


Research progress on the application of rheometer to self-compacting concrete

Abstract：The study of rheological properties is of great significance to the fields of materials science and civil engineering. In this paper, combined with relevant research, the rheological model of self-compacting concrete is expounded, the influence of mineral admixtures, fibers, admixtures, recycled aggregates and other aspects on the rheological properties of self-compacting concrete is explained, the existing problems of the rheological properties of self-compacting concrete are analyzed, and the future rheological properties of concrete are prospected.
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0 Introduction
In the past 40 years, self-compacting concrete (SCC) is a new type of concrete material that is characterized by high fluidity without segregation or bleeding at a low water-cement ratio, and can be leveled without vibration and filled with formwork and wrapped steel bars. Due to its unique properties, self-compacting concrete performs well in solving the problems of vibration leakage, overvibration and difficult vibration of dense steel bars in traditional concrete construction, and can make a large number of industrial waste materials as admixtures to improve durability. The rheological properties of freshly mixed self-compacting concrete directly determine its self-filling and compaction properties, so the rheological characteristics of self-compacting concrete are of great significance to the development of self-compacting concrete[1-4]。
    Due to the addition of mineral admixtures and admixtures, it is far from being able to characterize its workability only through traditional slump cylinder tests. After a large number of experimental studies, it has been found that in order to fully and accurately grasp the complex workability of freshly mixed self-compacting concrete, it is necessary to start with the rheological mechanism and model of self-compacting concrete [5]. Only in this way can the interaction of various components in concrete and the mechanism of the working performance of freshly mixed self-compacting concrete can be better revealed, so as to establish the relationship curve or relationship between the rheological properties of the concrete mixture and the working parameters in practical engineering applications, realize the on-site construction control and application, and even carry out numerical simulation of self-compacting concrete and establish a virtual laboratory. 
    In recent years, a large number of experiments and theoretical studies have been carried out on the rheological properties of self-compacting concrete at home and abroad. At present, the rheological properties of concrete are mainly improved by adding mineral powder materials, superplasticizers and viscosity modifiers. In this paper, the rheological studies of newly mixed self-compacting concrete are introduced from four aspects: mineral admixtures, admixtures, fibers, and recycled aggregates [6-13].
1 Application of rheological model of self-compacting concrete 
1.1 Test and inversion with L-box based on the Herschel-Bulyley rheological model
Zeng Shuai [14] used FLUENT software to simulate the flow time of freshly mixed self-compacting concrete in the L-box, and compared it with the flow time in the actual L-box test, established the objective function by the least squares method, and used the pattern search method to optimize the three rheological parameters, τ0, k, and n, and carried out the simulation of V-shaped funnel and slump expansion test by taking the inversion of the six sets of rheological parameters τ0, k, and n as known inputs. The results show that the rheological parameters of the H-B model are feasible to invert them. 
1.2 Research on the inversion of rheological parameters of newly mixed self-compacting concrete based on Bingham model 
Zhou et al. [15] assumed that the rheological model was the Bingham model, took the improved L-box test as the known input, and the flow pattern of the newly mixed self-compacting concrete at different time points as the known output, used the computational fluid dynamics method to calculate the flow pattern, and established the objective function by the weighted least squares method. The feasibility of the method is verified. This method is simpler and lighter than rheometer testing, and is suitable for engineering practice. 
1.3 CFD simulation of self-compacting concrete flow based on the Herschel-Bulyley rheological model 
Li et al. [16] used a CFD (Computational, Fluid Dynamics) simulation method based on the Herschel-Bulkley rheological model to simulate the pouring process of self-compacting concrete under the action of self-weight in 2D and 3D, and compared it with the flow time and flow pattern of the L-box flow to a specific position in the laboratory. Compared with the 2D simulation results based on the Bingham model, the Herschel-Bulkley rheological model has higher accuracy. 
1.3 Numerical simulation of self-compacting concrete flow based on MPS method 
Li et al. [17] used the three-dimensional moving particle semi-implicit (MPS) method to analyze and predict the fluidity of self-compacting concrete (SCC), and performed numerical simulations on the L-box test, and compared and analyzed the flow pattern and flow time of SCC in numerical simulation and experiment. On this basis, the influence of plastic viscosity on SCC fluidity in the L-shaped box test and the V-shaped funnel test was studied, and the relationship between SCC density and plastic viscosity and the fall time of the V-shaped funnel test was established. The results show that the MPS method based on Bingham rheological model can simulate the flow characteristics of SCC well and with high accuracy. 
2 Effect of raw materials on the rheological properties of self-compacting concrete
2.1 Mineral admixtures
Xu et al. [18] studied the operational and rheological parameters of self-compacting concrete with cement, fly ash, and powdered blast furnace slag as cementitious materials, and analyzed their relationship. In this paper, the rheological performance of self-compacting concrete was tested by Viscometer 5 concrete rheometer, and the torque-speed curve of self-compacting concrete and the yield stress and plastic viscosity calculated based on the Reiner-Riwlin formula were obtained. 
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Comparing the torque speed test points of concrete with different mix ratios, it can be seen that SCC1 has the largest torque value corresponding to the same rotational speed, followed by SCC3. SCC2, which has the largest amount of fly ash, has the smallest torque value. The yield stress and plastic viscosity of concrete with the mix ratio SCC1 were the largest, while the yield stress and plastic viscosity of SCC2 were 14.75 Pa and 12.82 Pa·s, respectively, which were the smallest values among the three mix ratios. Generally speaking, yield stress reflects the minimum stress required for concrete to flow after being subjected to shear external forces, while viscosity characterizes the viscosity resistance of concrete after flow. Due to its small specific surface area and smooth surface, fly ash can play a certain lubricating role in the cementitious system, thus significantly increasing the fluidity of the self-compacting concrete system. 
Lu et al. [19] used three hydrophobic minerals, graphite, talc, and hollow glass beads, to prepare C60 self-compacting concrete, and studied the effects of hydrophobic minerals on the flow and mechanical properties of high-strength self-compacting concrete by testing the working properties, rheological parameters, and compressive strength of concrete. Within a certain dosage and fineness range, hollow glass beads and appropriate amount of talcum powder can significantly improve the working performance of freshly mixed concrete and reduce the yield stress and viscosity of the mixture. However, when the mass fraction of talcum powder reaches 15%, it will cause a sharp decrease in the fluidity of the mixture. When the mass fraction of graphite is 3%, the fluidity of the mixture will increase slightly, but the fluidity will continue to decrease as the graphite content continues to increase. The addition of graphite and talcum powder will significantly reduce the compressive strength of concrete. However, the addition of hollow glass beads has little effect on the compressive strength, and even improves the early strength of concrete. Hollow glass beads have good effects in improving the properties of high-strength self-compacting concrete. 
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Feng Feihong et al. [20] used molybdenum tailings to replace fine aggregates to prepare self-compacting concrete, and the rheological properties of eBT-V self-compacting concrete rheometer were analyzed. According to the rheological performance test of self-compacting concrete mixtures, it can be seen that the self-compacting concrete mixtures with different mix ratios show good fluidity, and the yield stress of concrete decreases to varying degrees after the use of molybdenum tailings replacement, indicating that the finer particles of molybdenum tailings can make the concrete system more prone to flow under the action of external forces.
2.2 Fibre[image: ]
Su Wende [21] used a Con Tec Viscometer concrete rheometer to determine the rotational rate and corresponding shear stress of the mixture, and the rheological parameters of the mixture were calculated by calculation. The self-compacting concrete mixture of steel fiber in the study exhibits shear thickening characteristics. The shear stress of steel fiber self-compacting concrete mixture shows a power-law increase relationship with the shear rate, so the viscosity of the mixture is not a fixed constant, but increases with the increase of shear rate. With the increase of time, the yield stress and viscosity coefficient of each group of mixtures increased. The flow index of slag steel fiber self-compacting concrete decreases with the increase of resting time, while the flow index of stone powder fiber self-compacting concrete increases with the increase of resting time. When the water-cement ratio remains unchanged, the incorporation of steel fibers can increase the yield stress of the mixture, while the increase of water consumption will reduce the viscosity coefficient of the mixture. 
Lu Rui et al. [22] studied the effects of different volume content and different length-diameter ratios on the rheological properties of C45 self-compacting concrete using the relationship between the Bingham model and the slump expansion degree of self-compacting concrete, and calculated the yield stress and plastic viscosity of fiber self-compacting concrete under different conditions. When the length of basalt fiber is 5mm and the fiber volume content is 0.2%, the yield stress and plastic viscosity of the rheological parameters of the concrete meet the requirements of self-compacting concrete, and the rheological performance reaches the best. The Bingham model can be used as an important basis for determining the rheological properties of basalt fiber self-compacting concrete. 
Dongdong J et al. [23] investigated the effects of steel-polypropylene fibers (milled steel fibers and polypropylene fibers), silica ash, and fly ash on the rheological properties and working properties of SPFRA-SCC with different composite volume scores. Based on the experimental results, the rheological parameters of SPFRA-SCC were predicted by the multiple output least squares support vector regression machine (MLS-SVR) method. The test results showed that RCA, RFA, and steel-polypropylene mixed fibers had a negative effect on the workability and rheological properties of SPFRA-SCC, while an appropriate amount of silica ash and fly ash could improve the rheological and rheological parameters of SPFRA-SCC [24]. 
2.3 Admixtures
Yang et al. [25] used an ICAR rheometer produced by GERMANN Instrument Factory in Denmark to test the rheological properties of fresh concrete. Test method: The fresh mixed concrete sample is quickly loaded into the rheometer cylinder, and the equipment parameters are set according to the concrete slump expansion degree, and the yield stress and plastic viscosity of the fresh mixed concrete are automatically measured. The results show that under the conditions of similar slump expansion and gas content of self-compacting concrete, the plastic viscosity, yield stress and flow time of self-compacting concrete can be significantly reduced by appropriately reducing the tackifier content. 
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Swartz M et al.[26] investigated the effect of a blended polycarboxylic acid (PCE) superplasticizer on the rheological properties of three different cements. It was found that two SP agents with the same molecular structure but different masses and side chain lengths provided an SP product with a greater impact on the rheological properties of cement slurry. The yield stress value was not affected in the presence of blended SP with SP content above 50% and long side chains, while its adsorption capacity increased with the decrease of SP content with short side chains and lower molecular weight [27]. 
2.3 Regenerated aggregate
yang et al. [28] used CAR rheometer to determine the static yield stress, plastic viscosity, and yield stress of SCC through static yield stress test and flow curve test. When measuring plastic viscosity and yield stress, it is assumed that the SCC conforms to the Bingham model. With the increase of the substitution rate of recycled fine aggregates, the plastic viscosity and yield stress of recycled SCC increased linearly. The rough surface texture and angularity of recycled fine aggregates lead to a decrease in the fluidity of the mortar, which affects the working performance of SCC. Due to the higher CAAT index and roughness of recycled fine aggregate than natural sand, the increase of substitution rate can effectively improve the yield stress and plastic viscosity of SCC, improve the rheological properties, but reduce the working performance of SCC. The increase of the pre-wetting time of recycled fine aggregates will reduce the working performance of recycled SCC and improve the rheological characteristics [29]. 
Bir R S et al. [6] studied the rheological properties of self-compacting concrete (SCC) with different dosages of silica ash ((0% (control mix)), 5%, 10%, 15%) in binary binders using a flow curve test protocol implemented on a coaxial cylindrical rheometer. The volume substitution levels of recycled concrete coarse aggregate were 0%, 50% and 100% respectively under each silica ash content. The selected flow model was corrected by the measured flow data, and it was found that with the increase of silica ash content from 0 to 15%, the rheology changed from shear thickening to shear thinning, and the other mix ratios remained unchanged. 
SCCs made with recycled concrete aggregates (SCRACs) have similar flow behavior at all substitution levels, although for a given amount of silica ash, the degree of shear thinning decreases with increasing crude recycled aggregate content [30].
3 Conclusion and outlook
There are several major problems and challenges in the study of rheological properties of self-compacting concrete, and the following is a summary of these issues: 
In terms of rheological models: (1) Bingham model, although it can describe the rheological behavior of concrete, may not be able to describe the rheological characteristics of self-compacting concrete completely accurately. Because self-compacting concrete may exhibit more complex nonlinear behavior during flow, more advanced models need to be developed to better describe its rheological properties. (2) The Herschel-Bulkley model, although it can describe the rheological behavior of many non-Newtonian fluids, not all fluids fully meet the assumptions of the H-B model. The accuracy and reliability of the H-B model depend heavily on the accuracy and completeness of the experimental data. If the experimental data is incorrect or insufficient, the results predicted by the model may be biased. In addition, obtaining experimental data often requires a lot of time and resources, which may limit the application of the H-B model. 
In terms of raw materials: (1) Adding a certain amount of mineral admixtures will increase the rheological properties of self-compacting concrete to a certain extent. The addition of a certain amount of slag and fly ash will reduce the yield stress and plastic viscosity of self-compacting concrete, and molybdenum tailings instead of aggregate will increase the fluidity of self-compacting concrete. (2) The addition of different fibers will also increase the fluidity of self-compacting concrete. The addition of steel fiber and basalt fiber reduces the yield stress and plastic viscosity of the mixture to a certain extent. (3) Under the condition that the slump expansion and gas content of self-compacting concrete are similar, the plastic viscosity, yield stress and flow time of self-compacting concrete can be significantly reduced by appropriately reducing the amount of viscosity. (4) With the increase of the substitution rate of recycled fine aggregates, the plastic viscosity and yield stress of recycled SCC increased linearly. 
Future research on the rheological properties of self-compacting concrete will focus on model optimization, material ratio innovation, construction technology innovation, durability and long-term performance improvement, and environmental protection and sustainable development. Through in-depth research, it is expected to more accurately describe its rheological behavior, optimize material properties and ratios, improve construction efficiency and quality, ensure its stability and durability in long-term use, and promote its development in a more environmentally friendly and sustainable direction. 
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