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Abstract

:

Fiber-reinforced polymer (FRP) has become increasingly popular in repairing existing steel-reinforced concrete (RC) members or constructing new structures. Although the quasi-static axial compression performance of FRP-confined concrete (FCC) has been comprehensively studied, its dynamic compression performance is not well understood, especially the dynamic compressive behavior of FRP-confined high-strength concrete (FCHC). This paper presents an experimental program that consists of quasi-static compression tests and Split-Hopkinson Pressure Bar (SHPB) impact tests on FRP-confined high-strength concrete. The effects of the FRP types, FRP confinement stiffness, and strain rate on the impact resistance of FCHC are carefully studied. The experimental results show that the strain rate effect is evident for FRP-confined high-strength concrete and the existence of the FRP greatly improves the dynamic compressive strength of high-strength concrete. An existing strength model is modified for impact strength of FCHC and the predicted results are compared with the test results. The results and discussions show that the proposed model is accurate and superior to the existing models.
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1. Introduction


Reinforced concrete (RC) structures are the most commonly used structural systems. With the increase in their service lives, a large number of existing structures urgently need to be repaired due to structural deterioration associated with the corrosion of the internal steel reinforcement and defects in the concrete. Fiber-reinforced polymer (FRP) is widely used in structural reinforcement because of its light weight, high strength, corrosion resistance capability, and high elasticity [1,2,3,4,5,6,7,8,9]. The in-site wet lay-up process is often used in practice to strengthen the RC columns due to its simplicity and rapidity with respect to construction. The previous investigations prove that FRP constrains the lateral deformation of concrete, which results in three-dimensional compressive stresses in the core concrete and, subsequently, enhanced strength and ductility of FRP-confined concrete (FCC) are achieved [10,11,12,13,14,15,16,17,18,19,20,21]. FRP has also been adopted for the seismic strengthening of RC structures [22,23]. In association with FCC, a number of new forms of hybrid columns have also been recently developed for structures with various functions [24,25,26,27,28,29]. The responses of FCC under various types of loadings are the foundation for the behavior of the hybrid columns associated with FCC.



Over the past two decades, most scholars have been devoted to understanding the quasi-static compression behavior of FCC, such as the constitutive model, the derivation of the ultimate stress and the ultimate strain, the effect of partial confinement, the effect of the concrete strength grade, the effect of the concrete aggregate, the type of FRP, and the amount of the confinement ratio on the reinforcement effectiveness (e.g., [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]). However, there are few studies on the impact resistance of FCC [30,31,32], which, in particular, focused on normal strength concrete (i.e., with a strength of less than 50 MPa, abbreviated as ‘NSC’ for ease of reference in the remainder of the text). If FCC is used in special construction (e.g., military structures, protective structures, bridges, wharfs, offshore platforms, and chemical plants) without considering dynamic actions, such as impacts and explosions, serious consequences may occur. Note that the vehicle impact and hard impact loading are generally in a strain rate (i.e., the differential of the strain with respect to time) range of 10−3 to 102 [32].



On the other hand, with an increase in the height and the span of new construction and an increase in the demand for protective structures, the use of FRP-confined high-strength concrete in new structures is becoming increasingly attractive. However, the relevant research has yet to be conducted. Therefore, it is very important to study the impact resistance of FRP-confined high-strength concrete (abbreviated as ‘FCHC’ in the rest of the current article for ease of reference) for a reliable design of structures with FCHC.



FCC consists of the FRP and the concrete. For the impact resistance of unconfined concrete (including concrete with various aggregates (e.g., [33,34,35,36,37,38,39,40,41,42,43]) and fiber-reinforced concrete (e.g., [44,45,46])), it was proven that the strain rate effect of concrete is evident. The internal fiber reinforcement and the external confinement have been proven to be efficient in enhancing the impact resistance of concrete. Confined concrete is generally divided into active confined concrete (e.g., concrete-filled steel tubes) and passive confined concrete (e.g., FCC). Experimental results show that the strain rate sensitivity of the steel tube confined concrete is low, although the steel tube confined concrete has a better impact resistance, plastic deformation, and energy dissipation capacity [47,48,49,50,51]. For the impact resistance of FCC, the existing investigations are mainly on the effects of the FRP thickness, strain rates, and impact durations. Pham et al. [52] studied the impact resistance of NSC and glass FRP (GFRP)/carbon FRP (CFRP)-confined concrete via a drop-weight testing machine. The results show that FRP confinement can effectively improve the impact resistance of the concrete cylinders. Generally, the fracture strain of the FRP is lower than that from quasi-static compression and the fracture strain of the GFRP is much larger than that of the CFRP. Yang et al. [30,31] conducted a series of static and dynamic tests on aramid FRP (AFRP)-confined concrete, with the investigated parameters including the strain rate and the AFRP thickness. It was determined that the dynamic compressive strength, ultimate axial strain, and energy absorption of the concrete were heavily influenced by the strain rate. The external confinement provided by the FRP significantly improved the concrete properties under dynamic loadings and a dynamic compressive strength model for the AFRP-confined concrete was proposed. Xiao et al. [32] reported an experimental program on the impact behavior of CFRP-confined concrete using a Split-Hopkinson Pressure Bar (SHPB) apparatus with a diameter of 155 mm. The effects of the specimen length, strain rate, CFRP thickness, and concrete strength were investigated and the SHPB results revealed that the DIF was not dependent on the strain rate. However, the impact resistance of high-strength concrete confined with different types of FRPs has not yet been studied and the existing dynamic compressive strength models are only based on NSC. On the other hand, while the current studies mainly involve the number of FRP layers and the strain rate as test parameters, they rarely take the type of FRP jacket into consideration.



Based on the above background, it is necessary to consider the effects of the FRP types, FRP thickness, and strain rate on the impact resistance of the FCHC. To this end, a total of 180 FCHC specimens were designed and an SHPB impact device was used to complete the impact tests on FCHC. The effects of the FRP type, FRP thickness, and strain rate on the dynamic peak stress, dynamic increase factor (DIF), and energy absorption of FCHC are studied and discussed. Subsequently, a new dynamic compressive strength model for FCHC is established based on the available experimental results and its accuracy is carefully examined.




2. Test Matrix and Material Properties


2.1. Test Matrix


A total of 180 specimens were designed and tested. Twenty-seven FCHC cylinders (which have a diameter of 100 mm and height of 200 mm) and three unconfined specimens of the same size were prepared for the quasi-static axial compression tests. Three types of FRPs, namely, the CFRP, GFRP, and AFRP, were adopted in the present study to investigate the effects of the FRP types and confinement stiffnesses. The FCHC specimens were applied with a 150-mm overlapping zone to prevent debonding failure and a one-layer CFRP strip, 20-mm high, was added at both ends to avoid end failure occurring there. Each test matrix had three nominal identical specimens, ensuring better reliability of the test results. A total of 150 FCHC cylinders (which have a diameter of 100 mm and height of 50 mm) of the same size were prepared to test the axial dynamic compressive behavior using SHPB equipment. All the specimens were made from the same batch of high-strength concrete with a design strength grade of 70 MPa. The mixing ratio of the concrete is reported in Table 1.




2.2. Material Properties


According to relevant regulations in ASTM C469 [53], the compressive strength, the ultimate strain, and the modulus of elasticity of unconfined concrete were measured. Single-layer flat coupons of AFRP/BFRP/CFRP were fabricated to test their tensile mechanical properties. The nominal thicknesses of the AFRP, BFRP, and CFRP samples were 0.167 mm, 0.169 mm, and 0.167 mm, respectively. According to the ASTM standard [54], a sample with a broken FRP end was not used for the material properties. The details of the properties of the FRPs are shown in Table 2. Their tensile stress versus the strain curves are shown in Figure 1, demonstrating the linear elastic tensile behavior of all the FRPs.



Each sample is given its own name, with the initial letter “S” or “D” representing “static” or “dynamic”, respectively. The second part of the name includes a letter and a number to denote the type of FRP and the number of FRP layers, respectively (e.g., ‘B2′ denotes a two-layer BFRP jacket). The last part indicates the number of the repeated specimens (there are 3 duplicated specimens for the quasi-static compression tests and 5 repeated specimens for the dynamic compression tests). For example, “S-C3-2” means the second specimen of the three-layer CFRP-confined high-strength concrete specimens under quasi-static compression.





3. Test Methodologies


3.1. Instrumentations


Two linear variable displacement transducers (LVDTs) with gauge lengths of 80 mm were installed in the middle height region for the specimens under the quasi-static compression test to measure the axial deformations. The other two LVDTs were installed to record the full-height axial deformation. All LVDTs measuring with the same deformations were installed 180° apart. For the FCHC specimens under quasi-static compression, two strain gauges (SGs) were applied at the mid-height of all specimens to measure the axial strains. Four strain gauges (at mid-height) were installed at the FCHC specimens to measure the hoop strains in the FRP. Two strain gauges 180° apart were fitted in the middle of the unconfined specimens to measure the circumferential strains. For the FCHC specimens under dynamic compression, the stresses and strains were based on the stress wave theory, as illustrated in the following section.




3.2. Test Procedure


All quasi-static tests were accomplished by a compression loading machine (Matest, Treviolo, Italy) at the Guangdong University of Technology and the data were recorded using a TDS-530 (TML, Tokyo, Japan) acquisition instrument. All specimens tested under quasi-static compression were leveled with high-strength gypsum at both ends and were preloaded before the loading test to check the physical centering. The quasi-static compression loading rate of the unconfined specimens was 0.18 mm/min and that of the confined ones was 0.50 mm/min.



Generally, an impact test can be divided into two types of impact loading modes according to the impact velocity, as follows: Low-speed hammer impact and high-speed projectile impact. There are two reasons for using an SHPB device in this test. First, the stresses and strains in the concrete can be measured by the elastic compression bars, which is more accurate than the direct measurements using dynamic SGs and LVDTs. Second, the SHPB device covers a wider strain rate range (101~104 s−1) than the hammer impact device. Note that only the launch pressure of the bullet could be controlled during the impact tests. A unified launch pressure was adopted for each set of specimens, aiming to obtain an identical strain rate in the specimens. However, the actual strain rates in the specimens were based on the strains recorded from the pressure bars using the stress wave theory and were not strictly identical, even though the launch pressures were identical. This is probably due to the friction between the bullet and the barrel.



The lengths of the incident bar, transmission bar, and buffer bar of the adopted SHPB device were 5500, 3500, and 1000 mm, respectively. The bar was made from 60Si2Mn, whose modulus of elasticity, Poisson’s ratio, mass density, shear modulus, and yield strength were 2.06 × 1011 N/m2, 0.29, 7.74 × 103 kg/m3, 7.99 × 1010 N/m2, and 1.18 × 109 N/m2, respectively. The SHPB experimental technique is based on (1) a one-dimensional stress wave. The transmission of the stress wave and the deformation of the compression bar are only along the longitudinal axis. The premise of this hypothesis is that the compression bar is an elastic material and its diameter is much smaller than the wavelength of the stress wave. (2) The stresses and strains of the short specimen were distributed uniformly along its length direction. Four measurements were adopted to reduce the experimental error in the present study, as follows: (1) The roughness of the contact surface of the specimens was limited to 0.02 mm using an MY259 grinder [37], (2) the contact friction was reduced by applying Vaseline gel at both ends of each specimen and the adjacent rods to decrease the stress wave that developed in the lateral direction in the specimens, (3) the reflection wave without specimen loading was minimized by continuous debugging before the test, with the typical waveform shown in Figure 2, and (4) a small specimen length-diameter ratio and soft material gaskets installed at both ends of the specimens were adopted to minimize the effect of the nonuniformity of concrete on reducing the wave velocity.



Given the above assumptions, the axial strains of the specimens can be deduced [43]. The steps are as follows: The average stress, σs(t), average strain rate, ε·s(t), and average strain, εs(t), of the specimens are calculated using Equation (1) as follows:


{σs(t)=12As[F1(t)+F2(t)]ε·s(t)=1Ls[V1(t)−V2(t)]εs(t)=∫0tεs·(t)dt, 



(1)




where As is the end area of the specimen; Ls is the thickness of the specimen; F1(t) and V1(t) are the pressure and velocity at the input terminal of the specimen, respectively; and F2(t) and V2(t) are the pressure and velocity at the output terminal of the specimen.



According to one-dimensional elastic wave theory, the pressure and velocity of the incident rod and the transmission rod can be deduced from the following Equations (2) and (3), respectively:


{F1(t)=E[εi(t)+εr(t)]AV1(t)=C0[εi(t)−εr(t)],  



(2)






{F2(t)=Eεt(t)AV2(t)=C0εt(t),



(3)




where E is the elastic modulus of the rod; A is the area of the terminal of the rod; C0 is the wave velocity in the rod; εi(t) is the measured incident wave signal; εr(t) is the measured reflected wave signal; and εt(t) is the measured transmitted wave signal.



Substituting Equations (2) and (3) into Equation (1), Equation (4) was obtained as follows:


{σs(t)=EA2As[εi(t)+εr(t)+εt(t)]  ε·s(t)=c0Ls[εi(t)−εr(t)−εt(t)] εs(t)=C0Ls∫0t[εi(t)−εr(t)−εt(t)]dt.



(4)







Equation (4) is the formula of the three-wave method in SHPB. If the assumption of stress uniformity is used, (F1(t)=F2(t)), Equation (5) can be derived according to the one-dimensional stress wave theory as follows:


εi(t)+εr(t)=εt(t).



(5)







Substituting Equation (5) into Equation (4), the formula of the two-wave method is obtained as follows (Equation (6)):


{σs(t)=εt(t)EAAs ε·s(t)=−2εrtC0Ls εs(t)=−2C0Ls∫0tεr(t)dt.



(6)







From Equation (6), it can be seen that if the transmissive wave strain, elastic modulus, diameter, and specimen diameter are known, the axial stress of the specimen can be obtained. The instantaneous axial strain rate of the specimens can be deduced according to the strain value, the velocity of the reflected wave, and the thickness of the specimens. Finally, the axial strain of the specimen can be obtained by integrating the instantaneous axial strain rate with time.





4. Test Results and Discussions


4.1. Quasi-Static Compression Tests


For unconfined specimens, the failure was caused by concrete longitudinal cracks. The axial stress–strain curves are shown in Figure 3a. For the FCHC specimens, although the number of FRP layers and the types of FRP jackets were different, the failure patterns (mid-height FRP rupture failure) of the all the FCHC specimens were similar (Figure 3b–d). The FRP strain development and the column fracture phenomena are described as follows below: The lateral deformations of concrete were very small before the load reached the peak load of the unconfined specimens, indicating that the confinement provided by the FRP jacket was very small at this stage. The FRP hoop strains then increased rapidly until the FRP jacket experienced fracture failure. Due to the existence of confinement from the strips applied at the end regions, the FRP fracture generally occurred at or near the mid-height of the specimens, as seen in Figure 3b–d.



Figure 4 shows the stress–strain curves of all the unconfined high-strength concrete specimens under quasi-static compression, with these curves terminating at the point when the concrete crushing failure occurred. The stress–strain curves of the FCHC specimens under quasi-static compression are reported in Figure 5, Figure 6 and Figure 7. For the FCHC specimens, the stress–strain curves terminate at the point related to the FRP rupture. The three curves of the three nominal identical specimens in each group are generally close to one another, except that of Specimen S-60-B2-3 and S-60-A1-1. The above discrepancy was probably caused by the inherent scatter of the concrete strength, which is due to the inhomogeneity of the concrete made in the laboratory, although all these specimens were cast with the same batch of concrete. The agreement in the stress–strain curves between the three nominally identical specimens indicates the good repeatability of the tests and the high reliability of the test results. As seen from Figure 5, Figure 6 and Figure 7, compared with the unconfined high-strength concrete specimens, the AFRP, BFRP, and CFRP wraps increased the strength and ultimate axial strain of the specimens and the strength and ultimate axial strain increased with the FRP thickness (i.e., confinement stiffness) for all the FCHC, concurring well with the knowledge documented in the literature [55,56]. With the confinement provided by the different types of FRPs but with the same value of the FRP layer, the strength of the CFRP-confined concrete is the largest, while that of the BFRP-confined concrete is the smallest. This is due to the strength difference among the three types of FRP. Note that for specimens wrapped with a three-layer CFRP jacket, only results of two specimens out of the three specimens were presented due to the unexpected stop of the loading machine during the test on the other specimen.



The key test results of the FCHC specimens under quasi-static compression are given in Table 3. Obviously, the compressive strength and ultimate axial strain increase with the FRP thickness. It is interesting to note that the hoop strain efficiency ratio (i.e., the value of the FRP hoop rupture strain, εh,rup, over the FRP tensile strain, εf) is the smallest for the specimen with the thinnest FRP jacket and the hoop strain efficiency ratios of the BFRP-confined concrete specimens are much less than one, which is substantially different from those of the AFRP and CFRP-confined concrete specimens. This is probably because the BFRP jacket was more susceptible to the local failure of the high-strength concrete.




4.2. Dynamic Compression Tests


4.2.1. Failure Patterns


Figure 8 provides the failure patterns of the FCHC specimens under dynamic compression. Only failure modes of specimens with one-layer and three-layer FRP jackets are presented in Figure 8 to limit the space of the paper. From Figure 8a, it can be seen that with an increase in the strain rate, the failure mode of the unconfined high-strength concrete experienced cracking, crushing, and smashing failures, which showed that concrete is a strain rate-sensitive material. The effect of the FRP type on the failure pattern is negligible, namely, the failure modes of all FCHC specimens with different FRPs are similar. In fact, the failure mode is related to the strain rate (see Figure 8b–j). The FCHC specimens with smaller impact loading energies (i.e., smaller strain rates) experienced dispersed microcracking failure and the FRP jacket was intact. With an increase in the impact loading energy, the core concrete experienced crushing failure, while the FRP jacket experienced fracture failure. The failure patterns of the specimens under impact loadings are summarized in Table 4. For a given impact energy (e.g., the impact pressure is 0.6 MPa), the crack propagations of FCHC with the same layer of FRP (AFRP, BFRP, and CFRP) are slightly different. The surface cracks of the AFRP-confined concrete were distributed on the entire surface of the specimens, while relatively less cracks were found in the BFRP and CFRP-confined concrete specimens. The cracks in the latter specimens were mainly concentrated at the edge of the specimens, as seen in Figure 8b–j. This phenomenon implies that the AFRP-confined concrete specimens have a better impact resistance compared to the CFRP and BFRP-confined concrete, provided that the impact strain rate and number of FRP layers are identical.




4.2.2. Dynamic Stress–Strain Responses


Figure 9 compares the dynamic stress–strain curves of BFRP, AFRP, and CFRP-confined and unconfined high-strength concrete specimens under dynamic compression with different impact energies. Note that all the dynamic stress–strain curves (see Figure 9) terminate at the descending portion (at around 80% of the peak stress). The dynamic stress–strain curves of the specimens shown in Figure 9 lead to the following characteristics: (1) The initial straight-line segment of the FCHC specimens is longer than that of the unconfined high-strength concrete specimens, indicating that the deformation resistance of the high-strength concrete is enhanced by the confinement; (2) the effect of the strain rate on the elastic modulus of the FCHC with the same FRP jackets is negligible; (3) the dynamic stress–strain response fluctuates beyond the first linear segment. With an increase in the strain rate, the fluctuated second portion becomes longer and the dynamic peak stress and the ultimate axial strain also increase. At a given number of FRP layers, the ultimate axial strain and dynamic peak stress of the CFRP-confined high-strength concrete are the largest and those of the BFRP-confined high-strength concrete are the weakest (Table 4 and Figure 9) and (4) the stress–strain curve of the FCHC specimens finally decreases sharply due to the sudden loss of the confinement, which is similar to the behavior of CFRP-confined concrete under quasi-static compression.




4.2.3. Dynamic Increase Factor and Energy Absorption


The strain rate versus the dynamic peak stress relationships of the FCHC specimens are given in Figure 10. Note that in Figure 10, Figure 11 and Figure 12, each curve is given a label in the form of D-XN in which ‘D’ refers to ‘dynamic’, ‘X’ is an alphabet representing the type of FRP jacket (‘A’ for ‘AFRP’, ‘B’ for ‘BFRP’, and ‘C’ for ‘CFRP’), and ‘N’ is a number indicating the number of FRP layer. It can be determined from Figure 10 that the dynamic compressive strength of FCHC is obviously higher than its static compressive strength and the dynamic peak stress of FCHC increases with an increase in the strain rate and the thickness. This demonstrates that the existence of FRP confinement can greatly increase the dynamic peak stress of high-strength concrete. With the same FRP layer number, the dynamic peak stress of the CFRP-confined concrete is the largest, while that of the BFRP-confined concrete is the smallest. This is similar to the conclusion drawn from the quasi-static compression tests on FCHC.



The dynamic increase factor (DIF) is defined as the ratio between the dynamic compressive strength and the quasi-static compressive strength of concrete, which is used to describe the strength enhancement of the concrete material with respect to the strain rate. As seen from Figure 11, the DIF increases with an increase in the strain rate. This finding is slightly different from the conclusion found by Xiong et al. [32], in which the strength of CFRP confined concrete is found not significantly sensitive to strain rate. This is probably due to the effect of the specimen size. Given a specimen with a same number of FRP layers, the DIF of the AFRP-confined high-strength concrete is the largest, indicating that AFRP-confined high-strength concrete has a favorable impact resistance. This is most likely due to the larger FRP hoop strain efficiency for the AFRP, as seen in Table 3. For FCHC with the same type of FRP jacket, the DIF of the three-layer FRP-confined specimen is the smallest, and the DIF is the largest for the one-layer FRP-confined specimen. This is due to the confinement lag effect in the confined concrete under dynamic loadings. Namely, the dynamic compression leads to failure of the concrete while the failure is not necessarily developed in the FRP timely. Therefore, the DIF is not proportional to the number of FRP layers.



The absorbed energy, W, is often defined as the area surrounded by the stress–strain curve of the material. The following equation can be used:


W=∫εdσ,



(7)




where σ is axial dynamic stresses and ε is axial dynamic strains.



Figure 12 shows the energy absorption versus the strain rate relationships for confined concrete with different FRP types and thicknesses. From Figure 12, it can be seen that the energy absorption increases with an increase in the strain rate, provided that the other parameters (i.e., FRP type and thickness) are identical. Compared with the BFRP and CFRP-confined high-strength concrete, the AFRP-confined high-strength concrete has a better energy absorption capacity. With an increase in the FRP layer number, the energy absorbed by the specimens generally increases, indicating that the FRP confinement can significantly improve the energy absorption capacity of concrete.






5. Dynamic Compressive Strength Model of FCC


5.1. General


There are many existing theoretical models for predicting the quasi-static compressive behavior of FCC [55,56,57,58,59], but only Yang et al. [31] and Pham and Hao [52] proposed the stress–strain model of FCC under dynamic compression. Xiong et al. [32] studied the dynamic compressive mechanical properties of CFRP-confined concrete under a high strain rate, but did not propose a dynamic compressive strength model for FCC. A mature dynamic compressive stress–strain model for FCC needs to include a number of parameters, such as the FRP thickness, FRP type, strain rate, dynamic compressive strength of unconfined concrete, and the specimen diameter. The model proposed by Yang et al. [31] is incapable of accounting for the FRP type and the high-strength concrete, but the high strength is more attractive for utilization in structures that are more likely to be attacked by high strain rate loadings. The model proposed by Pham and Hao [52] cannot predict the performance of FRP-confined high-strength concrete. In addition, the model [52] adopts separate equations for FCC with different FRP types. In the following section, a new model considering the effects of the FRP types, concrete strength, and confining stiffness is proposed for FCHC based on the following three steps: (1) A versatile dynamic compressive strength model for unconfined concrete; (2) a reasonable expression considering the effects of FRP-confinement; and (3) determination of the constant in the equation via regression analysis.




5.2. Dynamic Compressive Strength Model for FCHC


Figure 13 shows the relationship between the FRP actual confining stress and the dynamic compressive strength of FCHC. It can be seen from Figure 13 that the dynamic compressive strength is influenced by the actual FRP confining stress and the dynamic compressive strength of FCHC is proportional to the actual confining stress. The actual axial capacity contribution of the FRP can be estimated by subtracting the axial dynamic capacity of the unconfined concrete from the corresponding axial dynamic capacity of FCHC. The dynamic compressive strength of FCHC can be estimated by the following formula:


fcc,d′=fco,d′+kfl.



(8)







Among them, fcc,d′ and fco,d′ are FCC’s dynamic compressive strength and unconfined concrete dynamic compressive strength, respectively; k is the constraint validity coefficient formulated by experimental data; and fl is the nominal maximum confining stress provided by the FRP.



The relationship between the strain rate and the DIF of NSC, which can be used for design and analysis, is given by the International Federation for Structural Concrete (fib) [60]. However, the inevitable structural effects, such as the transverse inertia effect and the end friction restraint effect, will occur in the high-speed impact test of concrete materials. Hao and Hao [61] used the numerical simulation method to remove the influence of transverse inertia and the end friction constraint from the relationship of CEB and obtained an exact equation for the DIF of concrete as follows:


{ DIF=fco,d′fco′=0.0419(logεd.)+1.2165, εd.≤30s−1 DIF=fco,d′fco′=0.8988(logεd.)2−2.8255(logεd.)+3.4907, εd.>30s−1.



(9)







It is assumed that whether the specimens are subjected to static or dynamic pressure, the confinement mechanism of the FRP remains unchanged. Referring to the compressive strength model of FCC proposed by Lam and Teng [57], which has been widely accepted, the following formula is used to determine the static compressive strength of FCC:


fcc′fco′=1+3.3flfco′,



(10)




where fl is determined by the following formula:


fl=kε2ffrptd,



(11)




where fcc′ is the compressive strength of concrete confined by the FRP; fcc′ is the compressive strength of unconfined concrete; ffrp and t are the tensile strength and thickness of the FRP, respectively; d is the diameter of the confined concrete; and kε is the hoop strain effective coefficient of the FRP [57], that is, the ratio of the actual fracture strain of the FRP to the fracture strain of the FRP measured by the tensile test. Equation 10 includes all the material properties of the FRP and takes the influence of the diameter of the circular section specimen on the confinement stress into account.



Teng et al. [56] improved the FCC model in 2009, where the revised model was demonstrated to be capable for FCHC under static compression [59]. The compressive strength of FCC specified in Teng et al. [56] is evaluated by the following equations:


{fcc′fco′=1+3.5(ρk−0.01)ρε,ρk≥0.01fcc′fco′=1 , ρk<0.01 ,



(12)






ρk=2Efrpt(fco′εco)D,



(13)






ρε=εh,rupεco,



(14)




where ρk is the confined stiffness of FCC; ρε is the strain ratio; Efrp and t are the elastic modulus and thickness of the FRP, respectively; D is the diameter of the confined concrete; εh,rup is the hoop fracture strain of FRP; and εco is the axial strain of unconfined concrete. On the basis of this model, the compressive strength in Equation 10 can be replaced by the corresponding dynamic compressive strength and the coefficient 3.5 can be modified by a number of dynamic compression tests on FCHC. Therefore, the dynamic compressive strength of FCHC can be predicted by the following equation:


{fcc,d′fco,s′=1+α (ρk−0.01)ρε, ρk≥0.01 fcc,d′fco,s′=1, ρk<0.01,



(15)




where α is a constant to be identified.



Based on a regression analysis against the test data of Table 4 and Table 5, α = 3.95 was obtained. Note that the test results shown in Table 5 are collected from Xiong et al. [32], in which an experimental program including the dynamic compression tests on the FCHC is presented. To verify the accuracy of the model, the experimental values are compared with the predicted values. As shown in Figure 14, the predicted values from the proposed model are in close agreement with the test results. Finally, the experimental results are compared with the predictions from the existing models [31,52], namely, Yang and Song’s model [31] and Pham and Hao’s model [52]. The standard deviation (SD) and the average absolute error (AAE) of these models are shown to be calculated in the figure to identify the accuracy. The comparisons are shown in Figure 14, which indicates that the proposed model is more accurate than the existing models [31,52].





6. Conclusions


An experimental study on the effect of the strain rate on the axial compressive behavior FCHC in circular cylinders was conducted and the results are presented and discussed in the current paper. Additionally, a new design-oriented dynamic compressive strength model for FCHC was proposed based on the test database (including the test results from the present study and the available literature). Based on the test results and the comparisons presented above, the following conclusions can be drawn:




	(1)

	
The compressive strength and the corresponding strain increase with an increase in the strain rate for both FRP-confined and unconfined high-strength concrete.




	(2)

	
The increase in the FRP confinement ratio leads to an increase in the dynamic increase factor of FCHC, regardless of the type of FRP jacket. The efficiency of the FRP is not proportional to the FRP confinement ratio. For FCHC with the same type of FRP jacket, the DIF of the three-layer FRP-confined specimen is the smallest and the dynamic increment factor is the largest for the one-layer FRP-confined specimen. This is due to the confinement lag effect in the confined concrete under dynamic loadings. Namely, dynamic compression leads to failure of the concrete, but the failure is not necessarily developed timely in the FRP jacket.




	(3)

	
Given the same FRP confinement condition, the DIF of the AFRP-confined high-strength concrete is the largest, indicating that AFRP-confined high-strength concrete has a favorable impact resistance. This is due to the larger FRP hoop strain efficiency for the AFRP.




	(4)

	
The energy absorption of confined concrete increases with an increase in the strain rate.




	(5)

	
The proposed modified design-oriented strength model can provide close predictions to the dynamic compressive strength of FCHC and is more accurate than the existing dynamic strength models for FCHC.
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Figure 1. Tensile stress–strain curves of FRP flat sheets: (a) AFRP specimens, (b) BFRP specimens, and (c) CFRP specimens. 
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Figure 2. Typical shaped waveforms during SHPB tests (no specimen). 
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Figure 3. Typical failure modes of the unconfined concrete and FCHC specimens: (a) S-0; (b) S-C1; (c) S-B1; and (d) S-A1. 
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Figure 4. Stress–strain curves of the unconfined high-strength concrete specimens under quasi-static compression. 
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Figure 5. Stress–strain curves of the BFRP-confined concrete specimens under quasi-static compression. (a) One-layer BFRP-confined specimens; (b) Two-layer BFRP-confined specimens; (c) Three-layer BFRP-confined specimens; and (d) BFRP-confined and unconfined specimens. 
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Figure 6. Stress–strain curves of the AFRP-confined concrete specimens under quasi-static compression. (a) One-layer AFRP-confined specimens; (b) Two-layer AFRP-confined specimens; (c) Three-layer AFRP-confined specimens; and (d) AFRP-confined and unconfined specimens. 
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Figure 7. Stress–strain curves of the CFRP-confined concrete specimens under quasi-static compression. (a) One-layer CFRP-confined specimens; (b) Two-layer CFRP-confined specimens; (c) Three-layer CFRP-confined specimens; and (d) CFRP-confined and unconfined specimens. 
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Figure 8. Typical failure modes of FRP-confined and unconfined high-strength concrete specimens under impact loading. (a) Typical failure mode of unconfined high-strength concrete specimens under dynamic compression loadings; (b) Specimens with a one-layer BFRP jacket; (c) Specimens with a three-layer BFRP jacket; (d) Specimens with a one-layer AFRP jacket; (e) Specimens with a three-layer AFRP jacket; (f) Specimens with a one-layer CFRP jacket; and (g) Specimens with a three-layer CFRP jacket. 
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Figure 9. Stress–Strain curves of FCHC under dynamic compression. (a) Unconfined specimens; (b) One-layer BFRP-confined specimens; (c) Two-layer BFRP-confined specimens (d) Three-layer BFRP-confined specimens; (e) One-layer AFRP-confined specimens; (f) Two-layer AFRP-confined specimens; (g) Three-layer AFRP-confined specimens; (h) One-layer CFRP-confined specimens; (i) Two-layer CFRP-confined specimens; and (j) Three-layer CFRP-confined specimens. 
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Figure 10. Relationship between the FCHC peak stress and the strain rate. (a) CFRP-confined specimens; (b) AFRP-confined specimens; and (c) CFRP-confined specimens. 
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Figure 11. Relationship between the DIF and the logarithm of strain rate. (a) BFRP-confined specimens; (b) AFRP-confined specimens; and (c) CFRP-confined specimens. 
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Figure 12. Relationship between the energy absorption and the strain rate. (a) BFRP-confined specimens; (b) AFRP-confined specimens; and (c) CFRP-confined specimens. 
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Figure 13. Relationship between the FRP confining stress and the dynamic compressive strength of FCHC. 
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Figure 14. Experimental and predicted values of dynamic compressive strength of FCHC. 






Figure 14. Experimental and predicted values of dynamic compressive strength of FCHC.



[image: Applsci 09 02830 g014]







[image: Table]





Table 1. Mix proportions of concrete.
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	Cement/kg·m−3
	Water/kg·m−3
	Fine Aggregate/kg·m−3
	Course Aggregate/kg·m−3
	Water Reducer/kg·m−3
	fco′
	εco
	Ec





	477.8
	172.0
	560.07
	1190.1
	5.0
	71.2
	0.0023
	44.7










[image: Table]





Table 2. Tensile test results of FRP flat coupons.
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Specimen

	
Tensile Strength (MPa)

	
Rupture Strain (%)

	
Modulus of Elasticity (GPa)




	
Test

	
Average

	
Test

	
Average

	
Test

	
Average






	
S-A-1

	
2288.2

	
2350.7

	
1.33

	
1.32

	
172

	
177.7




	
S-A-2

	
2533.5

	
1.42

	
178.4




	
S-A-3

	
2230.5

	
1.22

	
182.8




	
S-B-1

	
949.2

	
890.2

	
1.66

	
1.6

	
57.2

	
56.6




	
S-B-2

	
910.5

	
1.62

	
56.2




	
S-B-3

	
850.1

	
1.51

	
56.3




	
S-C-1

	
4004.5

	
4021.8

	
1.66

	
1.67

	
241.2

	
241.3




	
S-C-2

	
4080.9

	
1.69

	
241.5




	
S-C-3

	
3980.1

	
1.65

	
241.2
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Table 3. Test results of specimens under quasi-static compression loadings.
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Specimen

	
fco′ or fcc′ (MPa)

Test Average

	
fcc′fco′

	
εco or εcu (MPa)

Test Average

	
εcuεco

	
FRP Hoop Rupture Strain

εh,rup

Test Average

	
εh,rupεf

	
Modulus of Elasticity

Ec(GPa)

Test Average






	
S-0-1

	
70.55

	
71.21

	
N.A.

	
0.0023

	
0.0023

	
N.A.

	
−0.0008

	
−0.0007

	
N.A.

	
46.75

	
44.70




	
S-0-2

	
71.87

	
0.0023

	
−0.0007

	
44.31




	
S-0-3

	
63.54

	
0.0024

	
−0.0007

	
43.03




	
S-B1-1

	
75.41

	
75.96

	
1.07

	
0.0030

	
0.0030

	
1.30

	
−0.0013

	
−0.0021

	
0.13

	
41.33

	
41.48




	
S-B1-2

	
74.01

	
0.0031

	
−0.0028

	
40.25




	
S-B1-3

	
78.47

	
0.0030

	
−0.0022

	
42.86




	
S-B2-1

	
80.25

	
80.32

	
1.13

	
0.0031

	
0.0035

	
1.53

	
−0.0028

	
−0.0028

	
0.18

	
39.69

	
41.38




	
S-B2-2

	
80.38

	
0.0039

	
−0.0027

	
43.06




	
S-B2-3

	
68.41

	
0.0030

	
−0.0035

	
49.36




	
S-B3-1

	
93.12

	
93.25

	
1.31

	
0.0079

	
0.0075

	
3.26

	
−0.0132

	
−0.0133

	
0.83

	
41.93

	
41.08




	
S-B3-2

	
90.45

	
0.0070

	
−0.0126

	
39.33




	
S-B3-3

	
96.18

	
0.0077

	
−0.0140

	
41.97




	
S-A1-1

	
77.32

	
94.01

	
1.32

	
0.0038

	
0.0109

	
4.73

	
−0.0052

	
−0.0150

	
1.14

	
44.40

	
40.55




	
S-A1-2

	
97.96

	
0.0115

	
−0.0163

	
41.75




	
S-A1-3

	
90.06

	
0.0102

	
−0.0136

	
39.95




	
S-A2-1

	
115.41

	
127.66

	
1.79

	
0.0138

	
0.0170

	
7.39

	
−0.0131

	
−0.0192

	
1.45

	
42.86

	
39.45




	
S-A2-2

	
129.04

	
0.0171

	
−0.0193

	
38.14




	
S-A2-3

	
128.41

	
0.0169

	
−0.0190

	
37.34




	
S-A3-1

	
170.96

	
164.67

	
2.31

	
0.0192

	
0.0192

	
8.35

	
−0.0194

	
−0.0186

	
1.41

	
47.28

	
39.69




	
S-A3-2

	
162.42

	
0.0176

	
−0.0179

	
36.24




	
S-A3-3

	
160.64

	
0.0209

	
−0.0134

	
35.56




	
S-C1-1

	
105.39

	
105.83

	
1.49

	
0.0114

	
0.0115

	
5.00

	
−0.0130

	
−0.0129

	
0.77

	
39.74

	
39.04




	
S-C1-2

	
99.26

	
0.0114

	
−0.0126

	
37.78




	
S-C1-3

	
112.84

	
0.0116

	
−0.0132

	
39.60




	
S-C2-1

	
150.31

	
149.43

	
2.10

	
0.0198

	
0.0191

	
8.30

	
−0.0161

	
−0.0160

	
0.96

	
35.92

	
38.87




	
S-C2-2

	
126.64

	
0.0152

	
−0.0138

	
38.71




	
S-C2-3

	
148.54

	
0.0183

	
−0.0158

	
41.97




	
S-C3-2

	
192.36

	
197.71

	
2.78

	
0.0183

	
0.0212

	
9.22

	
−0.0150

	
−0.0153

	
0.92

	
42.22

	
38.68




	
S-C3-3

	
203.06

	
0.0241

	
−0.0156

	
35.14
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Table 4. Test results of specimens under dynamic compression loadings.






Table 4. Test results of specimens under dynamic compression loadings.





	Specimen
	FRP Thickness
	Launch Pressure (MPa)
	Projectile Velocity (m·s−1)
	Strain Rate (s−1)
	fcc,D′(MPa)
	εcc
	fcc,D′fcc,s′
	Failure Pattern





	D-0-1
	0
	0.30
	4.398
	31.81
	61.51
	0.0162
	0.86
	A



	D-0-2
	0
	0.40
	5.608
	52.02
	73.55
	0.0220
	1.03
	B



	D-0-3
	0
	0.40
	5.930
	62.05
	78.27
	0.0252
	1.10
	B



	D-0-4
	0
	0.45
	6.411
	84.24
	87.64
	0.0275
	1.23
	B



	D-0-5
	0
	0.50
	7.083
	120.94
	99.75
	0.0301
	1.40
	B



	D-B1-1
	0.169
	0.40
	5.042
	11.47
	91.81
	0.0079
	1.21
	A



	D-B1-2
	0.169
	0.50
	6.190
	34.67
	106.83
	0.0168
	1.41
	A



	D-B1-3
	0.169
	0.60
	7.101
	46.97
	110.72
	0.0195
	1.46
	B+C



	D-B1-4
	0.169
	0.70
	9.569
	88.52
	114.38
	0.0383
	1.51
	B+C



	D-B1-5
	0.169
	0.70
	9.820
	112.93
	120.72
	0.0458
	1.59
	B+C



	D-B2-1
	0.338
	0.50
	6.239
	24.46
	102.70
	0.0134
	1.28
	A



	D-B2-2
	0.338
	0.60
	7.570
	46.81
	113.85
	0.0188
	1.42
	A



	D-B2-3
	0.338
	0.70
	9.161
	69.56
	125.23
	0.0298
	1.56
	B+C



	D-B2-4
	0.338
	0.80
	10.775
	97.80
	129.46
	0.0423
	1.61
	B+C



	D-B2-5
	0.338
	0.90
	11.061
	128.31
	141.35
	0.0526
	1.76
	B+C



	D-B3-1
	0.507
	0.45
	5.958
	16.03
	103.05
	0.0146
	1.11
	A



	D-B3-2
	0.507
	0.60
	8.405
	45.59
	120.21
	0.0198
	1.29
	A



	D-B3-3
	0.507
	0.70
	9.308
	65.16
	131.65
	0.0289
	1.41
	A



	D-B3-4
	0.507
	0.70
	9.569
	76.61
	133.60
	0.0373
	1.43
	A



	D-B3-5
	0.507
	0.90
	11.089
	103.89
	135.45
	0.0462
	1.45
	B+C



	D-B3-6
	0.507
	0.95
	11.296
	121.87
	139.15
	0.0483
	1.49
	B+C



	D-A1-1
	0.167
	0.40
	4.746
	17.58
	93.73
	0.0082
	1.00
	A



	D-A1-2
	0.167
	0.50
	6.503
	30.24
	111.64
	0.0102
	1.19
	A



	D-A1-3
	0.167
	0.55
	7.595
	40.02
	114.97
	0.0173
	1.22
	A



	D-A1-4
	0.167
	0.60
	7.919
	42.26
	121.97
	0.0216
	1.30
	B+C



	D-A1-5
	0.167
	0.70
	8.984
	51.59
	124.04
	0.0289
	1.32
	B+C



	D-A2-1
	0.334
	0.50
	7.340
	22.03
	123.69
	0.0177
	0.97
	A



	D-A2-2
	0.334
	0.60
	7.998
	34.24
	133.66
	0.0190
	1.05
	A



	D-A2-3
	0.334
	0.70
	9.242
	51.92
	145.76
	0.0231
	1.14
	A



	D-A2-4
	0.334
	0.80
	10.124
	65.04
	151.13
	0.0251
	1.18
	B+C



	D-A2-5
	0.334
	0.85
	10.931
	78.90
	158.57
	0.0324
	1.24
	B+C



	D-A3-1
	0.501
	0.70
	9.640
	27.68
	155.50
	0.0212
	0.94
	A



	D-A3-2
	0.501
	0.90
	11.028
	37.98
	165.50
	0.0272
	1.00
	A



	D-A3-3
	0.501
	0.95
	11.540
	45.82
	168.63
	0.0320
	1.02
	B+C



	D-A3-4
	0.501
	1.00
	12.059
	60.73
	181.23
	0.0328
	1.10
	B+C



	D-A3-5
	0.501
	1.05
	12.236
	65.87
	183.10
	0.0343
	1.11
	B+C



	D-C1-1
	0.167
	0.50
	6.563
	13.41
	113.43
	0.0094
	1.07
	A



	D-C1-2
	0.167
	0.55
	6.962
	21.89
	118.39
	0.0178
	1.12
	A



	D-C1-3
	0.167
	0.70
	9.004
	49.95
	126.05
	0.0266
	1.19
	B+C



	D-C1-4
	0.167
	0.75
	9.265
	67.47
	128.25
	0.0315
	1.21
	B+C



	D-C1-5
	0.167
	0.80
	10.479
	100.68
	130.81
	0.0340
	1.24
	B+C



	D-C2-1
	0.334
	0.70
	8.936
	21.13
	151.77
	0.0178
	1.02
	A



	D-C2-2
	0.334
	0.80
	9.631
	28.54
	153.23
	0.0233
	1.03
	A



	D-C2-3
	0.334
	0.85
	9.888
	50.22
	157.92
	0.0254
	1.06
	A



	D-C2-4
	0.334
	0.90
	10.914
	78.10
	162.18
	0.0266
	1.09
	B+C



	D-C2-5
	0.334
	0.95
	11.778
	96.86
	163.95
	0.0336
	1.10
	B+C



	D-C3-1
	0.501
	0.80
	10.282
	29.98
	155.05
	0.0211
	0.78
	A



	D-C3-2
	0.501
	0.85
	10.411
	42.73
	169.43
	0.0222
	0.86
	A



	D-C3-3
	0.501
	0.90
	11.441
	53.91
	179.11
	0.0247
	0.91
	A



	D-C3-4
	0.501
	1.00
	12.221
	62.70
	183.68
	0.0259
	0.93
	A



	D-C3-5
	0.501
	1.05
	13.149
	74.87
	192.95
	0.0269
	0.98
	B+C







Note: A—Concrete cracking failure; B—Concrete crushing failure; C—FRP rupture failure.
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