thickness is selected to minimize an energy dissipation function. The mix considered will be squeezed between two circular plates, where the height of the sample ( h ) is chosen very low compared to the radius ( R ) of the sample. The trial velocity fields chosen in the study consist of a central region of pure extensional flow, mid-way between the plates, and sheared regions adjacent to the plates (Figure 5). Equation (15) shows a general expression for the compressive force ( F ) in a squeeze flow for a Bingham material [118].


  F = −   6 π μ c  R 4     h 3    1 − β       2 + β    2    −   2 π  K i   R 2     3  β h + R     h   β + 2      



(15)







In Equation (15),  μ ,     K i   , and  c  are the plastic viscosity, plastic yield value, and compression speed, respectively.  β  is a non-dimensional parameter describing the position of the boundary between the two flowing zones. The solution tends toward a perfect-plastic flow for larger    h R    ratios. For perfectly plastic material,  β  = 1 and  μ  = 0. Therefore, Equation (15) can be simplified in Equation (16) as follows:


   F *  =   2  K i     3       h R    +   2  K i   3   



(16)







In Equation (16),    F *  = − F h / π  R 2   . The first term in Equation (16) is associated with dissipation due to the extensional flow occurring at the mid-region of the sample height. The second term is linked with dissipation due to the shearing flow near the boundaries. It should be noted that the above expressions are valid only for the rough plates (rough boundary) conditions and Bingham material behavior. For the slip boundary conditions and other material models, there are different analytical models used in the literature [119].



Using the above model by Roussel et al. [118], Toutou et al. [122] conducted experimental work to find the extrusion ability of firm cement-based mixes. The rough boundary conditions are used for the experimental study and two compression speeds are used (low and high). At low compression speeds, an increase in apparent yield shear stress is observed due to the fluid drainage through the granular skeleton. For high compression speeds, the experimental responses are modeled with a Von Mises yield criterion allowing the identification of the material plastic yield value where the solution is perfectly plastic. For low compression speeds where the drainage happens, a model based on Coulomb frictional law and the Drucker Prager plastic criterion is used to explain the drained and frictional plastic behavior. This is a similar finding at low extrusion speeds in ram extrusion tests discussed in earlier sections [16,117].



The main advantage of the method is that the rheological parameters from the test method are more relevant to the ram extrusion, as mentioned earlier, and can be used for very firm cement-based material typically used in 3DCP applications. In addition, the test method can be used to measure the time-dependent extensional yield stress evolution and also to assess the viscosity of the mixes [123]. The test method and sample preparation are simple and can be done easily. Furthermore, the sample sizes are smaller compared to the other rheology test methods (i.e., rheometers, ram extrusion, slump test, etc.).



The main disadvantage of the squeeze flow test is that it only can be used for very firm cement-based material which retains its shape. For mixes used in 3DCP, this can be achieved due to its higher yield stress. However, at very early ages, the mixes can be generally flowable immediately after mixing due to the higher thixotropic behavior. Hence, at a very early age, the material may not retain the cylindrical shape due to low yield stress values. Therefore, the test may be suitable to assess the yield stresses after a few minutes of mixing (depending on the material) and will be most suitable to model the buildability of 3DCP material or time-dependant extrudability.



Another disadvantage of the test method is that phase separation occurs at low compression speeds as discussed earlier. Hence, suitable test speeds should be selected with suitable test sample dimensions to conduct the test. In addition, the single batch method cannot be followed in the test because the test is a destructive test method. Hence, multiple samples should be prepared for measuring time-dependant rheological behavior.




2.3.6. Penetration Tests


Several types of standard penetration tests are available and used for fresh cementitious material for measuring the initial and final setting times. Typically, the penetration depth or the force required to achieve a specific depth or velocity will be measured in the penetration test procedures. Some of the penetration test methods used for setting the time measurement are the Vicat apparatus, Proctor needle, penetrometer, and Hilti needle [124].



Even though the method was used originally to measure the setting time of cementitious material, some work has been conducted by a few researchers previously to correlate the static yield stress and penetrometer results with analytical relationships [120,121,124]. Some penetration test procedures, a description of the test, and the analytical model used for correlating the yield stress are summarized in Table 2 [124].



Due to its simplicity and ability to conduct as an onsite testing method, the penetration test was trialed by Mazhoud et al. [125] for 3DCP applications. Perrot et al. [126] used the penetration theory for nailing the printed layers in 3DCP applications as a reinforcing method. Mazhoud et al. [125] used the method to measure the yield stress evolution with the concrete age for underwater 3DCP applications. The authors pointed out that the easiness of conducting the experiment, smaller samples, and suitability for firm material are the reasons for using the method in their study. A cone with a mass of 80 g and a tip angle of 30° is dropped under gravity (starting from the surface of the sample), and the penetration depth measured. Then, using a force balance equation (between gravitational force and friction force), the yield stress is derived.



The main advantages of using penetration tests for measuring yield stress and yield stress evolution with time are easiness to prepare the samples (due to smaller samples), easiness in conducting the test, can be used as an onsite test method, and cost-effectiveness. Furthermore, the method can be specifically useful for assessing the structural build-up of 3DCP material when using the reinforcement by penetration methods (nailing and steel bar insertion) [126], because there are similarities between the test procedure and the particular reinforcing process.



Nevertheless, one of the main disadvantages of the method is that it is not suitable for samples with larger aggregates. The Vicat needle can be only used for cement pastes and most of the other penetrometers are suitable for cement pastes and mortar with fine aggregates due to the smaller dimensions of the tips used. Additionally, according to the ASTM standards C403/403 M, the penetration methods are only suitable for mortar mixes with a slump greater than zero. Hence, there can be limitations when implementing the method for some 3DCP mixes and longer concrete ages. Another main disadvantage is the drying out of the surface due to the smaller surface areas used. This can be seen in most 3DCP mixes due to the low w/c ratios used in the mixes. As a result, there can be errors (smaller penetration depths relative to the actual one) occurring specifically in free fall test methods such as the Vicat test. Proper precautions should be used to eliminate the drying of the top surface.





2.4. Summary and Comparison of the Test Methods


A comparison and a summary of the rheology testing methods which can be used for 3DCP applications are shown in Table 3. The pros and cons discussed are based on the usability of the methods for 3DCP material.



To compare the rheological parameters obtained from some of the selected test methods (standard and non-standard), and to analyze how these parameters are changing according to the test methods, experimental works are presented in the next section. In addition, the buildability and extrudability studies were completed for several mixes to identify the best-suited test method for each 3D printing process.





3. Experimental Work


3.1. Mix Design


To compare the mentioned testing methods and achieve rheological parameters from each test, the rheometer test, slump test, flow table test, direct shear test, ram extrusion test, vane shear test, and squeeze test were completed for three different mixes, namely M0, M0.1, and M0.3. Mixes have similar mix constituents except for different nano clay contents. The nano clay percentages (from the total solid weight used) are 0%, 0.1%, and 0.3%, respectively, for M0, M0.1, and M0.3. The purpose is to keep the effects of aggregates and fluid content of the mixes to a minimum and change the rheology (yield stress, viscosity, and thixotropy) of the mixes. The nano clay addition to a concrete mix changes the rheological parameters such as yield stress and thixotropy of the mix as per the previous studies by authors [128], as well as per the other studies previously completed [129,130]. Nano clay has a negative charge on its face and a positive charge on its end, and attracts dissimilar charges at rest. This results in typically higher yield stresses. Additionally, when sheared, the repulsion between the negative and positive charges of nano clay makes a composite more flowable, demonstrating a higher thixotropic behavior [129].



Table 4 shows the other mix constituents used.



All the sand used is silica sand supplied by Sibelco Australia. In Table 4, coarse sand is graded sand with a gradation of 16/30 and has a maximum particle size of 1.18 mm. Fine sand is also graded sand (with 30/60 gradation) with a maximum particle size of 600  μ m. The nano clay used is Acti-Gel® 208 (by Active Minerals Internationals, Sparks, MD, USA) with a maximum particle size of 30  η m. The cement used is general purpose (GP) cement supplied by Cement Australia which complies with AS 3972 (general purpose and blended cement). The specific densities for cement, silica fume, coarse aggregate, and fine aggregate are 3100, 2200, 2650, and 2650 kg/m3, respectively.



Initially, large batches (around 40 L) of material are prepared using a 60 L planetary mixer (Digital Construction Laboratory, Swinburne University of Technology, Australia) to achieve consistent results with a single batch. The dry mixes are mixed at a low mixing speed of around 7 min as per the specification requirement for nano clay dispersion. Afterward, the water is added, and the mixing is conducted for around 2 min at a slow speed. Then, the retarder and superplasticizers (by BASF, Australia) are added slowly while mixing at a high speed of around 4 to 6 min (depending on the nano clay amount). A dough-like 3D printable mix can be finally achieved.




3.2. Testing Protocol and Methods


After the mixing, the steps (Table 5 are followed for each test systematically, because the rheological parameters achieved are highly dependent on the time and the shearing history.



As shown in Table 5, the vane shear test is completed for each batch to make sure the material in all the batches has a similar initial yield stress at the beginning. A tolerance of around  ± 20% from the value (yield stress from the vane shear test) achieved in batch number 1 is allowed. It should be noted that in Table 5, for batch number 2, mixing is completed in an intermediate stage after finishing both the vane shear test and the direct shear test. The reason is that the test should be repeated for a minimum of three numbers of normal stresses. Per one normal stress (one test), it will take around 180 s. Hence, by mixing the material, the initial state of the material can be achieved (checked with the vane shear test).



The rheometer tests are completed using a VISKOMAT XL rheometer (developed by Schleibinger testing systems, Germany). A 0.1 rpm rotational speed is used for the static yield stress measurements. Multiple samples are prepared from a single batch and tested for up to 60 min for different ages. Hence, no pre-shearing is done in the tests. For the hysteresis loop test, the samples are sheared from 0 to 70 rpm linearly within 60 s. Afterward, a 70-rpm rotational speed is applied for 10 seconds, and the rpm value is reduced to 0 rpm linearly within 60 s. The rpm values and the torque values are converted to shear rate and shear stress, respectively, using the equations developed by Barnes et al. [131].



The slump test and flow table tests are completed according to ASTM standards [60,67]. The slump cone used has a 100 mm top diameter, 200 mm bottom diameter, and 300 mm height. The mini cone used for the flow table test has a top diameter of 70 mm, a bottom diameter of 100 mm, and a height of 60 mm.



For the orifice extrusion test, a smaller scale ram extruder (developed by the authors) is used with a 20 mm orifice diameter and a 50 mm barrel diameter. The length of the extruder barrel used is 400 mm. The material is filled inside the extruder barrel and then compacted using a rod to remove the entrapped air. Afterward, starting from 10 mm.s−1 of constant ram velocity, the extrusion is completed for 5, 3.5, 2, 1, and 0.5 mm.s−1 constant ram velocities. Each velocity is kept around 10 s to achieve the steady-state extrusion force. A 5 s pausing between two ram velocities is kept. Hence, the whole test takes around 100 s to complete as shown in Table 5. A 5 kN load cell is used to measure the extrusion force and an ALMEMO 710 Data Acquisition (DAQ) System and AMR Win control software (developed by AHLBORN, Germany) are used to record the force and displacement data. It should be noted that lubrication oil is applied to the inner barrel surface to reduce the material and wall friction. This ensures the assumptions made in the analytical model used in the study [113]. The rheological parameters are achieved using the analytical model given in Equation (13).



The vane shear test is completed according to the ASTM D4648/D4648M standards. Initially, a large batch is prepared in a large container (around 40 L) and compacted and leveled using a vibrator. Afterward, a 4-blade vane with 70 mm height and 90 mm length is inserted and rotated manually at a slow rate. A mechanical gauge attached can be used to record the angle (and later can be converted to torque using the spring constant and the vane dimensions as given in the standards). As found by Assaad et al. [93] in a previous study, the normal stresses from the top material portion affect the overestimation of the failure stress achieved by the vane shear test, if inserting the vane in higher depths. Hence, the vane blade is only inserted up to around a 70 mm depth (similar to vane height). Therefore, the peak torque value can be recorded and can be converted to shear stress using the equations given in [93]. The failure (peak) and shear stresses (angle) are recorded from 0 to 15 min of concrete ages.



The direct shear test is completed according to the ASTM D3080/D3080M- 11 standards. A fully automated Shear Trac II device is used for applying and measuring the forces and displacements. Additionally, the device has the capability of converting the forces to stresses and displacements to strain values according to the given initial data before starting each test. The shear box used has a circular cross-section with a 72.5 mm diameter. The total height of the box is 43 mm. Four different vertical stresses ranging from 2 to 20 kPa are applied to conduct the test. The normal stress range is selected approximately to represent the vertical stresses induced due to 10 to 100 layers of construction (10 mm layer height). After applying normal stress, the material is sheared with a constant displacement rate of 8 mm.min−1. It was found, from previous studies by the authors, that the shearing rate used in the direct shear test has no prominent effect on the failure shear stress [96]. Hence, a displacement rate of 8 mm.min−1 is selected, which is fast enough to complete the tests neglecting the time-dependent effects. The peak shear stresses are selected as the failure shear stresses for each normal stress applied. The area corrections are completed for the peak shear stresses according to the ASTM standards. Afterward, shear stress vs. normal stress plots are developed to evaluate cohesion and friction angle values according to the Mohr–Coulomb relationship.



A squeeze flow test is also conducted to evaluate the rheological parameters of the mixes considered. A cylindrical mold is used to prepare four specimens from one batch which have 100 mm in diameter and 50 mm in height. The mold is lined with a thin cling wrap and the material is filled inside the mold in two layers. Each layer is vibrated to achieve proper compaction and a defect-free specimen. The specimen is then removed from the mold and placed in between two plates, which have a similar diameter as the specimen. Both the plate surfaces consist of sandpapers to enforce rough boundary conditions. The thin cling wrap is removed immediately after conducting the test. Then, the specimens are compressed by moving the top plate with a constant displacement rate of 120 mm.min−1. A higher displacement rate is used to ensure no phase separation occurs as mentioned earlier. The rheological parameters (yield stress) for concrete ages up to 30 min are evaluated using the perfect plastic assumption as given in Equation (16).



Figure 6 shows the test setups/schematic diagrams used in the experiments.




3.3. Extrudability Test


To compare the extrudability of the three mixes, the quantification of extrudability is completed using a simple power consumption and discharge measurement technique. The authors [111] and Nerella et al. [15] used the method in previous studies to characterize the extrudability of 3D printable concrete material. In this study, a screw-type extruder (developed at Digital Construction Lab, Swinburne University of Technology, Australia) (similar to [111]) is used for material extrusion. It has a nozzle of 30 mm in diameter. A digital power measuring device is installed between the printer and the controller of the printer. Initially, the power consumption is measured while rotating the extrusion screw with different rotational speeds (from 0.5 to 2.5 rev.s−1). This is completed without any material inside the hopper. The measured power values are considered as the initial power consumption (   P i  )  . Then, the material is filled up to the top level of the hopper and the extrusion is finished. While extruding the material from the nozzle continuously for the same rotational speeds above, the power consumption is measured. This is taken as the final power consumption (   P f  )  . The relative power (   P r   ) consumption then can be calculated using the difference between the two values (i.e.,    P r   =    P f    −    P i   ). It should be noted that while extruding the material, the continuous filling of the material is completed inside the hopper to maintain a constant material level.



To measure the discharge ( Q ), continuously extruded material within 1 min is collected inside a container. Then, the weight of the material is measured. Later, the weight is converted to the volume using the densities of the material.



It was shown in the previous literature that an index (   I p   ) can be introduced to quantify the extrudability or pumpability of 3DCP material [15,111].    I p    is simply the ratio of      P r   Q   . This can be defined as the unit extrusion energy of the material [15]. Typically, a higher value of    I p    denotes a higher energy requirement to extrude a unit volume of considered material at a specified rotational speed. Hence, the higher the    I p   , the lower the extrudability, and vice versa.




3.4. Buildability Assessment


To assess the buildability, printing tests are conducted until the printed structures reach failure. Circular columns with 200 mm diameter are printed using a gantry-type 3D printer at the Swinburne University of Technology, Australia. The screw rotational speed of 0.5 rev.s−1 and print speed of 48 mm.s−1 are selected for printing. The average printed layer width and height are 10 mm and 5 mm, respectively. The layer number at failure is recorded to assess the buildability of each mix. Additionally, the layer quality also is inspected visually.





4. Results and Discussion


The following sections show the rheological parameters achieved from each test and the results of the extrudability and buildability tests. Finally, the comparison and the discussion of the results are presented, followed by future recommendations in selecting suitable rheology characterization methods for 3DCP material.



4.1. Rheometer Test


The static yield stress evolution with concrete age and the hysteresis loop curves for the three mixes are shown in Figure 7.



As shown in Figure 7, the achieved initial static yield stress values are 0.9, 1.4, and 3.8 kPa for M0, M0.1, and M0.3, respectively. Similarly, the dynamic yield stress values and viscosity also are increasing from M0 to M0.3. Hence, as expected, the inclusion of nano clay results in increasing the yield stress and viscosity of the mixes [132,133,134].



From the hysteresis loop curves in Figure 7a, the thixotropic behavior of the mixes can be quantified in two ways. According to the study completed by Qian et al. [83], a thixotropic index (   I  t h i x   )   can be defined as the ratio between the initial (peak) yield stress and the equilibrium yield stress at the end of the up curve in a hysteresis loop. Hence, the    I  t h i x     value denotes the structural breakdown capability (deflocculation) under shearing. Higher values of    I  t h i x     denote a higher structural breakdown capability (thixotropic behavior) under shearing and vice versa.



Another method for evaluating thixotropic behavior is by considering the area between the hysteresis loops. This quantifies the structural breakdown capability under high shearing rates, and structural reforming (recovery) under low shear rates. The higher the thixotropic area, the higher the thixotropy of the mix.



The achieved    I  t h i x     values for M0, M0.1, and M0.3 are 1.2, 1.7, and 2.5, respectively. The thixotropic areas are 9, 13, and 23 kPa.s−1 for M0, M0.1, and M0.3, respectively. Hence, it can be identified that the thixotropy is increasing from M0 to M0.3. This was an expected result due to the inclusion of nano clay in the M0.1 and M0.3 mixes. Additionally, increasing the nano clay amount increases the thixotropy and yield stress values. Similar findings were obtained in previous studies [132,133,134,135].



The time-dependent yield stress evolution is also shown in Figure 7b for the three mixes. The thixotropic build-up rate (   A  t h i x    ) is 0.02, 0.02, and 0.06 kPa.min−1 for the M0, M0.1, and M0.3 mixes, respectively. Interestingly, the M0 and M0.1 mixes have nearly similar    A  t h i x     values, while the M0.3 mix has a higher    A  t h i x     value as expected. It should be noteworthy that the maximum yield stress value that can be measured from the Viskomat XL rheometer is around 5.5 kPa. Higher yield stresses than around 5.5 kPa result in wall slippage and plug flow formation.




4.2. Slump Test and Flow Table


Figure 8 shows the slump height of the three mixes with respect to the slump cone height (300 mm).



The slump heights achieved for the mixes M0, M0.1, and M0.3 are 128 mm, 44 mm, and 15 mm, respectively. The slump flow diameters are 250 mm, 202 mm, and 200 mm, respectively, for M0, M0.1, and M0.3 mixes. Very low slump height and flow values can be achieved comparatively for M0.1 and M0.3 mixes when compared with the M0 mix due to the higher yield stresses. Using the analytical model shown in Equation 8, the yield stresses can be calculated for each mix using the slump heights and the densities. The calculated yield stress values are 1.4 kPa, 2.1 kPa, and 2.3 kPa, respectively, for M0, M0.1, and M0.3. The densities were obtained experimentally (by weighing a known volume of material) as 2169, 2211, and 2219 kg.m−3 for M0, M0.1, and M0.3, respectively. Even though the yield stresses calculated from the slump values increase from M0 to M0.3, it seems to have nearly similar values for M0.1 and M0.3. As mentioned earlier in this study, the maximum yield stress which can be achieved from a slump test is around 2.5 kPa, and for lower slump values, the analytical model may be less sensitive and inaccurate. A further comparison of the achieved values will be discussed in the following section.



The flow values from the flow table test can be achieved as 128%, 117%, and 110% for M0, M0.1, and M0.3, respectively, after 25 drops of the flow table. The slump value is zero for all the mixes before dropping the table due to the considerable shape retention capabilities and higher yield stresses compared to a self-compacting concrete mix or a normal concrete mix. After the 25 drops, the slump values changed to 28, 23, and 15 mm, respectively, for M0, M0.1, and M0.3.



The relationship between the slump height and flow values (flow table test) with the yield stress (calculated from the slump heights) can be shown in Figure 9.




4.3. Direct Shear Test


The linear Mohr–Coulomb failure envelopes for the three mixes are shown in Figure 10. The cohesion values and the friction angle values are also shown in the same figure.



From Figure 10, it can be seen that the shear stresses are increasing linearly with normal stresses, showing considerably good linearity (R2 of more than 0.9). In addition, the cohesion values are highest in M0.3 and lowest in M0 as expected (a comparison of the cohesion values with the rheological parameters achieved from other tests will be made in the following section). The friction angles of the M0.3 and M0.1 have nearly similar values. Nevertheless, the M0 mix shows a smaller friction angle value compared to the M0.3 and M0.1 mixes. From an earlier study, it was found by the authors that the coarse aggregate content mainly influences the friction angle values of cementitious material [96]. However, in this study, the aggregate content of the mixes is kept constant for all the mixes. Nevertheless, the M0 mix shows more fluid-like behavior compared to the other two mixes. Therefore, a lower friction angle can be expected.




4.4. Orifice Extrusion Test


Figure 11 shows the orifice extrusion pressure vs. mean shear rate plots for the three mixes considered. The analytical model (Equation (13)) was fitted for the experimental data using the least square error method. Table 6 shows the achieved rheological parameters considering a Herschel–Bulkley flow model.



The achieved uniaxial yield stress values show a similar increasing trend from M0 to M0.3 as achieved for shear yield stresses from the rheometer and other tests. A further comparison of the uniaxial yield stresses with the yield stresses achieved from other testing methods will be done in the Section 4.7.



As can be seen from Table 6, M0.3 and M0.1 mixes show a shear-thinning behavior (flow index of 0.5). The M0 mix shows a Bingham flow behavior and has a flow index of 1. To further analyze the viscosity variation with the strain rate range applied in the test, the viscosity can be plotted against the strain rate as in Figure 12. Here, the first derivative of stress with respect to the strain rate (i.e., simply the gradient of the curves in Figure 11) is considered as the viscosity.



From Figure 12, it can be visible that the viscosity of M0 is constant (around 2.9 kPa.s) and does not change with the applied shear rate. However, M0.1 and M0.3 have an initial viscosity around 47 and 62 kPa.s, respectively, and reduce with the increasing shear rate. Interestingly, the viscosity of M0.1 and M0.3 mixes reaches the viscosity of the M0 (control mix). The main reason for this effect is the inclusion of nano clay in M0.1 and M0.3 mixes. Nano clay particles have two different charges (positive and negative) at different ends. At rest (or very low shear rates), when the flocculation is occurring, two opposite charges in nano clay attract each other and increase the floc sizes of the mix. Hence, they have higher yield stress and viscosity. When the material is flowing under high shear rates, most of the flocs will be broken, and the repulsion between two different charges in nano clay increases the flowability. Hence, this reduces the viscosity. This phenomenon can be prominently important in 3DCP applications. This means at higher shear rates, the M0.1 and M0.3 mixes can flow easily, similar to the control mix. Hence, at pumping and extrusion (specifically screw-type extrusion) stages where high shear rates are applied, the high yield stress mixes (i.e., M0.1 and M0.3) can flow easily. Immediately after deposition, the printed layers only deform under their weight and the weight from the above layers. Hence, compared to the pumping and extrusion stages, the shear rates are considerably lower. Therefore, at flow onset, the deformations will be lower in the layers due to higher viscosity.




4.5. Squeeze Test


The F* vs. h/R curves are shown in Figure 13 for the three mixes.



At the beginning of the test (h/R = 1), for higher h/R ratios (from around 1 to 0.8), a rapid increase in F* can be seen followed by a rapid decrease in F*. This portion of the graph is considered as the placing phase where, after reaching the maximum compression force and at the end of the phase, the material starts to flow. After the placing phase, the perfect plastic response phase can be identified as highlighted in Figure 13. The perfect plastic response phase does not depend on the shear rate applied and seems to diminish with the increasing concrete age. For the M0 and M0.1 mixes, the perfect plastic phase generally exists from around a 0.7 to 0.5 h/R ratio. This slightly changes with the concrete age. However, for the high yield stress mix M0.3, the perfect plastic response phase exists from around 0.75 to 0.55, and this range reduces with the concrete age as shown in Figure 13. To achieve the yield stress, the linear function given in Equation (16) was used as shown in Figure 13 for the M0 mix. According to Equation (16), the yield stress (   K i   ) can be achieved from the intercept of the linear graph in the F* axis or the gradient of the linear graph. However, the yield stresses from the gradient and the intercept show different values (typically the yield stress from the gradient has a higher value than the one from the intercept). According to a study conducted by Roussel et al. [136], this change is due to the radial traction stresses applied by the outcoming sample while compressing the sample. Hence, an energy dissipation component due to the breaking of the sample and outside the volume between the plates should be considered and added to the gradient. Therefore, the yield stress value achieved from the intercept can be considered the accurate value of the two values.



Figure 14 shows the yield stress (   K i   ) evolution with concrete age for the three mixes using the squeeze test.



For the M0, M0.1, and M0.3 mixes, the initial yield stress values achieved are 3.6 kPa, 6.5 kPa, and 13.2 kPa, respectively. The    A  t h i x     values are 0.1, 0.2, and 0.4 kPa.min−1 for the M0, M0.1, and M0.3 mixes, respectively.




4.6. Vane Shear Test


Figure 15 shows the yield stress evolution with concrete age achieved from the vane shear test.



The values achieved from the vane shear test also show a similar trend of initial yield stress variation within the mixes. It should be noted that the mechanical gauge used in this vane shear apparatus can only measure the yield stresses up to 4.5 kPa. Hence, only two points of yield stress values can be achieved for the M0.3 mix. The authors understand that the linear fitting for two points can cause errors and will not be accurate. Nevertheless, considering the yield stress evolution behavior achieved from the other tests, and for comparison purposes (the    A  t h i x     values), the linear fitting was completed for the M0.3 mix.




4.7. Comparison of the Parameters


Table 7 shows a summary of the rheological parameters achieved from each test method. Here, the yield stress compared is the initial yield stress measured in each test.



The three mixes show a similar yield stress variation (i.e., lowest yield stress in M0 and highest in M0.3), irrespective of the test method used as shown in Table 7. Nevertheless, the values of the yield stresses achieved are not similar or identical. To compare the yield stress values from each test with respect to the commonly used standard rheometer test, the yield stress values can be plotted as a ratio of the yield stress values achieved from the rheometer test (Figure 16). This gives a measurement of the deviation of the yield stress from each test w.r.t the rheometer test. If the value from the considered test is equal to 1, the yield stress values are similar to the standard rheometer test results.



As shown in Figure 16 the vane shear test shows values of 1.2, 2, and 1.1 for mix M0, M0.1, and M0.3, respectively. This indicates that there are minor differences between the yield stress achieved from the rheometer test and the vane shear test. The maximum difference shown is for M0.1, which has nearly a yield stress value two times the one measured from the rheometer. In both the rheometer test and the vane shear test, the test protocol is similar in both tests. The main differences between the tests are the vane geometries used and the conversion equations used to convert the yield torque values to yield stress. In the rheometer test, a 6-blade vane was used, and for the vane shear test, a 4-blade vane was used. If comparing the analytical equations used for the conversion, the equation using [131] to convert the torque to shear stress in the rheometer test is    τ 0  =   t o r q u e /     π  D 3   2     H D  +  1 3       . For the vane shear test, the equation used is slightly changed to    τ 0  = t o r q u e /     π  D 3   2     H D  +  1 6        due to the assumptions made earlier (neglecting the normal stress applied from the top material weight). Here,  H  and  D  are the vane height and the diameter, respectively. Nevertheless, it can be seen that the vane shear test and the rheometer test both give generally a similar yield stress value for the mixes.



The slump test also typically gives a closer yield stress value to the one measured using the rheometer. However, the yield stress value for the M0.3 mix is lower than the one measured from the rheometer. As mentioned earlier, the slump test only provides a value range of around up to 2.5 kPa and is not suitable for very high yield stress mixes such as M0.3. Therefore, the measured yield stress for the M0.3 mix from the rheometer shows a higher yield stress value.



The direct shear test shows considerably higher yield stress values when compared to the values achieved from the rheometers. This was expected due to the time taken to complete one direct shear test (Table 5). It was expected to see a considerable deviation between the direct shear test and rheometer yield stress values for M0.3 due to the higher structural build-up rate in the M0.3 mix. However, the deviation is lower compared to the other two mixes. The most probable reason can be the drainage of water while applying the normal stress in the direct shear test. The drainage of water from the porous structure can result in increasing the yield stress of a mix [16,17,120]. The drainage effect is higher for high fluid mixes [96]. In this study, the M0 mix has the highest flowability (fluidity) and can cause the drainage of water easily compared to the other two mixes. This was visibly observed while doing several trials at high normal stresses such as 10 and 20 kPa. Due to the high flocculation capability in M0.1 and M0.3 (increased with the nano clay content), the drainage effect can be reduced due to higher attraction forces between cement particles. Hence, the M0.3 mix is least prone to water drainage when applying normal stress.



The uniaxial yield stress values are typically higher than the shear yield stress values achieved from the rheometer tests. In previous studies [115,116], it was found that the uniaxial yield stress to shear yield stress ratio is around    3    for the material that does not exhibit flow anisotropy. In this study, the uniaxial yield stress values are around 5 to 7 times higher than the shear yield stress values achieved.



Similar to the uniaxial yield stresses, the yield stresses achieved from the squeeze test also show higher values when compared with the rheometer yield stress values. In this study, the yield stresses from the squeeze test are 3 to 5 times higher than the rheometer yield stress values. The different flow behavior in the rheometer test (shear flow) and the squeeze test (shear flow and extensional flow, both) may result in providing different values for the measured yield stresses in the two tests. Another probable reason for the increase in the parameters in squeeze flow can be the compaction of the material when preparing the samples. Hence, the measured yield stress values in the squeeze test can display higher values.



In general, it can be concluded that the test methods based only on the shear flow behavior or shear failure of material give approximately similar yield stress values for the mixes. The orifice extrusion test and the squeeze test which show both the combination of shear flow and elongational flow, show higher yield values than other test methods. However, the testing time limitation, the flow model used, and the consistency of the sample while doing the test also affect the measured yield stress.



If comparing the structural build-up rate (   A  t h i x    ) achieved from the rheometer test and vane shear test, both show a similar trend of    A  t h i x     variation within the mixes. From the rheometer test, the    A  t h i x     values achieved for both M0 and M0.1 are similar (0.02 kPa.min−1). Similarly,    A  t h i x     values achieved from the vane shear test are also similar for M0 and M0.1 (around 0.05 kPa.min−1). However, the    A  t h i x     values achieved from the vane shear test seem to be higher than the ones achieved in the rheometer test. Additionally, regarding the differences in the test methods mentioned earlier, another probable reason for the discrepancies can be the disturbances occurring in the samples before testing. In vane shear tests, while doing the time-dependant material testing, multiple batches were used. Hence, there could be some disturbances to the samples while transferring the material to the rheometer container. Therefore, the measured time-dependent yield stresses can be slightly lower than the actual. In the vane shear test, a larger container was used, and the vane was inserted in several locations to take the measurements for the time-dependent material behavior. Hence, there will be less disturbances and the measured values can be higher. This can be a possible reason for the increased    A  t h i x     value in the vane shear test compared to the rheometer test.




4.8. Extrudability Test


To assess the extrudability of the three mixes considered, the variation of the relative power consumption, discharge rate, and the    I p    index with different screw rotational speeds can be plotted as in Figure 17.



As shown in Figure 17a, the discharge rate is increasing linearly with the rotational speed of the screw. Mix M0 has the highest discharge rate due to the low viscosity and the yield stress (more fluid). M0.3, which has a higher viscosity, shows very low discharge rates. Contrarily, the M0.3 mix has the highest relative power consumption due to its higher yield stress, viscosity, and stiffness. For all the mixes, the relative power is increasing with the increase in rotational speed according to a power-law function (Figure 17b). Hence, the index    I p    is the highest for M0.3 and lowest for M0 as shown in Figure 17c. This shows that more energy should be needed to extrude a unit volume of material of M0.3, showing lesser extrudability compared with other mixes. Typically, the    I p    index tends to increase linearly with the rotational speed, because the increase rate in relative power with rotational speed is prominent when compared to the discharge rate increase. However, for the M0.3 mix, up to the 1.5 rev.s−1 screw rotational speed, the discharge rate increase seems to be higher compared to the power consumption increase rate. Hence, the    I p    index decreases up to 1.5 rev.s−1, and then increases afterwards. Nevertheless, the method seems to give an accurate quantification of extrudability which complies with the measured rheological parameters.




4.9. Buildability


The printing of circular columns was completed until it reached failure. Figure 18 shows the failure initiated in the columns while printing.



As shown in Figure 18, failure occurs at the 21st and 160th layer construction for M0 and M0.1, respectively. For the M0.3 mix, the failure does not occur and reaches the maximum print height limit which can be achieved from the gantry 3D printer used. The layers number printed for M0.3 is 320, which is around 1.6 m high. For the M0 and M0.1 mixes, the failure mode achieved is a strength-based failure, which occurs at the bottom-most layers. There are no large radial deformations visible before failure, which also confirms that the possible failure mode is a strength-based failure rather than a buckling failure.



The authors introduced a simplified Mohr–Coulomb analytical model in previous studies to determine the failure height (   H f   ) of printed structures due to the strength-based failure as follows [18,19]:


   H f        =       2 C  t  tan    ∅ 2  +  π 4      ρ g    



(17)







The Mohr–Coulomb failure model has higher accuracy than the rheology-based models as shown by the authors in their study [18]. In Equation (17),   C  t    and  ∅  are cohesion (time-dependent) and friction angle values, respectively. The failure height of each mix can be predicted using Equation (17). Table 8 shows the predicted failure heights for each mix using different yield stress values and    A  t h i x     values from each test. It should be noted that the   C  t    value considered to be equivalent to the static yield stress value as found from previous studies [93,96] is shown here. The friction angles are assumed to be time-independent values. The values used for the friction angles are the ones found in the direct shear test as 35°, 42°, and 43° for mix M0, M0.1, and M0.3, respectively. Density values of 2169, 2211, and 2219 kg.m−3 are used for M0, M0.1, and M0.3, respectively, which also are considered time-independent.



As shown in Table 8, strength-based failure can be predicted using Equation (17) and the rheological parameters achieved from different test methods. Only the parameters from the rheometer test, vane shear test, and direct shear test are considered. A higher failure height (or no failure) can be achieved for M0.3, and the lowest failure height can be achieved for the M0 mix as in the experimental results. However, there are some deviations in the predicted values from the experimental values.



The predicted failure heights are considerably overestimated by the vane shear test parameters as well as the direct shear test parameters. However, the parameters achieved from the rheometer seem to predict the failure layer number considerably accurately with only a maximum of a 25% error margin. For the M0.3 mix, all the test methods show a failure layer number of more than 320 layers. Hence, a conclusion could not be made on the accuracy of the test method with respect to the M0.3 mix.



The direct shear test also gives a considerably accurate failure layer number for the M0.1 mix (only around 10% deviation from the experimental value). However, the failure layer number for the M0 mix is highly overestimated. This can be expected, because the considered cohesion values are higher and overestimated when compared with the initial yield stress values from the rheometer and vane shear test (due to aging, drainage effects, etc., as explained earlier).



Hence, the rheometer test seems to provide accurate rheological parameters for predicting the plastic failure of the structures when compared to other methods. The direct shear test also seems to have the potential of providing accurate rheological parameters, if one can design the test setup to conduct the test quickly within a few minutes. In addition, the direct shear test seems to provide more accurate results for low w/c ratio mixes, which are generally used in 3D concrete printing applications.





5. Summary and Conclusions


This study discusses and reviews some commonly used rheology measurement techniques applicable to 3DCP cementitious material. Some of the test methods discussed are standard test methods and some test methods have a potential for measuring rheological parameters (specifically for 3DCP material), even though they are not standardized methods. These non-standard methods are not new in other fields such as geomechanics, polymer, and steel extrusion. Many researchers implemented these non-standard methods in 3DCP applications due to some drawbacks and limitations seen in standard rheology measurement techniques commonly used for very flowable mixes such as SCC or normal concrete.



Furthermore, the authors have conducted experimental work to compare the achieved rheological parameters from standard and non-standard testing methods. The measured values were compared and also further used to analyze the buildability and extrudability of the mixes used. According to the authors’ knowledge, this study is one of the first to compare the rheology measurement techniques for 3D concrete printing focusing on both standard and non-standard methods. Furthermore, the study is the first to analyze the accuracy of buildability prediction (strength-based failure) using different rheological parameters from various test methods. Hence, the study will provide a solution for selecting a suitable rheology measurement technique according to the 3DCP process considered. The following are some of the major conclusions of the study.



There are pros and cons to every testing method, whether it is standard or non-standard. In addition, the measurable parameters are limited in some testing methods. The key concept is to identify the relevant 3DCP process (i.e., pumping, extrusion, or layer deposition and building the structure) and select the most suitable testing method. For example, if the 3DCP process considered is pumping or extrusion, the ram extrusion, and rheometers can provide useful information such as flow curves and viscosity data important in the process. For buildability or failure studies, the direct shear test, rheometers, vane shear test, and tri-axial test can provide useful rheological data. However, the direct shear test and the tri-axial test will be most accurate as they provide friction parameters useful for analyzing the normal stress effects in a layer-wise construction.



From the experiments conducted, it was found that the testing methods based on shear flow behavior give similar yield stress values for the mixes tested with minor changes. The squeeze test and orifice extrusion test, which are based on extensional and shear flow, may provide 5 to 7 times higher yield stresses than the shear yield stress values. The slump test is an inaccurate test method for measuring yield stress with values of around 1.5 kPa.



The    A  t h i x     values measured using the rheometer and vane test show similar variation between the mixes (i.e., similar for M0 and M0.1, and highest for M0.3). However, the vane shear test shows higher values when compared with the values achieved from the rheometer. The main reason could be the disturbances occurring while preparing the multiple samples for the rheometer test. The major drawback of both testing methods is the measurable yield stress limit is around 5 kPa, and in some 3D printable concrete mixes, this value will exceed within a few minutes.



The power consumption and unit energy measurement techniques used in this study have the potential in quantifying the extrudability of the mixes used in 3DCP. The    I p    index of the mixes seems to have a direct correlation with the yield stress and viscosity values (higher    I p    index can be achieved for mixes with higher viscosity and yield stress).



The rheological parameters measured from the rheometers seem to be accurate when used for predicting the strength-based failure of 3D printed columns. Generally, the rheology parameters from the vane shear test overestimate the failure layer number. However, the direct shear test seems to have the potential in providing useful rheological and frictional parameters, if one can conduct the test within a few minutes. Nevertheless, the test is most suitable for low w/c ratio mixes (0.23 w/c ratio in this study) due to the drained conditions used in the test.



One of the main limitations of the current experimental work is that the tests were conducted for different batch numbers due to the limitation of human resources. Even though a vane shear was conducted initially to ensure consistency, the vane shear test is only a single-point test that only gives the yield stress value, and cannot ensure the changes in other rheological parameters, such as viscosity and thixotropy. Hence, the authors recommend all the tests be conducted for a single batch to reduce the inconsistencies in the results. Another drawback of the experimental work is the extensive time spent on the direct shear test, which requires a high rate of shearing/mixing at the end of a test to use the same material for another direct shear test run. However, this may also result in inaccuracies or inconsistencies in the test data. Specifically for high-yield stress mixes and mixes used in 3D printing applications, the mixes tend to set quickly, and sometimes high-speed mixing may not be enough to achieve the initial consistency of the material. Therefore, it is recommended to develop a custom-made direct shear test apparatus which can do the testing considerably quicker and more easily, as the currently available direct shear test apparatus uses a very slow shearing rate, and setting up the test equipment is time-consuming.
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Figure 1. Direct shear test (schematic diagram). 
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Figure 2. Schematic for tri-axial test setup (a) and the principal stresses acting on a specimen (b). 
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Figure 3. Ram extruder schematic and the actual setup. 
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Figure 4. Typical ram force vs. ram displacement plot for the ram extrusion test. 
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Figure 5. Squeeze flow test setup and schematic for material flow (rough boundary conditions). 
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Figure 6. Test setups/schematic diagrams. 
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Figure 7. Rheometer test results of (a) hysteresis loop curves, (b) static yield stress evolution with time. 
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Figure 8. Slump test. 
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Figure 9. Slump height and flow percentage variation with yield stress. 
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Figure 10. Direct shear test (linear Mohr–Coulomb envelopes). 
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Figure 11. Orifice extrusion pressure vs. mean shear rate. 
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Figure 12. Viscosity variation with the mean shear rate (orifice extrusion). 
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Figure 13. Squeeze test (F* vs. h/R response and the perfect plastic behavior) for (a) Mix M0, (b) Mix M0.1 and. (c) Mix M0.3 [21]. 
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Figure 14. Yield stress evolution with concrete age (squeeze test). 
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Figure 15. Yield stress evolution with time from vane shear test. 
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Figure 16. Yield stress variation of the mixes compared to the rheometer yield stress. 
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Figure 17. (a) Discharge rate vs. rotational speed; (b) relative power consumption vs. rotational speed; (c)    I p    index vs. rotational speed variation. 
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Figure 18. Buildability of 3D printed columns. 
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Table 1. Rheology testing methods for concrete according to NIST.
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	Category
	Definition [58]





	Free Flow Tests



	
Slump Test



	
Slump Flow Test



	
Cone Penetration Test



	
J-Ring Test, etc.



	
Flow Trough Test



	
Kelly Ball Test



	
Modified Slump Test Moving Sphere Viscometer Ring Penetration Test





	The material either flows under its own weight, without any confinement, or an object penetrates the material by gravitational settling.



	Confined Flow Tests



	
L-Box Test



	
Compaction Factor Test



	
V-Funnel Test



	
Free Orifice (Orimet) Test



	
K-Slump Test





	The material flows under its own weight or under applied pressure through a narrow orifice.



	Vibration Tests



	
Flow Table Test



	
Compaction Test



	
Vibropenetrator



	
Thaulow Tester



	
Vebe Consistometer Vertical Pipe Apparatus Vibrating Slope Apparatus





	The material flows under the influence of applied vibration. The vibration is applied by using a vibrating table, dropping the base supporting the material, an external vibrator, or an internal vibrator.



	Rotational Rheometers



	
BML Viscometer



	
BTRHEOM Rheometer



	
IBB Rheometer



	
Viskomat XL and NT



	
ICAR





	High-precision, continuously-variable shear instruments in which the test fluid is sheared between rotating cylinders, cones, or plates, under controlled-stress or controlled-rate conditions.
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Table 2. Penetration test methods, description, and analytical models for yield stress measurement.
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	Penetration Test Method
	Description of the Test
	Yield Stress    (  τ 0  )    Measurement





	Vicat needle

(ASTM C191-19)
	
	
The loaded needle (300 g and 1 mm diameter) penetrates, and the depth of penetration is measured.



	
Initial setting time at 25 mm penetration depth.



	
Final setting time at 0 mm penetration depth.



	
Effective for mixes with smaller particle sizes (pastes) when measuring the yield stress.





	   τ 0  =  3  2 π r h    

 r  = Vicat needle radius

 h  = Penetration depth under 300 g load



	Penetrometer

(ASTM D3441-79)
	
	
Typically used in geotechnical applications as an onsite soil testing method.



	
The force ( F ) required to maintain a given speed is measured.



	
The needle tip can be wider than the connecting rod.



	
Can be used for paste mixes and mortar mixes as well for the yield stress measurements, due to the larger needle sizes.





	   τ 0  =  F  3 π  r 2      for Hemispherical penetrometer with radius  r 

   τ 0  =  F  3 π  r 2  + 2 π r h     for Hemispherical penetrometer with radius  r  and connected cylinder of height  h 

   τ 0  =  F  π r    r 2  +  h c 2  + 2 π r h       for Conical penetrometer with radius  r , connected cylinder height   h ,   and cone height of    h c   



	Penetration needle (ASTM C403/403M)
	
	
Used for measuring the initial and final setting times of concrete.



	
The force required to penetrate the needle to a 25 mm depth (within 10   ±   2 s) is recorded. Need to conduct the test at least for 6 time periods (to plot the penetration resistance vs. time on the log scale).



	
The time taken to reach the penetration resistance of 3.5 MPa and 27.6 MPa is considered as the initial and final setting times, respectively.
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Table 3. Comparison of the rheology testing methods used in 3DCP.
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	Rheology Testing Method
	Measurable Rheological Parameters
	Pros
	Cons
	References





	Rotational rheometers
	Yield stress (static and dynamic)

Viscosity

Structural build-up rate   (  A  t h i x    )

Storage modulus (SAOS only)

Loss modulus (SAOS only)
	
	
Standard test method.



	
Fully automated and easily doable.



	
Full flow curves can be achievable.



	
Can use single batches to conduct the yield stress measurement with time.



	
Can easily achieve the rheological parameters.





	
	
Expensive.



	
Not enough torque capacity to measure the yield stresses of the firm cement-based material.



	
Shear localization, plug flow, wall slip, and tunneling effects can occur.



	
Difficulties of measuring static yield stress in high thixotropic material.



	
Difficulties in including larger aggregates.





	[63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84]



	Slump test
	Yield stress
	
	
Standard test method for concrete.



	
Can do onsite.



	
Easily doable.



	
Comparatively cheaper.





	
	
Single point test. Hence, cannot achieve a full flow curve.



	
Less sensitive for 3DCP mixes (nearly a zero slump theoretically).





	[60,61,62,63,64,65,66]



	Flow table test
	-
	
	
Standard test method for concrete.



	
Easily doable.





	
	
Cannot achieve any rheological parameter. Only for comparing different mixes.





	[59,67,68,69,70]



	Direct shear test
	
	
Cohesion/Yield stress



	
Friction angle



	
Dilation angle





	
	
Can measure the frictional parameters.



	
Can measure the normal stress effect on shear stress.



	
Can measure the post-yield behavior such as dilation.



	
Fully automated in some instances.





	
	
Cannot achieve a flow curve. Only static conditions can be considered.



	
Water drainage can occur for high w/c ratio mixes under normal stress.



	
Cannot use a single sample/single batch to perform multiple tests.



	
Not a standard test method for concrete.





	[18,20,93,94,95,96,97]



	Vane shear test
	Yield stress

   A  t h i x    
	
	
Cost-effective method.



	
Easily doable.



	
Can be conducted as an onsite method.



	
Can use a single batch (a large sample) to get multiple measurements.



	
Fully automated in some instances.



	
Can eliminate wall slippage.





	
	
Not a standard test method for concrete.



	
Cannot achieve a flow curve.



	
Only the static yield stress and    A  t h i x     parameters can be achieved.



	
Plug flow can occur for large samples in some instances.





	[18,102,103]



	Tri-axial test
	Cohesion/Yield stress

Friction angle

Dilation angle

Elastic modulus at an early age

Compressive strength at an early age
	
	
Can measure the frictional parameters, dilation behavior, compressive strength, and the elastic modulus in the same test.



	
Can measure the normal stress effect on shear stress.



	
Fully automated in some instances.





	
	
Not a standard test method for concrete.



	
Difficulties in sample preparation.



	
Difficulties in measuring time-dependent yield stress at a very early age.



	
A long time is taken for completion. It may not be suitable for fast-setting mixes.



	
Cannot achieve the flow curves.



	
Sample compaction may overestimate the measured properties.



	
Need to use multiple samples to assess time-dependent material properties.





	[92]



	Ram extrusion test
	Uniaxial yield stress

Shear yield stress

Flow consistency and Flow index (viscosity)
	
	
Useful rheological parameters specific to the extrusion process can be achieved.



	
Similar shear rates as in extrusion can be used in the test.



	
Material flow curves can be achieved.



	
Consistent results can be achieved with a larger barrel diameter to die diameter ratio.



	
Cost-effective method.





	
	
Not a standard test method for concrete.



	
Liquid migration can occur through the granular medium at low extrusion speeds (or for very firm material).



	
Several tests need to be done to achieve a flow curve.



	
There can be difficulties in measuring time-dependent material properties.



	
Simple analytical models are based on visco-plastic material or perfectly plastic material. 3DCP mixes can exhibit frictional visco-plastic behavior.





	[15,16,29,107,108,109,110,112,113,114,115,116,117,127]



	Squeeze flow test
	Elongational yield stress

Cohesion

Friction angle

Viscosity
	
	
Useful rheological parameters specific to the extrusion process can be achieved.



	
Easily doable.



	
Time-dependant material properties can be easily measurable.



	
Cost-effective method.





	
	
Not a standard test method for concrete.



	
Liquid migration can occur through the granular medium at low extrusion speeds.



	
Preparation of the specimen has limitations and difficulties at a very early age.



	
Only a single specimen can be used for one test.



	
Simple analytical models are based on visco-plastic material or perfectly plastic material. 3DCP mixes can exhibit frictional visco-plastic behavior.



	
Sample compaction may overestimate the measured properties.





	[108,118,119,122,123]



	Penetration test
	Yield stress

   A  t h i x    
	
	
Fully automated in some instances.



	
Easy sample preparation due to the small samples used.



	
Can be used as an onsite method.



	
Standard test method for concrete.



	
Useful for assessing structural build-up of 3DCP in reinforcement insertion methods.





	
	
Cannot incorporate larger aggregates.



	
Not suitable for zero slump concrete.



	
Cannot achieve the flow curves.



	
Sample drying out can cause errors due to smaller penetration depths.





	[120,121,124]
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Table 4. Mix constituents used (except nano clay).
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	Cement
	Silica Fume *
	Coarse Sand *
	Fine Sand *
	Water *
	Superplasticizers

(mL/100 g of Binder)
	Retarders

(mL/100 g of Binder)





	1
	0.11
	0.56
	1.11
	0.24
	0.8
	0.4







* mass ratio per 1 kg of cement mass.













[image: Table] 





Table 5. Testing time frame.
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Batch Number

	
Time after Mixing until Starting the Activity

(Seconds)

	
Activity

	
Average Time per Test/Activity (Seconds)






	
1

	
60

	
* Rheometer test (static yield stress evolution—multiple samples)

	
120




	
60

	
* Vane shear test (static yield stress evolution—single batch)

	
60




	
60

	
* Slump test

	
120




	
2

	
60

	
* Vane shear test (static yield stress only)

	
60




	
120

	
* Direct shear test

	
180




	
150

	
Mixing the material again (high shear)

	
60




	
Similar to the above

	
Testing for vane and direct shear

	
Similar to the above




	
3

	
60

	
* Vane shear test (static yield stress only)

	
100




	
60

	
* Orifice extrusion

	
100




	
4

	
60

	
* Vane shear test (static yield stress only)

	
100




	
60

	
* Squeeze test

	
30




	
60

	
* Flow table test

	
60




	
5

	
60

	
* Vane shear test (static yield stress only)

	
60




	
60

	
* Rheometer test (hysteresis loop test)

	
130








* Parallelly completed tests per single batch.
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Table 6. Rheological parameters from ram extrusion.
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	Mix
	Uniaxial Yield Stress—   σ 0   

(kPa)
	Flow Consistency—  k   (kPa.sn)
	Flow Index—  n  





	M0
	4.9
	2.9
	1.0



	M0.1
	9.5
	10.1
	0.5



	M0.3
	27.5
	12.4
	0.5
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Table 7. Summary of the rheological parameters achieved from different tests.
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Mix

	
Test Method




	
Rheometer

	
Slump Test

	
Direct Shear Test

	
Orifice Extrusion

	
Squeeze Test

	
Vane Shear Test




	
Static Yield Stress

(kPa)

	
Dynamic Yield Stress

(kPa)

	
Viscosity

(kPa.s)

	
   A  t h i x    

(kPa.min−1)

	
Yield Stress (kPa)

	
Cohesion

(kPa)

	
Uniaxial Yield Stress (kPa)

	
Average VISCOSITY

(kPa.s)

	
Yield Stress (kPa)

	
   A  t h i x    

(kPa.min−1)

	
Yield Stress (kPa)

	
   A  t h i x    

(kPa.min−1)






	
M0

	
0.9

	
0.4

	
0.035

	
0.02

	
1.4

	
2.3

	
4.9

	
2.9

	
3.6

	
0.09

	
1.1

	
0.051




	
M0.1

	
1.4

	
0.5

	
0.042

	
0.02

	
2.1

	
3.5

	
9.5

	
24.9

	
6.5

	
0.21

	
3.0

	
0.053




	
M0.2

	
3.8

	
0.8

	
0.046

	
0.06

	
2.3

	
6.4

	
27.5

	
32.8

	
13.2

	
0.44

	
4.4

	
0.240
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Table 8. Prediction of failure layer number using rheological parameters from different testing methods.
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Mix

	
Failure Layer Number from theBuildability Test

	
Failure Layer Number Predicted




	
Rheometer Parameters

	
Vane Shear Test

	
Direct Shear Test (Initial Cohesion and    A  t h i x     from Rheometer)






	
M0

	
21

	
29

	
67

	
99




	
M0.1

	
160

	
128

	
237

	
177




	
M0.3

	
320 +

	
429

	
No failure

	
600








+ failure did not occur.
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