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Abstract 

This study investigates the blast-protective performance of RC slab strengthened on the 

blast face with various concrete protective layers under contact-detonation loading. The 

research focuses on analyzing shock wave propagation characteristics, peak pressures at 

measurement points, energy absorption capacities of the protective layers, the develop-

ment of damage, and the governing failure mechanisms of the RC slab. The protective 

layers used for structural reinforcement include Steel Fiber-Reinforced Cellular Concrete 

(SFR-CC), Asphalt Concrete (AC), Rubberized Concrete (RBC), and Foamed Concrete 

(FC). Among these, the maximum support rotation angle of the structure strengthened 

with the SFR-CC concrete layer (T-1) is 0.20°, indicating significantly less damage and de-

formation compared to other protective schemes. Based on the damage coefficient calcu-

lated from the remaining sectional moment of inertia of the protected RC slabs, the de-

struction grades of the structures at different concrete protective schemes were classified. 

Among these, the SFR-CC layer exhibits the most effective attenuation of shock wave peak 

pressure. Additionally, the maximum support rotation angle of the structure strength-

ened with the SFR-CC concrete layer is 0.20°, indicating significantly less damage and 

deformation compared to other protective schemes. Damage grades were assigned ac-

cording to a coefficient derived from the residual sectional moment of inertia of the pro-

tected RC slabs. The SFR-CC configuration (T-1) gives the lowest damage index, 0.178, 

approximately 64.5% below that of the NC scheme, and is classified as slight damage. In 

contrast to the severe damage sustained by the protected RC slabs strengthened with the 

NC concrete scheme, those strengthened with the AC, RBC, and FC protective layer 

schemes exhibit only a moderate damage grade. Empirical formulas predicting the dam-

age index of protected structures under the combined effects of varying blast charges and 

concrete layer thicknesses were further developed for rapid damage assessment. 

Keywords: contact explosion; different concrete protective layers; destructive mode;  

evaluation of protective effect; damage level evaluation 
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1. Introduction 

Nowadays, the volatile global landscape and the recurrent occurrence of terrorist 

bombing attacks pose a grave threat to the operational safety of both civilian and military 

infrastructure. These incidents not only cause substantial economic losses but also directly 

endanger the safety of people’s lives and property [1–4]. As a conventional load-bearing 

component in building structures, reinforced concrete (RC) slabs play a pivotal role in 

determining the overall protective capacity of structures, with their blast resistance serv-

ing as a key influencing factor [5,6]. Normal concrete exhibits significant brittleness and 

low tensile strength. Although the addition of reinforcement can improve its tensile prop-

erties to some extent, Reinforced Concrete slabs remain susceptible to surface spalling, 

edge collapse, and extensive structural damage under intense explosive impact loads [7–

10]. Therefore, researching technical methods to effectively enhance the blast resistance of 

RC slabs has become a key focus in protective engineering. 

Current research scenarios related to explosions mainly cover three working condi-

tions: contact explosions, near-field explosions, and underwater explosions. Contact ex-

plosions are characterized by high peak pressure, short duration, and strong localization 

of load effects. Near-field explosions feature a broader load action range and more prom-

inent global bending responses of structures. Owing to the high density and high wave 

impedance of water media, underwater explosions differ substantially from air explosions 

in terms of shockwave propagation, interface reflection, and bubble pulsation effects. Ac-

cordingly, the mechanical mechanisms and protective performance of various concrete 

protective layer reinforcement schemes proposed in this study are investigated exclu-

sively under an air environment. Scholars worldwide have conducted numerous studies 

on enhancing the blast resistance and protective mechanisms of reinforced concrete struc-

tures subjected to explosive impact loads. These studies can be broadly categorized into 

two approaches: one focuses on improving the structural blast capacity by optimizing the 

material’s inherent strength characteristics; the other aims to enhance overall blast re-

sistance by applying protective layers to the structural surface, leveraging their superior 

mechanical properties. Common protective materials include polyurea [11–12], POZD 

[13–15], and aluminum foam [16–18], all of which exhibit high energy absorption capabil-

ities. For example, Wu et al. [19] found that coating reinforced concrete slabs with poly-

urea significantly enhances structural blast resistance, and better maintains structural in-

tegrity. Huang et al. [20] investigated the destruction characteristics and damage modes 

of blast-resistant polyurea-coated RC plate at contact detonation, analyzed the dynamic 

response and energy dissipation effects of various schemes, and examined the macro- and 

micro-scale damage morphology of polyurea. Their findings demonstrated that polyurea 

exhibits superior energy dissipation performance under a specific loss factor. Wang et al. 

[21] analyzed the blast performance of POZD-coated corrugated steel plate composite 

structures under contact detonation, elucidating the mechanism by which the POZD coat-

ing enhances structural blast resistance. Subsequently, focusing on the effects of corru-

gated steel plates with varying angles on blast resistance, they derived an empirical for-

mula for maximum deflection that incorporates both the corrugated steel plate parameters 

and the TNT explosive charge mass. Li et al. [22] investigated the factors influencing the 

blast resistance of aluminum foam cylinders under internal blast loading. By conducting 

tests with varying relative densities and internal blast loads, they characterized the mor-

phological defects in both the inner and outer layers. The results indicated that, under the 

condition of a homogeneous aluminum foam layer, the specific energy absorption de-

creases as the relative density deviates from its optimal level. Additionally, reinforcing 

the surface layer of structures with concrete materials possessing superior mechanical 

properties has become a prominent research focus in the field of protection. Common con-

crete materials used as protective layers include Steel Fiber-Reinforced Cellular Concrete 
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(SFR-CC) [23], Foamed Concrete (FC) [24–26], Asphalt Concrete (AC) [27,28], and Rub-

berized Concrete (RBC) [29,30]. For instance, Cao et al. [31] evaluated SFR-CC protective 

layers under underwater blast loading and found that the protection effect first increases 

and then decreases with steel-fiber volume fraction, with the 15% fiber-volume mixture 

performing best. Shang et al. [32] examined FC layers with different thicknesses on 

strengthened RC walls and concluded that the mitigation effect depends on impedance 

behavior as well as stress accumulation and release under high-velocity impact, while 

layer thickness mainly controls FC crushing and stress attenuation. Zhao et al. [33] com-

bined reinforced concrete with functionally graded materials (FGMs) to analyze the im-

pact compression behavior and blast resistance of layered graded rubberized concrete. 

Their results demonstrated that rubberized concrete with a concave gradient configura-

tion exhibits superior impact resistance compared to conventional homogeneous rubber-

ized concrete, showing significantly enhanced stress wave dissipation capacity and blast 

resistance under high-velocity explosive impact loading. Wu et al. [34] conducted a nu-

merical simulation study on AC under impact loads, validating the expressions for the 

strength surface and damage factor within the constitutive model used in the simulation. 

They proposed a modified damage factor to represent higher failure strain levels, enabling 

more accurate predictive simulations of AC material mechanical responses. The results 

indicate that the KCC model can produce simulation outcomes for AC structures that 

closely align with data obtained from field trials and laboratory tests. In summary, current 

research in the field of protective engineering primarily focuses on the use of various types 

of high-performance concrete as structural protective layers. However, significant varia-

tions exist in the blast resistance of different high-performance concrete materials, and 

there is a lack of systematic, comparative evaluations regarding the applicability and pro-

tective effectiveness of these concrete layers. Therefore, further studies are needed to as-

sess the blast performance of different high-performance concrete materials. In this study, 

normal concrete (NC), steel fiber-reinforced cellular concrete (SFR-CC), asphalt concrete 

(AC), rubber-modified concrete (RBC) and foamed concrete (FC) are selected as research 

materials. These materials differ distinctly in density, compressive strength, deformability 

and energy dissipation mechanisms, and can cover typical protective behaviors of con-

crete-based protective layers, including rigid load bearing, pore collapse, fiber toughening 

and flexible energy absorption. A unified numerical model is established in this paper to 

comparatively investigate the protective mechanisms of the aforementioned concrete pro-

tective layers, with emphasis placed on evaluating their influences on shock wave propa-

gation, peak pressure, energy absorption capacity and damage evolution. 

This study investigates the protective effect of RC slabs strengthened with various 

concrete protective layers on blast-affected surfaces under contact explosions. A multi-

medium coupled numerical model of “concrete protective layer-reinforced concrete slab-

air-TNT” under contact explosion is established based on the Arbitrary Lagrangian–Eu-

lerian (ALE) algorithm, and systematic investigations are carried out on the energy ab-

sorption characteristics, damage development, and failure mechanisms of RC slabs pro-

tected by the different concrete layers on their blast-facing surfaces. Damage grades are 

defined, and the protective performance of various reinforcement schemes is systemati-

cally analyzed. The findings provide a theoretical foundation for the design of blast pro-

tection in reinforced concrete structures strengthened on blast-affected surfaces subjected 

to explosive loads. 
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2. Establishment and Reliability Verification of Multi-Medium  

Coupling Model 

2.1. Experimental Overview 

To verify the validity of the ALE method, numerical simulation analyses were carried 

out according to the contact explosion test conditions provided in the experimental data 

of existing reference [35]. In the experiment, the concrete slab measured 1500 mm × 1500 

mm × 300 mm, with an attached protective layer 20 mm thick. The test materials were 

specified as follows: the concrete had a strength grade of C40 (compressive strength of 

42.5 MPa), and a three-layer steel mesh was constructed using 8 mm diameter reinforcing 

bars. The longitudinal and transverse spacing of the bars was set at 240 mm (steel bar 

grade: HPB235), as detailed in Figure 1. A 1.6 kg TNT charge was placed at the geometric 

center of the reinforced concrete slab, as depicted in Figure 2. 

 

 

Figure 1. Arrangement of structural dimensions in the test. 

 

 

(a) Experimental layout (b) Schematic diagram 

Figure 2. Contact explosion test and structural schematic diagram. 

https://doi.org/10.3390/buildings16132609


Buildings 2026, 16, 2609 5 of 30 
 

https://doi.org/10.3390/buildings16132609 

2.2. Construction of Finite Element Model 

A three-dimensional simulation model of the “TNT-RC slab-air” coupling system was 

developed using the ALE numerical method, as illustrated in Figure 3. The model comprises 

steel reinforcement, concrete, explosive material, and air. The steel reinforcement was rep-

resented using BEAM elements, while the other materials were discretized with ALE ele-

ments. The element size was set to 10 mm for both the steel reinforcement and concrete slab, 

and 20 mm for the explosive and air domains. A full-scale model was employed to enhance 

computational accuracy. Fixed constraints were applied at both ends of the concrete slab, 

and non-reflecting boundary conditions were assigned to the air domain. 

 

Figure 3. Finite element model. 

2.3. Material Parameters 

2.3.1. Concrete 

The MAT_CONCRETE_DAMAGE_REL3 material model was selected for concrete. 

This model automatically calculates relevant parameters together with its matched com-

paction equation EOS_TABULATED_COMPACTION via filling in material mass density, 

uniaxial compressive strength, strain rate curves and amplification coefficient profiles. 

Detailed material input parameters are summarized in Table 1, as referenced in Ref. [36]. 

Table 1. Concrete parameters. 

Density/(g/cm3) Poisson’s Ratio 
Tensile 

Strength/MPa 

Compressive 

Strength/MPa 

2.5 0.19 3.7 43.6 

2.3.2. Steel Reinforcement 

Given that the material model for steel bars must account for the material’s mechan-

ical sensitivity to strain rate, the *MAT_PLASTIC_KINEMATIC material model was 

adopted to characterize HRB400 steel bars. The specific parameters were referenced from 

[37], as shown in Table 2. 

Table 2. Steel. 

Density/(g/cm3) Poisson’s Ratio Modulus of Elasticity/MPa Yield Strength/MPa 

7.8 0.3 2.07 × 105 400 

2.3.3. TNT 

To accurately replicate the detonation behavior of TNT, the MAT_HIGH_EXPLO-

SIVE_BURN constitutive model was combined with the EOS_JWL state equation to de-
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scribe the volumetric internal energy variation corresponding to the initial structural vol-

ume. The corresponding expression is provided below: 

1 2 0

1 2

(1 ) (1 )
RV R V

V

E
p A e B e

RV RV

 − −
= − + − +  (1) 

In the formula, p is the detonation pressure (MPa); E0 is the internal energy per unit 

volume; V0 is the initial relative volume; A and B are the material pressure coefficients; R1, 

R2, and ω are the dimensionless coefficients of the *EOS_JWL equation of state. The spe-

cific material parameters are referenced from Reference [38], with relevant details pro-

vided in Table 3. 

Table 3. TNT parameters. 

Density/(g/cm3) A/GPa B/GPa R1 R2 Poisson’s Ratio V0 E0 

1.6 373.4 3.74 4.15 0.9 0.35 1 7 

2.3.4. AIR 

In the numerical simulation, the *MAT_NULL constitutive law was utilized to define 

air, which was assumed to be a non-viscous ideal gas. *EOS_LINEAR_POLYNOMIAL, 

formulated as a linear polynomial, was utilized to quantify the functional relation be-

tween the initial volumetric internal energy of air and blast shock pressure. The specific 

relationship is expressed as follows: 

( )2 3 2

a 0 1 2 3 4 5 6 0P C C C C C C C E    = + + + + + +  (2) 

Where Pa stands for the blast pressure of air shock waves, and E represents the internal 

energy corresponding to unit initial volume. All relevant material parameters can be 

found in Ref. [39], as presented in Table 4. 

Table 4. Air parameters. 

Density/(g/cm3) Initial Pressure/MPa γ E0/(MJ·kg−1) V0 

1.29 0.101 1.4 2.5 × 105 1 

2.4. Validation of the Method 

The experimental data reported in existing studies and numerical analyses of the RC 

slab subjected to contact detonation are shown in Figure 4. In the experiment, a large crater 

formed on the blast-affected surface of the RC plate, with the steel reinforcement exposed. 

The crater was 653 mm wide and 595 mm long on the blast-affected surface, while the 

spallation zone on the back-blast surface measured 720 mm in width and 778 mm in length. 

The numerical results indicated that the crater on the blast-loaded surface of the RC plate 

was 610.1 mm wide and 600.1 mm long, whereas the spallation zone on the back-blast 

surface was 691.7 mm wide and 740.5 mm long. The relative errors between experimental 

measurements and corresponding numerical simulation dimensions were calculated se-

quentially. Subsequently, the arithmetic mean of the four groups of relative errors was 

computed, yielding an overall average error of 3.75%, which falls within the acceptable 

error range. It can be clearly observed that the experimental and numerical simulation 

results exhibit consistent damage characteristics on both the blast-facing and rear surfaces, 

and the crack propagation on the rear surface of reinforced concrete slabs shows a trend 

of radial outward diffusion in all cases. This substantiates the practicability together with 

the computational precision of the numerical simulation approach, accordingly offering a 

credible simulation foundation for follow-up explorations on the anti-explosion capacity 
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and shielding behavior of RC slabs reinforced with diverse concrete functionally graded 

protective layers. 

  

  

(a) Top surface (b) Back surface 

Figure 4. Comparison of experimental and numerical results. 

3. Numerical Simulation of RC Slabs Strengthened with Various  

Concrete Protective Layers on Blast-Facing Surfaces 

3.1. Design of Reinforcement Schemes for Different Concrete Protective Layers 

To evaluate the anti-blast behavior of RC plate with different concrete layers on the 

explosion-exposed surface, this study designed protective structure schemes by varying 

the types of concrete protective layers. The layers included Steel Fiber-Reinforced Cellular 

Concrete (SFR-CC), Asphalt Concrete (AC), Rubber Concrete (RBC), and Foam Concrete 

(FC). Detailed schemes are presented in Table 5. 

Table 5. Design of different concrete protective layer schemes. 

Grouping Charge/kg Protective Layer Position Concrete Layer Layer Thickness/mm 

T-0 3 blast-facing surface NC 100 

T-1 3 blast-facing surface SFR-CC 100 

T-2 3 blast-facing surface AC 100 

T-3 3 blast-facing surface RBC 100 

T-4 3 blast-facing surface FC 100 
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3.2. Protective Layer Material Model and Parameters 

3.2.1. Karagozian and Case Model 

In this study, SFR-CC [31] (compressive strength: 42.86 MPa), AC [40] (compressive 

strength: 4.6 MPa), and RBC [41] (compressive strength: 22.8 MPa) were modeled using 

the K&C model. Due to differences in strength, ductility, and other mechanical properties 

between these concretes and normal-strength concrete, the strength surface parameters of 

the material model were revised and improved. The principal parameters corresponding 

to the modified Karagozian and Case constitutive model are summarized in Table 6. 

Table 6. Improved K&C model parameters. 

 SFR-CC AC RBC 

ρ/(g·cm−3) 2.27 2.3 2.44 

fc/MPa 42.86 4.6 22.5 

ν 0.19 0.35 0.2 

a0/GPa 0.012 0.002 0.01 

a1 0.38 0.6 0.584 

a2/GPa−1 3.46 13.5 2.6 

b1 1.6 3.45 1.8 

b2 2.09 0.2 2.1 

b3 1.15 1.15 1.15 

a0y/GPa 0.008 0.0018 0.0059 

a1y 0.53 2 0.625 

a2y/GPa−1 10.49 47.3 16.3 

a1f 0.38 0.7 0.792 

a2f/GPa−1 5.06 3.7 3.9 

3.2.2. Foam Concrete CRUSHABLE_FOAM Model 

FC (with a compressive strength of 6 MPa) features lightweight and porous charac-

teristics that enable it to absorb impact energy generated by explosions. Therefore, the 

MAT_CRUSHABLE_FOAM material model (a crushable foam model) was adopted to 

represent this material. This model effectively simulates the mechanical behavior of foam 

concrete through stress–strain curves while accounting for strain rate effects,as illustrated 

in Figure 5. Detailed parameters are provided in Table 7 [42]. 

 

Figure 5. Stress–strain curve of FC. 
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Table 7. FC parameters. 

Density/(g/cm3) Poisson’s Modulus of Elasticity/MPa Failure Tensile Stress/MPa 

0.4 0.1 342.2 0.2 

3.3. Establishment of Numerical Simulation Model 

To evaluate the anti-explosion capacity of RC plate structures with various concrete 

layers on the explosion-impacted surface under blast load, the ALE method was used to 

develop a multi-medium numerical model of “explosive-air-protective layer-concrete 

slab”, as illustrated in Figure 6. The geometric dimensions of the RC plate in the numerical 

model were defined as 1500 mm × 1500 mm × 300 mm, with the depth of concrete cover 

over reinforcing steel bars equals 15 mm. Five layers of steel bar meshes (HRB400 grade) 

with a diameter of 6 mm were longitudinally arranged at a uniform spacing of 50 mm in 

both the horizontal and vertical directions. The full-scale model was used for numerical 

calculation. In the model, the RC slab, protective layer, explosive, air and support were 

represented by ALE elements, while the steel bars were modeled using BEAM elements. 

The mesh size of the explosive and air domains was set to 20 mm, and the element size of 

the other materials was 10 mm, resulting in a total of 1,437,028 elements. A 2 kg TNT was 

placed at the center of the RC slab. The support component was assigned rigid material 

properties via the MAT_RIGID constitutive model. The contact interaction between the 

concrete slab and steel bars was specified via the keyword CON-

STRAINED_BEAM_IN_SOLID, while the contact between the protective layer and con-

crete slab was defined using the keyword CONTACT_AUTOMATIC_SUR-

FACE_TO_SURFACE_TIEBREAK. Both ends of the reinforced concrete slab were as-

signed fixed constraints. The keyword BOUNDARY_NON_REFLECTING was adopted 

for the air domain to define non-reflective boundaries, which characterize the infinite 

propagation of blast waves in air. The material properties of TNT explosive and air 

adopted in the model were identical to those specified in Section 2.3. 

 
(a) Structural dimension layout of numerical model 
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(b) Establishment of 3D simulation model 

Figure 6. Numerical Model Establishment and Reinforcement Layout. 

4. Dynamic Response of RC Slabs with Various Reinforcement 

Schemes for Concrete Protective Layers 

4.1. Propagation Characteristics of Explosion Shock Waves 

4.1.1. Features of Shock Wave Propagation in NC Reinforcement Scheme 

Figure 7 illustrates the blast wave propagation process for the T-0 configuration with 

an NC layer. As shown in Figure 7, at 0.05 ms after the blast, the compressive wave gen-

erated by the blast directly impacts the NC protective layer, causing rapid compression of 

the surface concrete and resulting in strain-induced damage to the concrete on the blast-

facing side of the concrete layer. At this stage, because the concrete layer and the RC plate 

have identical wave impedances, the reflection of the blast shock wave at their interface 

is minimal. Subsequently, the blast shock wave propagates toward the rear face of the RC 

slab in a spherical wave pattern and penetrates the protected RC plate. At 0.1 ms after the 

blast, the blast-induced compressive wave reaches the rear face of the slab. Owing to the 

acoustic impedance discrepancy existing between the concrete at the rear face and the 

surrounding air, a fraction of the stress wave is reflected at the boundary, generating a 

tensile wave, while the remaining portion continues to propagate downward through the 

RC plate. At this stage, the blast crater in the concrete protective layer expands further, 

causing surface concrete peeling on the loaded face. By 0.2 ms after detonation, the shock 

wave reaches the lateral boundaries of the RC plate. Under the continued influence of the 

tensile wave, spalling failure occurs on the blast-rear surface and side peripheries of the 

specimen, giving rise to an interior collapse zone inside the RC plate. At 0.35 ms after the 

explosion, following the shock wave impingement, the explosion-induced crater on the 

blast-exposed surface of the panel and the scabbing damage region on the blast-back sur-

face expand further. Influenced by boundary effects, the spalling damage along the slab’s 

side edges worsens, accompanied by the initiation of cracks through the thickness. Mean-

while, the collapse zone within the reinforced concrete plate enlarges, and shear failure 

occurs in the steel reinforcement mesh. 
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t = 0.05 ms t = 0.1 ms 

  

t = 0.2 ms t = 0.35 ms 

Figure 7. Pressure field distribution of NC scheme. 

4.1.2. Characteristics of Shock Wave Propagation in Different Concrete  

Reinforcement Schemes 

To investigate the spread of blast pressure waves through RC plates possessing varying 

concrete cover layers on the blast-facing side, the current research chose Case T-1 as a typical 

case to investigate the pressure wave distribution at different time intervals, as shown in Fig-

ure 8. Given the similar shock wave propagation characteristics across different protective 

schemes, Figure 8 clearly demonstrates that direct contact between the explosive and the pro-

tective layer causes the blast-induced compressive wave to act on the protective layer imme-

diately upon detonation. At 0.05 ms after the blast, the instantaneous compressive wave in-

duces rapid deformation of the concrete layer and the formation of a blast crater. As the shock 

wave travels toward the boundary separating the protective layer and the concrete slab, the 

acoustic resistance mismatch between the two materials causes partial reflection of the pres-

sure wave, generating reflected waves, while the remaining portion continues to propagate 

toward the blast-rear face as compressive waves. At 0.1 ms after the explosion, the explosion 

shock wave spreads out in spherical form toward the blast-back face of the RC plate. At this 

moment, the protective layer is subjected to reflected waves, causing further expansion of the 

blast crater and the initiation of cracks propagating in both directions. Meanwhile, the concrete 

on the blast-impacted side of the RC plate experiences tensile waves, resulting in slight spall-

ing at the interface. Upon the lapse of 0.2 ms after blast initiation, the shock wave reaches the 

edge of the reinforced concrete plate. Due to the impedance mismatch between concrete and 

air at the blast-rear face boundary, reflected and transmitted waves are generated at this inter-

face. When the tensile stress wave by rebound tension waves at the back surface of the slab 

surpasses the superposition of incident compression pulses and the concrete’s tensile capacity, 

spalling damage emerges at the rear side of the structural panel. By 0.35 ms after detonation, 

the blast shock wave has perforated the concrete slab and continues to propagate outward as 

transmitted waves. At this stage, damage progressively develops inside the concrete slab and 

on the blast-back face; additionally, influenced by tensile waves and boundary effects, slight 

spalling occurs at the edges of the reinforced concrete plate. Compared with the blast wave 

transmission process in Scheme T-0, the blast wave transmission velocity at characteristic time 

points of 0.05 ms, 0.1 ms, 0.2 ms, and 0.35 ms decreases following the application of different 

concrete layers. Therefore, reinforcing the explosion-impacted surface of the RC plate with 
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various concrete layers enhances wave attenuation efficacy, leading to a remarkable elevation 

in the blast resistance of the structural member. 

  

t = 0.05 ms t = 0.1 ms 

  

t = 0.2 ms t = 0.35 ms 

Figure 8. Pressure field distribution of T-1 scheme. 

4.2. Peak Pressure at Measuring Points 

To investigate the shockwave damping and energy absorption effects of different con-

crete layers on RC plates strengthened on the explosion-impacted surface under direct det-

onation impact, four measuring points (Z1, Z2, Z3, and Z4) were arranged at a radial dis-

tance of 200 mm from the detonation center. The protective performance of different pro-

tective schemes was evaluated by analyzing the pressure-time history curve features of the 

measuring points and the wave attenuation efficacy of the protective layers under each 

scheme. Measuring points Z1 and Z2 were positioned at the top and bottom boundaries of 

the protective covering, respectively, while measuring point Z3 was arranged inside the RC 

slab at a distance of 150 mm from both Z2 and Z4, as illustrated in Figure 9. Measurement 

points were arranged on the material elements of both the protective layer and concrete slab. 

Pressure time–history curves were extracted for individual elements through the post-pro-

cessing module of the finite element software to obtain pressure values. 

  

Figure 9. Layout of measuring points. 
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To clarify the disparities in blast mitigation capacity of RC plates retrofitted with di-

verse concrete buffer coverings on their explosion-impacted surfaces, the pressure-time 

history curves at typical measuring points corresponding to the strengthening schemes—

namely SFR-CC, AC, RBC and FC) and NC are analyzed and presented in Figure 10. As 

displayed in Figure 10, the pressure-time history curves for all protective schemes exhibit 

similar trends, characterized by a rapid pressure rise to a peak value during the initial 

stage of the blast, followed by a gradual pressure decline and eventual stabilization as the 

explosion progresses. For the NC overlay strengthening scheme, the pressure-time history 

curves at representative measuring points reached their peak values at 0.1 ms, 0.15 ms, 

0.25 ms, and 0.45 ms, with corresponding peak pressures of 102.5 MPa, 71.5 MPa, 51.3 

MPa, and 27.6 MPa, respectively. Under this scenario, the maximum attenuation rate of 

peak pressure was calculated to be 73.1%. Similarly, an analysis of the pressure-time his-

tory curves of slabs retrofitted with various concrete overlay layers revealed maximum 

attenuation rates of peak pressure of 88.4%, 86.4%, 85.4%, and 79.9%, respectively. Mean-

while, the peak pressures at the representative measuring points exhibited a decreasing 

trend as the explosion progressed. Compared with the NC overlay strengthening scheme, 

all the aforementioned concrete overlay configurations achieved higher maximum atten-

uation rates of peak pressure, revealing that equipping the explosion-exposed surface 

with assorted concrete overlay layers significantly enhances the attenuation of peak pres-

sure under contact blast loading. As illustrated in Figure 10b, for the slabs retrofitted with 

the SFR-CC overlay, the peak pressures at the representative measuring points were 53.37 

MPa, 21.88 MPa, 12.03 MPa, and 6.15 MPa, respectively. Compared to the NC strengthen-

ing scheme, the peak pressures at the corresponding measuring points were reduced by 

47.9%, 69.4%, 71.5%, and 77.8%, respectively. It reveals that the SFR-CC overlay enhances 

the protective performance of the structure through its wave-shaping effect. Similarly, an 

analysis of the pressure-time history curves for slabs with various concrete overlays ret-

rofitted on the blast-facing side shows that the peak pressures at all measuring points for 

these protective schemes are lower than those observed with the NC strengthening 

scheme. This demonstrates that retrofitting different concrete overlays on the explosion-

impacted surface can significantly reduce peak pressures at each measuring point. The 

underlying mechanism is twofold: first, adding the overlay increases the thickness of the 

composite structure, thereby prolonging the duration of blast wave action on the pro-

tected structure; second, the overlay materials exhibit excellent wave-shaping properties 

within the composite structure. Under contact blast loading, all concrete strengthening 

schemes outperform the NC scheme in terms of protective effectiveness. These schemes 

effectively mitigate the transmission of blast waves within the structure, achieving a 

wave-dissipating effect. The measured peak pressures at the measuring points of each 

protective scheme, after retrofitting the blast-facing side with different concrete overlays, 

are presented in Figure 11. As shown in Figure 11, compared to the NC strengthening 

scheme, the peak pressures at representative measuring points for all schemes with vari-

ous concrete overlays are reduced, further demonstrating that retrofitting with different 

concrete types provides favorable protective performance. To determine the most effec-

tive shielding layout for all distinct concrete configurations, the peak pressures at repre-

sentative measuring points Z1 and Z2 on both sides of the overlay were analyzed. Addi-

tionally, the attenuation rate of peak pressure after the blast wave transmitted through the 

overlay was used as the evaluation criterion for the protective effectiveness of the different 

schemes. Specifically, for the SFR-CC strengthening scheme, the peak pressures at meas-

uring points Z1 and Z2 were 53.37 MPa and 21.88 MPa, respectively, corresponding to a 

peak pressure attenuation rate of 59.0%. By analogy, the peak pressure reduction ratios of 

shockwaves penetrating the overlays of other concrete strengthening schemes (AC, RBC, 

and FC) were 43.4%, 31.5%, and 44.3%, respectively. In a comprehensive comparison, the 
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peak pressure attenuation performance of the reinforcement scheme using the SFR-CC 

protective layer surpasses those of other concrete-based reinforcement schemes, effec-

tively enhancing the blast performance of the protected RC plates. This is because the po-

rous structure of SFR-CC endows the material with excellent blast wave dissipation ca-

pacity, while the incorporation of steel fibers significantly improves its mechanical 

strength. Therefore, it is recommended that SFR-CC be employed as the protective solu-

tion for the blast-resistant design of RC slab structures with front-blast-side reinforcement 

under contact explosion scenarios. 

  

(a) NC (b) SFR-CC 

  
(c) AC (d) RBC 

 
(e) FC 

Figure 10. Pressure curves of various reinforcement schemes. 
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Figure 11. Peak pressure of various reinforcement schemes. 

4.3. Different Concrete Protective Layers Absorb Total Energy 

Under the extreme dynamic loading conditions of contact explosions, the energy ab-

sorption performance of the concrete layer is a critical indicator for evaluating its effec-

tiveness in protecting reinforced concrete slabs. Superior energy absorption capacity can 

remarkably buffer the shockwave and weaken the propagation of energy to the underly-

ing structure, thereby mitigating the extent of damage sustained. To investigate the blast 

wave mitigation and energy absorption effects of RC plate reinforced with various con-

crete layers on the explosion-impacted surface, this study evaluates protective schemes 

with enhanced energy absorption performance by analyzing the energy absorption time–

history curves and the steady-state total energy dissipation (the sum of internal energy 

and kinetic energy) of each buffer coating subjected to explosive impact. The goal is to 

provide a theoretical foundation for the selection and design of practical protective engi-

neering solutions. 

Figure 12a illustrates the energy absorption time–history curves of concrete plates re-

inforced with various concrete layers on the explosion-impacted surface. The energy ab-

sorption profiles of these concrete layers exhibit similar trends following the application of 

different materials. During the initial explosion phase (0–0.2 ms), the ultra-high intensity 

blast shock wave impacts the surface of the protective layer, causing a stepwise increase in 

energy absorption that rapidly reaches its peak. Subsequently, as shockwaves permeate the 

inner region of the concrete layer between 0.2 ms and 0.5 ms, the energy absorption de-

creases due to mechanisms such as structural crack propagation, penetration, and kinetic 

energy dissipation from fragments. After 0.5 ms, the processes of structural fragmentation 

and stress wave propagation are essentially complete; the protective layer reaches a quasi-

static equilibrium state characterized by the formation of a stable fragmentation zone, and 

the energy absorption values stabilize. The energy absorption values for the different con-

crete protective layers (SFR-CC, AC, RBC, and FC) are 5.13 kJ, 3.63 kJ, 4.23 kJ, and 4.05 kJ, 

respectively. Compared to the NC protective layer (with a total energy absorption of 3.35 

kJ), the total energy absorption of the reinforced concrete layers is significantly higher. It 

reveals that laying an extra concrete covering can effectively absorb the energy of shock 

pulses, thus cutting down the energy transmitted to the reinforced concrete plate, minimiz-

ing damage, and markedly improving the anti-blast capacity. Notably, the scheme rein-

forced with the SFR-CC layer exhibits a total energy absorption of 5.13 kJ, representing a 

peak increase of 41.3% compared to other concrete layer schemes, demonstrating superior 

energy absorption performance. This is mainly attributed to the superior fiber-reinforced 

toughening performance of SFR-CC material: interconnected or closed pores inside the ma-
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terial dissipate a large amount of energy under impact loading. In summary, among the 

various concrete protective layers used for front-blast-side reinforcement, the SFR-CC pro-

tective scheme delivers the best energy absorption performance, resulting in the protected 

RC slab bearing the least energy and achieving optimal protection. Therefore, SFR-CC is 

recommended as the structural design choice for the blast layer in front-blast-side reinforce-

ment of RC panels under close-in detonation conditions. 

 
 

(a) Energy absorption time history curve (b) The protective layer absorbs total energy 

Figure 12. Total energy of different protection schemes. 

5. Damage Process and Mode of RC Slab Structure with Various  

Concrete Layers 

5.1. Analysis of Damage Evolution Process 

To better elucidate the damage evolution process of protected RC plate subjected to 

contact explosions under various concrete layer retrofitting configurations, this study an-

alyzed the damage characteristics of the plates at key time points. It systematically re-

vealed the protective effectiveness of different reinforcement schemes and their temporal 

evolution, as illustrated in Figure 13. Figure 13 clearly shows that the damage evolution 

processes across the various reinforcement configurations are approximately similar. At 

the early stage of the blast, the concrete layer is instantly impacted by the blast wave, 

undergoing rapid compression followed by damage. As the explosion shock wave pene-

trates the concrete layer and reaches the RC plate, the concrete at the explosion-impacted 

side experiences compressive stress, resulting in the formation of a crushed zone in certain 

reinforcement schemes. Subsequently, the blast pressure wave travels to the back-blast 

surface of the RC slab and reflects, subjecting the rear surface concrete to tensile waves 

that cause spalling damage. In the later stage of the explosion, internal damage within the 

protected RC slab gradually expands, forming a collapse zone. Ultimately, the damage 

stabilizes, with concrete spalling occurring on the front-blast surface and its edges, while 

the fragmentation region at the rear blast face expands, together with the generation of 

fractures on the lateral surfaces of the RC slab. 

A further investigation into the failure behaviors of the protected RC plates at typical 

moments following a contact explosion reveals obvious disparities in the severity of de-

struction among various concrete schemes at these critical time points. At a post-detona-

tion time of 0.05 ms, the structure is in the initial shock compression stage. The blast pres-

sure pulse spreads swiftly within the concrete layer, instantaneously compressing the con-

crete layer. This subjects the material in the region of the concrete layer adjacent to the 

explosion center to extreme compressive damage, resulting in the formation of a crushed 
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zone. In the NC reinforcement scheme, a high-intensity compressive damage core zone 

develops in the protective layer directly beneath the explosion center, exhibiting a rela-

tively severe degree of damage. Due to their lower elastic modulus and higher damping 

properties, AC and RC can effectively dissipate shock waves, resulting in a larger com-

pressive damage core zone compared to the NC protective scheme, but with a milder de-

gree of damage. When the detonation duration reached 0.2 ms, the shock wave traveled 

to the non-detonation surface of the RC plate and was reflected, generating a tensile wave; 

however, no damage was observed in the surface concrete layer. In the NC protective 

layer reinforcement scheme, an internal tensile damage zone developed within the con-

crete slab, indicating the onset of crater formation. In contrast, the FC and SFR-CC protec-

tive schemes allowed the protective layers to absorb substantial blast energy, resulting in 

severe damage to the layers themselves; nevertheless, they significantly attenuated the 

transmission of blast energy to the internal structure. Additionally, the formation of a 

fragmented layer played a significant role in blast buffering. At a detonation duration of 

0.65 ms, repeated impacts from the reflected tensile wave on the non-detonation surface 

of the reinforced concrete slab induced spalling of the surface concrete, further aggravat-

ing damage to the protective layers. Meanwhile, the bending response of the slab’s mid-

section began to manifest, and the internal crater zones of the concrete slabs under all 

reinforcement schemes gradually expanded. The damage was primarily characterized by 

the integral failure of the protective layers and progressive damage propagation within 

the reinforced concrete slabs. For the SFR-CC protective scheme, the fiber reinforcement 

effect was fully realized at this stage: the fibers effectively bridged microcracks, prevent-

ing their coalescence into macroscopic cracks, thus markedly elevating the material’s ten-

sile resistance and post-cracking ductility of the material. Consequently, the crater’s radial 

span and penetration depth of the zone were substantially smaller than those observed in 

the NC reinforcement scheme, and the crack network inside the slab was noticeably 

sparser, with limited propagation in crack width and length. When the detonation dura-

tion reached 3.0 ms, the crater zone and spalling area on the non-detonation surface of the 

reinforced concrete plate further expanded, resulting in pronounced delamination phe-

nomena. At this moment, the blast impact process was essentially complete; the stress 

wave energy had either dissipated or transmitted beyond the structural boundaries, and 

the structural damage morphology had stabilized. In the RC slab reinforced with the NC 

layer scheme, a severe network of penetrating radial and circumferential cracks devel-

oped in the midsection, resulting in significant deflection deformation. As presented in 

Figure 13(b), the reinforced concrete plate protected by the SFR-CC protective layer rein-

forcement scheme exhibited minimal damage: at a detonation duration of 0.05 ms, no 

damage occurred in the RC plate, while the concrete layer rapidly failed under the com-

pressive wave and gradually formed a blast crater with a significantly smaller extent than 

that observed in the NC protective layer. At a post-detonation time of 0.2 ms, the explo-

sion wave reaches the back-blast surface and reflects, generating a tensile wave. At this 

stage, neither spalling damage nor collapse zones are observed on both the impact-facing 

and rear faces of the RC plate. When the blast time reaches 0.65 ms, spalling damage oc-

curs on the rear face of the RC plate resulting from reflected tensile waves. Simultaneously, 

a collapse zone gradually develops within the concrete slab, accompanied by crack initia-

tion. By 3.0 ms, the collapse zone within the concrete slab reaches its maximum extent, 

with localized damage concentrated near the explosion center. The structural damage 

mode stabilizes while maintaining good overall integrity. Compared to the NC protective 

layer scheme, the degree of damage at key time points is significantly reduced. For struc-

tural engineering practice, SFR-CC is prioritized, adopting SFR-CC as the blast layer in 

the structural design to strengthen the explosion-impacted face of reinforced concrete 

slabs against contact explosions. 
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t = 0.05 ms 0.2 ms 0.65 ms 3.0 ms 

(a) NC protective layer reinforcement scheme 

 

 
t = 0.05 ms 0.2 ms 0.65 ms 3.0 ms 

(b) SFR-CC protective layer reinforcement scheme 

 

 
t = 0.05 ms 0.2 ms 0.65 ms 3.0 ms 

(c) AC protective layer reinforcement scheme 
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t = 0.05 ms 0.2 ms 0.65 ms 3.0 ms 

(d) RBC protective layer reinforcement scheme 

 

 
t = 0.05 ms 0.2 ms 0.65 ms 3.0 ms 

(e) FC protective layer reinforcement scheme 

Figure 13. Damage evolution process of different concrete protective layer reinforcement schemes. 

5.2. Analysis of Damage Mechanism 

To evaluate the anti-blast capacity of RC slabs retrofitted by diverse claddings on 

their explosion-impacted faces, a study was carried out to analyze the damage mecha-

nisms of RC plate under various protection configurations, as presented in Figure 14. As 

displayed in Figure 14, under contact blast loads, the damage evolution mechanism of RC 

slabs with different concrete overlay strengthening schemes can be analyzed from three 

perspectives: blast pressure wave transmission laws, energy dissipation capacity of the 

concrete layer and the RC plate, and structural damage features. 

Regarding blast wave propagation characteristics, the extremely high-temperature 

and high-pressure detonation products produced upon blast initiation first strike the up-

per surface of the concrete layer, forming an initial incoming blast wave. Due to the excel-

lent wave attenuation properties of various concrete protective layers, they effectively re-

duce the intensity of the incident shock wave. Once the pressure wave arrives at the 

boundary separating the concrete layer and the RC plate, the large acoustic impedance of 

the concrete induces obvious impedance discrepancy while stress waves transfer from the 

high-acoustic-impedance material (protective overlay) to the low-acoustic-impedance 

material (RC plate). Consequently, part of the blast wave is converted into a reflected ten-

sile wave that propagates back into the protective layer, while the remainder transmits 

into the reinforced concrete slab as a transmitted wave. As the pressure wave continues 

through the reinforced concrete slab and reaches the back-blast surface interface, the sig-
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nificant impedance difference between air and concrete again generates reflected tensile 

waves and transmitted waves. From the perspective of energy absorption and dissipation 

of the protective layer, the total input energy acting on the structure induced by contact 

explosion is defined as ET1. Under the action of blast loads, the protective layer undergoes 

a series of damage processes including crushing, cracking, plastic deformation and spall-

ing, which are accompanied by significant energy absorption and dissipation. Specifically, 

the energy captured by the concrete layer is defined as EP, and the energy dissipated dur-

ing wave transmission is E1. The total energy transmitted into the RC slab after the miti-

gation effect of the protective layer is ET2. As the blast stress wave transmits across the RC 

slab, the material properties of concrete coupled with the synergistic response of reinforc-

ing bars further contribute to energy absorption and dissipation, where the energy cap-

tured by the RC plate is recorded as ER and the energy dissipated during transmission is 

E2. Eventually, the residual energy after passing through both the concrete layer and the 

RC plate is E3. From the perspective of structural damage characteristics, under contact 

explosion loads, intense shock waves impinge upon the top face of the concrete layer 

within an extremely short time, causing severe deformation and fracture of the superficial 

matrix, thereby generating a crushed region. As the blast wave propagates, damage to the 

concrete layer continues to expand, gradually forming a blast crater. At this stage, the 

back-blast surface of the reinforced concrete plate undergoes spalling due to the repeated 

action of reflected tensile waves, which further develops into a collapse zone. Eventually, 

the destruction pattern of the RC plate stabilizes, characterized by the continued expan-

sion of the collapse zone and the progressive extension of damage on the front-blast sur-

face and edge regions. 
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Figure 14. Damage evolution mechanism of different protection schemes. 

6. Evaluation of Blast Performance for Structures with Diverse Concrete 

Layer Reinforcement Schemes 

6.1. Maximum Support Rotation 

To assess the effect of different protective layer configurations on the failure evolu-

tion of RC plates under contact blast loading, this study used the maximum support rota-

tion θmax as the criterion for evaluating failure and failure mitigation in RC plate members 

subjected to contact blast loads [43]. The maximum support rotation can be calculated 

from the maximum midspan deflection and half-span length of the RC slab member, as 

illustrated in the structural schematic diagram shown in Figure 15. Consequently, the 

blast resistance effectiveness of diverse concrete overlay retrofitting configurations on the 

protected RC slabs was analyzed according to the magnitude of the maximum support 

rotation, as expressed in the formula below: 

max

2
arctan( )m

x

L
 =  (3) 

In the formula: θmax is the maximum support angle; Xm is the mid span deflection of 

RC slabs under various schemes; L is the net span of the RC plate. 

 

Figure 15. Schematic diagram of support angle. 
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Figure 16 illustrates the mid-span displacement time–history curves and maximum 

support rotations of reinforced concrete slabs subjected to various protection schemes, 

featuring reinforced blast-facing surfaces with various concrete players. As displayed in 

Figure 16a, the mid-span displacement time–history profiles of the RC plate with various 

concrete layer reinforcement schemes follow similar patterns: initially, no displacement 

occurs prior to the arrival of the blast stress wave at the slab midspan. Subsequently, the 

midspan deflection surges to a peak magnitude within a brief duration. Finally, under the 

action of the reflected tensile wave, the displacement first decreases slowly, then gradually 

increases until it stabilizes. Among these configurations, the RC plate equipped with the 

NC concrete overlay yields a peak mid-span displacement of 8.31 mm and a maximum 

support rotation of 0.65°. The peak mid-span displacements of reinforced concrete slabs 

protected by different concrete layers (SFR-CC, AC, RBC and FC) are 2.57 mm, 6.10 mm, 

3.17 mm, and 2.90 mm, respectively. These values are significantly lower than those of the 

slab with the NC layer, indicating that reinforcing blast-facing surfaces with various con-

crete layers can substantially reduce mid-span displacement and, consequently, mitigate 

damage to the protected RC plate. Figure 16b shows that the maximum support rotations 

of the protected RC slabs strengthened on the blast-facing surface with various concrete 

layers are 0.20°, 0.47°, 0.25°, and 0.25°, respectively. All these values are remarkably 

smaller than those associated with the scheme reinforced with the NC protective layer, 

with the maximum reduction reaching 71.6%. Among these schemes, the RC plate 

strengthened with the SFR-CC concrete layer shows the smallest maximum support rota-

tion, at 0.20°, which corresponds to a maximum reduction of 57.5% relative to the other 

concrete protective layers. The foregoing results suggest that the SFR-CC protective layer 

provides a markedly enhanced protective effect compared to the other reinforcement 

schemes. Such performance promotion stems from the synergistic effect of elevated tensile 

strength and ductility imparted by steel fibers, together with the greater energy-dissipa-

tion capacity of the cellular structure for absorbing shock-wave energy. This synergistic 

effect enables the SFR-CC protective layer to not only effectively dissipate blast-induced 

energy but also maintain the structural integrity of RC slabs. In view of the above com-

parative results, SFR-CC overlay is selected as the anti-shock retrofitting solution applied 

to the blast-facing surfaces of RC slabs subjected to contact detonation loading. 

  
(a) Mid span displacement time–history curve (b) Maximum Support Rotation 

Figure 16. Displacement time–history curves and maximum support angle for different schemes. 
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6.2. Classification and Prediction of Damage Levels 

6.2.1. Classification of Damage Levels 

To further analyze the effect of diverse concrete cladding retrofitting on explosion-

impacted faces upon the damage severity of shielded RC plate, a classification of the dam-

age levels of RC plate reinforced with various concrete layers was conducted. In this study, 

the residual sectional moment of inertia of protected RC plate subjected to contact explo-

sion loading is selected as the criterion for evaluating the damage degree of protected 

structures. Based on damage geometric data and element erosion results obtained from 

numerical post-processing, a damage index D is proposed via quantitative analysis as a 

quantitative indicator for classifying the damage grades of RC plate strengthened with 

various concrete layers on the blast-facing surface [44]. 

1 /TD I I= −  (4) 

In the above relation: TI  represents the remaining sectional inertia of the shielded 

RC slab after blast loading; I  denotes the initial sectional inertia of the undamaged slab. 

Based on existing research on structural damage assessment under blast loads, the 

damage levels of reinforced concrete plate can be systematically classified into four grades 

according to the damage index of slabs with various concrete layer schemes: slight dam-

age, moderate damage, severe damage, and complete damage. The categorized damage 

levels and their corresponding characteristics are detailed in Table 8. 

Table 8. Disturbance degree. 

Damage Index Disturbance Degree Destructive Features 

[0, 0.2) Slight damage 

Local damage develops in the structure, accompanied by fine surface 

cracks. The steel bars do not yield, and the structure maintains good per-

formance. 

[0.2, 0.5) Moderate damage 

Large-area surface damage occurs, accompanied by reticulated or diagonal 

cracks, some of which extend through the slab thickness. The steel bars in 

the tensile zone begin to yield. 

[0.5, 0.8) Severe damage 

Severe deterioration occurs within the concrete matrix; several compres-

sive steel reinforcements rupture, accompanied by through-thickness pri-

mary fractures and dense intersecting crack networks. 

[0.8, 1.0) Destruction 

The central concrete core undergoes thorough failure accompanied by 

drastically widened fissures. The slab fragments into discrete segments or 

suffers total collapse, resulting in full loss of structural bearing capacity. 

Given that the irregular cross-sectional dimensions of damaged, blast-loaded rein-

forced concrete slabs cannot be accurately measured, a simplified computational ap-

proach was adopted for the damaged cross-sections of these slabs. To facilitate a unified 

comparison among various protection schemes, an approximate evaluation index derived 

from numerical damage morphology is adopted instead of universal damage criteria fully 

validated by residual bearing capacity tests. For the crater region at the explosion-im-

pacted face and the failure domain on the blast-back side, the regions defined by the meas-

ured width and depth were modeled as rectangular zones of complete damage, and their 

dimensions were incorporated into the calculation of the residual effective cross-section. 

For other regions, a conservative approach was applied: steel bars were considered to 

contribute to the effective cross-sectional area only if they remained intact, while fractured 

steel bars were excluded from the effective area calculation. The formulas for calculating 

the residual moment of inertia of the concrete slab cross-section and the steel bar cross-

section are provided below: 
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 
  (5) 

In the formula: 
,i ib h

 correspond to the width and depth of undamaged concrete 

subdomains; iA  stands for the cross-sectional area of each separated concrete segment; 

iy  represents the offset between the centroid of each segment and the global neutral axis 

of the slab. 

2

,steel s j jI A d=   (6) 

In the formula above, ,s jA  denotes the sectional area of one individual reinforcing bar; 

jd  signifies the vertical offset between the reinforcement and the section neutral axis. 

total concrete steelI I I= +  (7) 

Figure 17 presents the residual cross-sectional moments of inertia, damage coefficients, 

and damage level classifications of the protected RC plate corresponding to various rein-

forcement configurations, for explosion-impacted faces strengthened by various concrete 

layers. It can be observed from Figure 17 that the residual cross-sectional moment of inertia 

of the RC plate reinforced with the NC protective layer is significantly lower than those of 

slabs reinforced with alternative concrete layers. The NC-reinforced slab has a damage co-

efficient of 0.501, which is classified as severe damage. The damage index of slabs with blast-

facing surfaces reinforced by various concrete layers (SFR-CC, AC, RBC and FC) are 0.178, 

0.412, 0.397, and 0.302, respectively. These values represent reductions of 64.5%, 17.8%, 

20.8%, and 39.7%, respectively, compared to the NC protective layer reinforcement scheme. 

Based on the damage level classification criteria, the SFR-CC protective layer reinforcement 

scheme results in slight damage, whereas the other reinforcement schemes lead to moderate 

damage. The results clearly demonstrate that the damage coefficients of RC plates with 

blast-facing surfaces reinforced by various concrete layers are all smaller in magnitude com-

pared to the values of the NC layer reinforcement scheme, corresponding to a reduction in 

damage levels. This indicates that reinforcing blast-facing surfaces with various concrete 

layers can remarkably mitigate the extent of damage to the reinforced concrete plates. 

Among these schemes, the SFR-CC layer reinforcement achieves the most significant reduc-

tion in the damage coefficient, with a maximum reduction rate of 61.1% compared to other 

concrete protective layer reinforcement methods. These results demonstrate that the SFR-

CC layer provides a substantially protective effect on reinforced concrete slabs when ap-

plied to blast-facing surfaces. This effectiveness is attributed to SFR-CC’s dual characteristics 

of cellular energy absorption and fiber reinforcement, which significantly mitigate the dam-

age sustained by RC slabs. In light of the above analytical outcomes, the SFR-CC overlay is 

proposed as the explosion-mitigating retrofitting measure on the blast-facing surfaces of RC 

plate subjected to contact detonation loading. 

https://doi.org/10.3390/buildings16132609


Buildings 2026, 16, 2609 25 of 30 
 

https://doi.org/10.3390/buildings16132609 

 
 

(a) Remaining sectional moment of inertia (b) Damage level 

Figure 17. Classification of damage levels for different concrete reinforcement schemes. 

6.2.2. Prediction of Damage Level 

To further elucidate the effects of varying explosive charges and blast-facing rein-

forcement of SFR-CC layers on the disturbance degree of RC slabs, numerical simulations 

were performed. These simulations evaluated the protective performance under the or-

thogonal interaction of six explosive charge levels (1 kg, 2 kg, 4 kg, 6 kg, 8 kg, and 9 kg) 

and four protective layer thicknesses (70 mm, 100 mm, 130 mm, and 160 mm) within the 

SFR-CC scheme. The disturbance classification of the RC plates and the critical prediction 

curves for damage grades under different explosive charges and SFR-CC layer thicknesses 

can be observed in Figure 18. Based on the damage index of reinforced concrete slabs, the 

prediction curves dividing damage grades of protected reinforced concrete slabs were fit-

ted. Such curves can be used to rapidly evaluate the damage degree of protected rein-

forced concrete slabs subjected to different charge masses and protective layer thicknesses 

under contact explosion with identical loading parameters. As presented in Figure 18, the 

residual sectional moment of inertia of protected reinforced concrete slabs varies signifi-

cantly with different reinforcement schemes, explosive charges, and SFR-CC protective 

layer thicknesses. Based on this, damage grades were defined according to the damage 

coefficients, and critical prediction curves for the damage grades of RC slabs were subse-

quently derived. 

The critical prediction curves corresponding to the damage grade transitions of protected 

reinforced concrete slabs—from mild damage to moderate damage, moderate damage to se-

vere damage, and severe damage to complete destruction—under blast-facing reinforcement 

schemes with varying explosive charges and SFR-CC layer thicknesses can be observed in 

Figure 18. The expressions for these critical prediction curves are provided below: 
2 5 3 2

2 6 3 2

2 5 3 2

0.315 0.0042 1.78 10 0.01, (70mm 160mm), 0.976

0.0168 0.0011 7.907 10 6.903, (70mm 160mm), 0.985

0.974 0.0085 2.469 10 33.063, (70mm 160mm), 0.988

W T T T T R

W T T T T R

W T T T T R

−

−

−

 = − +  +   =


= − +  +   =


= − +  −   =

 (8) 

In the formula above, W is the mass of the explosive, kg; T is the thickness of the SFR-

CC protective layer, mm; R2 is the correction factor. 
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Figure 18. Damage prediction curve of SFR-CC protective layer reinforcement scheme. 

The damage prediction surfaces, derived from the disturbance coefficients of pro-

tected RC slabs subjected to contact detonation loading with varying explosive charges 

and SFR-CC player thicknesses, are presented in Figure 19. Different protective conditions 

were established based on the orthogonal interaction between the protective layer thick-

ness (70 mm ≤ T ≤ 160 mm, abscissa) and the explosive equivalent weight (1 kg ≤ W ≤ 9 kg, 

ordinate). Finite element analyses were carried out to obtain the spatial distribution of the 

damage coefficients for the protected RC slabs. These damage coefficients were then fitted 

to develop a spatial prediction surface that relates the damage coefficient to the explosive 

equivalent weight and protective layer thickness. The fitted surfaces demonstrated a high 

degree of agreement with the spatial distribution of the damage coefficients, achieving a 

coefficient of determination (R2) of 0.975. This result indicates that the proposed empirical 

formula effectively characterizes the relationship among explosive equivalent weight, 

SFR-CC layer thickness, and the disturbance coefficient of RC plate under contact explo-

sions. Consequently, this approach enables quick assessment of damage extent of pro-

tected RC slabs strengthened with various schemes of different explosive charges and 

SFR-CC protective layer thicknesses under contact explosions with identical loading pa-

rameters. The empirical formula for the prediction surfaces is provided as follows: 

2 5 2 4 20.078 0.003 0.0073 1.05 10 6.54 10 0.059, 0.975D T W T W TW R− −= + + −  −  − =  (9) 

 

Figure 19. Damage prediction surface of SFR-CC protective layer reinforcement scheme. 
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7. Conclusions 

In this study, the LS-DYNA R11.1 numerical simulation software was adopted to 

simulate and analyze the damage evolution of RC plate strengthened on the blast-receiv-

ing surface with various concrete layers under contact explosion loading. It examined the 

impact of blast-facing reinforcement combined with different concrete layers on structural 

anti-explosion capacity, offering a theoretical foundation for further investigations. The 

primary conclusions are summarized below: 

(1) The ALE method was employed to develop a numerical model, and its computed 

outputs were contrasted against test measurements to validate the method’s effec-

tiveness. The findings demonstrate that the proposed approach accurately repro-

duces the damage patterns observed in reinforced concrete slabs with blast-facing 

reinforcement across various concrete protective layer configurations under contact 

detonation loading. 

(2) The present investigation examines the attenuation of shock waves, energy absorp-

tion capacity, and damage mitigation effects in RC plate retrofitted with diverse types 

of concrete layers. It also analyzes shock wave propagation characteristics, peak pres-

sures at measurement points, and the total energy absorbed by the protective layers 

under different concrete reinforcement schemes. Notably, the peak pressure at meas-

urement points for the SFR-CC reinforcement scheme (T-1) is reduced by up to 59%, 

representing a decrease of as much as 46.6% relative to alternative concrete overlay 

configurations. Furthermore, the total energy absorbed by the SFR-CC layer (5.13 kJ) 

is significantly higher than that absorbed by the NC protective layer (3.35 kJ), indi-

cating a substantial improvement in energy absorption efficiency. 

(3) The process of damage propagation, evolution, and the underlying damage mecha-

nisms in protected reinforced concrete slabs with blast-facing reinforcement and var-

ious concrete protective layers were analyzed. It was found that, compared to the NC 

protective layer reinforcement scheme, all other concrete layer reinforcement 

schemes alleviated the damage severity of the protected RC slabs. Among all 

schemes, the damage suppression performance of the strengthening scheme with 

SFR-CC layers (T-1) achieves superior protective capacity under the numerical work-

ing conditions specified in this paper. 

(4) The anti-blast performance of diverse blast-facing concrete layer schemes on rein-

forced concrete slabs were evaluated. Specifically, the maximum support rotation an-

gle of the RC plate protected by the SFR-CC reinforcement scheme (T-1) is 0.20°, rep-

resenting a maximum reduction of 57.5% compared to other concrete layer schemes. 

This verifies that the SFR-CC concrete layer reinforcement scheme results in the least 

destruction to the protected reinforced concrete slabs and demonstrates the optimal 

protective performance under the adopted simulation parameters. 

(5) The damage coefficients were calculated based on the residual sectional moment of 

inertia of reinforced concrete slabs protected with blast-facing strengthening, incor-

porating various concrete protective layer configurations. Specifically, the damage 

coefficient for slabs reinforced with the SFR-CC protective layer (T-1) was 0.178. 

Compared to the NC protective layer reinforcement scheme, this represented a tran-

sition in damage grade from severe to mild. Furthermore, the damage coefficient was 

reduced by up to 41.1% relative to other concrete protective layer reinforcement 

schemes, indicating a substantial reduction in the extent of destruction. 

(6) In accordance with the predefined damage grading criteria, damage grade prediction 

curves were established for protected RC slabs subjected to the combined effects of 

varying explosive equivalent weights and protective layer thicknesses. Additionally, 

an empirical formula was derived to describe the relationship among the damage co-
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efficient, explosive charge, and protective layer thickness. This formula facilitates the 

rapid assessment of damage severity in protected RC slabs under contact detonation 

loading with different explosive charges and SFR-CC protective layer thicknesses. 
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