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Abstract: In this paper, a notched three-point bending test is used to study the fracture performance of the short basalt fiber bundle reinforced concrete (SBFBRC). To compare and analyze the enhancement effect of different diameters and different content of basalt fiber bundles on the fracture performance of concrete, some groups are set up, and the P-CMOD curves of each group of specimens are measured, and the fracture toughness and fracture energy of each control group are calculated. The fracture toughness and fracture energy are two important fracture performance parameters to study the effect and law of the new basalt fiber bundles on the fracture performance of concrete. The research results show that the diameter and content of the new basalt fiber bundles have a certain effect on the fracture performance of concrete. With the increase of the content of basalt fiber bundles, the peak load, crack initiation toughness, instability toughness and fracture energy of SBFBRC are greatly improved compared with the benchmark group. When the fiber bundle diameter is 0.2 mm, the peak load increases by 69.5% compared with the reference group. The instability toughness reaches its maximum value at 0.2 mm diameter, which is 59.7% higher than the benchmark.
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1  Introduction

Basalt fiber (abbreviated as BF), a hot topic in recent years, is being more and more widely used in engineering for its excellent physical and mechanical properties, such as high elastic modulus and high tensile strength, green environmental protection and low cost. There were abundant studies on the mechanical properties of basalt fiber reinforced concrete both at home and abroad. Mehran et al. [1–9] found that an appropriate amount of basalt fiber can significantly improve the flexural strength of concrete. However, Arslan et al. [10–12] found that a small amount of short-cut basalt fiber did not improve the compressive strength while increasing the content will lead to the decrease of the compressive strength. Kabay et al. [13–15] studied the influence of basalt fiber on the mechanical properties of concrete with 0%~2% fiber volume fraction, and the results showed that the compressive strength of concrete decreased with the addition of fiber. Borhan [16] and Niu et al. [17] have investigated the working performance of basalt fiber reinforced concrete and they found that the addition of short-cut basalt fiber can significantly reduce the fluidity of concrete mixture, and the fiber agglomeration phenomenon is serious with the increase of the content. All these performances can be explained by the following two reasons: (1) Basalt fiber is easy to agglomerate when mixed because it is soft and fine, and there are more pores in the mixture, which increases the weak interface inside the concrete and reduces the strength of concrete. (2) Due to the water absorption of basalt fiber, the reduction of flowing water in the mixture results in a significant drop in the fluidity of concrete, and the production and development of the strength of the concrete matrix are also affected for the same reason [18].

The expansion of micro-cracks and macro-cracks in concrete can be effectively inhibited by fibers, which was considered to be a credible measure to improve the crack resistance of concrete, and it has been used in all levels of road surface and bridge deck paving. In recent years, a large number of experts and scholars at home and abroad have studied the fracture performance of fiber-reinforced concrete [19]. Gao [6] and Arslan [10] investigated fracture behavior of basalt fiber reinforced concrete (BFRC) and glass fiber reinforced concrete (GFRC) comparatively. The results showed that the effects of the fiber contents on fracture energy were very significant. Similar trend were observed by Hossain et al. [20–23] carried out the fracture test of steel fiber concrete, and the study found that increasing the length of steel fiber can correspondingly increase the fracture energy of concrete under the conditions of other parameters. Compared with chopped basalt fiber, the surface of the new basalt fiber bundle [24] is rougher, which is more conducive to enhancing the fracture energy of concrete. In this experiment, a notched three-point bending beam was used to study the effect of the new basalt fiber bundle on the fracture performance of concrete. Some control groups were set up to determine the P-CMOD curve of each group of specimens, and the fracture characteristic parameters of each control group were obtained through theoretical calculations. Basalt fiber bundles with different diameters and contents were compared to analyze the strengthening effect on the fracture properties of concrete.

2  Experimental Program

2.1 Raw Materials and Experimental Design

The cement used was 42.5 ordinary Portland cement. Natural sand with a fineness modulus of 2.85 was utilized as fine aggregate. The crushed stone was composed of two particle sizes of 5–10 mm and 10–20 mm, and the ratio was 4:6. The superplasticizer used was a kind of polycarboxylate-type high-performance superplasticizer in powder form. The basalt fiber bundles used in this paper were made of basalt fiber monofilament strands impregnated with glue and then cut short. As shown in Fig. 1, the fiber bundle length was 30 mm, and the diameter was 0.2, 0.5, 0.8 mm, respectively. The basalt fiber monofilament parameters are shown in Table 1.
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Figure 1: Basalt fiber bundles of different diameters Adapted with permission from reference [25], Copyright © 2022, Journal of Physics: Conference Series
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The cement uses 42.5 ordinary Portland cement produced by Tianrui Group Zhengzhou Cement Company, China. All indicators meet the requirements of the «General Portland Cement» GB175-2007 standard. See Table 2 for specific performance parameters.
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The fine aggregate is selected from a certain local river sand with a fineness modulus of 2.85, which is medium sand. All aspects of performance meet the requirements of “Standard for Quality and Inspection Methods of Sand and Stone for Common Concrete” JGJ52-2006. See Table 3 for the results of particle screening.
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Crushed stone was used as the coarse aggregate in this article. From the classification of gradation, it can be known that the gravel is a continuous gradation. The crushed stone is composed of two particle sizes of 5–10 mm and 10–20 mm, and the ratio is 4:6, as shown in Figs. 2 and 3. All indicators comply with “Standard for Quality and Inspection Methods of Sand and Stone for Common Concrete” JGJ52-2006. The basic physical and mechanical properties of coarse aggregate are shown in Table 4.
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Figure 2: Particle size of 5~10 mm
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Figure 3: Particle size of 10~20 mm
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As a polymer surfactant, superplasticizer has strong solid-liquid interfacial activity. On the one hand, the incorporation of superplasticizers can greatly increase the fluidity of the cement paste; on the other hand, the incorporation of superplasticizers can greatly reduce the water consumption of concrete. The water reduction rate of ordinary water reducing agents is generally 5%~10%, and the water reducing rate of superplasticizers can generally reach about 3 times that of the former, and has a higher reasonable dosage range than ordinary water reducing agents. Considering that the BFRC water glue is relatively low, it will be difficult to form concrete if it is not mixed with superplasticizers. Therefore, the incorporation of superplasticizer plays a decisive role in the formation of high-performance concrete.

The water-reducing agent is a polycarboxylic acid-based high-performance water-reducing agent produced by Beijing Muhu Admixture Co., Ltd. (China) in powder form.

High-strength concrete with a strength grade of C60 was used as the reference material for this test. The mix proportion is presented in Table 5.
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According to Chinese National standard DL/T5332-2005, the fracture behavior of short basalt fiber bundle reinforced concrete (SBFBRC) is tested by using a notched three-point bending beam. The size of the specimen is 100 mm × 100 mm × 400 mm. The width of the prefabricated crack is 2 mm ± 1 mm, and its length is 40 mm, prefabricated with a steel plate, and the seam height ratio 
a0/h=0.4

The influence of fiber bundle content and diameter on the fracture performance of concrete was studied in this experiment by 18 specimens, divided into 6 groups. Details can be seen in Table 6.
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2.2 Preparation of Specimen

Specimens were all stirred by a forced mixer and vibrated on a shaking table. The feeding sequence was: firstly, put stones and sand in order and dry mixed for 30 s, then added cement and water to mix for 30 s. After these steps, the fibers were evenly distributed into the mixing pot while stirring and mixed for 1.5 min, to make sure the concrete is well mixed. The mixing time of fiber bundle should be strictly controlled to prevent damage to the surface of fiber bundle caused by long mixing time. After 24 h, the formwork shall be removed immediately and put into the standard curing room for curing.

From the perspective of fiber materials, basalt fibers are softer and thinner than metal fibers, such as steel fibers. The post-adding fiber method can make the fiber dispersion more uniform, and it can avoid the fiber breakage and damage to the test results, caused by the collision of coarse aggregates during the mixing process when only add sand, stone and basalt fiber in the agitator.

2.3 Test Method

Electro-hydraulic servo hydraulic universal testing machine was used in this experiment, the maximum range of which was 100 KN. The load sensor adopted YBY-100 KN load sensor with the range of 10t; the model of displacement sensor was YHD-10; the model of clamp extensometer was YSJ-2/5. The schematic diagram of the test device is shown in Fig. 4.
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Figure 4: Loading device for fracture test

Before starting the test, weighed each test piece and recorded the data. Sticked prefabricated processed steel sheets on both sides of the crack with a thickness of 5 mm. After being fixed, inserted the clip-on extensometer between the two steel sheets and fixed it to check whether it has been fixed to avoid missing data during the test. Placed the test piece on the supports on both sides and checked whether the test piece is stable. Placed two displacement meters and one force sensor at the mid-span position on the upper part of the test piece. After placing the test piece in the specified position, turned on the Donghua data acquisition system on the computer connected to the load sensor, displacement meter and clip extensometer, and checked whether each channel is working properly, then started the test machine; make the test piece, the force transmission device and the load sensor were in contact slowly and evenly. When the three were about to be in contact, the data acquisition system was turned on and the acquisition point was cleared.

The fracture test adopted displacement loading, and the recorded rate was 0.1 mm/min, which was convenient for collecting stable data. The acquisition frequency was 1 time/s. The two displacement sensors collected the deflection of the mid-span specimen, the force sensor collected the mid-span load, and the clip extensometer collected the change in the crack width. The changing trends of these three can be seen from the acquisition system.

2.4 Fracture Toughness of Concrete

The stress characteristics of concrete are closely related to the development of cracks. The results of concrete fracture test showed that the crack propagation process was divided into three stages: initial cracking, stable propagation and instability failure. For concrete members with cracks, due to the stable expansion stage at the crack tip, the load-displacement curve showed obvious nonlinear characteristics.

The double-K fracture model is essentially a nonlinear fracture model for concrete based on linear elastic fracture mechanics and considering the influence of cohesive forces acting on the fracture process zone. In the double-K fracture model, two basic fracture parameters are introduced to describe the whole process of concrete fracture failure. Among them, the fracture toughness corresponding to the initial initiation state is called the initiation toughness, and the fracture toughness corresponding to the instability state is called the instability toughness. According to these two parameters, the development state of the crack can be determined. The P-CMOD curve was drawn based on the data of mid span load and crack opening displacement, and the instability toughness 
KICS
and crack initiation toughness 
KICQ
of concrete were calculated according to double-K fracture model.

2.5 Concrete Fracture Energy

Fracture energy of concrete is defined as the energy required per unit area of crack propagation. The P-δ curve can be drawn according to the data of mid span load and displacement, and the fracture energy of concrete is obtained by the formula 
GF=(W0+mgδmax)/A
, where 
W0
is the area under the load displacement curve, m is the mass between the supports of three-point bending beam, A is the area of the broken ligament, 
A=t×(h−a0)
, t is the thickness of the specimen, and 
δmax
is the maximum displacement of the loading point of the beam.

3  Experimental Study on Fracture Behavior of SBFBRC

3.1 Results and Analysis of Fracture Toughness

3.1.1 Load-Crack Opening Displacement Curve in Fracture Test

The P-CMOD curve of each group of specimens is shown in Fig. 5 below.
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Figure 5: P-CMOD curve of each specimen

It can be seen from Fig. 5 that with the increase of basalt fiber bundle content, the peak load and crack opening displacement increased gradually, and the peak load increased by 78%. When the fine cracks began to appear at the crack tip, under the action of load, the crack of the reference group keep extending upward, losing the bearing capacity very quickly, showing obvious brittle failure, and the cross section of the specimen was relatively flat. The incorporation of fiber bundles increased the bearing capacity of the specimen, delayed the failure of the specimen, and increased the toughness of the concrete.

3.1.2 Test Results

According to the double-K fracture model, the unstable fracture toughness and initial fracture toughness of each specimen were calculated, which can be seen in Table 7.
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Both peak load and initial fracture toughness gradually increased with the increase of the volume of basalt fiber bundles, as shown in Figs. 4a and 5a. When the basalt fiber bundle volume content was 0.2% and 0.4%, the peak load increased by 52.2% and 62.2% compared with the reference group. The peak load and initial fracture toughness increased by 78.1% and 74.5%, respectively compared with the reference group, reaching maximum when the basalt fiber bundle volume content was 0.6%. With the increase of the content, the unstable fracture toughness did not show a monotonous increase trend. It increased gradually at the content of 0%~0.2% and 0.4%~0.6%, and increased by 77.3% compared with the reference group when the content of basalt fiber bundle was 0.6%. From an overall point of view, with the increase of the content, the peak load, initial fracture toughness and unstable toughness were all significantly improved compared to the reference group.

The change of basalt fiber bundle diameter will also affect the fracture toughness of concrete. The relationship between basalt fiber bundle diameter and peak load was shown in Fig. 7. With the increase of diameter, the peak load decreased gradually, but it was still higher than that of the reference group. When the diameter of fiber bundle was 0.2 mm, the peak load increased by a maximum of 69.5% compared with that of the reference group. Fig. 6 give the relationship between fracture toughness and fiber bundle diameter. As shown in the figure, the initial fracture toughness increases by 59.7% compared with the reference group, reaching a maximum when the fiber diameter was 0.2 mm. The cracking toughness first increased and then decreased with the increase of basalt fiber bundle diameter.
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Figure 6: The relationship between fracture toughness and basalt fiber bundle content and diameter
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Figure 7: The relationship between peak load and basalt fiber bundle content and diameter

3.1.3 Analysis of Test Results
1.    After the plain concrete reaches the crack initiation load, cracks appear. The stable expansion stage of the crack was very short, and the specimen will fracture and fail soon, reaching the peak load. The unstable failure stage was relatively fast; After mixing the basalt fiber bundles, due to the bridging traction of the fiber bundles, the peak load of the concrete was increased, and the slope of the descending section of the curve was small, and the fracture toughness of the concrete was promoted.

2.    With the increase of the content of basalt fiber bundles, the number of fiber bundles running through the fracture surface increased accordingly. Hence, the fibers can bear more stress, and the toughness and fracture ultimate load of concrete were gradually increased.

3.    Compared with the basalt fiber bundles with diameters of 0.5 and 0.8 mm, the basalt fiber bundles with diameters of 0.2 mm had better effects on increasing the peak load and unstable fracture toughness of concrete. When the fiber bundle content was certain, it was beneficial to increase the length-diameter ratio of the basalt fiber bundle appropriately to improve the fracture toughness of concrete.

3.2 Results and Analysis of Fracture Energy

3.2.1 Midspan Load Displacement Curve of Fracture Test

After adding basalt fiber bundle, the peak load and mid-span deflection of the specimen were greatly improved. Due to the low loading rate, the load-displacement curve of the specimen can be measured more completely by the testing machine, as shown in Fig. 8.
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Figure 8: The mid-span load-displacement curves of the specimens

3.2.2 Fracture Energy

The relationship between fracture energy and the content and diameter of basalt fiber bundle were shown in Fig. 9.
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Figure 9: The relationship between fracture energy and basalt fiber bundle content and diameter

The experimental results shown that the addition of basalt fiber bundles greatly increased the fracture energy of concrete, and the fracture performance of concrete was improved; With the increase of basalt fiber bundle volume, the fracture energy of basalt fiber bundle concrete increased gradually. When the basalt fiber bundle volume content was 0.6%, the fracture energy increased by 182.3% compared with the reference group. The change of basalt fiber bundle diameter also greatly affected the fracture performance of concrete. And with the increase of basalt fiber bundle diameter, the fracture energy first increased and then decreased, reaching the peak value when the diameter was 0.2 mm, which was 180.4% higher than the reference group.

3.2.3 Results and Analysis

When fine crack appeared at the tip of the prefabricated crack, the crack of plain concrete specimen will rapidly expand upward, and the plain concrete will soon lose the bearing capacity and fracture, which shown obvious brittle failure; With the addition of basalt fiber bundles, due to the bridging effect of the fiber, crack propagation was restrained, the bearing capacity of concrete was increased, the peak load of specimens was improved, and the softening curve of basalt fiber bundle concrete was slowed down effectively, accordingly the fracture energy of concrete was significantly increased.

With the increase of basalt fiber bundle content, more fiber bundle will play bridging role, which led to the enhancement of fracture energy of concrete. Compared with the basalt fiber bundles with diameters of 0.5 and 0.8 mm, 0.2 mm diameter had better enhancement effect on concrete fracture energy. It can be seen that when the content of the basalt fiber bundle was unchanged, it is better to control the basalt fiber bundle diameter at about 0.2 mm to improve the fracture performance of concrete. In this case, the bond strength between the fiber bundle and the matrix can better match the fiber properties, reaching an equilibrium limit state, which shows that the fracture energy is greatly enhanced.

4  Conclusions

In this paper, based on tests, the fracture toughness and fracture energy of SBFBRC were studied, and the improvement mechanism of concrete fracture performance by adding basalt fiber bundles was analyzed. The following conclusions can be drawn from the results presented in this paper:

(1) The incorporation of fiber bundles can significantly improve the fracture performance of concrete. The volume content and diameter both have influence on the fracture performance.

(2) The peak load increased gradually with the increase of basalt fiber bundle volume content, reaching a maximum when the basalt fiber bundle volume content was 0.6%, which was 78.1% higher than that of the reference group. On the whole, with the increase of mixing amount, peak load, crack initiation toughness, instability toughness and fracture energy are improved greatly compared with the reference group.

(3) The peak load increased by 69.5% compared with the reference group when the fiber bundle diameter was 0.2 mm, and the unstable fracture toughness increased by 59.7% compared with the reference group, reaching a maximum value, when the basalt fiber bundle diameter was 0.2 mm.
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Table 4: Basic physical properties of coarse aggregate
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Table 7: The unstable fracture toughness and initial fracture toughness of each specimen
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Table 1: Basalt fiber physical index. Adapted with permission from reference [25], Copyright © 2022, Journal
of Physics: Conference Series

Material Monofilament Length/ Density/  Tensile Elastic Ultimate
diameter/pum mm kg.m3 strength/MPa ~ Modulus/GPa  elongation/%
Basalt 13 30 2.65 >3000 85 3.2

fiber
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Table 6: Experimental grouping

Mix ID Length (mm) Diameter (mm) Volume content (%)

L-0 0 0 0

L-1 30 0.5 0.2
L-2 30 0.5 0.4
L-3 30 0.5 0.6
L-4 30 0.2 0.4

L-5 30 0.8 0.4
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Table 2: The main physical and mechanical properties ot cement

Specific surface S . Stability Compressive Flexural
Sett time/
area/m*kg ciing Hme i strength/MPa strength/MPa
Initial setting Final set 3d 3d

357 228 280 Qualified 32.5 6.4
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Table 5: Mix proportion of high strength concrete (kg/m”)

Water Cement Fine aggregate Coarse aggregate Water reducer

155 450 700 1095 2.0
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