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Abstract

:

Fortification structures, both military and civilian, are designed to resist a blast explosion to some extent. Their technical condition after a blast load must be assessed in a fast and reliable way to enable the users’ decision about the future use of the structure. Preferably, for the assessment of the protective structure, the non-destructive testing method should be used. To assess the suitability of ultrasound testing method for fortification structures built from steel fiber reinforced concrete, an investigation in a laboratory and in situ was conducted, together with numerical simulation and statistical evaluation. The numerical simulation of the blast load of a steel fiber reinforced concrete slab was conducted using multiphysics simulation software with the aim to verify basic parameters of the field experiment. During the field tests, several slabs were loaded by plastic explosive and changes in the structure of the slabs, before and after the blast load, were examined using the ultrasound pass-through method. After the field tests, the slabs were subjected to a destructive laboratory test to determine their residual strength. Subsequently, the data sets obtained from the measurements were tested using functional data analysis. The results from the ultrasound pulse method show that specimens after a dynamic blast load can in some cases increase the strength of their cement matrix.
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1. Introduction


The change in the safety environment is an increasingly topical issue of design and construction of structures that would be able to withstand not only permanent and variable load but especially accidental action, which acts briefly. Their value is significant [1,2], particularly the ability to withstand loads such as t military fortifications and defense infrastructure. At the same time, it can be stated that, due to the current threats, it is possible to extend the term of fortification structures not only to the military area of force protection, but also to the area of civil defense. Buildings with parameters of fortification structures belong not only to the group of military defense infrastructure, but also to a group of critical public infrastructure.



For military fortifications, the issue of reusability of structures while maintaining their protective properties is also hugely important. The assessment of the condition of critical infrastructure usually does not take into account repeated blast load, as this kind of load is considered rare. For these reasons, design evaluation methods are based on a combination of non-destructive and semi-destructive methods [3]. However, if it is assumed, in the case of military fortifications, that their further availability can sustain repeated load, it is not possible to disrupt the integrity of the envelope of the structure, for example, by a core bore. Because of these reasons, a method of evaluating the condition of these structures using a combination of non-destructive methods that could be used in situ was sought [4,5].



This article follows up on the study [5] which documents the preparatory phase of experimental measurement. It describes the material batch A2, which consists of rectangular thin slabs with dimensions of 700 × 700 × 60 mm and made of SFRC (steel fiber reinforced concrete). The mixture and mechanical properties of the testing specimens were also published in [5]. Six specimens (A2_1 to A2_6) were produced in this batch. Three specimens (A2_1 to A2_3) were taken to the military training area and loaded with a blast, and specimens A2_3 to A2_6 were tested in a laboratory. This article describes a field experiment of blast load of test specimens made of SFRC. The SFRC is a material with a high-energy absorption capacity and high toughness due to its high ductility. Understanding of the behavior of SFRC for blast loads is crucial for finding a method suitable for evaluating the condition of fortification structures subjected to a blast load.



The dispersed reinforcement in the form of fibers significantly affects the working diagram of the material in compression but especially in tension. As a result, the SFRC differs qualitatively from plain concrete, as it achieves higher strengths and it is characterized by higher toughness. Thanks to these material properties, the SFRC is very resistant to shocks, and therefore is used in dynamically loaded structures. The toughness and associated properties of SFRC are based on the fracture process of the composite material during loading, during which the fibers are pulled out and torn at the same time as the number and width of cracks in the brittle matrix increase. The even distribution of the fibers leads to the effect of their spatial action in the structure of the composite and to the stiffening of its entire structure [6,7].




2. Numerical Simulation of Experimental Measurements


Before the experimental measurement itself, a numerical simulation of the slab load in the LS-DYNA software environment was performed at the Department of Engineering Technologies. The simulation tied the experimental layout in all essential aspects of the experiment, i.e., the dimensions of the slabs, their static scheme and the material composition of individual specimens. The computational model was as follows: a concrete slab specimen (Figure 1) is freely laid on the rectangular frame support with rectangular inner hole (Figure 2). A blast loading from the specified distance (Figure 3) caused structural damage to the specimen (Figure 4). The aim of the simulation was the first assessment of the amount of explosive needed for the experiment so that cracks would develop in a substantial part of the slabs from explosion loading and which could be subsequently assessed by NDT methods.



2.1. Computational Model


As mentioned above, the simulation was performed in LS-Dyna, which was developed as an explicit numerical analysis code and has since been widely used to solve high strain-rate problems or dynamic and impulsive problems with its advanced Eulerian, Lagrangian and Arbitrary Lagrangian-Eulerian (ALE) solvers [8]. The setup of the simulations follows the steps and recommendations from [8,9,10,11,12,13,14], while using values of input parameters from previous works of the authors [5].



From the CAD model of the slab with dimensions of 700 × 700 × 60 mm, a mesh of finite elements was generated. The Solid type hexahedron elements with an edge length of 2.5 mm were used to discretize the model (Figure 1), [10].



The idealized discretized model of the supporting frame was created from the Shell type elements of Rigid material with a size of 2.5 mm without degrees of freedom (Figure 1), [10]. To simplify the boundary conditions, it was assumed that the friction between the surfaces of the test slab and the supporting frame did not allow the slab to move or rotate horizontally during the pressure wave load.



Mat_Winfrith_Concrete was chosen as the material model of the concrete. This nonlinear material model is intended for modeling plain and reinforced concrete [11,12,13]. The influence of the deformation rate on the mechanical-physical properties of concrete is covered in the Mat_Winfirth_Concrete material model via dynamic coefficients of material parameters, which change the basic material parameters of concrete acquired from quasi-static tests. As described in [12], this option can be activated on the material model card by setting rate = 0.0 (Table 1).



When modeling the reinforcement of the slabs of batches A2, explicit modeling of the fiber reinforcement (Table 2, Figure 2) was used. Interaction of the reinforcement with concrete mesh was controlled by the Constrain_Beam_In_Solid card.



Table 1 describes the Winfrith material model of concrete with cubic compressive strength ucs = 69.7 MPa, tensile strength uts = 5.9 MPa, density ro = 2365 kg·m−3, maximum aggregate size asize = 5 mm, fracture energy fe = 500 J·m−2 with strain rate effects turned on (rate = 0.0).



Table 2 describes the material properties of the steel fiber reinforcement, where den-sity ro = 7860 kg·m−3, Young’s modulus e = 203 GPa, Poisson’s ratio pr = 0.3, yield stress sigy = 950 MPa and tangent modulus etan = 3 GPa. The fibers were generated according to specification of the batch A_2. An idealized model of the reinforcement as 60 mm long steel fibers of the quantity of 60 kg·m−3 of the concrete mix was generated. The fibers in the computational model were generated in a way, where the concrete mesh completely encapsulated the fibers, the fibers were uniformly distributed in the concrete mix, and there was no preferential orientation of the fibers.



To simulate the explosion itself, an approach of explicit air and explosive modeling was used together with the usage of multi-material ALE formulation of elements with the assignment of appropriate equations of state (EOS) to the materials and a combustion model controlling the detonation behavior. In the initialization phase, the entire ALE network was filled with air (EOS_Linear_Polynomial, Mat_Null), (Figure 3), [14]. Next, the volume part of the spherical elements was filled with explosive (EOS_Wilkinson_Lee, Mat_High_Explosive_Burn), (Figure 3), [10]. The center of the sphere at a distance of 600 mm was equal to the height of the specimen located on the upper part of the stand. The interaction between a solid structure representing a concrete element defined by Lagrange-type elements and the ALE network was specified using the Constrain_Lagrange_In_Solid card [10]. The calculation time of the simulation was set to 3.5 ms.




2.2. Simulation Results


A parametric simulation was performed for a slab of the batch A2. The only changing input parameter in this simulation was the amount of explosives. Due to the objectives of the work, the development of cracks in the slab, caused by the loading from the explosion, was set as the output parameter. Table 3 shows the result of the simulations, i.e., the amount of TNT sufficient to damage the slab (Figure 4). Based on these results, an experimental measurement during the field tests could have been subsequently performed.





3. Experiment Setup


Based on the determination of the amount of explosives using mathematical simulation, a plan of testing was proposed, as shown in Table 4.



To simulate the load of the structure by the blast, an improvised stand was chosen. It simulated the behavior of the specimen in the real structure so that the slab was supported along the entire circumference and the explosive was suspended above the specimen at a height of 560–580 mm (Figure 5). The stand was made from a precast foundation block (Figure 6).




4. Verification of Changes in Material Properties of Loaded Specimens by Ultrasound Direct Pass Method


To determine the changes between the condition of the specimens before and after the blast load, an ultrasound pass-through method was used. A prerequisite for the use of this method was the fact that longitudinal cracks would develop after the blast load. When ultrasound waves pass through the concrete-air interface, the velocity of passage through the specimen is reduced (Figure 7). For the sake of clarity, only the differences in measured velocities of passage of the ultrasound waves through the specimens, before and after blast load, are shown.



4.1. Specimen A2_1 Made from SFRC


The graph of differences in measured velocities [m·s−1] of ultrasound waves for specimen A2_1 before and after blast load of 475 g TNT is shown in Figure 8. It can be seen from the graph that negative values were measured (when the passage of the ultrasound waves accelerated through the specimen), but the number and distribution of these values is better seen in Figure 9. The number of points where the acceleration of the passage of ultrasound waves through the material was measured, compared to the expected deceleration, and was 52.9% of all measured points. Figure 9 shows the reverse side of the specimen with visible transverse cracks oriented from the center to the corners of the specimen, which is characteristic for a fast dynamic load.




4.2. Specimen A2_2 Made from SFRC


The graph of differences in measured velocities [m·s−1] of ultrasound waves for specimen A2_2 before and after blast load of 350 g TNT is shown in Figure 10. It can be seen from the graph that negative values were measured (when the passage of the ultrasound waves accelerated through the specimen), but the number and distribution of these values is better seen in Figure 11. The number of points where the acceleration of the passage of ultrasound waves through the material was measured, compared to the expected deceleration, was 42.9% of all measured points. Figure 11 shows the reverse side of the specimen without any visible transverse cracks oriented from the center to the corners of the specimen, which is characteristic for a fast dynamic load.




4.3. Specimen A2_3 Made from SFRC


The graph of differences in measured velocities [m·s−1] of ultrasound waves for specimen A2_3 before and after blast load of 600 g TNT is shown in Figure 12. It can be seen from the graph that negative values were not measured at all (when the passage of the ultrasound waves accelerated through the specimen). The number and distribution of measured values is better seen in Figure 13. The expected deceleration of the ultrasound waves occurred in the majority of measuring points (41 out of 45 points). There was no change in measured velocities in eight points (points of green color). Figure 13 shows the reverse side of the specimen with visible transverse cracks oriented from the center to the corners of the specimen, which is characteristic for a fast dynamic load.




4.4. Evaluation of Differences in the Results of Ultrasound Wave Velocity Measurement, Batch of Specimens A2_1 to A2_3


A characteristic feature of porous materials, which includes concrete [15,16], is the ability to compact themselves under compressive loading, i.e., reducing the porosity or increasing their density. The course of such compaction can be described by an idealized curve of porosity dependence, resp. density of material at applied pressure [17,18]. The initial compaction of the material has an elastic character due to the elastic deflection of the cell walls of the material. After exceeding this limit of compressive stress, a permanent plastic deformation occurs, resulting in a volume change of the material accompanied by an increase in the density of the material until complete compaction (Figure 14).



When using the ultrasound method, the dependence of the velocity of ultrasound passage on the properties of the material can be described by the formula [19]:


   v u  =   10  3  · k ·    E ρ     



(1)




where    v u    [m·s−1] is the speed of signal propagation, E [MPa] is the modulus of elasticity,  ρ  [kg·m−3] is the density of the material and k is the coefficient of environmental dimensionality [–].



As can be seen from Equation (1), the rate at which the ultrasound signal passes through the material depends on the modulus of elasticity and the density of the material. As shown in [20,21,22], the modulus of elasticity of porous materials is also dependent on the porosity itself, i.e., E = f (ρ). With a decreasing value of porosity, as the density of the material increases, the value of the modulus of elasticity increases also.



The increasing value of the ratio of the terms below the square root in Equation (1) therefore results in an overall increase of the value of the speed of propagation of the ultrasound signal in the evaluated specimens. This fact was found after evaluating the measured values on specimens A2_1 and A2_2 (Figure 8, Figure 9, Figure 10, Figure 11). The average percentage increase in the rate of propagation of the ultrasound signal in the specimen A2_1 was 0.97%. For specimen A2_2 it was 1.77%. For sample A2_3, no increase in velocity was detected at any point. On the contrary, a decrease in passage velocity was measured at most points (Figure 12 and Figure 13). In this specimen, it can be stated that the failure of the material, i.e., the development of cracks in the specimen are so large in the whole volume of material that it caused the ultrasound signal to propagate along a path longer than the smallest possible, i.e., perpendicular to the cross section of the specimen, in contrast to the first two cases [5,23,24]. This fact is confirmed by the lowest value of the residual strength of the material in the specimen A2_3 (Figure 13).





5. Destructive Determination of the Residual Strength of Specimens in a Laboratory for Extrusion


For the determination of difference in the residual strength of loaded specimens compared to unloaded ones, a non-standardized test was prepared. Static tests were designed to follow a static load of the specimens. The specimens were supported along their circumference and the loading, of a spherical shape, acted in the middle of the slab (Figure 15). The main difference was the speed of the load test. Figure 16 shows the typical development of cracks in a statically loaded slab supported along its circumference where cracks tend to form in the shortest direction to the circumference of the slab. In contrast, Figure 17 and Figure 18 show a typical crack development for fast dynamic loading, where cracks tend to form diagonally.



5.1. Batch of Specimens A2 Made from SFRC


Six slabs made from SFRC were divided into two sets: A2_1 to A2_3, which were subjected to dynamic load before the load test, and a set of slabs A2_4 to A2_6, which were tested without prior dynamic load (Figure 19). Mechanical and physical parameters were first determined on the accompanying elements of the same recipe and age. The compressive strength fc = 70 MPa and the bulk density ρ = 2410 kg·m−3 were determined. In Figure 19, the individual loading curves of all fiber reinforced concrete slabs are shown. At first glance, it is clear that the loading force reached half the value compared to the results performed on UHPC slabs (ultra-high performance concrete). The assumption was that after reaching the maximum loading force, the fibers would provide a very gradually decreasing value of the loading force and that the assumption of the toughness of this material would be confirmed.



The fibers that are usually used in SFRC, e.g., steel or plastic, do not connect very well with hardened concrete due to very low fiber-concrete bond. Most of the fibers that are used in civil engineering have an elastic modulus adequately higher than concrete itself, guaranteeing good reinforcement qualities, and the SFRC products are of a high quality with appropriate properties, e.g., strength and toughness. However, one of the problems is due to insufficient fiber-concrete bond, where in many cases fibers during the load and the deformation of the building element pull out from the hardened concrete without using their high strength.



As it can be seen in Figure 20, the specimen A2_4 showed a significant decrease in force, almost 50%, after reaching the maximum force. In comparison with other slabs, the maximum value was reached relatively earlier, as the displacement of the crossbar was already around 4 mm (8 mm was value for the other slabs). Fiber reinforced concrete testing elements are generally very susceptible to the quality of the design, where the distribution of steel fibers in the entire volume of the element is very important, with emphasis on its homogeneity or uniformity of distribution. This difference in the graphical assessment of the obtained data from the load test may be caused by local inhomogeneity in the area around the point load. In load tests, where the load is transmitted only pointwise, and especially in fiber reinforced concrete, the arrangement of the fibers in the internal structure is very important. Another factor is the relatively small thickness of the test specimens (60 mm), which could affect the homogeneity of the testing elements. For the next planned experiments, it was therefore appropriate to produce more test specimens than the required minimal number of three samples in order to capture possible defects and inhomogeneity resulting from the production. For the remaining two fiber reinforced concrete slabs, almost the same trend of decreasing residual strength was observed.



Figure 21 shows the evaluation of specimens A2_1 to A2_3 separately from unloaded slabs. In the specimen A2_3, a noticeable sudden decrease in force can be seen, which, however, occurred only after a certain time from reaching the maximum value. Table 5 shows the values of the weights of the individual TNT charges with which the slabs were tested during the previous field tests. The achieved maximum forces corresponded very well with the values of the weights of the charges. It can therefore be stated that fiber reinforced concrete appears to be a suitable material for the purposes of implementation in protective structures with emphasis on the requirements of minimum residual load-bearing capacity.



When comparing the maximum forces for both sets of specimens, the maximum force decreased by 9 kN, which is roughly a decrease of less than 30%. It was 28.2% compared to the average value of the maximum forces on non-explosive slabs (Figure 22). It can be stated that this is a relatively large reduction in the maximum load-bearing capacity, but based on the graph, the activation of steel fibers is obvious, and this ensures a more gradual increase of deformations with increasing load. Therefore, the assumption of high toughness of this material is confirmed.




5.2. Evaluation of the Results of Measuring the Residual Strength of the Batch of Specimens A2_1 to A2_3


Based on Figure 19 showing the evaluation of laboratory tests of static point loading of the batch of specimens A2, we can assume that specimens after blast loading (A2_1 to A2_3) and specimens without blast loading (A2_4 to A2_6) show different curves of the force with respect to the displacement. However, the graphical comparison may not be conclusive, so we used a statistical test that compared both groups of curves. The test was based on the idea that each individual curve represents one observation.



The measurement records in Figure 23 represent a continuous process which is measured at discrete points. Therefore, functional data analysis is a suitable tool for the representation and subsequent data testing [25]. Functional comparison is usually performed on data sets that can be transformed into curves. Several different methods can be used, and we will used local polynomial kernel smoothing [26]. For pairs (xi, yi), i = 1, …, n, where x denotes displacement, y is force and n stands for total number of measuring points, we assume that there exists regression model E(yi | xi) = f(xi), where E is the expectation operator. The function f(x) is estimated using the weighted sum of observation:


  f  x  =   ∑   i = 1  n  W   x ,  x i  , h   ·  y i   



(2)




where W(x,xi,h) is a weight function that depends on observed displacements xi and on parameter h which affects smoothness of the resulting estimate [27].



To assess the similarity of both groups of measurements, i.e., before and after blast loading, we tested the hypothesis that the mean functions are the same against the alternative hypothesis that there is a displacement for which the curves differ. Therefore, we first calculated the mean functions and common covariance function of these functional data groups. Calculations are similar to the one-dimensional case [25]. The mean function for an individual group (k = 1, 2) is given by the formula:


   μ k   x  =  1   n k      ∑   i = 1    n k     f  i k    x   



(3)




and the covariance function is given by the formula.


  γ   x , u   =  1  n − 1     ∑   i = 1  2    ∑   j = 1    n i       f  i j    x  −  μ j   x    ·    f  i j    u  −  μ i   u     



(4)




where n1 = n2 = 3, because we have three specimens measured before blast loading and three specimens measured after blast loading. Figure 23 shows individual curves together with the respective mean functions and their common covariance function.



As for the test of the statistical hypothesis, it proceeds in the same way as in the one-dimensional case. Therefore, we formulated the null hypothesis H: μ1(x) = μ2(x), and the alternative hypothesis A: μ1(x) ≠ μ2(x) for some x. The test statistic is then takes the following form


  T  x  =    μ 1   x  −  μ 2   x         1   n 1    +  1   n 2      γ   x , x        



(5)







Test statistics T(x) follows Student’s t distribution with n − 2 degrees of freedom [28]. Since we have a very small number of curves, we use the permutation test to calculate the p-value [29]. The resulting p-value is equal to 0.10, which, compared to the significance level of 0.05, gives the result that the hypothesis H of equality of the mean functions cannot be rejected. Therefore, we did not prove that there is a difference between specimens exposed to blast loading and those without blast loading.



However, when evaluating the test, we have to take into account that the set of observations contains only six measurements, three in each group, which is a very small number. This was reflected in the calculation of the mean functions and covariance. With such a small number of observations, there was a strong influence of individual measurements, especially measurements with slightly different shape, such as specimens A2_3 and A2_4. It can be seen from Figure 23 that specimens without blast load require higher strength load for displacement, but at the same time, we can see that the covariance gains at the very beginning, i.e., at small displacement values, have a value that is quite high. This fact led to the nonrejection of the hypothesis of identical curves of strength with regard to the displacement for both groups of specimens.



In this case, it would be necessary to evaluate the influence of the quality of the material in order to be approximately the same within the individual groups, i.e., to ensure the homogeneity of the distribution of the fibers in the concrete. Most importantly, it would be necessary to perform measurements with a larger number of specimens in both groups, which would mitigate the effect of remote observations, which may be caused by the variety of fiber reinforced concrete and by other circumstances (e.g., humidity).





6. Discussion


Based on the results of measurement by the ultrasound pulse method, there were observable changes in the velocity of the ultrasound wave passing through the specimens after the previous blast load, i.e., there was an increase in the speed of the ultrasound waves. This phenomenon was not expected at the beginning of the experiment, but from the previous evaluation, it is clear that these changes are not negligible because of the high number of measuring points, where the increase in the velocity was demonstrated. The graphical evaluation of destructive laboratory tests shows a gradual decrease in strength after reaching the maximum load-bearing capacity, which affirms high stiffness of the material and its quality. Only for the specimen A2_3, was there a decrease in the velocity of the ultrasound wave after blast loading in all measuring points, i.e., there was no strengthening of SFRC. At the same time, from the evaluation of the decrease of the force depending on the increasing deflection, a faster decrease of the residual force after reaching the maximum bearing capacity is visible. It is possible to deduce a partial conclusion that there was a blast loading failure, and simultaneously the formation of cracks in the internal structure of the concrete slab was confirmed by NDT. After subsequent static load, and reaching Fmax, cracks opened and steel fibers were activated, which due to their hooked ends were not torn out from concrete but still were able to bear tensile stress. This result was expected for all three testing specimens, but was not proven.



The obtained measurement results show that in the case of SFRC slabs evaluated using the NDT ultrasound pulse method, after dynamic blast load, the cement matrix was strengthened in combination with a possible change in the orientation of steel fibers. As the SFRC recipe had a relatively high concentration of fibers, which is more often used for the production and assembly of military protective structures, rather than for civil engineering buildings, there could also be clusters of fibers, and this would subsequently affect the velocity of passage of ultrasound.



Another possible aspect explaining the increase in the velocity of ultrasound waves is, of course, the quality control of the production technology of the testing specimens themselves. This can be verified using other NDT methods such as radiography and computed tomography, which were not used in the initial phase of the experiment due to financial demands.



With regard to the designated concentration of steel fibers in concrete mixture, it is also possible to argue about the significance of the suggested dimensions of the specimens. The specimens with 60 mm of thickness can also affect the result of the ultrasound measurement with respect to the wavelength and the setup of the ultrasound device itself. In the subsequent phases of the experiment, further tests will be planned regarding the aspects described above, as they may have significantly influenced the obtained results.




7. Conclusions


From the achieved measurement results, it is possible to draw the following partial conclusions:



The ultrasound measurement method is very suitable for evaluating the degree of damage to the structures from SFRC exposed to a non-traditional dynamic load.



For the complexity of the methodology of evaluation of military structures built from the SFRC, it is necessary to perform more experiments with a higher number of specimens and to determine the extent of influence of specimen thickness, based on a non-uniform trend of ultrasonic velocity change before and after blast load.



For more accurate conclusions, it would be appropriate to use other NDT methods, i.e., the radiography for visual inspection of the uniformity of the distribution of steel fibers, which proved to be a very important parameter due to the selected high concentrations of steel fibers in the tested SFRC.



As already mentioned by the authors, this is a small part of the experiment aimed at creating a comprehensive methodology for the evaluation of military protective structures build from the SFRC in situ. Other planned measurements will be carried out based on the presented outputs.
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Figure 1. CAD models: (a) The mesh of the concrete slab: 700 × 700 × 6 mm; (b) The supporting frame: outer dimensions 700 × 700 mm, inner dimensions 400 × 400 mm. 
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Figure 2. Explicitly modelled beam reinforcement of MAT_PLSTIC_KINEMATIC, constrained in 700 × 700 × 60 mm concrete mesh. 
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Figure 3. The ALE mesh of the dimensions 850 × 850 × 1400 mm: (a) Filled with air (green) encapsulating the meshed slab (red); (b) Filled with explosive material (blue) in the 600 mm distance from the slab (black). 
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Figure 4. Reverse side of a damaged slab from the batch A2: (a) Cracks; (b) Cracks and crack opening strain color contours. 
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Figure 5. Experiment setup: (a) Stand with suspended explosive of 600 g TNT; (b) Stand with suspended explosive of 275 g TNT, 58 cm above the specimen. 
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Figure 6. Drawing of the stand and the specimen. 
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Figure 7. Assumption of the formation of longitudinal and transverse cracks, after blast load, affecting the velocity of passage of ultrasound waves through the specimen. 
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Figure 8. Graph of differences in measured velocities [m·s−1] of ultrasound wave for specimen A2_1 before and after blast load of 475 g TNT. 
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Figure 9. Schema of differences in measured velocities [m·s−1] of ultrasound wave for specimen A2_3 before and after blast load of 600 g TNT: acceleration (red color)–52.9% of points. 
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Figure 10. Graph of differences in measured velocities [m·s−1] of ultrasound wave for specimen A2_2 before and after blast load of 350 g TNT. 
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Figure 11. Schema of differences in measured velocities [m·s−1] of ultrasound waves for specimen A2_2 before and after blast load of 350 g TNT: acceleration (red color)–42.9% of points. 
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Figure 12. Graph of differences in measured velocities [m·s−1] of ultrasound wave for specimen A2_3 before and after blast load of 600 g TNT. 






Figure 12. Graph of differences in measured velocities [m·s−1] of ultrasound wave for specimen A2_3 before and after blast load of 600 g TNT.



[image: Applsci 11 08759 g012]







[image: Applsci 11 08759 g013 550] 





Figure 13. Schema of differences in measured velocities [m·s−1] of ultrasound waves for specimen A2_3 before and after blast load of 600 g TNT: acceleration (red color)–no point; no change (green color)–8 points; deceleration (blue color)–41 points. 
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Figure 14. Pressure-volume response for concrete. Reprinted with the permission from [17], 2021, Elsevier. 
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Figure 15. Specimen A2_5 loaded in a laboratory. 
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Figure 16. Specimen A2_5 after load test with cracks development typical after static loading. 
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Figure 17. Development of cracks in the specimen A2_3 after dynamic blast load by 600 g TNT. 
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Figure 18. Assumed damage to batch of specimens A2, made from SFRC, based on numerical simulation; cracks and deformation of the material ion the reverse side. 
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Figure 19. Graphic evaluation of laboratory tests of static point loading of the batch of specimens A2. Specimens A2_1 to A2_3 were tested after blast load, specimens A2_4 to A2_6 were tested before blast load. 
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Figure 20. Graphic evaluation of laboratory tests of static point loading of the batch of specimens A2 tested after 251 days after production. 
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Figure 21. Graphic evaluation of laboratory tests of static point loading of the batch of specimens A2 tested after blast load. 
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Figure 22. Graph of average values of monitored quantities for both sets of slabs made from SFRC. 
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Figure 23. Individual curves together with their mean function and common covariance function: (a) Mean function of specimens before blast loading; (b) Mean function of specimens after blast loading; (c) Contour plot of common covariance function of the two groups. 
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Table 1. Material model card used in LS-Dyna for Winfrith Concrete for batch A2 (kg, mm, ms, kN, GPa).






Table 1. Material model card used in LS-Dyna for Winfrith Concrete for batch A2 (kg, mm, ms, kN, GPa).





	

	

	
MAT_WINFRITH_CONCRETE

	

	






	
mid

	
ro

	
tm

	
pr

	
ucs

	
uts

	
fe

	
asize




	
1

	
2.37 × 10−6

	
40

	
0.2

	
0.069

	
0.0059

	
0.0005

	
5




	
e

	
ys

	
eh

	
uelong

	
rate

	
conm

	
conl

	
cont




	
0.00

	
0.00

	
0.00

	
0.00

	
0.0

	
−5

	
0.0

	
0.0
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Table 2. Material card for fiber reinforcement (kg, mm, ms, kN, GPa).
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MAT_PLSTIC_KINEMATIC

	

	

	






	
mid

	
ro

	
e

	
pr

	
sigy

	
etan

	
beta

	
src

	
srp

	
fs

	
vp




	
3

	
7.86 × 10−6

	
203.0

	
0.3

	
0.95

	
3.0

	
0.0

	
0.0

	
0.0

	
0.45

	
0.0
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Table 3. Mass of explosives for batch A2.
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	Batch
	Material
	Mass of Explosive

[g]





	A2
	SFRC
	450
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Table 4. Overview of testing for a batch of specimens A2.






Table 4. Overview of testing for a batch of specimens A2.





	
Batch

Material

	
Specimen

	
Mass of Explosive

[g]

	
Radiography

	
Ultrasound

Measurement

	
Laboratory

Testing 1






	
A2

SFRC

	
A2_1

	
475

	
Yes

	
Before and after

blast

	
After blast




	
A2_2

	
350

	
Yes

	
Before and after

blast

	
After blast




	
A2_3

	
600

	
Yes

	
Before and after

blast

	
After blast




	
A2_4

	
–

	
No

	
28 days after

production

	
28 days after

production




	
A2_5

	
–

	
No

	
28 days after

production

	
28 days after

production




	
A2_6

	
–

	
No

	
28 days after

production

	
28 days after

production








1 Determination of the strength along the circumference of specimen for ball extrusion.
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Table 5. Load weight values for field tests of SFRC slabs.
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Batch

Material

	
Specimen

	
Mass of Explosive

[g]






	
A2

SFRC

	
A2_1

	
475




	
A2_2

	
350




	
A2_3

	
600
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