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Abstract

:

In marine structural engineering, the impact resistance of concrete holds high significance. The determination of whether the combined use of expansion agent (EA) and glass fiber (GF) has a synergistic effect on the impact resistance of seawater–sea-sand concrete (SSC) and plays a role in its performance and application. In this study, the dynamic Brazilian disc test at various strain rates was carried out with an SHPB device to investigate the effect of mixing 0% and 6% EA with 0% and 1% GF on the dynamic splitting tensile properties of SSC. The results show that strain rate effect on EA and GF-reinforced SSC during dynamic splitting tensile tests at higher strain rates, indicating strong strain rate sensitivity. The synergistic reinforcement of EA and GF consumed more energy under impact loading, thus maintaining the morphological integrity of concrete. However, the dynamic splitting tensile strength obtained in the Brazilian disc test had a significant overload effect which cannot be ignored. EA doped at 6% and GF doped at 1% showed a synergistic enhancement of SSC’s dynamic splitting tensile properties.
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1. Introduction


Under evolving international circumstances and changing thematic priorities, countries around the world are intensifying their efforts in the development and utilization of marine resources [1,2]. In marine construction projects, the environment poses significant challenges for concrete structures, which are marked by complexity and harsh conditions [3]. Various loads, such as sea-ice impact, waves, aircraft landings, heavy falls, explosion impacts, and rock penetration, are prevalent. These loads exhibit accidental, transient, and high strain rate characteristics, posing substantial risks to concrete structures [4,5]. Analyzing statistical data from marine platform accidents revealed that incidents caused by falling objects, fire and explosion, waves, wind, ice, and currents collectively contribute to over 95% of accidents [6,7]. For marine platforms specifically, approximately one-fourth of accidents are attributable to impact loads [8]. Consequently, stringent requirements for the mechanical properties of concrete exist in the marine environment. Concrete, as a strain rate-sensitive building material, exhibits notable differences in mechanical properties between dynamic and static loading conditions. In marine environments where high-strain impact loads are prevalent, comprehensive consideration of their dynamic effects on concrete structures is imperative. The dynamic splitting tensile properties play a pivotal role in particular [9,10,11]. Against this engineering backdrop, the development of concrete with the dynamic splitting properties holds great significance for advancing marine engineering.



Due to the poor cracking and tensile resistance of concrete, scholars have been exploring new types of concrete to satisfy the requirements for practical engineering [12,13,14]. Some studies propose enhancing the overall tensile strength, impact toughness, and energy-absorbing capacity of concrete through the incorporation of fibers [15,16]. Fibers can be uniformly distributed in concrete, fostering strong bonding with the cement paste and forming an effective fiber network. This network prevents the propagation of micro-cracks, thereby improving the cracking and tensile strength of concrete, as well as enhancing its toughness [17,18,19]. Among various fiber-reinforced materials, glass fiber-reinforced concrete is widely employed in engineering due to its excellent impact resistance, good workability, high tensile strength, and cost-effectiveness. Mastali et al. [20] observed that the addition of glass fibers enhances the mechanical properties and impact resistance of self-compacting concrete, with notable improvements in concrete toughness. Liu et al. [21] investigated the impact of four groups of alkali-resistant glass fibers with different admixtures on the compressive strength of concrete. The test results showed that, with increasing glass fiber admixture, the concrete compressive strength followed a pattern of initial increase and subsequent decrease, reaching its optimal dosage at 2%, resulting in an 11.3% increase in compressive strength.



To enhance the mechanical properties of fiber-reinforced concrete and meet the increasing demands of infrastructure, scholars proposed the synergistic use of expansion agents and fibers as a more effective method compared to mixing different fiber types [22]. The research indicates that an appropriate quantity of expansion agent can enhance the internal structure of concrete, positively impacting its mechanical properties [23,24]. The addition of an expansion agent can lead to a larger volume of calcium hydroxide or calcium alumina, compensating for the self-shrinkage of concrete, preventing cracking, and reducing the adverse effects of micro-cracks on performance. However, Mo et al. [25] caution that excessive expansion agent admixture may result in negative expansion stress, causing microcracks and reducing concrete compactness. Therefore, the dosage of the expansion agent should be carefully controlled. Wang et al. [26] found that concrete mixed with 8% expansion agent and 1% steel fiber exhibited a 10% increase in splitting tensile strength and a 4% increase in compressive strength after 28 days of curing compared to concrete without an expansion agent. Xiong et al. [27] explored the impact of expansion agents and glass fibers on the compressive properties of sea-sand concrete. The findings revealed that the best compression properties were achieved with 18 mm long glass fibers at a 1% dosage and 6% expansion agent dosage, showcasing the synergistic reinforcing effect of combining fibers and expansion agents.



In marine engineering construction, a significant challenge appears due to the remote locations of most marine projects, resulting in higher transportation costs for essential construction materials like fresh water, sand, and stone, which are conventionally used in large quantities [28,29]. Meanwhile, the extensive use of concrete depletes crucial resources in its production process, particularly fresh water and natural river sand [30,31,32]. To address these challenges, a strategic approach involves leveraging marine resources, preserving the ecological environment, and substituting fresh water and river sand with seawater and sea sand in concrete raw materials. This approach not only effectively resolves the immediate raw material shortages but also reduces construction costs and shortens the construction period, providing substantial benefits to marine engineering projects [33,34]. Successful examples of utilizing sea sand as a raw material for concrete can be found in projects such as the urban expansion of Singapore and large-scale reclamation in the Middle East [35]. The research indicates that seawater–sea-sand concrete exhibits slightly higher early compressive strength than ordinary concrete, while its long-term compressive strength is comparable to that of ordinary concrete, highlighting its practical viability [36,37].



Moreover, the mechanical properties of seawater–sea-sand concrete under dynamic impact loading is vital for evaluating the long-term stability of marine construction engineering, particularly in locations with frequent saltwater washouts or airplane landings. Guan et al. [38] investigated the splitting tensile strength, flexural strength, compressive strength and stress–strain relationship of seawater–sea-sand concrete and performed micro-structural analyses. However, there are some limitations in the study of tensile properties. It is well known that concrete is a brittle material with a much lower tensile strength compared to its compressive strength, and the lack of tensile strength often causes internal damage to the member, a key property that directly influences the safety of the structure [39]. Thus, understanding the dynamic tensile properties of seawater–sea-sand concrete is critical to assess the feasibility of its widespread application in marine construction projects.



There is little research on the synergistic effect of expansive agents and glass fibers. Su et al. [33] conducted three-point bending experiments using an SHPB to explore the synergy between glass fiber and expansive agent on the dynamic bending performances of seawater–sea-sand concrete at high strain rates. However, it is necessary to investigate whether the expansion agent and glass fibers can continue to maintain synergistic reinforcement under dynamic impact loading. It is difficult for brittle materials to achieve a uniaxial tensile stress state using direct tension, and the Brazilian disc test is commonly adopted to measure the tensile properties [40]. The Split Hopkinson Pressure Bar (SHPB) is currently the main device for testing the dynamic mechanics of brittle materials. Ross et al. [41] were the first to use an SHPB device to conduct Brazilian disc tests and investigate the dynamic tensile characteristics of concrete materials, which was the beginning of the application of SHPB devices in dynamic tensile strength testing of rocks. Therefore, it is essential to carry out Brazilian disc tests using an SHPB device to investigate the dynamic splitting tensile properties of expansion agent and glass fiber-reinforced seawater–sea-sand concrete.



The current investigation focused on examining the dynamic splitting tensile properties of EA and GF-reinforced SSC through the widely employed indirect Brazilian disc splitting tensile test. By conducting the test at various strain rates, the strain rate sensitivity of EA and GF-reinforced SSC was analyzed and compared with SSC. This comparative analysis aimed to elucidate the dynamic splitting tensile properties of EA and GF-reinforced SSC when subjected to impact splitting tensile forces. The results of this study provide support for the development of SSC with excellent dynamic splitting tensile properties.




2. Materials and Methods


2.1. Raw Materials


Ordinary Portland cement (P.O 42.5R, specific gravity 3.112) served as the cementing material for concrete preparation. Seawater from Zhuhai, Guangdong Province, China, (specific gravity 1.003) was used. Sea sand, characterized by a medium grain size less than 4.75 mm, specific gravity 2.60, water content 3.36%, water absorption 4.27%, and fineness modulus 2.54, was employed as the fine aggregate. Crushed granites (particle size distribution of 5-10 mm, specific gravity of 2.64, water content of 1.39%, water absorption of 1.74%) were utilized as the coarse aggregate. The particle size distribution of both the fine and coarse aggregates is illustrated in Figure 1. The expansion agent predominantly consisted of calcium sulfoaluminate. An aqueous solution of the polycarboxylic acid base mixture (specific gravity 1.03, solids content 20%) was selected as the superplasticizer. Alkali-resistant glass fibers were used for the glass fibers. The glass fibers used had a length of 18 mm, density of 2680 kg/m3, elastic modulus of 72 GPa, and tensile strength of 1700 MPa.




2.2. Specimen Preparation


Seawater–sea-sand concrete was enhanced with an expansion agent and glass fibers, employing both single and combined methods to create reinforced concrete. According to the ISRM guidelines, the specimen thickness for the Brazilian splitting tensile test should ideally fall within the range of approximately 0.5 to 1 times the diameter [42]. Consequently, for the splitting tensile test in this study, the specimen size was specifically designed to be Ø100 × 50 mm.



To investigate the synergistic impact of the expansion agent and glass fibers under dynamic conditions, and drawing on previous research findings [27,33], specific admixture proportions were chosen. These included an expansion agent admixture (representing the ratio of expansion agent volume to the total volume of fine aggregate) set at 0% and 6%, and a glass fiber admixture (indicating the ratio of glass fiber volume to the total volume of concrete) at 0% and 1%. The water/cement (w/c) ratio was held constant at 0.40. Four distinct mix ratios of seawater–sea-sand concrete, designated as F-EA, were formulated. F0 and F1 signify glass fiber admixture proportions of 0% and 1%, while EA0 and EA6 represent expansion agent admixture proportions of 0% and 6%, as outlined in Table 1.




2.3. Testing Methods


2.3.1. Static Splitting Tensile Test


The static splitting tensile test device utilized a specialized fixture comprising a circular-shaped pad and a padded strip positioned between the upper and lower platens and the specimen. This fixture was aligned with the centerline and oriented perpendicular to the top surface of the molding. The specimen was placed at the center of the lower plate of the testing machine, ensuring that the splitting surface, or the splitting bearing surface, was perpendicular to the top surface of the specimen during formation. For loading, a test rate of 0.05 MPa/s (equivalent to a strain rate of approximately 1 × 10−5 s−1) was used. The static splitting tensile strength (fts) of the concrete was determined as follows:


    f   t s   =   2   F   t s      π A     



(1)




where Fts is the breaking load during splitting and stretching, and A is the area of the splitting surface of the specimen.




2.3.2. Dynamic Splitting Tensile Test


Brazilian disc splitting tests typically involve applying a relative linear load to the center of a cylindrical specimen. Following the principles of elastic mechanics, radial compression of the specimen induces horizontal tensile stress perpendicular to the center plane [42]. If this tensile stress surpasses the tensile strength of the material, the specimen fractures along its vertical midplane. The force analysis of the specimen in the Brazilian disc splitting test is illustrated in Figure 2.



The traditional Brazilian disc splitting strength formula in dynamic splitting tensile tests falls short of meeting the assumption of center crack initiation due to stress concentration at the loading end. Scholars have enhanced this formula [43,44] by introducing two platforms with central symmetry and mutual parallelism as the loading plane. This modification ensures that the crack originates from the center of the specimen during dynamic splitting tests. Following the findings of Wang et al. [45] and Huang et al. [46], the center angle of the platform was assumed to be 2α, and a correction factor (k) for the center tip of the platform was introduced. Specifically, when 2α = 20°, k was set to 0.95. Consequently, the dynamic splitting tensile strength of the Brazilian disc (ftd1) can be expressed as:


    f    t d 1    = 0.95    2 P     π B D     



(2)




where B and D are the thickness and diameter of the specimen, respectively, and P is the destructive load of the disk.



The dynamic Brazilian disc test was conducted using a Split Hopkinson Pressure Bar (SHPB), comprising test bars (a striker, an incident bar, and a transmitted bar), specimens, and a data acquisition system. Given the low tensile strength of concrete, semiconductor strain gauges were employed for the precise measurement of incident, reflected, and transmitted pulses. These strain gauges had a resistance of 120.0 ± 0.1 Ω and a sensitivity coefficient of 110 ± 5%. Two semiconductor strain gauges were affixed in the cross-section diameter direction of the incident and transmitted rods, forming a half-bridge to eliminate bending modes. Specifically, the strain gauges on the incident rods were positioned 2880 mm away from the specimen, while those on the transmitted rods were 1890 mm away, as illustrated in Figure 3. In addition, each specimen was fitted with an additional resistive strain gauge with a sensitive grid length of 5 mm, a resistance of 120.0 ± 0.1 Ω, and a sensitivity factor of 2.22 ± 1%. This gauge was strategically placed to capture the cracking moment at the center of the specimen during each test, facilitating the computation of the true split tensile strength, as depicted in Figure 4. The force–time scale (P(t)) during the test is represented as:


  P ( t  ) =      E   b     A   b     2   [   ε   i   ( t  ) +    ε   r   ( t  ) +    ε   t   ( t  ) ]   



(3)




where Eb and Ab are the modulus of elasticity and cross-sectional area of the bars in the SHPB device, respectively. εi(t) and εr(t) are the incident and reflected wave pulses captured by the strain gauges affixed to the incident bars, respectively. εt(t) is the transmitted wave pulse captured by the strain gauges attached to the transmission bars.



The force sketch for the dynamic Brazilian disk splitting test is shown in Figure 5, where σi(t), σr(t), and σt(t) are the stresses corresponding to εi(t), εr(t), and εt(t), respectively. A high-precision grinder with a parallelism accuracy of 0.01/300 mm and a smoothness accuracy of Ra 0.1 μm was used for grinding and processing. From the center angle of the platform to take 2α = 20°, the grinding depth of the platform was calculated to be 0.76 mm, and the parallelism error could be controlled within 0.02 mm. The SHPB test follows the one-dimensional stress wave assumption as well as the uniformity of the force applied to the specimen during the test:


    σ   i     t   +   σ   r     t   =   σ   t     t    



(4)







From Equations (2)–(4), the dynamic splitting tensile strength ftd of SHPB can be calculated as:


    f   t d    = 0.95    2   σ    t , m a x      A   0      π D L     



(5)




where σt,max is the peak value of the stress σt(t) corresponding to the transmitted wave pulse.



In the dynamic splitting test, the strain rate and dynamic enhancement factor (DIF) are important parameters used to evaluate the dynamic tensile properties of concrete. Equations (6) and (7) could be used to calculate the stress rate, strain rate, and DIF values of the specimens.


     σ  ˙  =     f   t d     τ     ;     ε  ˙  =     σ  ˙      E   0       



(6)






  D I F =     f   t d       f   t s      



(7)







In Equation (6), τ represents the time interval from the initial point to the peak value on the stress–time curve of the specimen, while E0 stands for the modulus of elasticity of the specimen. Studies have indicated [47] that the modulus of elasticity in concrete exhibits low sensitivity to strain rate, with the enhancement effect notably lower than that observed in compressive and tensile strengths. Consequently, in the current study, the static modulus of elasticity was employed for estimating the strain rate of the specimens.






3. Results and Discussion


3.1. Analysis of Results of Dynamic Splitting Tensile Test


Utilizing the F1EA6 set of specimens as an illustrative case, Figure 6 shows the dynamic response to the incident stress pulse. Notably, the peak stress σt,max corresponding to the transmitted wave pulse registered at 20.09 MPa. The stress between the starting point and the peak (τ) was approximately 315 μs, with a modulus of elasticity and thickness measuring 39.11 GPa and 50.74 mm, respectively. The SHPB device rod boasts a modulus of elasticity of 206 GPa. Referring to Equations (5)–(7) from Section 2.3, the dynamic splitting tensile strength of F1EA6-2 was calculated as 18.81 MPa, featuring a stress rate of 59.84 GPa/s and a strain rate of 1.53 s−1. This methodology is applicable across all specimens for determining the dynamic splitting tensile strength, stress rate, and strain rate. The test results for the SHPB dynamic splitting tensile specimens, encompassing four groups under five distinct approximate strain rates, are tabulated in Table 2.




3.2. Failure Mode


In Figure 7, the damage modes of four groups of SSC under varying approximate strain rates are illustrated. Following the SHPB dynamic splitting test, these SSC groups displayed evident cracking damage in the horizontal radial direction along the center, resulting in the final rupture into two parts. This damage mode aligns with prior studies on dynamic splitting tensile tests [48]. At a lower strain rate (around 1.10 s−1), the middle crack of the specimen was relatively small, dividing it into two halves along the developed crack. During this phase, the platform effectively served as a stress buffer. However, as the strain rate increased, the cracks of specimens gradually widened. At a strain rate of about 2.24 s−1, a broad horizontal crack emerged in the middle, accompanied by the appearance of crushing triangles at the platforms on both ends. Notably, there was a more extensive crushing area at the end in contact with the projectile rod. Importantly, the damage modes across all specimens did not exhibit a “T”-shaped three-piece split, consistent with findings in dynamic Brazilian disk splitting tests conducted on rock materials [49].



This study attributes the observed damage modes to the platforms at both ends of the specimen, which mitigate the stress concentration at the loaded contact end [50]. As the incident energy increases, the horizontal force on the platform intensifies, leading to a shorter duration of the shock wave acting on the specimen. Considering the brittle nature of concrete, rapid transmission of the stress wave and impact energy is essential near the end close to the incident pulse. Consequently, concrete produces multiple cracks to dissipate the impact energy, resulting in the eventual formation of a triangular crushing zone in the loading region after central cracking. It is noteworthy that at higher strain rates, the stress concentration at both ends of the specimen may impact the strain rate effect of the experiment.



A comparison of damage modes among the four groups of SSC at three different approximate strain rates (1.10 s−1, 1.79 s−1, and 2.24 s−1) indicates that at lower strain rates (1.10 s−1), the SSC groups with the expansion agent or glass fibers show greater damage mode integrity, in the following decreasing order of intactness: F1EA6, F1EA0, F0EA6, and F0EA0. Glass fiber incorporation was found to be more effective than the expansion agent in enhancing damage mode integrity. Conversely, at a higher strain rate (2.24 s−1), the damage integrity of the two groups of SSC with either the expansion agent or glass fibers alone was similar, while the SSC with a combination of the expansion agent and glass fibers outperformed the other three. The addition of glass fibers contributed to better toughening effects on SSC. However, this toughening development seemed to weaken at high strain rates. This might be attributed to the impact high energy and short duration, causing the glass fiber to slip and not fully exert its tensile properties. Among these, the damage mode of F1EA6 exhibited greater completeness, suggesting that the expansion agent can resist shrinkage within the concrete. It can even pre-pressurize the cement paste before external loading, resulting in a more compact contact between the glass fibers and cement paste. In essence, the combination of the expansion agent and glass fibers in SSC can better leverage the excellent tensile properties of glass fibers compared to glass fiber-reinforced concrete [20,39]. This enhancement contributes to improving the cracking strength and tensile strength of the concrete.




3.3. Overload Correction


Numerous studies have utilized an SHPB device to conduct dynamic Brazilian disc tests, examining the dynamic tensile characteristics of various rock and concrete materials [51,52]. However, some scholars [53,54] have observed that the dynamic Brazilian disc tensile strength tends to surpass the dynamic direct tensile strength based on test results. In their investigation of different rock materials, Zhang et al. [55] found that the dynamic increase factor (DIF) obtained from the Brazilian disc test was higher than that from direct tensile tests under similar loading rates. Similarly, Xia et al. [53] measured the dynamic tensile strength of granite using various testing methods, both direct and indirect, and discovered that the dynamic splitting tensile strength exceeded the dynamic direct tensile strength at equivalent loading rates. They concluded that this phenomenon results from overload effects and internal friction effects.



Hence, in the Brazilian disc test, it was observed [54] that the load-carrying capacity of specimens continued to increase even after tensile damage occurred at the center point, a phenomenon referred to as overload. To quantitatively analyze this overload effect, a strain gauge was affixed at a distance of d = 5 mm from the center of the specimen. The time difference in the acquired signal was then employed to capture the moment of dynamic splitting onset of the Brazilian disc specimen, enabling the determination of the tensile stress at the center point of the disc at the initiation of the splitting, as depicted in Figure 8. This approach was employed in the current study to address and correct the overload effect of the specimen.



In the dynamic tensile test utilizing the SHPB device, it is imperative to achieve dynamic force balance conditions at both ends of the specimen. The forces on the incident and transmitted bars and the specimen ends are denoted as P1 and P2. Only when the dynamic details at both ends of the specimen are balanced, and P1 equals P2, can the SHPB device be deemed valid. This ensures that the data collected by the strain gauges can be simplified and processed using Equation (2). Throughout this study, all specimens met the dynamic stress equilibrium criteria. Figure 9 illustrates the dynamic stress balance verification for a representative specimen, F1EA6-5.



According to Xia et al. [53], the initiation of cracking at the center of the disc prompts stress release in the surrounding region, leading to a notable inflection point in the strain gauge signal of the specimen. The moment corresponding to this inflection point signifies the cracking moment of the disk center. Assuming that tc represents the starting moment of the cracking of the disk center, the elastic wave speed of the specimen is known as c0, the elastic wave speed of the bar is cb = 5169 m/s, the diameter of the disk is D = 98.48 mm, and the distance between the strain gauges on the transmission bar and the left end is L = 1.89 m; then, the moment of the inflection point T1 of the captured signal by the strain gauge on the specimen is calculated as:


    T   1   =   t   c   +   d     c   0      



(8)







By translating the transmitted signal according to the distance between the strain gauges on the transmission bar and the specimen center point, the corresponding moment T2 at which the center of the specimen starts to crack can be obtained as:


    T   2   =   t   c   +   D   2   c   0     +   L     c   b      



(9)







Utilizing Equations (8) and (9), the strain gauge’s initial signal from the specimen serves as the reference point. By shifting the transmitted wave’s time-range signal to the left by |T2 − T1|, stress signals at both ends of the specimen can be computed. This process yields time-range signals of tension at the specimen ends, normalized against the cracking moment of the disc, facilitating the determination of tensile stresses at the center of disc at the point of cracking.



The calculation of a typical specimen (F1EA6-5) based on the above method yielded |T2 − T1| = 378 μs, and its tensile strength and crack initiation time-course signals after normalizing the time axis are shown in Figure 10. The peak value of the stress time-course curve of the specimen is defined as the nominal tensile strength ftd, and the overload-corrected strength is the true tensile strength ftd′. Thus, we can calculate that the nominal tensile strength of F1EA6-5 was 23.98 MPa, and the true tensile strength was 17.34 MPa. In previous studies [50,55], it was found that the larger the loading rate, the more significant the difference between the stress at the moment of disc cracking initiation and the nominal tensile strength is, the more pronounced the overload phenomenon will be. Therefore, based on this method, the four groups of SSC were corrected for overloading, and after correction, the true tensile strengths of the specimens were determined and are shown in Table 2.



It can be found from Table 2 that there is a non-negligible difference between the nominal tensile strength ftd and the true tensile strength ftd′ of the four groups of SSC. To understand this phenomenon, we plotted the nominal tensile strength versus the true tensile strength in Figure 11 and found that the higher the loading rate, the larger the deviation of ftd from ftd′ is and the more pronounced the overload effect is. Therefore, the ftd obtained from the uncorrected overloaded Brazilian disc tests at higher strain rates is larger than ftd′ and does not truly reflect the material properties. In order to quantitatively analyze this degree of overloading, this study introduced S0 to denote the overload ratio of the specimen, which is calculated as:


    S   0   =     f   t d   −   f   t d   ′       f   t d   ′      



(10)







Using Equation (10), we calculated the overload ratios for the four groups of SSC, as detailed in Table 2. The correlation between the overload ratios and stress rates is illustrated in Figure 12. The overload ratios exhibited a logarithmic increase with the ascending stress rate, and their growth rate diminished gradually as the stress rate rose. Linear fitting of the experimental data resulted in a modified equation to represent the overload ratio of the compounded expansion agent and glass fiber-reinforced SSC, with the fitting parameters outlined in Table 3. The fitting outcomes highlight the highest linear fit correlation for F1EA6, reaching 0.928, and the trend of the overload ratio increasing with the strain rate followed a more logarithmic pattern. According to the fitting equation, it can be computed that the splitting tensile strength derived from the dynamic Brazilian disc test of compounded expansion agent and glass fiber-reinforced SSC would be overestimated by 38% when the stress rate is approximately 100 GPa/s. Therefore, its overload effect cannot be neglected.




3.4. Strain Rate Effect


The DIF, serving as an indicator of the strain rate effect of concrete, exhibits an increasing trend with strain rate variations [47]. Table 2 illustrates the DIF values for the four SSC groups, revealing an augmentation of the DIF with escalating strain rates. Notably, F1EA6 boasted a higher DIF compared to the other groups at equivalent strain rates, underscoring the pronounced strain rate effect in the mixed expansion agent and glass fiber-reinforced SSC.



In a comprehensive synthesis of the literature and experimental findings, Zhou et al. [56] established a logarithmic relationship between the DIF and concrete strain rate. This relationship is divided into two segments to delineate below-critical strain rates (Equation (11)) and above-critical strain rates (Equation (12)) [55]:


   D I F = a   log  ⁡    ε  ˙     + b    ;     ε  ˙  ≤     ε   i    ˙    



(11)






   D I F = c   log  ⁡    ε  ˙     + d    ;     ε  ˙  >     ε   i    ˙    



(12)




where       ε   i    ˙    is the critical strain rate, and a, b, c, and d are the fitting parameters.



The overload-corrected Dynamic Increase Factor (DIF) plotted against the logarithmic strain rate for the four groups of SSC has been fitted using Equations (11) and (12), and is depicted in Figure 13. The fitted parameter values are detailed in Table 4. The critical strain rates for these groups fall within the range of 1.06–1.31 s−1, aligning with the critical strain rate observed in ordinary concrete, approximately 1.00 s−1 [57]. Notably, the slopes of the fitted curves for the four SSC groups exhibited a considerable increase in the high critical strain rate stage compared to the low critical strain rate stage. This observation suggests that the strain rate effect on the dynamic splitting behavior becomes more pronounced at higher strain rates, consistent with prior research findings [58]. At below-critical strain rates, the strain rate effect on expansion agent and glass fiber-reinforced SSC was minimal, with the dynamic splitting tensile strength experiencing gradual growth with increasing strain rate. However, at above-critical strain rates, the strain rate sensitivity of the SSC significantly intensified, revealing a robust rate sensitivity. This heightened sensitivity may be attributed to the synergistic impact of the expansion agent and glass fibers. The expansion agent’s compacting effect enhances the bond between glass fibers and mortar interfaces, allowing the glass fibers to optimize their properties. Simultaneously, the concrete experiences internal pre-pressure, enabling the glass fibers to withstand external forces with pre-tension. This comprehensive enhancement contributes to improved crack resistance and tensile properties for the concrete.




3.5. Energy Dissipation Analysis


In the dynamic splitting test, the splitting damage mechanism of specimens involves the absorption and release of energy. Impact loading is typically characterized by a short duration and high energy. Effective impact resistance requires the material to exhibit superior energy dissipation capabilities under such loading conditions. The axial strain observed in dynamic splitting tests is a non-uniform strain. To quantify the energy dissipation capacity of brittle specimens under dynamic splitting tensile tests using a Split Hopkinson Pressure Bar (SHPB), Song et al. [59] introduced the concept of energy dissipation, denoted as Ws(t). This measure is derived by subtracting the reflected wave energy (Wr(t)) from the total incident wave energy (Wi(t)), with the transmitted wave energy (Wt(t)) contributing to the calculation, as shown in Equation (13). The specific calculations for Wi(t), Wr(t), and Wt(t) are detailed in Equation (14), Equation (15), and Equation (16), respectively.


    W   s   ( t ) =   W   i   ( t ) -   W   r   ( t ) -   W   t   ( t )  



(13)






    W   i   ( t  ) =    E   b     C   b     A   b     ∫  0   t      ε   i   2     ( t ) d t  



(14)






    W   r   ( t  ) =    E   b     C   b     A   b     ∫  0   t      ε   r   2     ( t ) d t  



(15)






    W   t   ( t  ) =    E   b     C   b     A   b     ∫  0   t      ε   t   2     ( t ) d t  



(16)




where Eb is the modulus of elasticity of the bar of the SHPB device, Cb is the elastic wave velocity of the bar, and Ab is the cross-sectional area of the bar.



Table 5 summarizes the maximum values of Wi(t), Wr(t), Wt(t), and Ws(t), denoted as Wi, Wr, Wt, and Ws, respectively, reflecting the peak energy dissipation in the dynamic splitting tensile test for the four SSC groups. The table provides details on the incident, reflected, and transmitted energies, along with the energy dissipation and absorption under various impact loads. The energy dissipation ratio (Ws/Wi), defined as the ratio of transmitted energy (Ws) to incident energy (Wi), is crucial for understanding the dynamic behavior of the specimens. At a high impact energy, the energy dissipation ratio tended to decrease with increasing incident energy (Wi). This phenomenon is attributed to the short damage time of the specimen at high strain rates, leading to increased brittleness in concrete as the impact energy rises [58]. A higher energy dissipation ratio signifies that the specimen absorbed more energy during impact.



The energy consumption ratio curves for the four groups of single or mixed expansion agent and glass fiber-reinforced SSC are depicted in Figure 14. At similar impact energy levels, the energy consumption ratio of the mixed expansion agent and glass fiber-reinforced SSC surpasses that of the other three groups. This outcome underscores the superior ability of the expansion agent and glass fiber-reinforced SSC to cushion and dissipate energy when exposed to impact loads in comparison to the other groups. This finding aligns with prior research indicating that fiber admixtures enhance concrete crack resistance and improve energy absorption efficiency [60]. The synergistic effect between the compounded expansion agent and glass fibers further enhances the energy dissipation capacity of the glass fiber. Moreover, the trend of the energy dissipation ratio curves for the four SSC groups revealed a decline with increasing impact energy. This suggests that at high strain rates, the damage time of the specimens is exceedingly brief, rendering the SSC more brittle when subjected to elevated impact energies.




3.6. Limitations and Prospects


In this work, the authors initially investigated the effects of single and mixed admixtures of expansion agent and glass fibers in seawater–sea-sand concrete on the concrete’s dynamic splitting properties. Based on the results of the splitting tensile experiments under static and impact conditions, it can be concluded that a mixed admixture of expansion agent and glass fiber can enhance the internal structure of concrete and improve the overall tensile strength, impact toughness, and energy dissipation capacity. To this end, the advantages and limitations of this study are summarized in Table 6. However, there are some limitations of these research results.



While this study delved into the dynamic splitting performance of composite seawater–sea-sand concrete, specifically focusing on damage mode, strain rate effects, and energy dissipation capacity, it did not thoroughly explore the microscopic aspects of the dynamic damage process and the changing pattern of crack formation. In essence, the analysis was macroscopic, covering the damage mode and stress changes under dynamic splitting. Future research could provide a more comprehensive understanding by employing SEM, DIC, and other technical methods to scrutinize the dynamic damage mode and crack expansion under different strain rates. This microscopic perspective would offer a more realistic and concrete portrayal of the dynamic splitting performance of the expansion agent and glass fiber-reinforced seawater–sea-sand concrete.



In this study, an SHPB device was employed to conduct dynamic Brazilian disc tests. The measured dynamic tensile strengths in the indirect Brazilian disc tests tended to surpass the dynamic direct tensile strengths, indicating an observed overloading phenomenon. This overload effect was particularly pronounced at higher strain rates. To address this, the study focused on capturing the central cracking moment by analyzing the time difference in acquired signals, allowing for the determination of tensile stress at the disc center point at the cracking moment. The overload effect was quantitatively analyzed by setting the overload ratio to obtain the true tensile strength. While the overload correction of the dynamic tensile strength is feasible experimentally and yields conclusions, certain practical deficiencies exist. These include an incomplete reflection of the real damage morphology in the damage process, the omission of friction in the simulation process, and the oversight of specimen defects. The subsequent research should delve into the dynamic damage process and crack extension laws from a microscopic perspective, supplementing the numerical analysis of microscopic models and comparing them with experimental tests. Meanwhile, the dynamic splitting performance of expansion agent and glass fiber-reinforced seawater–sea-sand concrete remains in the laboratory research stage. Further investigations should extend the research to practical applications in engineering.





4. Conclusions


In this study, four sets of seawater–sea-sand concrete (SSC) mixtures with varying ratios were designed to explore the impact of single and combined admixtures of expansion agent and glass fibers on the dynamic splitting properties of SSC. The primary conclusions drawn from the results of the static and impact splitting tensile experiments are as follows:



	(1)

	
The damage modes of the four groups of SSC at three different approximate strain rates all exhibited clear horizontal radial cracking along the center, which was less pronounced at lower strain rates. Nevertheless, the cracks in the specimens gradually widened with increasing strain rates. At low strain rates (1.10 s−1), the incorporation of glass fibers proved to be more effective than the addition of the expansion agent in enhancing damage modal integrity. However, at a high strain rate (2.24 s−1), the SSC with the combined admixture of expansion agent and glass fibers demonstrated better damage modal integrity than the other three groups.




	(2)

	
The dynamic splitting tensile strength of the four SSC groups, as measured in the dynamic Brazilian disc test, exhibited significant overload, with higher strain rates amplifying the overload effect. To monitor crack initiation at the center of the disc and correct for overload, strain gauges were strategically placed. The overload ratio, denoted as S0, was introduced for the quantitative analysis. The overload ratio displayed a logarithmic increase with the stress rate. When the stress rate reached approximately 100 GPa/s, the measured dynamic splitting tensile strength of the mixed expansion agent and glass fiber-reinforced SSC was overestimated by 38%. At this point, the overload effect became substantial and cannot be overlooked.




	(3)

	
The critical strain rates for the four SSC groups fell within the range of 1.06–1.31 s−1, similar to the critical strain rate of ordinary concrete, which is approximately 1.00 s−1. At below-critical strain rates, the strain rate effect of the mixed expansion agent and glass fiber-reinforced SSC was negligible. However, at above-critical strain rates, the specimens exhibited a significant strain rate effect, demonstrating heightened sensitivity, particularly showcasing a robust rate sensitivity.




	(4)

	
The energy dissipation ratio of the mixed expansion agent and glass fiber-reinforced SSC surpasses that of the other three groups at comparable impact energy levels. The synergistic effect between the expansion agent and glass fiber contributed to superior cushioning and energy dissipation under impact loading. The energy consumption ratio curves for the four SSC groups showed a decreasing trend with escalating impact energy. This indicates that SSC becomes more brittle when subjected to higher impact energy levels.




	(5)

	
At present, the research on the mechanical properties of seawater–sea-sand concrete is still based on compressive strength; in comparison, the investigation of tensile strength has received less research interest. However, the research on the synergistic reinforcement effect of expansion agents and fibers is still based on static mechanical properties, with the dynamic impact property receiving less research interest. Using static loading methods may not authentically reflect the dynamic splitting tensile properties of concrete. Therefore, the SHPB device was employed in this study to conduct Brazilian disc tests. The tested nominal tensile strength was corrected for overload using a quantitative analysis to obtain the true tensile strength. Investigating the dynamic tensile properties of the expansion agent and glass fiber-reinforced seawater–sea-sand concrete under impact can support the development of seawater–sea-sand concrete with excellent dynamic splitting tensile properties.
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Figure 1. Particle size distribution diagram of aggregates. 
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Figure 2. Force analysis of the specimen in the Brazilian disc splitting test. 
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Figure 3. SHPB device for the dynamic splitting tensile tests. 
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Figure 4. The FBD specimen is placed between two bars. 
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Figure 5. Stress diagram of the specimen during dynamic splitting tension. 
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Figure 6. Dynamic response of F1EA6-2. 
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Figure 7. Failure modes at different strain rates: (a) F0EA0-1.13 s−1, (b) F0EA0-1.73 s−1, (c) F0EA0-2.21 s−1, (d) F0EA6-1.11 s−1, (e) F0EA6-1.76 s−1, (f) F0EA6-2.29 s−1, (g) F1EA0-1.14 s−1, (h) F1EA0-1.97 s−1, (i) F1EA0-2.32 s−1, (j) F1EA6-1.10 s−1, (k) F1EA6-1.79 s−1, and (l) F1EA6-2.24 s−1. 
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Figure 8. Arrangement of strain gauges on the specimen. 






Figure 8. Arrangement of strain gauges on the specimen.



[image: Buildings 14 00217 g008]







[image: Buildings 14 00217 g009] 





Figure 9. Dynamic stress balance verification of F1EA6-5. 
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Figure 10. Tensile stress and crack initiation time history signal of F1EA6-5. 
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Figure 11. The relationship between nominal tensile strength and true tensile strength: (a) F0EA0, (b) F0EA6, (c) F1EA0, and (d) F1EA6. 
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Figure 12. Overload ratio of the specimens: (a) F0EA0, (b) F0EA6, (c) F1EA0, and (d) F1EA6. 
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Figure 13. Relationship between DIF and logarithmic strain rate: (a) F0EA0, (b) F0EA6, (c) F1EA0, and (d) F1EA6. 
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Figure 14. Energy consumption ratio curve. 
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Table 1. Mix proportions of sea water and sand concrete mixture.
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	Aggregate Type
	F0EA0
	F1EA0
	F0EA6
	F1EA6





	Cement (kg/m3)
	552.27
	546.74
	552.08
	546.56



	Sea water (kg/m3)
	221.61
	219.40
	220.75
	218.54



	Sea sand (kg/m3)
	774.59
	766.84
	744.79
	737.34



	Coarse aggregate (kg/m3)
	788.60
	780.71
	788.60
	780.71



	Glass fibers (kg/m3)
	0.00
	26.80
	0.00
	26.80



	Swelling agent (kg/m3)
	0.00
	0.00
	33.12
	32.79



	Superplasticizer (kg/m3)
	11.05
	10.93
	11.70
	11.59










 





Table 2. Dynamic split tensile test results of F0EA0--F1EA6.
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	Specimen
	B (mm)
	σ (GPa/s)
	ε (s−1)
	ftd (MPa)
	ftd′ (MPa)
	fts (MPa)
	DIF
	S0





	F0EA0-1
	44.80
	39.73
	1.13
	9.44
	8.12
	3.95
	2.06
	0.16



	F0EA0-2
	48.24
	45.77
	1.30
	10.39
	8.22
	3.95
	2.08
	0.26



	F0EA0-3
	49.19
	61.15
	1.73
	11.28
	9.22
	3.95
	2.33
	0.22



	F0EA0-4
	49.50
	78.05
	2.21
	13.07
	9.53
	3.95
	2.41
	0.37



	F0EA0-5
	47.45
	100.75
	2.85
	13.65
	10.70
	3.95
	2.71
	0.28



	F0EA6-1
	50.75
	40.51
	1.11
	11.58
	9.20
	4.28
	2.15
	0.26



	F0EA6-2
	51.00
	56.07
	1.53
	13.04
	10.26
	4.28
	2.40
	0.27



	F0EA6-3
	50.40
	64.54
	1.76
	13.75
	10.65
	4.28
	2.49
	0.29



	F0EA6-4
	50.01
	83.94
	2.29
	15.91
	11.72
	4.28
	2.74
	0.36



	F0EA6-5
	49.92
	107.46
	2.94
	17.19
	12.41
	4.28
	2.90
	0.39



	F1EA0-1
	55.77
	41.46
	1.14
	13.49
	11.15
	4.90
	2.28
	0.21



	F1EA0-2
	53.53
	54.45
	1.50
	16.5
	12.97
	4.90
	2.65
	0.27



	F1EA0-3
	53.50
	71.47
	1.97
	18.02
	14.35
	4.90
	2.93
	0.26



	F1EA0-4
	52.78
	84.15
	2.32
	19.43
	14.74
	4.90
	3.01
	0.32



	F1EA0-5
	52.54
	93.94
	2.59
	20.71
	15.10
	4.90
	3.08
	0.37



	F1EA6-1
	51.55
	42.97
	1.10
	14.18
	12.36
	5.18
	2.38
	0.15



	F1EA6-2
	50.74
	59.79
	1.53
	18.81
	14.67
	5.18
	2.83
	0.28



	F1EA6-3
	51.02
	70.17
	1.79
	19.43
	15.43
	5.18
	2.98
	0.26



	F1EA6-4
	51.80
	87.51
	2.24
	22.88
	17.21
	5.18
	3.32
	0.33



	F1EA6-5
	50.68
	102.13
	2.61
	23.98
	17.34
	5.18
	3.34
	0.38










 





Table 3. Fitting parameters of stress rate to overload ratio.






Table 3. Fitting parameters of stress rate to overload ratio.





	Specimen
	a
	b
	R2
	Fitting Equation





	F0EA0
	0.131
	0.281
	0.526
	S0 = 0.131 lnσ-0.281



	F0EA6
	0.136
	0.259
	0.849
	S0 = 0.136 lnσ-0.259



	F1EA0
	0.169
	0.426
	0.832
	S0 = 0.169 lnσ-0.426



	F1EA6
	0.241
	0.734
	0.928
	S0 = 0.241 lnσ-0.734










 





Table 4. The fitting parameters for DIF of SSC.






Table 4. The fitting parameters for DIF of SSC.





	Specimen
	a
	b
	c
	d
	Critical Strain Rate (s−1)





	F0EA0
	0.221
	2.105
	1.591
	1.935
	1.31



	F0EA6
	0.225
	2.123
	1.847
	2.019
	1.28



	F1EA0
	0.237
	2.189
	2.254
	2.198
	1.06



	F1EA6
	0.274
	2.368
	2.723
	2.309
	1.08










 





Table 5. Energy characteristics of four groups of SSC during SHPB experiments.
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	Specimen
	Wi (J)
	Wr (J)
	Wt (J)
	Ws (J)
	Ws/Wi





	F0EA0-1
	251.31
	156.38
	5.07
	89.86
	0.358



	F0EA0-2
	423.02
	299.45
	3.88
	119.69
	0.283



	F0EA0-3
	672.00
	510.30
	4.73
	156.97
	0.234



	F0EA0-4
	968.61
	751.21
	6.83
	210.57
	0.217



	F0EA0-5
	1522.71
	1235.94
	7.02
	279.74
	0.184



	F0EA6-1
	278.64
	137.97
	9.98
	130.69
	0.469



	F0EA6-2
	491.06
	311.81
	8.62
	170.63
	0.347



	F0EA6-3
	664.46
	434.51
	9.49
	220.45
	0.332



	F0EA6-4
	866.82
	599.97
	13.46
	253.40
	0.292



	F0EA6-5
	1512.10
	1150.93
	12.41
	348.76
	0.231



	F1EA0-1
	378.60
	162.21
	13.51
	202.88
	0.536



	F1EA0-2
	584.48
	339.56
	21.62
	223.30
	0.382



	F1EA0-3
	891.83
	590.55
	16.45
	284.83
	0.319



	F1EA0-4
	1257.96
	878.58
	17.71
	361.66
	0.288



	F1EA0-5
	1675.57
	1204.51
	21.69
	449.38
	0.268



	F1EA6-1
	363.17
	144.09
	7.60
	211.48
	0.582



	F1EA6-2
	888.08
	517.75
	17.89
	352.44
	0.397



	F1EA6-3
	1105.52
	708.25
	15.84
	381.44
	0.345



	F1EA6-4
	1384.49
	862.06
	23.29
	499.14
	0.361



	F1EA6-5
	1726.76
	1206.22
	17.95
	502.59
	0.291










 





Table 6. The advantages and limitations of this study.






Table 6. The advantages and limitations of this study.





	
Tensile Strength Testing

	
Test Method

	
Advantage

	
Limitation






	
Static tensile strength

	
Direct stretching

	
Simple and directly operable.

	
High precision requirements for experimental operation.

Difficult to realize the uniaxial tensile stress state.

It is easy to lead to the local stress concentration of the specimen.

The appearance of a non-standard damage mode.




	
Static Brazilian disc test

	
Avoids localized stress concentration, easy and convenient to conduct the experiments.

	
It is difficult to truly characterize the dynamic tensile properties by static loading.




	
Dynamic tensile strength

	
Brazilian disc test with an SHPB device

	
Clever measurement method to more accurately reflect the damage pattern under dynamic impact loading.

	
The measured intensity is anticipated to exceed the real value.
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