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The use of industrial by-products, e.g., fly ash, slag, as complete replacement of Portland cement to make alkali-activated concrete (AAC) has become a hot topic due to the contribution to sustainability in construction industry. AAC has comparable compressive strength compared to the ordinary Portland cement concrete (OPC) and has many advantages, such as excellent durability and corrosion resistance. However, similar to OPC, AACmaterial still has certain shortcomings such as brittleness, low tensile strength, and poor impact resistance, which can be improved by incorporating fibers in the matrix. This paper considers the basalt fiber-reinforced alkali-activated concrete (BFRAAC), and explores the dynamic compressive and tensile strengths through a series of impact tests. The test results show that the dynamic strength of BFRAAC exhibits significant strain rate effect, that is, the material strength increases with the strain rate. Compared to the compressive strength of the material, the strain rate sensitivity of its tensile strength is more marked. Based on the test results, empirical formulas describing the relation between dynamic strength and strain rate of BFRAAC are proposed.
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INTRODUCTION

In recent years, alkali-activated concrete (AAC) made of industrial by-products has drawn wide attention (Shaikh and Supit, 2014). AAC is the class of cement free concrete, where the binding phase is derived from the reaction of an alkali metal source with solid calcium silicate or/and aluminosilicate-rich precursors. At present, fly-ash, by-product during coal combustion, and slag, by-product from steel industry, are the main raw materials for the synthesis of AAC with alkaline solutions. The make of AAC can turn a large amount of by-products to resources, which is also beneficial to the environment. Moreover, using AAC to replace ordinary Portland cement concrete (OPC) can also achieve the goal of reducing greenhouse gas emissions for sustainable development in construction industry (Benhalal et al., 2012).

Compared to OPC, previous studies have demonstrated the more excellent durability of AAC (Fernandez-Jimenez et al., 2007). Geiseler et al. pointed out that the use of slag in AAC can greatly improve the ability of concrete to resist chloride (Geiseler et al., 1995). Luga et al. studied the residual strength of fly ash and slag based alkali-activated mortar (AAM) after 45 dry-wet cycles and found that the compressive strength of AAM was increased by 23.9% while that of ordinary Portland cement mortar was decreased from 55 to 18 MPa (Luga, 2015). The excellent resistance to acid and alkali corrosion of AAC was proven by García-Lodeiro et al. (2007). Ana et al. carried out tests and observed good fire resistance of AAC (Ana et al., 2006). By incorporating hydrotalcite into AAC mix, Liu et al. have successfully improved the anti-carbonization performance of AAC and laid the foundation for its structural application (Liu et al., 2021). Besides the durability performance, the quasi-static mechanical properties of AAC have also been widely studied. The quasi-static mechanical properties of AAC have been obtained through uniaxial compression, uniaxial tension, split tension, and bending tests (Deb et al., 2014). The performance of AAC in terms of mechanical properties and durability in comparison with OPC have been well-demonstrated (Ganesan et al., 2014; Haider et al., 2014; Noushini et al., 2016). Based on the study of the mechanical properties of AAC, Tran et al. analyzed the stress characteristics of AAC in structural members, and provided guidance for the structural design with the use of this new type of material (Tran et al., 2019).

As one of the key indicators of structural resistance to highly dynamic loads such as blast and impact, the dynamic strength of AAC has also received widespread attention. Previous study has shown that the dynamic compressive strength of AAC is sensitive to strain rate, and the strain rate sensitivity is dependent on the mix proportion, alkali solution content, curing conditions, etc. (Khan et al., 2018a). Khandelwal et al. studied the dynamic compressive characteristics of high temperature cured alkali-activated mortar under four different strain rates. The results showed that the ultimate compressive strength of AAM increased with the increase of strain rate (Khandelwal et al., 2013). Xin et al. studied the dynamic mechanical properties of AAM with different mix proportions and alkali solutions (Xin et al., 2014). Khan et al. studied the dynamic compressive and splitting tensile strengths of AAM (Khan et al., 2018a). Luo et al. studied the dynamic splitting tensile properties of high-fluidity AAC (Luo and Xu, 2013). Feng et al. studied the dynamic tensile properties of alkali-activated mortar at strain rates ranging from 10−7 to 25 s−1 (Feng et al., 2014). Menna et al. also conducted a dynamic tensile test of AAC under high-rate loading (Menna et al., 2015).

Similar to OPC, AAC also possesses shortcomings such as being brittle and having low tensile strength and poor resistance to cracking. The addition of short discrete fibers can effectively improve the tensile strength and ductility of AAC to a certain extent. At present, the use of steel fibers or synthetic fibers is the most popular way to reinforce concrete (Ohno and Li, 2014; Khan et al., 2018b). In recent years, basalt fiber has received a lot of attention due to its high tensile strength, low cost, and good corrosion resistance (Sim and Park, 2005). The reinforcing effectiveness of basalt fibers on AAM under quasi-static load has been verified (Punurai et al., 2018). The positive effect of basalt fiber reinforcement on the dynamic compressive strength of AAC was studied (Li and Xu, 2009), where the strain rate achieved in the tests were limited to 100 s−1. However, the contribution of basalt fiber to the dynamic tensile strength of AAC has not yet been studied.

To further understand the reinforcing effects of basalt fibers on the compressive and tensile strengths, this study carried out a series of impact tests on basalt fiber reinforced alkali-activated concrete (BFRAAC). Split Hopkinson pressure bar test system was used to study the dynamic compressive strengths of BFRAAC. INSTRON high strain rate test system was used to carry out splitting tensile tests, while the modified Hopkinson pressure bar test system was adopted to perform spall tests on BFRAAC specimens to achieve different ranges of tensile strain rate. Based on the test results, the dynamic compressive and tensile strengths of BFRAAC material are formulated with respect to strain rate, which provides important reference that needs to be considered in design and analysis of AAC structures subjected to dynamic loadings.



MATERIALS AND PREPARATION OF BFRAAC SPECIMENS

The basalt fiber used in the test is a fiber bundle (12 × 0.9 × 17 μm) by bonding a number of individual fibers with resin as shown in Figure 1. The tensile strength of the fiber is 1300 MPa, and the elastic modulus is 53.6 GPa. The BFRAAC specimens were initially considered with different dosages (0.5, 1.0, and 1.5%) of fibers in the mixture. It was found that during the cast of specimens, adding fibers up to 1% can assure the workability of fresh BFRAAC while adding 1.5% fibers resulted in significant fiber balling and more defects in the mixture. Therefore, 1% addition of the basalt fibers was eventually selected to prepare the specimens based on the anti-carbonation AAC mix proposed in Liu et al. (2021). The maximum size of coarse aggregates is limited to 10 mm. The mix proportions of BFRAAC are given in Table 1. The basalt fibers were added into the freshly mixed AAC and were mixed for another 2 min to achieve even distribution. The mixture was then poured into cylindrical PVC molds, vibrated and compacted by the shaking table. After that, the end of the PVC tubes were covered by plastic and left in the laboratory environment for 1 day. The specimens were then demolded and placed in the curing room with 25°C and 95% relative humidity for 28 days. Before the tests, the cylindrical specimens were cut into the sizes requested in different test schemes and were ground to assure flat and parallel ends. In this study, the Ø100 × 200 mm and Ø70 × 3 5 mm specimens were prepared for determining the quasi-static compressive and splitting tensile strengths, respectively, of BFRAAC material. In impact tests, the Ø70 × 35 mm specimens were prepared for testing the material strengths under dynamic compression and dynamic splitting tension while the Ø50 × 300 mm specimens were prepared for conducting spall tests to achieve higher tensile strain rates. The quasi-static compressive and splitting tensile strengths of BFRAAC are 39.3 and 3.62 MPa, respectively. The Young's modulus of BFRAAC is 24 GPa. These values are used as reference to quantify the dynamic strengths of BFRAAC material at high strain rates.


[image: Figure 1]
FIGURE 1. Basalt fiber.



Table 1. Mix proportion of BFRAAC (kg for 1 m3 of BFRAAC).

[image: Table 1]



DYNAMIC COMPRESSIVE TESTS


Test Setup and Method

The dynamic compressive tests on BFRAAC material were carried out by split Hopkinson pressure bar (SHPB) system. As shown in Figure 2, the SHPB system includes the impact bar, incident bar, transmission bar, absorption bar, and other components. The bars are made of stainless steel and have the same diameter of 75 mm. The Ø70 × 35 mm cylindrical specimen was placed in between the incident and the transmission bars with the application of grease at specimen-bar interfaces to eliminate the friction. A copper disc as a wave shaper was attached onto the impact end of the incident bar receiving the compressive stress wave from the impact bar. Strain gauges were glued onto the surface at the mid length of the incident and transmission bars to record the incident, reflected and transmitted stress waves. A data acquisition device with frequency of 20 MHz was used to record the strain signals in voltage. An oscilloscope was adopted to monitor the waveforms in the incident and transmission bars. The strain rate in the specimens in SHPB tests can be varied by adopting different levels of pressure in the chamber.


[image: Figure 2]
FIGURE 2. SHPB test system (A) photograph (B) schematic illustration.


The principle of SHPB test is based on the theory of one-dimensional stress wave propagation in elastic circular bars. This technique is one of the primary methods to study the properties of materials at high strain rates (Balendran et al., 2002). The reliability of the SHPB test results is based on the following two assumptions, namely (1) the one-dimensional stress wave propagation and (2) the stress and strain are uniformly distributed along the length of the specimen (Davies, 1948). According to the one-dimensional stress wave theory, the stress σ (t), strain rate [image: image] and strain ε (t) of the specimen can be calculated by the following three formulas (Khan et al., 2018a).
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where εt(t) and εr(t) are the strain histories recorded in the transmission and incident bars, respectively, E and A are the Young's modulus and cross-sectional area of the bars respectively, As and L are the cross-sectional area and length of the tested specimen, respectively, and C0 is the wave velocity in the bars.

The calculated stress and strain rate from recorded strain signals from a typical SHPB compressive test are presented in Figure 3. As shown, the value of the strain rate corresponding to the same time instant when the stress reaches its peak is determined as the strain rate of the specimen.


[image: Figure 3]
FIGURE 3. Typical stress and strain rate histories from SHPB test.




Failure Mode of BFRAAC

The failure mode of BFRAAC is shown in Figure 4. It can be seen that the addition of basalt fibers improves the brittleness of AAC material. This can be understood that when cracks were initiated and propagated in the specimen, the basalt fibers along the path of cracks were subjected to pullout load and provide additional energy consumption. Therefore, the cracked parts can be bridged by the added basalt fibers so that the structural integrity of the specimen was kept to some extent.


[image: Figure 4]
FIGURE 4. Illustration of the failure mode of BFRAAC under dynamic compression at strain rate of 129.67 s−1. (A) Damage and integrity of specimen after impact. (B) Fiber distribution in the matrix.




Strain Rate Effect on BFRAAC Compressive Properties

The stress-strain curves of BFRAAC specimens obtained from SHPB compression tests at different strain rates are shown in Figure 5. It can be seen from the figure that with the increase of strain rate, the compressive strength of BFRAAC generally increases, demonstrating the significant strain rate effect.


[image: Figure 5]
FIGURE 5. Typical compressive stress-strain relations of BFRAAC at different strain rates.


The dynamic increase factor (DIF, ratio of dynamic to quasi-static strength) is adopted to quantify the strain rate effect on BFRAAC compressive strengths. The relation between DIF of BFRAAC and strain rate from SHPB compression tests is given in Figure 6. The lines in the figure represent the fitted relations of the scattered data as defined by Equations 4and 5. It can be seen from the figure that the value of DIF increases with the increase of strain rate. It should be noted that due to the limitation of testing apparatus, the strain rates achieved by SHPB compressive tests cannot be lower than 100/s, which results in the gap between quasi-static and high strain rate conditions. Therefore, a linear relation is assumed in this range, following the common practices in existing studies. The maximum dynamic compressive strength of BFRAAC can be almost twice the static compressive strength. This can be understood that at relatively higher strain rate, more cracks are generated to consume the input energy in the specimen. Moreover, unlike the quasi-static tests in which the cracks mainly propagate via weak parts, i.e., interfacial transition zone between mortar matrix and aggregates, in the specimen, at high strain rate, the cracks have to propagate through coarse aggregates with higher toughness and strength than the mortar matrix, resulting in higher compressive strength of the BFRAAC specimen.
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[image: Figure 6]
FIGURE 6. Compressive DIF of BFRAAC with respect to strain rate.





DYNAMIC TENSILE TESTS


Dynamic Splitting Tensile Tests

The dynamic splitting tensile tests on BFRAAC specimens were carried out by using INSTRON high strain rate testing system with force capacity of 100 kN. The test setup is shown in Figure 7A. The Ø70 × 35 mm specimens were diametrically placed on the loading platen so that the vertical compressive force can induce splitting tensile stress in the specimen. To avoid stress concentration and compressive failure between specimen and loading platens, wood strips were placed on the upper and lower sides of the cylindrical specimen. The thickness and width of the wood strips are 2.5 and 20 mm, respectively. It should be noted that the influence of the thickness of wood strip on quasi-static or dynamic splitting tensile test results has not been studied. It is a very interesting topic that should be addressed in future studies. The applied vertical load was recorded by the built-in sensor. The failure mode and distribution of fibers in the matrix are shown in Figure 7B. According to the theory of elasticity, the maximum horizontal tensile stress is located at the center of the cylinder. Accordingly, the splitting tensile strength σt and strain rate [image: image] of the specimen can be calculated by Equations 6 and 7 (Hao et al., 2016). The strain rate obtained from impact splitting tensile tests on BFRAAC ranges from 0.15 to 2 s−1.

[image: image]
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where P is the peak vertical load, D and B are the diameter and thickness of the cylindrical specimen, respectively, b is the width of the wood strip for the split tensile test, Es is the Young's modulus of specimen, and t0 and t1 are time instants corresponding to the initiation and peak of the stress.


[image: Figure 7]
FIGURE 7. Illustration of dynamic splitting tensile test setup and failure mode of BFRAAC. (A) Test setup. (B) Failure mode.




Spall Tests

The strain rate obtained from dynamic splitting tensile tests is limited to 2 s−1. To achieve higher strain rates, spall tests on Ø50 × 300 mm BFRAAC specimens were further conducted using modified SHPB test system, with removal of transmission bar, as shown in Figure 8. The rod specimen was pasted at the end of the incident bar. A copper disc was adopted as wave shaper. Apart from strain gauges at the mid length on the incident bar, additional strain gauges were attached on the surface along the length of the specimen with 50 mm intervals to record the waveform and histories. In spall test, when the impact bar hits the incident bar, a compressive stress wave is generated and propagated in the incident bar. Upon reaching the bar/specimen interface, a portion of the compressive stress wave is transmitted into the specimen and reflected as a tensile wave at the free end of the specimen. Because the tensile strength of BFRAAC is far less than its compressive strength, the tensile stress wave may cause the specimen to be fractured, namely spalled as shown in Figure 9. It should be noted that in spall tests, the incident stress wave should be well-controlled to avoid compressive damage to the specimen before the compressive stress wave is reflected as tensile wave.


[image: Figure 8]
FIGURE 8. Plan view of the setup of spall test.



[image: Figure 9]
FIGURE 9. Illustration of the failure mode of BFRAAC in spall test at strain rate of 56.8 s−1.


In spall tests, the theory of one-dimensional stress wave propagation is used to calculate the dynamic tensile strength of BFRAAC material. The wave speed in the tested specimen can be calculated according to the different initiation time instants recorded by the series of strain gauges on the specimen and the intervals among the strain gauges. The reflected tensile stress wave is calculated according to the incident compressive stress waveform, the superposition of compressive and tensile stress waves, and the distance between the free end and the first fracture of the specimen. The dynamic tensile strength of the specimen is determined by the superimposed waveform at the first fracture location. Accordingly, the strain rate of the BFRAAC specimen in spall test is calculated by Equation 8. The strain rate obtained from spall tests on BFRAAC ranges from 10 to 94.5 s−1.

[image: image]

where σd is the tensile strength in spall test and t is the time for reflected tensile stress wave to propagate from free end of the specimen and the fracture location.



Strain Rate Effect on BFRAAC Tensile Strengths

Based on the results from impact splitting tensile tests and spall tests, the strain rate effects on the tensile strength of BFRAAC material are illustrated in Figure 10. As can be seen, similar to compressive DIFs, the tensile DIF of BFRAAC increases with strain rate. Also due to the limitation of testing apparatus, the strain rates achieved in dynamic splitting tensile tests cannot be lower than 0.1/s. Thus, a linear relation is assumed between quasi-static and high strain rate conditions. Empirical formulas are proposed by fitting the scattered data to describe the relation between tensile strength and strain rate as given in Equations 9 and 10.
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[image: Figure 10]
FIGURE 10. Tensile DIF of BFRAAC with respect to strain rate.





DISCUSSIONS ON THE INERTIA EFFECT IN DYNAMIC TESTS

It is known that inertia in dynamic tests of quasi-brittle materials might influence the testing results, and its influence is dependent on the specimen size and strain rate. For the tests presented in the present study, inertia effect due to lateral confinement is of major concern, which is related to the mechanical properties of the material under triaxial stress state. With regard to the lateral inertia effect on concrete strengths in dynamic compressive tests, it is found that the contribution of lateral inertia of Ø100 mm diameter specimens to the test results is up to 15% for strain rate below 300/s (Hao et al., 2010). In the present study, the tested specimens have smaller diameter (70 vs. 100 mm in Hao et al., 2010), thus less significant influence from lateral inertia confinement. With regard to dynamic splitting tensile tests, it has been reported that the inertia effect only becomes significant when the strain rate is higher than 6/s (Hao and Hao, 2016). In this study, the maximum strain rate achieved in splitting tensile tests is only 2/s. Moreover, spall tests mainly rely on stress wave propagation in long specimen, which is fractured by reflected tensile stress wave rather than the deformation of the specimen itself. Therefore, it is reasonable to deduce that the inertia effect on the dynamic compressive strength of BFRAAC is <15% while in dynamic tensile tests the inertia effect can be ignored. Nonetheless, further study is needed to quantify the mechanical properties of BFRAAC under triaxial loading to identify the sensitivity of material strength to confining pressure, based on which the evaluation of the influence of lateral inertia confinement in dynamic compressive tests can be conducted.



CONCLUSIONS

The dynamic compressive and tensile strengths of basalt fiber reinforced alkali-activated concrete (BFRAAC) material are experimentally investigated in the present study. Tests adopting split Hopkinson pressure bar (SHPB) system, INSTRON high strain rate system and modified SHPB system were carried out to determine the compressive and tensile strengths at high strain rates. It is found that the strengths of BFRAAC material are significantly enhanced with the increase of strain rate. Through the series of tests, the strain rate effects on compressive and tensile strengths of BFRAAC material are analyzed. Empirical relations of the dynamic increase factor and strain rate are proposed based on test data to formulate the strain rate effect. The proposed relations can be used in design and analysis of BFRAAC structures subjected to blast and impact loadings.
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