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Abstract

:

Composite concrete structures, commonly found in urban infrastructures, such as highways and runways, are pivotal research object in the protection field. To study the dynamic response of composite concrete structures subjected to reactive jet penetration coupled with an explosive effect, a full-scale damage experiment of composite structures under the action of 150 mm caliber shaped charges was performed, to derive the dynamic damage modes of different concrete thicknesses under the combined kinetic and chemical energy damage effects. The results indicated that under aluminum jet penetration, concrete layers exhibited minor funnel craters and penetration holes. However, concrete layers displayed a variety of damage modes, including central penetration holes, funnel craters, bulges, and radial/circumferential cracks when subjected to the PTFE/Al jet. The area of the funnel crater expanded as the thickness of the concrete increased, while the height of the bulge and the number of radial cracks decreased. The diameter of penetration holes increased by 76.9% and the area of funnel crater increased by 578% in comparison to Al jet penetration damage. A modified-RHT concrete model that reflected concrete tensile failure was established, utilizing AUTODYN. Segmented numerical simulations of damage behavior were performed using the FEM-SPH algorithm and a restart approach combined with reactive jet characteristics. The spatial distribution characteristic of the reactive jet and the relationship between kinetic penetration and explosion-enhanced damage were obtained by the simulation, which showed good concordance with the experimental results. This study provides important reference data and a theoretical basis for the design of composite concrete structures to resist penetration and explosion.
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1. Introduction


In modern urban and military constructions, composite concrete structures are widely utilized due to their exceptional mechanical properties and durability [1]. These structures not only fulfill basic architectural functions but also play a crucial role in protection design. With the evolution of modern warfare and urban security threats, improving the protective capacity of composite concrete structures against high-speed impact and explosive loads has arisen as a research focus [2].



Composite concrete structures typically consist of multiple layers, including concrete, gravel layer, compacted soil, and foundation. These structures are widely used in various facilities such as building foundations, roads, and airport runways. The strength of the concrete layer determines the functionality and resistance of the structure against damage [3]. The complexity of the explosive damage mechanisms and the damage processes inside the composite concrete structures necessitate the description of multiple effect parameters [4,5]. However, conducting large-scale repetitive experiments is time-consuming and costly. Consequently, some researchers have investigated the dynamic response of single-layer concrete media under explosive effects [6,7,8], typically employing numerical simulations, small-charge experiments, or a limited number of full-scale experiments, combined with dimensional analysis to investigate the issues related to internal explosion damage in concrete and develop engineering models. Westine et al. used a similarity analysis to establish a damage model of explosive-damaged runways, which can be used to predict the response pattern, true crater size, and extent of concrete cracking [9]. Through simulation experiments, Wang et al. obtained experimental data on the damage effect of multi-layer media under different charges and burial depths, and used dimensional analysis to derive the functional expression of the damage effect of blasted concrete layers in multi-layer media [10]. Wan et al. first used projectiles to penetrate a scaled concrete target; they buried explosives in the target, and conducted damage assessment on the airport runway scaled target through experiments and numerical simulations [11]. However, internal explosions in composite concrete structures involve a series of problems, such as nonlinear structural response and high strain rate effects, while currently related studies are scarce. More complexly, as a typical protective structure, composite concrete structures must withstand various modes of damage, such as combined penetration and explosion damage. Due to the complexity of penetration and explosion mechanisms, current research has mostly focused on single-type damage from penetration or explosion [12,13,14].



The development of new energetic materials introduces new challenges in the penetration and explosion resistance of composite concrete structures. Reactive materials based on polytetrafluoroethylene (PTFE), such as PTFE/Al, PTFE/Ti, PTFE/Cu, and PTFE/Al/W, possess certain mechanical strengths and can release chemical energy upon impact, initiating quasi-explosive reactions and releasing a significant amount of gaseous products. Over the past two decades, these materials have been widely applied in defense, aerospace, and civilian fields [15,16]. With the growing prevalence of reactive materials, numerous scholars have conducted a series of studies on PTFE-based reactive materials, including their mechanical properties [17,18] and energy-release characteristics [19,20]. Liners made from reactive materials can form high-speed reactive jets under the shaped charges effect, capable of both penetrating and exploding. Preliminary research on the combined penetration–explosion damage behavior of reactive jets has been undertaken by scholars such as Baker et al. [21], who conducted an experimental study on the influence of reactive liner shaped charges on concrete targets under different oxygen content states, in comparison with aluminum jets. Experimental results showed that, compared with pure metal jets, the damage effect of reactive jets on concrete targets was significantly enhanced. Daniels et al. [22] announced the technological research progress of reactive liner shaped charges. At 1.0 times the stand-off, the diameter of the crater caused by the shaped charges with a diameter of 216 mm on the simulated airport runway was approximately 1.5 m. Xiao et al. [23,24] further investigated the penetration and explosion against multi-layer concrete targets by reactive jets and provided formulas for calculating crack lengths. Zhang et al. [25] used the SPH numerical simulation method and the explosion experiment research to simulate the continuous dynamic damage behavior of the reactive jet that can penetrate the concrete target before exploding. The numerical simulation results were consistent with the experimental results, and the reactive liner showed significant damage-enhancement effect. These previous studies have shown that the combined penetration and explosion damage of concrete structures by reactive jets is a brand-new phenomenon that requires in-depth analysis and discussion of its dynamic damage mechanism. Nevertheless, neither the dynamic response mechanisms of composite concrete structures under the combined action of jet penetration and explosion, nor the relationship between kinetic penetration and explosion enhancement, have been clarified in the preliminary experimental studies on the effects of reactive jets on concrete structures.



Therefore, building on previous research, this paper analyzes the dynamic damage mechanism of composite concrete structures under the combined action of reactive jet penetration and explosion. The influence mechanism of different concrete layer thicknesses on the damage effect of reactive jet was obtained. The paper firstly carries out three full-scale damage experiments on composite structures of varying concrete layer thicknesses under the action of 150 mm caliber reactive shaped charges, obtaining typical dynamic damage patterns of composite concrete structures under the combined action of reactive jet penetration and explosion. Subsequently, the damage effects of reactive and inert jets were compared in an experiment using an inert Al jet. This study analyzes the dynamic coupling mechanism of penetration damage and explosion-enhanced damage in composite concrete structures through segmented numerical simulation utilizing the FEM-SPH (Finite Element and Smoothed Particle Hydrodynamics) numerical algorithm, introducing the reaction delay time of the reactive jet, and employing a modified-RHT that better reflects the tensile failure of concrete. This provides important reference data and a theoretical basis for the anti-destruction design of composite concrete structures.




2. Material and Methods


2.1. Material Preparation


2.1.1. Preparation of Composite Concrete Structures


Airport runway is a typical composite concrete structure [11], which is generally composed of multiple composite concrete structures of the same size. A common single block of airport runway has a side length of 5 m × 5 m, and the concrete layer thickness is generally 200 mm–500 mm. Therefore, a composite concrete structure was built as shown in Figure 1, divided into a concrete layer, a cement stabilized gravel layer, and a compacted soil layer, with each layer measuring 5 m × 5 m.



(1) The concrete layer was designed with a compressive strength of C35, with thicknesses (Hc) of 250 mm, 350 mm, and 450 mm. The cement used was ordinary Portland cement with low shrinkage, high wear resistance, and good freeze-thaw resistance, having a specific surface area of 300–450 m2/kg and a 28-day shrinkage rate of no more than 0.10%. Natural sand with less than 3% mud content was selected for the aggregate; gravel materials were used in a graded manner, with the maximum particle size not exceeding 40 mm, as specified in Table 1. The curing period for the graded concrete layer was no less than 28 days, and the compressive strength and flexural strength tests were performed using 150 mm × 150 mm × 550 mm beam specimens that were cast simultaneously. Table 2 shows the results of the three tests, and the average of the three test results was used as the compressive strength and flexural strength of the concrete layer.



(2) The thickness (Hg) of the cement-stabilized gravel layer was 40 cm, using the same grading method as the concrete layer, with the maximum particle size not exceeding 40 mm and a cement content of 5.0%. The layer was mechanically compacted to more than 96% compaction degree, with a designed compressive strength of 6 MPa.



(3) The compacted soil layer consisted of clayey soil, sourced locally, with a thickness (Hs) of ≥70 cm and a compaction degree of ≥96%.




2.1.2. Preparation of the Reactive Liner


The PTFE/Al reactive material not only possesses a certain mechanical strength but also releases chemical energy under impact. The reactive liner is crushed under the detonation of shaped charges and forms a jet internally and a slug externally, creating a significant velocity gradient across the reactive jet, which leads to jet stretching. Studies have shown [20,26] that the reaction of the reactive jet is a typical process of force-thermal-chemical coupling. The decomposition of the matrix material requires time, and there needs to be a certain growth process for the reaction between the decomposition products and the aluminum powder before a violent explosion occurs. This means that the explosive reaction of the reactive jet is delayed, which allows it to form a jet on a macro scale and utilize its kinetic energy for penetration. The reaction delay time, τ, is the interval between the impact on the reactive liner and the instantaneous violent explosion. The chemical reaction of the reactive jet before this delay time is often disregarded, assuming the reactive jet is completely inert before its delay time, τ, and explodes instantaneously when the time reaches τ. The reactive liner material used in this study consisted of a mixture of 73.5% PTFE (DuPont, type MP 1500 J, Wilmington, DE, USA) and 26.5% Al (Hunan Goldsky Aluminum Industry High-Tech Co., Ltd., Changsha, China, JT-4), with a density of approximately 2.27 g/cm3 and a total mass of 1080 g. The preparation process was divided into three steps: (1) Powder Mixing: After initial mixing, the powder was further mixed in a special ball mill for three hours, then the thoroughly mixed powder was dried in a vacuum oven at 82 °C for about 24 h; (2) Cold Pressing: The required mass of the reactive material for the liner was calculated, the mixed and dried powder material was weighed, poured into a prepared mold, and pressed under a pressure of 300 MPa for 30 s. The cold-pressed liner sample was then left under an ambient pressure and temperature for 24 h to remove any internal air and residual stress; (3) Sintering: The cold-pressed liner sample was placed in a nitrogen-filled sintering furnace for sintering. The sintering temperature curve is shown in Figure 2 [27], with a maximum temperature of 380 °C, and the liner sample was cooled to room temperature in the furnace afterwards.



The reactive liner samples were subjected to Scanning Electron Microscope (SEM) imaging and Energy Dispersive Spectroscopy (EDS) elemental analysis, with the results shown in Figure 3. The EDS surface scan elemental analysis results are presented in Table 3. After magnification by 250 times under the SEM, it was observed that the interfaces between the PTFE particles disappeared after sintering, forming a continuous hole, which enhanced the mechanical properties of the material. The PTFE matrix encapsulated Al particles, with the aluminum particles having an approximate diameter of 30 μm. According to the results of the elemental analysis by EDS scanning, besides carbon (C), fluorine (F), and aluminum (Al), the sample also contained a small amount of oxygen. This was attributed to the formation of a dense oxide layer on the surface of the aluminum powder upon contact with air.





2.2. Experimental Methods


The experimental reactive liner shaped charges consisted of a reactive liner, the main charge, and a case. Common shapes of the liner included conical, trumpet, and spherical. The cone angle of the shaped charge liners is generally selected from 50° to 80° [28]. For this paper, a conical reactive liner with a cone angle of 60° was selected. The structure of the reactive liner samples and the shaped charge are illustrated in Figure 4. The structure of the shaped charge was a cylinder with a boat tail. The main charge was fabricated by pressing the 8701 explosive with a density of 1.70 g/cm3. The material of the case was Steel 1006.The parameters of the shaped charge structure are listed in Table 4, detailing the length of the charge (Lc), the charge radius (Rcharge), the case thickness (δcase), the liner thickness (δliner), the liner step thickness (δstep), the liner diameter (Øliner), the outer radius of the liner (Router), the inner radius of the liner (Rinner), the cone angle of the liner (θ), and the boat tail angle of the charge (θB).



According to research results by Baker [21], the optimal stand-off of the reactive liner shaped charge should be selected as 0.5~1.5 times the charge diameter; 1.0 times the charge diameter was selected as the stand-off in this paper. The experimental principle and setup are depicted in Figure 5, positioning the shaped charge on a stand-off tube at the center of the composite concrete structure, with a stand-off of 150 mm. The shaped charge was detonated at the central point using a detonating device. A total of three experimental groups were conducted, with concrete layer thicknesses set at Hc = 250 mm, 350 mm, and 450 mm, respectively. Additionally, to compare the damage effects of the reactive jets versus the inert jets, a control experiment using an Al liner shaped charge was performed on a Hc = 450 mm composite concrete structure. The Al liner shaped charge was of the same mass as the reactive liners, with all other experimental conditions kept constant. The experimental process was recorded using a high-speed camera (Phantom V 1612, Vision Research, Inc., Wayne, NJ, USA), capturing at a frame rate of 16,000 frames per second and an image resolution of 1280 × 800 pixels.




2.3. Numerical Methods


2.3.1. Material Model


To further investigate the causes of dynamic damage in composite concrete structures of varying thicknesses, a numerical simulation study of reactive jet penetration and explosion on composite concrete structures was conducted. The concrete RHT model incorporated three envelope surfaces: the initial yield surface, the failure surface, and the residual strength surface. The effect of the strain rate on yield and damage evolution was also taken into account.



The residual strength surface of the standard RHT model in the principal stress space presented a circular deviated plane, which led to a hardening response rather than the anticipated softening after the peak failure strength was reached. Tu modified the RHT model by simplifying the tension-to-compression meridian ratio, ψ, in the K&C model and adjusting the dynamic increase factor, DIF, with the result that the modified RHT model reflected the characteristics of concrete under tensile damage more accurately [29,30].
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where, P represents pressure and fc represents the unconfined compressive strength of the concrete. The detailed explanation and determination of α, a0, a1, and a2 within the formula can be found in references [31,32].   ε ˙   stands for the quasi-static strain rate,     ε ˙  0  = 1 ×   10   − 6    s  − 1    , and δ is a constant that correlates to the grade of concrete based on the quasi-static uniaxial compressive strength, defined as δ = 1/(1 + 8fcs/fco), where fco = 10 MPa. The coefficient β is a function of δ.



Considering the combined penetration–explosion effects on concrete structures, where the primary modes of failure are compressive damage during jet penetration and tensile damage during the explosion, this study utilizes AUTODYN to implement the modified RHT model for describing the dynamic response of concrete layers under jet penetration and explosive loading. Material parameters are detailed in Table 5. The cement-stabilized gravel layer and soil layer materials are derived from reference [33]; the cement-stabilized gravel layer had a compressive strength of 6 MPa.



Before the delay time of the reactive jet, τ, the jet was considered inert. The SHOCK equation of state was used, along with the Johnson–Cook strength model, which effectively describes material behavior under large strains, high strain rates, and elevated temperatures. This model posits that the yield strength of the material is influenced by strain, strain rate, and temperature, with stress, σ, determined by:


  σ = [ A +   B  ε P   n  ] [ 1 + C ln     ε ˙  p      ε ˙  0    ] [ 1 −   (   T −  T  room      T  melt   −  T  room     )  m  ]  



(3)




where A, B, C, n, and m are material constants, εp is the effective plastic strain, and     ε ˙  0  = 1  s  − 1     is the plastic strain rate. Tmelt and Troom represent the melting temperature and the room temperature of the material, respectively. Similarly, steel and aluminum are also described using the SHOCK equation and the Johnson–Cook strength model, with material parameters listed in Table 6. The parameters for the unreacted PTFE/Al materials were taken from reference [34], while the material data for Steel 1006 and Al 2024 were sourced from the Autodyn material library. In addition, the air material used the ideal gas model, and the material parameters were also sourced from the Autodyn material library.



After the delay time of the reactive jet, τ, the jet exploded. Research by Ren et al. [35] showed that the PTFE/Al material reacts violently and can be considered a heterogeneous explosive. The JWL state equation was used to describe the gas products of the PTFE/Al material:


  P =  A 1   (  1 −  ω   R 1  V    )   e  −  R 1  V   +  B 1   (  1 −  ω   R 2  V    )   e  −  R 2  V   +   ω  E 0   V   



(4)




where P is the pressure; V = 1/ρe is the specific volume; ρe is the density; E0 is the specific internal energy per unit mass; and A1, B1, R1, R2, and ω are the material constants. The parameters of PTFE/Al and the 8701 explosive are listed in Table 7.




2.3.2. Numerical Model


Numerical modeling is a critical procedure in determining the accuracy of computational results. Current mainstream computational methods primarily include the Lagrange algorithm, the Euler algorithm, the ALE (Arbitrary Lagrangian Eulerian) algorithm, the CEL (Coupled Eulerian–Lagrangian) algorithm, and the FEM-SPH (Finite Element Method-Smoothed Particle Hydrodynamics) coupling algorithm. Each of these methods has its advantages, considering the specific requirements of the simulation. The Euler algorithm is frequently used in simulating fluids, gases, and large deformation problems, such as jet formation from shaped charges. The FEM-SPH algorithm is particularly effective for calculating jet or projectile penetration in brittle materials, offering a more accurate description of brittle material fracture and large deformation in solids. The challenge of dynamic damage in composite concrete structures under combined penetration and explosion actions involves complex force–thermal–chemical coupling and deformation and fracture under high dynamic loads. Therefore, different computational methods were employed at various stages to address these challenges, as illustrated in Figure 6.



(1) Jet forming stage: the Euler algorithm was used to compute the inert jet formation behavior without reactive characteristics. For the forming stage, the flow-out boundary conditions were set at the Euler grid boundary.



(2) Kinetic penetration stage: the Euler jet was mapped to an ALE jet, and the composite concrete structure target was modeled using SPH particles. The FEM-SPH algorithm was then applied to calculate the damage caused by kinetic penetration.



(3) Explosion-enhanced stage: a post-processing development was used to convert the ALE jet into SPH particles with reactive parameters. A restart mechanism was employed to compute the explosion-enhanced damage. For the penetration and explosion stage, fixed boundary conditions were set at the boundaries of the composite concrete structure.



The entire computational process utilized an Autodyn-2D axisymmetric model. The Euler grid size during the forming process was 1 mm × 1 mm, the ALE jet grid size during penetration was 1 mm × 1 mm, and the target SPH particle size was 2 mm. Each part of the model interacted with the other parts through the interaction settings of AUTODYN 18.2.




2.3.3. Grid Convergence Analysis


To ensure computational accuracy while minimizing the grid size, a comprehensive grid convergence analysis was conducted. During the formation stage, grid sizes of 0.5 mm × 0.5 mm, 1 mm × 1 mm, 2 mm × 2 mm, and 5 mm × 5 mm were evaluated, with the velocity of the jet tip over time illustrated in Figure 7a. It was observed that, with a grid size of 5 mm × 5 mm, a significant distortion in the jet tip velocity occurred, indicating a loss of detail and precision. To further refine the analysis, target particle sizes of 1 mm, 2 mm, 4 mm, and 8 mm were compared, alongside velocity changes of the jet head during penetration. This comparison was benchmarked against the CEL method using a 2 mm × 2 mm grid. The findings revealed that grid sizes smaller than 2 mm exhibited good convergence, suggesting a balanced approach between computational efficiency and accuracy. Based on these results, the grid sizes specified in Section 2.3.2. were deemed appropriate for the ensuing computations, ensuring both precision and practicality in the numerical simulations.






3. Results and Discussion


3.1. Experimental Results


3.1.1. Dynamic Damage Results in Composite Concrete Structures


High-speed photography captured the dynamic damage process to composite concrete structures by reactive jets, as illustrated in Figure 8. At t = 0 μs, the charge detonated; by t = 312.5 μs, the charge emitted a bright flare; at t = 375 μs, black products appeared within the flare due to the impact-induced thermal effect, which caused the internal matrix of the reactive jet to disintegrate and release the gas product, C2F4, with strong oxidation:


–[C2F4]n–→ n C2F4 (g)



(5)







The decomposition of the matrix and the exothermic reaction with aluminum powder proceeded as follows:


4Al + 3C2F4 → 4AlF3 (g) + 6C



(6)






4Al + C2F4 → 4AlF + 2C



(7)






2Al + C2F4 → 2AlF2 (g) + 2C



(8)







Formulas (6) through (8) suggest that, after the reaction of the reactive jet, a significant amount of solid carbon (C) was produced, signifying that an explosive reaction occurred in the penetration hole. By t = 30 ms, the carbon dispersed with the smoke, and fragments of the damaged concrete layer and base material were ejected.



The structure damage results of the composite concrete structure with Hc = 250 mm are shown in Figure 9. A central penetration hole and surrounding funnel crater were formed. Radial cracks radiating towards the boundary appeared in the concrete layer, along with fine circumferential cracks. Observed from a horizontal perspective, a significant bulge was apparent, which showed the highest position at the center and the lowest position at the edge. The diameter of the central penetration hole (Dp) was 37 cm. The diameter of the funnel crater (Dc) was 87 cm × 75 cm. The diameter of the circumferential cracks (Rc) was 330 cm. The number of radial cracks (L) was eight The bulge height (δb) at the center of the target, measured with a triaxial level, was 6 cm.




3.1.2. Influence of Concrete Layer Thickness


Experiments were conducted on composite concrete structures with thicknesses of Hc = 350 mm and Hc = 450 mm, under identical experimental conditions, with the results presented in Figure 10. The results indicated that, for an Hc = 350 mm thickness, the concrete layer exhibited seven radial cracks penetrating through, with the Dc measuring 97 cm × 105 cm, and δb = 3 cm. When the thickness was increased to Hc = 450 mm, the concrete layer developed four radial cracks, with the Dc expanding to 198 cm × 160 cm; no observable bulge was noted. Comparing Figure 9 and Figure 10 revealed that, as the thickness of the concrete layer increased, the Dc gradually enlarged yet the L and the δb tended to decrease.




3.1.3. Comparison of PTFE/Al Jet and Al Jet Damage


An experiment was conducted using an Al liner to damage a composite concrete structure with Hc = 450 mm thickness under identical experimental conditions. Since the Al jet was an inert jet, no explosion reaction occurred during the penetration process. In order to make a more intuitive damage comparison and save costs, the experiment was continued on an intact portion of the composite concrete structure, where the Hc = 450 mm experiment with the reactive jet was conducted. It is noteworthy that, although the Al jet experiment was conducted on an intact portion of the composite concrete structure, this structure had already sustained damage during previous experiments. Moreover, the Al jet test was conducted closer to the boundary, which might have introduced a stronger boundary effect reflection gain. However, the damage resulting from the Al jet was still significantly less than that caused by reactive jets under the same conditions, aligning with the findings by Baker et al. [21].



The dynamic damage process of the Al jet impacting the composite concrete structure is depicted in Figure 11. At t = 250 μs, the detonation profile of the charge was essentially identical to that shown in Figure 8c. By t = 812.5 μs, compared with Figure 8d, the illumination from the charge remained bright and unobscured by black products. At t = 1250 μs, the glow of the detonation hovered in the air, surrounded by visible white detonation products, attributable to the 8701 charge primarily consisting of an RDX explosive. The detonation equation for the charge, as indicated by Equation (9), primarily produced gaseous N2, CO, and H2O as products. Therefore, by integrating the damage processes of both the reactive and Al jets, it can be concluded that, for the charge conditions presented in this study, the reaction delay time of the reactive materials should be between 312.5 μs and 375 μs. To facilitate the subsequent analysis, the average value of τ = 344 μs was taken as the reaction delay time.


RDX → 3CO(g) + 3N2(g) + 3H2O(g)



(9)







The comparison of damage between the reactive and Al jets, alongside the specific details of the Al jet damage, are illustrated in Figure 12. The Dc caused by the Al jet amounted to 21.4% of that caused under similar conditions by the reactive jet; the Dp is 56.5% of the reactive jet under the same conditions. Additionally, radial cracks at the edge of the penetration hole were notably finer and shorter in extent when caused by the Al jet. The dynamic damage results of the composite concrete structure are summarized in Table 8.





3.2. Dynamic Response of Composite Concrete Structures to Reactive Jet Penetration


The dynamic response of the composite concrete structures subjected to reactive jet penetration is depicted in Figure 13. During penetration, the concrete at the penetration interface was damaged by jet compression, at the same time, the concrete medium near the axis of symmetry fractured under the combined action of the radial and circumferential tensile stresses, resulting in the formation and expansion of microcracks. Figure 13a illustrates the initial state of the jet penetration and compression wave propagation.



An initial compression wave was generated by the jet at point O, causing compressive damage along the axial direction of the concrete material. When the reactive jet penetrated the target, ignoring the internal pressure of the material itself, the pressure at the projectile–target interface was derived using the Bernoulli equation:


   P 0  =  1 2   ρ j     (   v j  −  u 0   )   2  =  1 2   ρ t     u 0   2   



(10)




where P0 represents the initial pressure of the incoming compression wavefront, ρj is the density of the jet material, vj is the velocity of the jet tip, and u is the penetration velocity induced in the target by the impact of the jet.



The initial compression wave exhibited an exponential decay. When it propagated to any point A(a,0) within the concrete, its intensity decreased to [36]:


   P A  =  P 0   e  − γ a    



(11)




where PA is the pressure of the compression wavefront at point A, a is the distance of the wavefront propagation, and γ is the attenuation coefficient of the target material.



At this point, the stress distribution due to the concentrated load on the concrete layer was tracked as:


   {       σ X  = −  3 2     P A    π  r 2      cos  3  φ        σ Y  =  1 2     P A    π  r 2     [   (  1 − 2 μ  )   1  1 + cos φ   − 3 cos φ   sin  2  φ  ]         σ θ  =  1 2     P A    π  r 2     (  1 − 2 μ  )   (  cos φ  1  1 + cos φ    )         



(12)




where, σX, σY, and σθ represent the axial, radial, and circumferential stresses, respectively. r is the radial distance, ϕ is the angle, and μ is the Poisson’s ratio of the concrete material.



Near the free surface of the concrete, the radial stress was tensile:


   σ Y  =   1 − 2 μ   2 π  y 2     P A   



(13)




where, y represents the radial distances, respectively. When the radial stress, σY, reached the tensile strength, σt, initial cracks started to form.



More intricately, when the compaction wave reached the interface between the concrete and gravel materials, reflection and transmission occurred. This disturbance disrupts the stable penetration stress state within the target, as illustrated in Figure 13b. Given that the wave impedance of concrete, ρcCc, exceeded that of the gravel material, ρgCg, effectively transitioning from a “hard” to a “soft” material, the arrival of the compression wave at the interface generated reflected tensile rarefaction waves within the concrete layer. These waves exerted a negative pressure, Ps, which was directly proportional to the intensity of PA. When the tensile pressure, Ps, surpassed the tensile strength, σt, the back side of the concrete experienced tensile fracturing, creating tensile cracks. The dynamic response process of the composite concrete structure under penetration is depicted in Figure 14.



The dynamic damage results of the composite concrete structure under penetration are shown in Figure 15. Initially, the concrete layer developed a central penetration hole due to the high-pressure penetration of the jet, leading to compressive damage around the edge of the hole. Subsequently, initial cracks appeared on the front side of the layer, and the back side of the concrete layer developed tensile cracks, caused by the reflected tensile waves.



During the penetration process, the pressure changes at the gauge points that were 20 cm from the penetration center within the concrete are illustrated in Figure 16. Initially, the concrete was subjected to the penetration of the jet, causing an immediate increase in the internal pressure and compressive damage. Following this, the pressure decreased under the effect of the reflected rarefaction waves. When the pressure dropped below σt, the concrete went through tensile damage. Subsequently, the pressure within the target fluctuated under the combined action of penetration compression and reflected tension.



Upon reaching the reaction delay time, τ, the penetration depth of the reactive jet is shown in Figure 17, and the damage results of the concrete layer are presented in Figure 18. At the reaction delay time, τ, as the thickness of the concrete layer increased, the length of tensile cracks on the back side and the diameter of the penetration hole gradually decreased, while the lengths of the initial cracks on the front side remained essentially consistent. According to Equation (13), under identical conditions, the initial cracks on the front side depended solely on the impact pressure, P0, hence the consistency in the crack length. Conversely, the lengths of the cracks on the back side correlated with the tensile pressure, Ps. As the thickness of the concrete layer increased, it took longer for the compression wave to reach the reflective interface. Within the same reaction time, the shorter duration of action by the reflective pressure, Ps, resulted in lesser tensile damage on the back side, leading to shorter crack lengths.




3.3. Explosion-Enhanced Damage Analysis


At the moment τ, when the reactive jet underwent an explosive reaction, the material model employed the JWL parameters for PTFE/Al, as listed in Table 7. The mass of the reactive materials was determined based on the mass of the reactive jet. Given that the tip of the jet is a high-temperature, high-pressure zone during penetration, it was assumed that the tip of the reactive jet reacts first. As shown in Figure 17, at the moment τ, varying thicknesses led to different penetration depths. The spatial distribution of the reactive jet is depicted in Figure 19, with the mass fraction distribution of the reactive materials provided in Table 9. The varying thicknesses of the concrete layers led to differences in the jet penetration depths, subsequently resulting in different spatial mass distributions of the reactive materials, which is one of the fundamental reasons for the variation in the damage results.



For Hc = 250 mm and Hc = 350 mm, the damage can be divided into two parts: (1) within the concrete layer, the mass m1 of the reactive material caused a compressive expansion effect upon explosion. The explosive shock pressure, P1, exerted radial pressure on the concrete layer, leading to partial crushing zones. The diameter of the central penetration hole increased and fragmented concrete was ejected. Eventually, a funnel crater was formed. Additionally, the propagation of the compression waves in the concrete during penetration caused fine radial cracks to extend further due to circumferential stress, forming radiating radial cracks. The width and number of these cracks were directly related to the magnitude of the circumferential stress. (2) In the cement stabilized gravel layer, the mass, m2, of the reactive material exploded and produced an expansion effect. At this juncture, the explosive shock pressure, P2, generated an upward axial pressure on the concrete layer, leading to the formation of the bulge in the concrete layer. When the stress at the focus of dynamic load exceeded the tensile strength of the concrete layer, the layer fractured, forming circumferential cracks.



For the Hc = 450 mm composite concrete structure, only the first part of the damage occurred, with no second part. The pressures, P1 and P2, can be determined using the following formula [20]:


   P  1 , 2   =  m  1 , 2   ×  (  4.7356 × 105  e  − 50.467 V   + 30.62  e  − 4.9234 V   + 0.31403 C v  T V   )   



(14)




where Cv is the specific heat capacity at the constant volume of the reactive material, and m1 and m2 are the masses of the reactive material in the concrete and gravel layers, respectively.



After 2000 μs of the explosion of the reactive materials, the dynamic damage results of the concrete layer under the explosion-enhanced effect are shown in Figure 20. To clearly observe the funnel crater of the concrete, the image was processed for enhanced clarity through grayscale adjustment. Compared with penetration damage, the explosion enhancement led to an expansion effect in the central penetration hole, enlarging the hole diameter. Concrete near the explosion center developed cracks. Over time, the fragmented concrete materials were ejected, forming the funnel craters observed in the experimental results.



According to reference [37], the δb of the concrete layer under the effect of an internal explosion can be expressed as:


   δ b  = A    P ¯  ×   Δ t  ¯    ρ h    



(15)




where A is a constant,    P ¯    represents the average load pressure,     Δ t  ¯    is the effective duration of the load, ρ is the density of the concrete layer, and h is the thickness of the concrete layer.



From Equations (14) and (15), it is evident that the δb was directly proportional to the mass of the reactive material and inversely proportional to the thickness of the concrete layer. This correlation was consistent with the results from the numerical simulations. As shown in Figure 20a, a noticeable bulge and bending damage occurred in the 250 mm concrete layer, with the experimental circumferential crack diameter Rc = 330 cm, while the numerical simulation showed a stress-concentration diameter of Rc = 304 cm, aligning closely with the experimental values. Figure 20c indicates that the 450 mm concrete layer exhibited almost no bulge. The axial velocity changed over time at the center of the concrete layer, as shown in Figure 21, revealing that both the 250 mm and 350 mm concrete layers experienced a significant step-like negative axial velocity gradient from the explosion center to the edges, leading to a bulge formation that was higher in the center and lower on the sides. Furthermore, the velocity gradient in the 250 mm concrete layer was larger than that in the 350 mm layer, resulting in a more pronounced bulge. Conversely, the 450 mm concrete layer showed almost no negative axial velocity, hence no bulge formation occurred.



The comparison between the numerical simulation results and the experimental results is shown in Figure 22, and the error values are shown in Table 10. It was indicated that the maximum error for the Dp is 13.3%, and for the Dc is 12.9%. By taking the numerical simulation results from Figure 20, the diameter of the damage zone where Damage = 1 was Rdamage. The comparison of the penetration hole diameters Dp and the damage zone diameters Rdamage between the numerical simulations of the reactive jet penetration and explosion-enhanced damage, as depicted in Figure 23, showed that under the dynamic damage from explosion enhancement, the central penetration diameter Dp increased by an average of 116% and the damage zone diameter Rdamage increased by an average of 59.7%.



Based on the mechanism analysis, the dynamic damage process of composite concrete structures under the combined action of reactive jet penetration and explosion enhancement mainly includes three stages: jet formation, kinetic energy penetration damage, and explosion-enhanced damage.



(1) Jet formation stage: Under the detonation impact of the shaped charge, the reactive liner collapses and collides along its axis, forming a high-speed jet. This stage initiates the penetration process by concentrating the energy into a focused stream, capable of penetrating the target material at high velocities.



(2) Kinetic energy penetration stage: Before the time reaches τ, the reactive jet is considered to be in an inert state. Utilizing its kinetic energy, the high-speed jet penetrates the composite concrete structure, creating a central penetration hole. During this stage, the concrete layer experiences both compressive shock waves, initiated by the jet penetration, and tensile rarefaction waves reflected from the rear, leading to the formation of pre-damage cracks.



(3) Explosion-enhanced damage stage: After the time reaches τ, the reactive jet undergoes an explosive reaction, releasing chemical energy and generating shock waves that propagate outward, along with a significant volume of gas products. Under the combined dynamic load of the shock wave and the explosive products, the central penetration hole enlarges, causing fragmentation and a funnel crater in the concrete layer. Simultaneously, circumferential tensile stresses within the concrete layer further extend pre-damage cracks into radial cracks. In the thinner concrete layers, the jet penetrates through to the gravel layer, and the concrete layer rises from the center to the edges under the explosive action. If the concentrated stress exceeds the flexural strength of the concrete, the concrete breaks at the stress concentration points, forming circumferential cracks. For thicker concrete layers, the reactive jet is unable to reach the gravel layer, resulting only in explosive expansion of the penetration hole and the funnel crater without any bulge in the concrete layer.





4. Conclusions


By integrating full-scale damage experiments with numerical simulations, this study conducted an analysis of the dynamic response characteristics of composite concrete structures under the action of reactive jets. This paper systematically investigated the damage behavior of composite concrete structures with varying thicknesses under the combined effects of kinetic penetration and explosion enhancement by PTFE/Al reactive jets, and compared it with the damage caused by Al jets. Numerical simulations of composite concrete structures under the impact of reactive jets were performed, employing a modified RHT model that more accurately depicted the tensile failure of concrete. This model incorporated the reaction delay time of reactive materials to segmentally simulate the dynamic damage behavior of the concrete layer under both kinetic penetration and explosion-enhanced effects. The conclusions are as follows:



(1) Experimental results have unveiled various damage modes in composite concrete structures subjected to the combined penetration and explosion actions of PTFE/Al reactive jets. These damage modes included central penetration holes, funnel craters, bulges, and radial/circumferential cracks. Compared with the damage incurred through the kinetic penetration of Al jets, the combined penetration–explosion action markedly increased the destructiveness to the concrete layer, with the penetration hole diameter increasing by 76.9% and the funnel crater area increasing by 578%.



(2) Numerical simulation results further validated the dynamic damage behavior of the composite concrete structures, revealing the coupling response mechanism of compressive and tensile stresses during penetration with mechanical analysis and the mechanism of dynamic damage formation under explosion enhancement. The use of a modified RHT model and the FEM-SPH algorithm resulted in simulation outcomes that were closely aligned with the experimental data, confirming the effectiveness and accuracy of the model. Numerical simulations indicated that, under the reaction of the reactive jets, the diameter of the penetration holes and the damage zone under explosive enhancement dynamic damage increased by an average of 116% and 59.7%, respectively, compared with kinetic penetration.



(3) The simulation results revealed the spatiotemporal distribution characteristics of the reactive jets and their contribution to explosion-enhanced damage. The dynamic damage modes of composite concrete structures were closely related to the distribution of the reactive material mass. When the concrete layer was thin, the jet penetrated through the concrete layer into the gravel layer, resulting in a smaller funnel crater but a larger bulge. When the concrete layer was thicker, the jet could not penetrate through the concrete layer. An internal explosion occurred within the concrete, leading to a larger funnel crater but no bulge damage.



This study provides a new perspective for understanding the failure mechanism of the composite concrete structures under the combined action of penetration–explosion, and provides important reference data and a theoretical basis for the anti-damage design of composite concrete structures under dynamic damage by a reactive jet. However, this study currently only analyzes the impact of concrete layer thickness on reactive jet dynamic damage. Future work requires further research on the effects of a reactive jet on gravel layers and soil layers with different strengths and porosity, to provide a multi-faceted reference for the design of composite concrete structures to resist penetration–explosion dynamic damage.
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Figure 1. Composite concrete structure. 
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Figure 2. Sintering temperature curve. 
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Figure 3. SEM and EDS scanning results. 
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Figure 4. Structure of reactive liner shaped charge. 
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Figure 5. Experimental principle and setup. 
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Figure 6. Numerical simulation model. 
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Figure 7. Analysis of grid convergence: (a) Variation of the jet tip velocity with time, (b) jet penetration velocity with time. 






Figure 7. Analysis of grid convergence: (a) Variation of the jet tip velocity with time, (b) jet penetration velocity with time.



[image: Buildings 14 00624 g007]







[image: Buildings 14 00624 g008] 





Figure 8. High-speed photographic capture of the dynamic damage process to composite concrete structures by reactive jets: (a) Initial state, (b) t = 0 μs, (c) t = 312.5 μs, (d) t = 375 μs, (e) t = 812.5 μs, (f) t = 30 ms. 
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Figure 9. Dynamic damage results of the Hc = 250 mm composite concrete structure due to reactive jet impact: (a) Experimental results, (b) Damage diagram. 
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Figure 10. Dynamic damage results in composite concrete structures at different thicknesses: (a) Hc = 350 mm, (b) Hc = 450 mm. 
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Figure 11. High-speed photographic capture of the dynamic damage process to composite concrete structures by Al jet: (a) t = 312.5 μs, (b) t = 812.5 μs, (c) t = 1250 μs. 
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Figure 12. Comparison of composite concrete damage affected by the Al jet and the reactive jet. 
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Figure 13. Mechanism of dynamic response in composite concrete structures under jet penetration: (a) initial damage; (b) tensile damage. 
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Figure 14. Dynamic response process of composite concrete structure under penetration (Hc = 450 mm). 
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Figure 15. Damage results of composite concrete structure under reactive jet penetration: (a) Hc = 450 mm; (b) Hc = 350 mm; (c) Hc = 250 mm. 
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Figure 16. Pressure changes within the concrete layer over time: (a) Hc = 250 mm; (b) Hc = 350 mm; (c) Hc = 450 mm. 






Figure 16. Pressure changes within the concrete layer over time: (a) Hc = 250 mm; (b) Hc = 350 mm; (c) Hc = 450 mm.



[image: Buildings 14 00624 g016]







[image: Buildings 14 00624 g017] 





Figure 17. Variation of Penetration Depth Over Time. 
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Figure 18. Damage results of the concrete layer at time τ. 
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Figure 19. Spatial distribution of the reactive jet at τ. 
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Figure 20. Numerical simulation results of explosion-enhanced damage: (a) Hc = 250 mm, (b) Hc = 350 mm, (c) Hc = 450 mm. 
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Figure 21. Changes in internal pressure within the concrete layer over time for different thicknesses: (a) Hc = 250 mm, (b) Hc = 350 mm, (c) Hc = 450 mm. 
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Figure 22. Comparison between the numerical simulation results and the experimental results. 






Figure 22. Comparison between the numerical simulation results and the experimental results.



[image: Buildings 14 00624 g022]







[image: Buildings 14 00624 g023] 





Figure 23. Comparison of damage from the reactive jet penetration and explosion enhancement. 
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Table 1. Particle composition of graded gravel material.
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	Sieve pore size (square/mm)
	2.36
	4.75
	9.5
	19
	31.5
	37.5
	Liquid limit



	Mass fraction (%)
	0–35
	17–45
	29–59
	54–84
	93–100
	100
	<28










 





Table 2. Compressive strength and flexural strength tests of the concrete layer.
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Specimen

Number

	
Test Compressive Strength (MPa)

	
Average Compressive Strength (MPa)

	
Test Flexural Strength (MPa)

	
Average Flexural Strength (MPa)






	
1

	
47.8

	
47.3

	
5.1

	
5.1




	
2

	
46.7

	
5.1




	
3

	
47.4

	
5.1











 





Table 3. EDS surface scan elemental analysis results.
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	Chemical Element
	C
	O
	F
	Al
	Au





	Weight percent (%)
	24.02
	1.32
	59.30
	11.12
	4.25



	Atomic percent (%)
	35.48
	1.46
	55.37
	7.31
	0.38










 





Table 4. Structural parameters of reactive liner shaped charge.
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	Lc/mm
	Rcharge/mm
	δcase/mm
	δliner/mm
	δstep/mm
	Øliner/mm
	Router/mm
	Rinner/mm
	θ/°
	θb/°





	150
	75
	5
	15
	10
	150
	20
	5
	60
	135










 





Table 5. Concrete material parameters.
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	Parameter
	Comment
	Parameter
	Comment





	Shear modulus (GPa)
	16.3
	Elastic strength/ft
	0.7



	Compressive strength fc (MPa)
	47.3
	Elastic strength/fc
	0.53



	Tensile strength ft/fc
	0.108
	Residual strength const. B
	1.8



	Shear strength fs/fc
	0.11
	Residual strength exp. M
	0.7



	Failure surface parameter A
	2
	Comp. strain rate exp. α
	0.032



	Failure surface parameter N
	0.7
	Damage constant DI
	0.04



	Tens./compr. mMeridian ratio
	0.6805
	Min. strain to failure
	0.01



	Brittle to ductile transition
	0.0105
	Residuals hear modulus frac.
	0.13



	G(elas.)/G(elas-plas.)
	2
	Erosion strain/instantaneous

geometric strain (only for Lagrange)
	2










 





Table 6. Material parameters of inert PTFE/Al, steel, and aluminum.
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	Materials
	ρ (g/cm3)
	G (GPa)
	A (MPa)
	B (MPa)
	N
	C
	m
	Tmelt (K)
	Ca (km/s)
	S1
	Γ





	Steel 1006
	7.83
	77
	507
	320
	0.28
	0.064
	1.06
	1793
	4.57
	1.92
	2.17



	PTFE/Al
	2.27
	0.666
	8.044
	250.6
	1.8
	0.4
	1.0
	500
	1.45
	2.2584
	0.9



	Al 2024
	2.74
	22.7
	250
	225
	0.37
	0.067
	1.0
	775
	5.33
	1.34
	2.0










 





Table 7. Material parameters of the 8701 explosive and PTFE/Al after reactivation.
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	Materials
	ρ0 (g/cm3)
	D (km/s)
	Pcj (GPa)
	A1 (GPa)
	B1 (GPa)
	R1
	R2
	ω





	PTFE/Al
	2.27
	5.2
	21
	15.9
	0.0023
	7
	0.6
	0.38



	8701 explosive
	1.71
	8.315
	28.6
	524.23
	7.678
	4.2
	1.1
	0.34










 





Table 8. Comparison of dynamic damage results of composite concrete structures.
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	Number
	Hc (cm)
	Dp (cm)
	Dc (cm)
	δb (cm)
	L
	Rc (cm)





	Reactive-1
	250
	37
	87 × 75
	6
	8
	330



	Reactive-2
	350
	30
	97 × 105
	3
	7
	-



	Reactive-3
	450
	26
	198 × 160
	0
	4
	-



	Al
	450
	14.7
	66 × 83
	0
	3
	-










 





Table 9. Spatial distribution of the mass fractions of the reactive materials.






Table 9. Spatial distribution of the mass fractions of the reactive materials.





	
Hc

	
Initial Mass

	
Remaining Mass

	
Mass in Air

	
Mass in Concrete

	
Mass in Gravel






	
250 mm

	
1057 g

	
956.5 g

	
20.7%

	
37.9%

	
41.4%




	
350 mm

	
964.0 g

	
31%

	
54.5%

	
14.5%




	
450 mm

	
983.0 g

	
37.8%

	
62.2%

	
0











 





Table 10. Error table between the numerical simulation results and the experimental results.






Table 10. Error table between the numerical simulation results and the experimental results.





	Hc
	Simulation Dp (mm)
	Experiment Dp (mm)
	Error (%)
	Simulation Dc (mm)
	Experiment Dc Average Value (mm)
	Error (%)





	250 mm
	41
	37
	9.8
	91
	81
	11.0



	350 mm
	31
	30
	3.3
	116
	101
	12.9



	450 mm
	30
	26
	13.3
	184
	179
	2.7
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