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Abstract

:

Rock-filled concrete (RFC) technology is a new type of mass concrete construction technology, which consists of two basic components: the force transfer frame formed by large-size rock accumulation and the matrix formed by self-compacting concrete (SCC) filling. Its unique construction method also distinguishes RFC from ordinary concrete in terms of its force characteristics. In this paper, RFC is considered as a composite material consisting of aggregate and SCC; based on the realistic failure process analysis (RFPA) method, the effects of specimen size and aggregate size on the compressive strength of RFC were studied. Firstly, RFC cube specimens were prepared and uniaxial compression tests were conducted. During the preparation process, in order to eliminate the influence of factors such as shape, spatial distribution state, and volume share of aggregates on the compressive strength, aggregates of different sizes were set as spheres and arranged in simple cubic stacking; then a numerical model of RFC with different specimen sizes and different aggregate sizes was established for uniaxial compression numerical simulation experiments to analyze the variation law and failure pattern of the RFC compressive strength. The results indicate that the compressive strength of RFC exhibits a significant size effect and follows a negative exponential function distribution law; with the same volume fraction of aggregate, the smaller the aggregate size, the higher the compressive strength of the RFC will be, and this increasing trend gradually levels off. Based on the findings of this study, it is recommended that the size effect and the reduction of aggregate size on dam strength be taken into account in the design of RFC dams.
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1. Introduction


Rock-filled concrete (RFC) technology has been developed based on self-compacting concrete (SCC), which is a mass concrete construction technique. Its construction process includes stacking large-size stones (particle size > 30 cm) in the specified formwork, and then pouring SCC. When pouring SCC, its high fluidity is used to fill the gaps between stones without vibration or rolling process. Compared with ordinary concrete, RFC has the advantages of high construction efficiency, low hydration heat, energy conservation, and environmental protection [1,2,3]. Due to its excellent performance, RFC has been put into practical engineering application since 2005, and by the end of 2021, there have been 126 RFC dams completed or under construction in China, including 115 gravity dams and 11 arch dams [4].



In a study of RFC material properties, Jin et al. [1] first proposed RFC construction technology, and tested the flow performance of SCC in the rockfill and the compressive strength of RFC. An et al. [5] tested the compactness, compressive strength, tensile strength, and permeability of RFC, indicating that RFC meets the requirements of hydraulic concrete. Liang et al. [6] established the RFC model containing rock, SCC, and interface transition zone, and tested the elastic modulus of RFC by compression simulation experiments, which put forward the prediction formula of the elastic modulus of RFC in the hardening process based on the Dual Eigenstrain method. He et al. [7] conducted compression creep and shrinkage tests on RFC and SCC, revealing that the creep and shrinkage strains of RFC were lower than those of SCC; additionally, they found that rock aggregates had a significant impact on the creep behavior of RFC. Wei et al. [8] tested the mechanical properties of RFC specimens by coring the borehole of the dam, which showed that the average compressive strength of RFC was slightly greater than the SCC strength, but much less than the rock strength. Li et al. [9] conducted uniaxial compression tests on 39 RFC cube cutting specimens; these cutting specimens were taken from a large volume test block cast in situ using the same material, process, and environment as the construction site. The results of the test showed that the compressive strength of the cutting specimens ranged from 20.7 Mpa to 51.1 Mpa, with a standard deviation of 6.3 Mpa. The strength distribution was quite scattered, which could be attributed to the differences in the size of the aggregate in the specimen, the randomness of the aggregate shape, the randomness of the spatial distribution of the aggregate, and the different proportions of the aggregate in different specimens. The three RFC cutting specimens from the construction site in Figure 1 showed the highly random shapes and spatial distribution of the aggregates. However, it is important to note that the impact of specimen size on the results has not been fully considered in previous studies on the mechanical properties of RFC. Additionally, in practical projects, the aggregate size in RFC is often randomly distributed between 30 cm and 100 cm, and in recent years, some projects have even used aggregate sizes exceeding 100 cm. It is unclear whether the effect of aggregate size on the mechanical properties of RFC is significant or not. Therefore, it is crucial to investigate the impact of both specimen size and aggregate size on the compressive strength of RFC.



The strength of quasi-brittle materials, such as rock and concrete, exhibits a size effect, where the strength decreases in a regular manner as the specimen size increases. For concrete, Sim et al. [10] conducted an experiment on lightweight concrete specimens and compared their compressive strength with that of common concrete under different specimen sizes; the results indicated that the size effect of lightweight concrete was more pronounced, and the researchers proposed a prediction formula for the size effect, which takes into account the unit weight of concrete. In a study by Del Viso et al. [11], the compressive strength of high-strength concrete cylinder and cube specimens was analyzed, revealing that the size effect was more significant in cube specimens. Zhuo et al. [12] developed a numerical model for recycled aggregate concrete (RAC) based on microscopic mechanics and investigated the impact of maximum aggregate size (MAS) on the size effect of the compressive strength of RAC; the results showed that an increase in MAS inhibited the size effect.



RFC is composed of rock aggregate and SCC. The force transfer skeleton formed by rock aggregate makes RFC different from ordinary concrete in stress characteristics. For rock materials, Liu et al. [13] analyzed the uniaxial compressive strength of seven kinds of rocks at different sizes and fitted the strength with a negative exponential function, with good fitting results. Li et al. [14] conducted uniaxial and triaxial compression tests on slate specimens with different diameters, and found that the uniaxial and triaxial compressive strengths of slate exhibit the same size effect law, which was incorporated into the Hoek–Brown and Saeidi failure criteria. Masoumi et al. [15] proposed a constitutive model that considers the influence of rock size on mechanical properties based on the boundary interface plasticity theory, and conducted uniaxial and triaxial compression tests on sandstone specimens with different diameters; the results showed that the model could predict the stress–strain behavior in the experiments well. At present, compared to rock and ordinary concrete, the size effect of RFC still needs to be further studied.



In a study of particle reinforced composites, Lloyd [16] found that the smaller the size of the reinforced particles, the higher the overall strength of the material in the tensile test of aluminum alloy reinforced by 15% silicon carbide particles; on this basis, Yu et al. [17] established a numerical model to reproduce the above experiment and obtained the same conclusion. Wang et al. [18] tested the mechanical properties of silicon carbide particle-reinforced composite materials with two particle diameters, and the results showed that the distribution of the silicon carbide particles with small particle diameters in the matrix was more uniform, and the strength of the composite materials was also higher. Lee [19] studied the relationship between the tensile strength and the particle size of particle-reinforced elastic composite, and found that the tensile strength of the material decreased with the increase in particle size.



For RFC with large-size aggregate as reinforcement, this paper aims to reveal the size effect law of its compressive strength and the influence of aggregate size on its strength. Based on the variation law of the compressive strength of RFC under different specimen sizes and aggregate sizes, this article provides a certain reference basis for the design of RFC dams.




2. Materials and Methods


2.1. Physical Experiment Scheme


In order to avoid the influence of different aggregate shapes, random aggregate spatial distribution, random aggregate strength, and significant difference in aggregate proportions on the compressive strength of each RFC specimen cut on site, this paper assumes that the aggregate shape is spherical, and establishes the ideal model of RFC through simple cubic stacking to form a force transfer skeleton. Firstly, we prepared plastic spherical molds with different diameters whose tops contained a round hole with a diameter of 10 mm to facilitate the insertion of the funnel. Then, C50 strength grade grouting material was poured into the mold through the funnel to form a sphere to simulate rock aggregate (Figure 2a), and the mold was removed after the sphere aggregate acquired its initial strength (Figure 2b). After the mold removal, the sphere aggregate was cleaned of surface dust to prevent the dust from reducing the bonding performance of the aggregate and the SCC; then the aggregate was put into the cube formwork for simple cubic stacking (Figure 2c). Finally, C30 strength grade SCC was poured to fill the empty spaces in the cube mold, and the volume fraction of aggregate was about 52.4% (Figure 2d). The formwork was removed 24 h after the specimen was formed, and it was maintained in the standard curing room for a duration of 28 days. After curing, rock mechanics test (RMT) equipment was utilized to perform a uniaxial compression test on the specimen, and the displacement loading was employed with a loading rate of 0.01 mm/s (Figure 3). In addition, we poured the above C50 strength grade grouting material and C30 strength grade SCC into cubic specimens for strength testing with a side length of 150 mm. The test results showed that the uniaxial compressive strengths of the two were 47.4 Mpa and 29.2 Mpa, respectively, which met the requirements of the strength grade.



Three kinds of RFC with different aggregate sizes were designed in the physical experiments. The specimen sizes were 150 mm, and the aggregate sizes were 150 mm, 75 mm, and 50 mm, respectively. The number of aggregates contained in the specimens was 1, 8, and 27, separately (Figure 2c). Limited by the upper pressure limit of the experimental equipment, the larger size of the RFC specimens could not be compressed, so it was difficult to determine the characteristic size of the RFC. Therefore, the purpose of the physical experiment was only to verify the impact of aggregate size on the compressive strength of the RFC, and the study on the effect of specimen size on the mechanical properties of RFC was mainly completed through numerical experiments.




2.2. Principles of Numerical Calculation


Tang [20] proposed the RFPA method from the perspective of damage mechanics for the nonlinear problem of the rock fracture process. This method considers that each element satisfies the elastic–brittle constitutive relationship at the micro level; the mechanical properties of the set element obey the Weibull distribution, and the stress and strain of the element are calculated by the finite element method, which is a material failure process analysis method for simulating the mechanical problems of a discontinuous medium through the continuous medium mechanics method. The Weibull distribution probability density function of material parameters is as follows:


  φ ( α ) =  m   α 0    ⋅      α   α 0        m − 1   ⋅  e  −      α   α 0       m     



(1)




where α represents the mechanical property parameter of the material element; α0 is the average value of the mechanical property parameters of the element; m is the property parameter of the distribution function, and its physical meaning reflects the homogeneity of the material; and φ(α) represents the probability density of the mechanical properties of the material elements.



Each element in the RFPA follows the Mohr–Coulomb strength criterion, and its shear damage envelope surface under three-dimensional conditions is as follows:


  F =    f c       ε 1    1 + μ   +  μ  ( 1 + μ ) ( 1 − 2 μ )    ε v  −      ε 3    1 + μ   +  μ  ( 1 + μ ) ( 1 − 2 μ )    ε v      1 + sin ϕ   1 − sin ϕ      



(2)







Its tensile damage envelope is as follows:


  F =   −  f t       ε 1    1 + μ   +  μ  ( 1 + μ ) ( 1 − 2 μ )    ε v     



(3)




where μ represents Poisson’s ratio; fc represents uniaxial compressive strength; ft represents uniaxial tensile strength; ε1, ε2, and ε3 represent the three principal strains; εv represents the volumetric strain; and ϕ represents the internal friction angle.



The strain energy of the element follows the formula [21]:


   U e  =  1  2 E      σ 1 2  +  σ 2 2  +  σ 3 2  − 2 v    σ 1   σ 2  +  σ 2   σ 3  +  σ 1   σ 3       



(4)




where Ue is the strain energy of the element; E is the elastic modulus of the element; and σ1, σ2, σ3 are the three principal stresses.



Yang [22] refined the damage path of the RFPA method on the basis of Tang [20], extending it to multi-path damage analysis. First, the five basic states of the element are defined: elasticity, tensile failure, compressive failure, tensile separation, and compressive contact (Figure 4). The element state of the current step is determined by three factors: the current step’s stress–strain level, the previous step’s material parameters, and the element damage history. Then, 25 load-damage paths are extended for elements with different damage states; for example, the element that has been damaged by tension is closed again under pressure, and the element that has been damaged by compression is opened again under tension. Finally, the constitutive relationship is determined according to the element state and damage path, and the material parameters of the current step’s element can be calculated by substituting the initial material parameters. On the basis of the RFPA and multi-path damage analysis method, Yang [23] developed the rock engineering analysis system, and obtained the law of size effect of rock permeability by using the system to simulate the fracture process of rock under stress–seepage field coupling. The numerical simulation in this study is implemented by this rock engineering analysis system.




2.3. Numerical Simulation Experiment Scheme


The numerical experiment set the aggregate as a circle, and the RFC numerical model with different sizes was established by increasing the number of elements while keeping the element size of 10 mm unchanged. The shape of the model was square, with sizes ranging from 150 mm to 3000 mm. A numerical model was established every 150 mm, and five types of aggregate sizes were set: type 1 to type 5 (Figure 5b). The numerical model was named “specimen size—particle size type”. Here, the particle size type was defined as the variable t, whose physical meaning was the number of circular aggregates in the direction of the model side length; specimen size was the variable l (mm); and aggregate size was the variable r (mm), where r = l/t. When the specimen size was unchanged, it could be seen that the aggregate size was inversely proportional to the particle size type. In Figure 5b, the longitudinal direction represents the increase in specimen size, and the transverse direction represents the increase in particle size type, i.e., the decrease in aggregate size. The SCC model and the rock model corresponding to RFC, respectively, is shown in Figure 5a,c. Because the mechanical properties of each element follow Weibull random distribution, even with the same numerical model, its calculation results often have small differences. Therefore, this study carried out three numerical calculations with the same parameters for each model, and took its average value as the basis for judging the uniaxial compressive strength, with a total of 420 numerical experiments. The corresponding numerical model names of the RFC specimens with three aggregate sizes (150 mm, 75 mm, 50 mm) in Section 2.1 are “150-type1, 150-type2, 150-type3”.





3. Results


3.1. Effect of Specimen Size on Compressive Strength


Regarding the results of the numerical simulation experiment, RFC with specimen sizes of 600 mm, 1200 mm, 1800 mm, 2400 mm, and 3000 mm for each particle size type was selected to analyze the failure mode (Figure 6). For RFC of type 1, cracks around the aggregate appeared in all models, and through-cracks appeared in the aggregate in the 1200 mm and 3000 mm specimen size models. For RFC of type 2, there were individual aggregates destroyed in all models. For RFC of type 3 to type 5, there was no obvious law between specimen size and failure mode; in most models, multiple aggregates were damaged and inclined through-cracks were formed. Overall, as the particle size type increased, i.e., the size of the aggregate decreased, the crack extension area of the RFC gradually shifted from the interface to the aggregate, and as the main crack extended, the quantity of smaller cracks increased and their distribution became more widespread. This was due to the hindrance of coarse aggregate in the transfer of internal force and the expansion of internal cracks in the concrete under static uniaxial compression load; this barrier becomes more pronounced with increasing aggregate size [24]. When the proportion of aggregates is the same, the RFC model containing large-sized aggregates has poor overall deformation coordination ability, and the larger aggregates prevent the initial crack from expanding, causing most cracks to bypass the larger aggregate particles and expand around the weak interface zone.



We compared the stress–strain relationship of RFC with different specimen sizes (600 mm, 1200 mm, 1800 mm, 2400 mm, 3000 mm) under each particle size type (Figure 7). As can be seen, the compressive strength of RFC has an obvious size effect under each particle size type. However, with the increase in specimen size, there is no significant change in the modulus of elasticity of RFC.



The uniaxial compressive strength data for the three materials, SCC, RFC of each particle size type, and rock, are shown in Table 1, and the resulting data were fitted by using the negative exponential function fitting form:


   f c  ( l ) = a + b  e  − c l    



(5)




where l is the specimen size; fc(l) is the corresponding compressive strength; and a, b, and c are the fitting undetermined parameters.



The undetermined parameters in Table 2 were obtained by fitting, and the fitting curves of the compressive strength under different specimen sizes were obtained (Figure 8). It can be seen that the three materials have significant size effect. With the increase in specimen size, the compressive strength of the three materials gradually decreased, and the decreasing trend was gradually flat, indicating that RFC, SCC, and rock had the same size effect law. When the size of the specimen was greater than a critical value, there was no obvious change in the strength. This critical value is called the characteristic size of the material strength. The slope of the fitting curve could be obtained by differentiating the fitting function:


   f c    ′  ( l ) = − c b  e  − c l    



(6)







Here, the corresponding l value when the curve slope is −0.005% is taken as the characteristic size of the material (Table 2). There is no obvious law between the particle size type and the characteristic size.




3.2. Effect of Aggregate Size on Compressive Strength


This study validates the reliability of the numerical experiments by comparing the failure pattern of RFC in the physical and numerical experiments. Figure 9a,b illustrate the damage state of the specimen surface and internal aggregate in the physical experiment, respectively, and Figure 9c shows the corresponding numerical simulation experiment of the RFC. The failure modes of RFC could be divided into interfacial failure and splitting aggregate failure as a whole. For RFC with aggregate size of 150 mm, there were obvious through-cracks in aggregates (marked as A1 and A2) in both the physical and numerical experiments due to the single aggregate being the main body under stress, and the failure mode of the specimens was splitting failure. For RFC with aggregate size of 75 mm, vertical cracks along the interface appeared on the surface of the specimen, and inclined cracks occurred when the aggregate at the B1 mark was destroyed; the aggregate splitting failure at the B2 mark corresponded to the inclined cracks at the B1 mark; the aggregate failure at mark B3 corresponded to that at marks B1 and B2. For RFC with aggregate size of 50 mm, a large amount of the SCC on the surface of the specimen fell off, exposing the internal aggregate; the aggregate at the mark C1 exhibited extrusion phenomena due to the failure of the interface, and the aggregate at the mark D1 exhibited splitting failure; cracks distributed around the aggregate at the C2 mark corresponded to the C1 mark, and inclined cracks through the aggregate at the D2 mark corresponded to the D1 mark. The RFC failure modes of the three aggregate sizes were well compared in the physical experiment and the numerical experiment, which indicated the reliability of the numerical experiment.



RFC numerical models with aggregate sizes of 3000 mm, 1000 mm, and 600 mm, respectively, were selected to reproduce the process of RFC from micro-element damage to micro-crack development and finally to macro-crack formation (Figure 10). The red color represented tensile damage elements, and the green color represented shear damage elements. For RFC with aggregate size of 3000 mm, when the load was close to the peak strength (strain of 0.43 × 10−3), a large number of tensile damage elements developed along the interface, forming cracks distributed around the aggregate (marked as A); when the loading strain reached 0.47 × 10−3, it entered the post-peak softening stage, and the cracks at mark A continued to develop along the edge of the aggregates, and the elements inside the aggregates underwent tensile damage; when the loading strain reached 0.67 × 10−3, due to the further expansion of the interface cracks, the SCC stopped working, and as the main body bearing the load, the internal damage elements of the aggregates gradually increased, resulting in the appearance of micro-cracks (marked as B); when the loading strain reached 1.00 × 10−3, the micro-cracks at point B extended into inclined cracks that penetrated the aggregates (marked as C), and the failure mode of the RFC was similar to that of Brazilian splitting failure.



For RFC with aggregate size of 1000 mm, when the load was close to the peak strength (strain of 0.37 × 10−3), a large number of tensile damage elements developed around the edge of the aggregates, forming micro-cracks (marked as D); during the strain range from 0.40 × 10−3 to 1.00 × 10−3, the tensile damage elements around the aggregates increased, and the micro-cracks expanded into macroscopic cracks distributed around the aggregate (marked as E); when the strain reached 1.00 × 10−3, the SCC no longer bore the load, causing some aggregates to develop through-cracks (marked as F), and the overall failure mode of the RFC was similar to splitting tensile failure. For RFC with aggregate size of 600 mm, due to the relatively uniform distribution of aggregates, their damage elements did not surround the distribution of aggregates, and with the increase in load, tensile damage elements gradually developed, forming inclined micro-cracks at a strain of 0.57 × 10−3 (marked as G); when the loading strain reached 1.00 × 10−3, the micro-cracks expanded into inclined cracks that penetrated the specimen (marked as H), and the RFC was characterized by macroscopic shear failure composed of a large number of tensile damaged elements.



As shown in Table 1, this paper used the particle size type as the independent variable to carry out linear fitting on the compressive strength, and the fitting parameters are shown in Table 3. Figure 11 describes some fitting straight lines (the sizes of specimens are 600 mm, 1200 mm, 1800 mm, 2400 mm, and 3000 mm, respectively). The slope of the fitting straight line in Table 3 is positive except for the specimens with sizes of 150 mm and 2400 mm. It is clear that, on the whole, with the increase in particle size type, that is, the decrease in aggregate size, the compressive strength of RFC gradually increases.



Further Study on the Effect of Aggregate Size on Compressive Strength


As there are only five points of data in the above fit on the compressive strength by particle size type, the fitted straight line contradicts the reality. In practical terms, the compressive strength of RFC cannot increase indefinitely with increasing particle size type, and its maximum value cannot exceed the compressive strength of the aggregate. In order to further investigate the relationship between aggregate size and compressive strength, the size of the numerical model was fixed at 3000 mm in this paper, and more particle size types were added on the basis of the previous ones. The aggregate size and compressive strength corresponding to RFC of each particle size type are shown in Table 4, and some models are shown in Figure 12a.



Figure 12b illustrates the post-failure element damage state of RFC of partial particle size types. For type 1 and type 3 RFC with larger aggregate size, cracks mainly developed along the interface, and aggregate failure occurred after the SCC stopped working. For type 5 to type 30 RFC with smaller aggregate size and more uniform distribution, inclined cracks penetrating the specimen occurred after failure, indicating shear failure.



In the numerical simulation experiment of RFC, the strain energy in the element was released in the form of acoustic emission. Figure 13a expresses the relationship between particle size type on acoustic emission and compressive strength. From the close trend of the turning points of the two lines, it can be seen that there is a good correspondence between the total energy released by the acoustic emission and the compressive strength, that is, the higher the total energy released by acoustic emission, the greater the compressive strength. Figure 13b is a fitting of the data in Figure 13a, and its fitting function is as follows:


    f c  ( t ) = 27.07 − 6.38 ×  e  − 0.08 t      E ( t ) = 16.07 − 7.51 ×  e  − 0.07 t     



(7)




where t is the particle size type; fc(t) is the corresponding compressive strength; and E(t) is the total energy released by the corresponding acoustic emission.



The two dashed lines in Figure 13b represent the compressive strength of SCC and rock under the same specimen size (3000 mm). The strength of RFC with each particle size type is distributed between the strength of rock and SCC. From the fitted curve of compressive strength, it shows that, while keeping the proportion of aggregate unchanged, the compressive strength of RFC gradually increases with the increase in particle size type, i.e., the decrease in aggregate size, and the increasing trend gradually tends to flatten, with a maximum compressive strength of 27.07 Mpa.





3.3. Influence of Dual Factors of Specimen Size and Aggregate Size on Compressive Strength


In this section, specimen size and particle size type were taken as variables to fit the compressive strength of RFC. By referring to Formula (5) and Formula (7), the fitting surface function was set as a negative exponential function of bivariable, and the fitting function was written as follows:


  f ( l , t ) = 24.86 + 15  e  − 0.0011 l   − 4.38  e  − 0.1 t    



(8)




where l is the specimen size, t is the particle size type, (d/t) is the aggregate size, and f(l,t) is the corresponding compressive strength.



The fitting surface is shown in Figure 14, where the red balls represent the compressive strength of RFC in Table 1. From the perspective of the specimen size direction in Figure 14 (arrow A), the difference between the maximum and minimum compressive strength values of each RFC particle size type is greater than 11 Mpa. However, from the perspective of the particle size type direction (arrow B), the difference between the maximum and minimum compressive strength values of each specimen size RFC is distributed between 1.73 Mpa and 5.36 Mpa. This indicates that the influence of specimen size on compressive strength is more significant relative to aggregate particle size.





4. Discussion of the Results


To address the phenomenon of the size effect of materials, Weibull [25] put forward a statistical size effect theory based on the weakest chain assumption. It is believed that materials are composed of several basic elements, which are independent of each other and have randomly distributed mechanical properties. The macroscopic strength of a material is determined by the elements with the lowest internal strength, and when the size of the structure increases, the probability of low strength elements inside the material increases, which leads to a decrease in the macroscopic strength of the material. When the size of the structure increases, the probability of low strength elements inside the material increases, which leads to a decrease in the macroscopic strength of the material. The mechanical properties of the elements of the RFPA method obey the Weibull distribution; therefore, in a simulation experiment of quasi-brittle materials, the RFPA method can be used to obtain a more realistic size effect law. Tang et al. [26] first used RFPA to simulate uniaxial compression tests on rock models of different sizes, and the compressive strength showed a significant size effect, which satisfied the negative exponential function law. Liang et al. [27] studied the effects of material homogeneity, confining pressure, and joint density on the size of rock mass, and the results showed that the characteristic size of rock mass decreased with the increase in homogeneity and joint density, and the characteristic strength increased with the increase in confining pressure. Hu et al. [28] investigated the influence of parallel joint spacing on the size effect and characteristic size of rock masses based on the RFPA method, which showed that the characteristic size of the compressive strength increased with the increase in spacing with joints, and produced the negative exponential function equation of the compressive strength of rock masses with specimen size at each joint spacing. Based on the above research conclusions, this article uses the RFPA method to simulate the uniaxial compression of RFC, and the size effect law of RFC obtained satisfies the negative exponential function, which is reasonable.



In the study of the effect of aggregate size on the compressive strength of concrete, Wu et al. [29] prepared three kinds of aggregate size ranges of concrete cubic specimens; the aggregate size ranges were 5–10 mm, 10–16 mm, 16–20 mm, and the uniaxial compression test of the specimen showed that the compressive strength of concrete increased first and then decreased with the increase in aggregate size. Li et al. [30] used pebbles as coarse aggregates to prepare concrete specimens with four different aggregate size ranges for uniaxial compression testing; the aggregate size ranges were 5–10 mm, 5–20 mm, 5–40 mm, and 5–60 mm, respectively, and the tests showed that as the MAS increased, the compressive strength of the specimens decreased. Jin et al. [31] established a numerical model of concrete containing four different aggregate size ranges, with aggregate size ranges of 5–24 mm, 5–30 mm, 5–36 mm, and 5–42 mm, and investigated the effects of specimen size and MAS on compressive strength through uniaxial compression simulation experiments; the test results showed that the increase in MAS led to a decrease in compressive strength of concrete and made the size effect more significant. Hu et al. [32] used corundum balls to replace coarse aggregate in concrete and prepared cylindrical specimens containing three aggregate sizes for uniaxial compression experiments with aggregate sizes of 3 mm, 6 mm, and 9 mm, and the results showed that with the decrease in corundum ball particle size, the compressive strength of concrete showed an increasing trend.



The reason for the increase in compressive strength with a decrease in aggregate size in the RFC is that the smaller aggregate sizes are more evenly distributed and form a relatively dense fine structure, in the condition of the same percentage of aggregates. When an external load is applied, the smaller the aggregate size is, the stronger the overall deformation coordination ability of the stressed section of the specimen will be, which slows down the specimen damage caused by stress concentration.



Regarding the physical experiments, the compressive strength of the RFC with aggregate size of 150 mm was higher than that of the RFC with aggregate sizes of 75 mm and 50 mm. This was because during the process of aggregate stacking, simple cubic stacking could only be formed by relying on the side support of the mold, which was different from the stable rockfill body in actual engineering (which does not require template support). Additionally, during the casting of SCC, no thick protective layer was set on the edge of the spherical aggregates. During the loading process, the SCC at the corners of the RFC with 150 mm aggregate size was prone to failure first, and then the aggregates bore the main load, resulting in a higher strength. For RFC with aggregate sizes of 75 mm and 50 mm, surface cracks occurred during the loading process, causing the position of the aggregates to shift, and then some spherical aggregates were squeezed out, which led to the instability of the load transfer skeleton and a lower compressive strength. In the subsequent study of how aggregate size affects the mechanical properties of RFC, the thickness of the protective layer on the edge of the aggregates could be increased to prevent the aforementioned phenomena.




5. Conclusions


In this paper, specimen size and aggregate size were considered as variables to study their effects on the compressive strength of RFC, and corresponding numerical experiments were established based on the RFPA method and the multiple path damage analysis method. The failure mode and compressive strength data of RFC were analyzed, and the conclusions are summarized as follows:




	(1)

	
RFC has a formally consistent compressive strength size effect law with SCC and rock, and a better result is obtained by fitting using the negative exponential function. Based on the fitting function, the characteristic sizes of RFC under different particle size types are given in this paper. There is no obvious law between the characteristic sizes and particle size types. The influence of specimen size on the failure mode of RFC is not significant.




	(2)

	
For RFC with the same proportion of aggregate, as the aggregate size decreases, the compressive strength increases, and this increasing trend gradually slows down. The compressive strength of RFC is positively correlated with the total energy released through acoustic emission. RFC with smaller aggregate sizes all exhibit inclined through-cracks after failure, which manifests as a macroscopic shear failure consisting of a large number of tensile damaged elements.




	(3)

	
This paper analyzes the compressive strength data of RFC, and obtains the fitting surface function of specimen size and aggregate size against compressive strength. Based on the fitted surface, it is evident that the effect of specimen size on compressive strength is more pronounced than that of aggregate size.









It should be noted that in this paper, the aggregate in the RFC is simplified as circular and arranged in simple cubic stacking, which is different from actual engineering situations. In practical engineering, the mechanical properties of RFC vary greatly due to the irregular shape of rock and the randomness of its spatial distribution. Based on this paper, further research can be conducted to investigate the impact of the coupling of these complex factors on the compressive strength of RFC.
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Figure 1. RFC cutting specimen (the red outline indicates the rock aggregate shape). 
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Figure 2. RFC specimen-making process. (a) Spherical aggregate is poured; (b) Aggregate demolding; (c) Aggregate accumulation; (d) SCC pouring. 
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Figure 3. Diagram of unconfined uniaxial loading of specimen. 
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Figure 4. Schematic diagram of element status [22]. 
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Figure 5. Numerical experiment design scheme (elastic modulus nephogram, unit: Pa). (a) SCC model; (b) RFC model; (c) Rock model. 
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Figure 6. Failure modes of RFC with different specimen sizes (shear stress nephogram). 
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Figure 7. Constitutive relation curves of RFC under different specimen sizes. 
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Figure 8. The fitting curve of size effect of compressive strength. 
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Figure 9. Failure mode of RFC with different aggregate sizes. (a) Failure mode of specimen surface (front); (b) Failure mode of internal aggregate (left side); (c) Failure mode of numerical model (shear stress nephogram). 
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Figure 10. Crack formation process of RFC with different aggregate sizes. (a) Type 1 (aggregate size: 3000 mm), (b) Type 3 (aggregate size: 1000 mm), (c) Type 5 (aggregate size: 600 mm). 
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Figure 11. Linear fitting of particle size type to compressive strength. 
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Figure 12. Numerical model and element damage nephogram of type 6 to type 30 RFC. (a) Numerical model; (b) Element damage nephogram. 
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Figure 13. Effect of particle size type on compressive strength and acoustic emission energy. (a) Compressive strength and acoustic emission energy; (b) Fitting curve. 
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Figure 14. Fitting surface of particle size type and specimen size to compressive strength. 
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Table 1. Compressive strength of three materials (unit: Mpa).
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	Size (mm)
	SCC
	Type1
	Type2
	Type3
	Type4
	Type5
	Rock





	150
	24.07
	33.50
	36.30
	38.63
	33.27
	34.67
	46.33



	300
	24.23
	31.60
	30.17
	34.70
	31.40
	34.17
	44.20



	450
	22.53
	30.40
	30.17
	33.63
	30.80
	34.53
	44.13



	600
	22.80
	28.30
	28.90
	30.20
	29.07
	31.27
	43.03



	750
	19.50
	27.23
	27.67
	29.70
	26.83
	29.80
	41.73



	900
	19.60
	25.73
	29.07
	28.03
	27.30
	27.23
	41.03



	1050
	19.17
	25.37
	27.27
	26.83
	27.03
	27.97
	37.43



	1200
	20.17
	24.67
	24.70
	24.50
	26.73
	25.40
	40.33



	1350
	20.17
	24.60
	25.67
	25.73
	26.87
	28.57
	38.97



	1500
	18.10
	23.70
	25.07
	25.43
	25.23
	26.30
	37.47



	1650
	19.63
	22.67
	25.63
	25.10
	25.30
	26.97
	38.23



	1800
	17.77
	22.63
	23.93
	24.57
	25.70
	24.63
	34.13



	1950
	18.13
	23.83
	24.53
	23.40
	24.33
	25.13
	35.80



	2100
	17.53
	22.03
	23.93
	25.67
	24.93
	24.87
	38.30



	2250
	17.50
	23.83
	23.57
	21.60
	23.90
	24.57
	34.87



	2400
	15.03
	22.67
	23.23
	21.20
	21.93
	23.10
	37.60



	2550
	17.87
	22.77
	21.67
	24.00
	23.90
	24.00
	34.87



	2700
	14.77
	22.20
	21.17
	24.00
	23.37
	22.20
	34.87



	2850
	16.43
	22.20
	22.27
	22.23
	23.40
	24.60
	34.87



	3000
	16.17
	22.23
	20.40
	21.10
	22.30
	24.03
	33.47
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Table 2. Fitting parameters of size effect.
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	Fitting Parameter
	SCC
	Type 1
	Type 2
	Type 3
	Type 4
	Type 5
	Rock





	a
	14.08
	22.08
	20.37
	22.20
	22.06
	22.62
	32.76



	b
	11.11
	14.50
	15.06
	19.64
	12.17
	15.09
	15.03



	c
	5.89 × 10−4
	1.41 × 10−3
	7.95 × 10−4
	1.34 × 10−3
	8.52 × 10−4
	9.64 × 10−4
	7.21 × 10−4



	characteristic size (mm)
	8275
	4265
	6891
	4676
	6261
	5885
	7460
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Table 3. Linear fitting parameter of particle size type against compressive strength.
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	Specimen Size (mm)
	Intercept
	Slope





	150
	35.48
	−0.07



	300
	30.50
	0.64



	450
	29.24
	0.89



	600
	27.72
	0.61



	750
	26.96
	0.43



	900
	27.10
	0.12



	1050
	25.40
	0.50



	1200
	24.15
	0.35



	1350
	23.55
	0.91



	1500
	23.54
	0.54



	1650
	22.65
	0.83



	1800
	22.56
	0.58



	1950
	23.53
	0.24



	2100
	22.29
	0.67



	2250
	22.95
	0.18



	2400
	22.56
	−0.04



	2550
	21.86
	0.47



	2700
	21.93
	0.22



	2850
	21.16
	0.59



	3000
	20.36
	0.55
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Table 4. Aggregate size and compressive strength of different types of RFC.
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	Particle Size Type
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	15
	20
	25
	30





	Aggregate size (mm)
	3000
	1500
	1000
	750
	600
	500
	428
	375
	333
	300
	200
	150
	120
	100



	compressive strength (Mpa)
	22.23
	20.40
	21.10
	22.30
	24.03
	23.43
	22.87
	24.63
	24.10
	24.60
	24.17
	25.80
	25.93
	27.03
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
R T T R
@ipet ez

%w %n

o B
(@upes @ipes

0

@types





media/file4.png





media/file18.png
A ey ) A - .
Aggregate size:75Smm Aggregate size:5S0mm

\

Pk

Aggregate size:75mm Aggregate size: S0mm

(b)

L/
h9

Aggregate size:150mm Aggregate size:7Smm Aggregate size:S0mm
(o)






media/file21.jpg
oot o
8 B 8 B8 8

trength(Mpa)

>

compressive st

600mm
1200mm
1800mm
2400mm
3000mm

— Fitting straight of 600mm

— Fitting straight of 1200mm
— Fitting straight of 1800mm
—— fitting straight of 2400mm

—— Fitting straight of 3000mm

1 3 1 5

particle size type





media/file26.png
acoustic emission energy(10'%))

N}
(a)

— —_ —
(\) SN (@p]

i
)

p—t
co

co

[

- —e— acoustic emission energy
[ —— compressive strength

—

type30

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

particle size type

(a)

B
=)
n

stre

SSIV

=3 CRITNC oS
compr

acoustic emission energy(10'%))

compressive strength of rock

compressive strength of SCC

= e acoustic emission energy J
i — fitting curve of acoustic emission energy

4+ compressive strength —
— fitting curve of compressive strength

P R T ST SN NI BT ST S ST ST S ST T S N
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
particle size type

(b)

compressive strength(Mpa)





media/file27.jpg
s

S i
o 360
2

compressive strength





media/file3.jpg





media/file22.png
trength(Mpa)

compressive s

36

™)
Do

Do
Qo

(\0]
N

DO
-

| —
o

p—t
N)

= 600mm

* 1200mm
+ 1800mm
v 2400mm
+ 3000mm

Fitting straight of 600mm

—— Fitting straight of 1200mm
—— Fitting straight of 1800mm
—— Fitting straight of 2400mm
——— Fitting straight of 3000mm

2 3 4

particle size type





media/file19.jpg
0.43%10°

0.47x10°

0.50%10%

(b)

0.67%10°
-
Er Ot
— e
(
Q
N
0.47x10°
LT
E )
Ay
b 3
0.57x10°

(c)






media/file7.jpg
other element

| § H ‘
| P
H ]
. 2 H |
 other element
onsleseparion tensle ilre chiiy | compresive e compressivecontact

tensile compressive





media/file28.png
|

» 34.95

‘ 33.60
30

32.25

' 30.90
0
1)"’

strength Mpa)

2820
26.85
2
25.50
Q
20 o
Z 2115
g )
0 72.80
v
21.45
Q-9
0
J





media/file10.png
wweor?  wwgozy

L b

wwep0e

5.69 x10° 5.19 x 101°

5.69 x 10° 7.89 x 1010
typel: =1

5.69 x 10° 7.89 x 10%°
type2: t=2

5.69x10° 7.89 x 101
type3: =3

5.69 x 10° 7.89 x 1010
typed: =4

5.69 x 10° 7.89 x 1010

type5: t=5

3.26 x 101° 7.89 x 101

(a)

(b)

(©)





media/file14.png
stress(Mpa)

stress(Mpa)

stress(Mpa)

35
—=— 600mm
30 —— 1200mm
—— 1800mm
o5 | / ——2400mm
—+—3000mm
20
15 F
10
5 B P S S —
a '5 & . a
O 1 1 1 | 1 |
0.0 0.2 0.4 0.6 0.8 1.0
strain(107°)
(a) type 1
35 r
—=— 600mm
30 [ / —— 1200mm
——— 1800mm
95 | ——2400mm
—+—3000mm
20
15
10
5 -
0 1 1 1 1 1 ]
0.0 0.2 0.4 0.6 0.8 1.0
strain(107°)
(c) type 3
35 r
—=— 600mm
30 —— 1200mm
—— 1800mm
o5 | ——2400mm
—+—3000mm
20
15
10
5 2. IE T S
0 1 1 1 | 1 ]
0.0 0.2 0.4 0.6 0.8 1.0

strain(107°)

(e) type b

35
—=— 600mm
30 —— 1200mm
—— 1800mm
95 - l/ ——2400mm
,_/: —+—3000mm
EP Iy
S5t g
10 :: :
5 F 25 I
O 1 | 1 1 1 | 1
0.0 0.2 0.4 0.6 0.8
strain(107°)
(b) type 2
35 r
—=— 600mm
30 —— 1200mm
——— 1800mm
95 | ——2400mm
—+—3000mm
S0k
S 1.
S 15| E
m L ]
10 B 2
or : w*"l:g:
0 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8
strain(107°)
(d) type 4





media/file11.jpg





media/file6.png
.| 1, * Displacementloading
B

L
il Y Pl I 7 .J
w b \
! 1
{

-

Specimen enlargement

a
-

» Spheroid aggregate
(C50 grade)

——p SCC(C30 grade)

l"“

L
I JAH

v

Squeeze head

Specimen

Base plate





media/file15.jpg
RFC

0 | scc

Compressive strength(Mpa)

0 300 600 900 1200 1500 1800 2100 2400 2700 3000

i Gl gk





nav.xhtml


  applsci-13-06246


  
    		
      applsci-13-06246
    


  




  





media/file16.png
Compressive strength(Mpa)

= ks B Ol
S B~ o0 Do
L DL DL DL |
D
=2

l

W W
o o
L

Ny \II\

[\]
co
L

.

P 1y
'_ T ML e

|| I

0 900 1200 1500 1800 2100 2400

Size of specimen(mm)

— — [N} [N}
> oo \] » (e >
L L L L

==

= SCC fitting curve
type 1 flttlng curve

rock fitting curve

2700 3000





media/file2.png





media/file20.png
A4 Y | : )
N N A
_ Ay (R - | “‘:::,;‘ s :
b . o
4, D A wh B i

1.00x107

037x10° 0.40x10° 0.47%10°

1“\ .‘
o S

0.47x107 0.50x107 0.57x107 1.00x107
(c)





media/file23.jpg
typel typ

3 types type7 type9

type2s type30

typel0 typels type20

(b)





media/file5.jpg
> Displacementloading

e [ s
—_[_‘A ‘Specimen

Specimencnlargement

> Spheridaggregsie

(CS0grde) Baseplae

» SCCC30grde)





media/file24.png
typel type3 type5 type7 type9

typel0 typel5 type20 type25 type30






media/file1.jpg
N
§

|
ey






media/file25.jpg
s

<
H
:
]
H
g
H

et o s

5 ey 138 ey g

' sty R greer R | 1
parice sze type : partce sizetype

@ ®)





media/file12.png
1200mm
600mm i
1
" ak j«x s

YPe2 1200mm

600mm

Fole
pAE

type3  1200mm

600mm

49

b e AR

+9 94

type4  1200mm

600mm

type5  1200mm
600mm

1

1800mm

1800mm

1800mm

i

1800mm

J

A

o

PH)

1800mm

2400mm

2400mm

2400mm

2400mm

2400mm

3000mm

3000mm

3000mm

3000mm





media/file9.jpg
(@)





media/file0.png





media/file8.png
iother elemeﬁg_

R - |
5 S [ =
5 A i’ /
o .
g @ 1 &
| ! | I-___ -_O--‘I l--E': -: | ____l l____
: ! ! ; 'other elemen : ! ! :
tensile separation tensile failure elasticity compressive failure ~ compressive contact

B .
tensile compressive





media/file17.jpg
| 4
U.ﬂl'\pfunn 75mm

size:150mm

(®)






