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To study the damage characteristics and damage model of reinforced concrete
slabs under explosive impact, the failure modes of reinforced concrete slabs
under near-field and contact explosion were first studied through on-site
experiments. A coupled model was established based on the Coupled Eulerian-
Lagrangian (CEL)method using AUTODYN finite element software. The reliability
of the model was verified by comparing the numerical simulation results
with experimental results. Based on this, a fully coupled model of Carbon
Fiber Reinforced Polymer (CFRP) reinforcement for reinforced concrete slabs
under contact explosion was established, and the influence of different CFRP
thicknesses and reinforcement methods on the blast resistance performance
of reinforced concrete slabs was discussed. The research results indicate that
under the action of near-field explosions, the front face of reinforced concrete
slabs mainly experiences slight peeling damage, and the central area of the back
face forms seismic collapse and peeling damage, with damage cracks diverging
from the center to the surrounding areas; Under the action of contact explosion,
the front face of the reinforced concrete slab produces blast pits, the back
face forms a seismic collapse zone, and peeling damage occurs; The CFRP
reinforcement layer can improve the blast resistance performance of reinforced
concrete slabs; There is an optimal thickness when using CFRP to enhance the
blast resistance of reinforced concrete slabs.

KEYWORDS

explosive impact, reinforced concrete slab, CFRP, damage characteristics, field test,
numerical simulation

1 Introduction

As a common primary building material, reinforced concrete has been widely
used in protective structures, nuclear power plants, and engineering projects. However,
the increasingly frequent occurrences of terrorist attacks and explosive incidents both
at home and abroad, pose a serious threat to the safety of society’s production,
life, and people’s lives and property. In response to the structural collapses and
significant casualties caused by terrorist attacks or chemical explosions, researching
the damage characteristics of reinforced concrete structures under explosive impact,
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and implementing anti-explosion protective designs is of vital
importance. This ensures that reinforced concrete structures not
only have sufficient strength but also possess certain continuity and
ductility (Wang et al., 2016), which holds significant importance.

CFRP as a strengthening material can fully exploit its high
strength andhighmodulus properties to enhance the load-bearing
capacity of components, optimize their stress conditions, and
achieve efficient reinforcement effects. During reinforcement,
carbon fiber cloth is effectively bonded to the original components
through bonding materials such as epoxy resin. It can effectively
close cracks on the surface of concrete, while also limiting the
generation and propagation of cracks in concrete structures.
Additionally, carbon fiber materials have good heat resistance,
and their chemical properties are highly stable, as they do
not react with chemicals such as acids, alkalis, and salts,
exhibiting excellent durability (Lu et al., 2024). Existing research
results indicate that reinforcing concrete structural components
with CFRP materials can significantly enhance the structures’
impact resistance, reduce the damage consequences of explosive
shockwaves, and hold vital research value (Chen et al., 2020a;
Reifarth et al., 2021; Maazoun et al., 2019; Maazoun et al.,
2018; Wang et al., 2017). Domestic and foreign scholars have
conducted relevant research and exploration on the influence
of CFRP on the blast resistance of structures (Tu et al., 2024;
Huang et al., 2024; Rafat et al., 2023; Chen and Chen 2022;
Vimal et al., 2023; Cui et al., 2022). (Chen et al., 2022b) carried out
numerical simulation studies on the dynamic response of CFRP-
strengthened reinforced concrete T-beams under blast loading,
investigating the effects of CFRP application forms and thickness
on the blast resistance of reinforced concrete T-beams (Zheng,
2022). studied the blast resistance of CFRP-reinforced gravity
dams under underwater explosive impacts through numerical
simulations (Zhao et al., 2021), (Guan et al., 2021), and others
have studied the influence of CFRP strengthening on the
blast resistance of reinforced concrete arch structures through

numerical simulations. The research findings indicate that CFRP
reinforcement can effectively improve the overall load-bearing
performance of structural components and mitigate structural
damage (Hu et al., 2021). investigated the blast resistance ofCFRP-
strengthenedreinforcedconcretecolumnsusingexperimental and
numerical simulation methods, conducting tests on the residual
load-carrying capacity of damaged columns after explosive
impacts (Niu et al., 2006). explored the impact of the structural
form of carbon fiber composite materials on reinforced concrete
slabs (Dong, 2019) and (Chen et al., 2020b). conducted studies
on the blast resistance of CFRP-strengthened reinforced concrete
slabs through numerical simulations, revealing that externally
bonded CFRP strips can significantly delay the development
of concrete cracks, thereby postponing the onset of structural
failure. Currently, both domestic and foreign scholars have
conducted extensive research on the blast resistance of CFRP-
strengthened concrete columns, yielding fruitful results.However,
studies on the blast resistance of CFRP-strengthened reinforced
concrete slabs are relatively limited.Given that reinforced concrete
slabs are a crucial component of industrial and civil buildings,
reinforcing them and investigating their blast resistance hold
significant importance.

This study investigates the failure modes of reinforced concrete
slabs under explosive impacts through on-site explosion tests. An
aerial contact explosion fully coupled model for reinforced concrete
slabs is developed using AUTODYN software. The numerical
simulation results are compared with experimental data to verify
the model’s reliability. Building upon this validation, a fully
coupled model for three different CFRP reinforcement methods for
reinforced concrete slabs under contact explosions is established.
The study discusses the influence of varying CFRP thicknesses
and reinforcement methods on the blast resistance performance
of reinforced concrete slabs. The optimal reinforcement method
for using CFRP to reinforce reinforced concrete slabs has
been proposed.

FIGURE 1
Geometric dimensions of reinforced concrete slabs.
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FIGURE 2
Schematic diagram of the testing device.

TABLE 1 Test setup.

No. Specimen
size (mm)

Explosive
quality (g)

Blast
distance
(mm)

Boundary

S1 500 × 500 × 80 40 60 Fixed

S2 500 × 500 × 80 60 60 Fixed

S3 500 × 500 × 80 30 0 Fixed

2 Field test

2.1 Specimen preparation

The dimensions of the reinforced concrete slab used in the
experiment are 500 × 500 × 80 mm. In each specimen, five steel
bars with a diameter of 4 mm are arranged in a single layer
bidirectionally at a spacing of 120 mm (as shown in Figure 1), the
concrete protective layer is 2 cm. The yield strength of the steel
bars is 400 MPa, and Young’s modulus is 200 GPa. After casting
in molds, the specimens were cured in standard curing tanks for
28 days. According to the “Standard for Inspection and Evaluation
of Concrete Strength” (GB/T 50107-2010), the compressive strength
of the concrete is determined to be 35 MPa based on testing concrete
cube specimens.

2.2 Experimental setup

In the experiment, the reinforced concrete specimens are
placed on a specially designed steel frame with the ends of the

specimens fixed. The steel frame, made of welded U-shaped steel,
has upper grooves for specimen installation. The specimens are
secured using screws and steel plates to provide approximate fixed
boundary conditions. The experimental setup is shown in Figure 2.
Three reinforced concrete slabs were tested in this experiment.
Specimens S1 and S2 were subjected to near-field explosions with
a charge center distance of 60 mm, while specimen S3 experienced
a contact explosion with #2 rock emulsion explosive placed at
the central upper part of the reinforced concrete slab, ignited
using electric detonators. Refer to Table 1 for specific experimental
arrangements.

2.3 Discussion and analysis of experimental
results

Figure 3 shows the damage results of the three reinforced
concrete specimens under explosive loading. From Figure 3A, it
can be observed that under the effect of a 40 g explosive charge,
specimen S1 exhibits no significant damage on the top surface, with
some tension cracks appearing on the bottom surface, and a plastic
tensile failure zone in the central region of the reinforced concrete
slab. This is attributed to the compression stress wave formed on
the top surface after the explosion, with its peak value lower than
the compressive strength of concrete, thus causing no damage on
the bottom surface. The compression stress wave reflects on the
bottom surface, generating tension stress waves with peak values
exceeding the tensile strength of concrete, resulting in tension cracks
on the bottom surface of the reinforced concrete slab. With an
increase in charge size, when subjected to a 60 g explosive charge,
slight spalling damage occurs on the top surface of the reinforced
concrete slab, while collapse spalling damage occurs in the central
region of the bottom surface along with some tension crack damage,
as shown in Figure 3B.
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FIGURE 3
Damage results of reinforced concrete slab explosion test. (A) S1. (B) S2. (C) S3.

Under the effect of a contact explosion, the explosive load
generates significant triaxial compressive stress on the top surface
of the reinforced concrete slab, leading to local damage on the top
surface, and forming a crater. A portion of the impact wave energy

is reflected, while the remaining part continues to propagate into
the slab. When the shock wave reaches the bottom surface of the
reinforced concrete slab, tension stress is reflected on the bottom
surface. If the tension stress exceeds the ultimate tensile strength
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TABLE 2 Parameters of the concrete.

Parameter True
density
(g·cm-3)

Bulk
modulus
A1(GPa)

Shear
modulus
G(GPa)

Compressive
strength fc

(MPa)

Tensile
strength
ft/fc
(MPa)

Shearing
strength
fs/fc
(MPa)

A N

Value 2.75 16.7 35.27 35.0 0.1 0.18 1.6 0.61

Parameter Q0 BQ B M α δ D1 D2

Value 0.6805 0.0105 1.6 0.61 0.032 0.016 0.015 1.0

TABLE 3 Parameters of steel reinforcement.

Parameter Density
(g·cm-3)

Bulk
modulus
(GPa)

Shear
modulus G

(GPa)

A (MPa) B (MPa) C n Plastic
failure
strain

Erosion

Value 7.83 159 81.8 400 510 0.014 0.26 0.1 0.5

FIGURE 4
A fully coupled model for contact explosion of reinforced
concrete slabs.

of concrete, a collapse failure zone is formed on the concrete’s
bottom surface, resulting in spalling and fragment ejection, as
depicted in Figure 3C.

3 Numerical simulation

Due to the high risk and cost associated with on-site explosion
tests, the next step will involve using finite element analysis software
such as AUTODYN to continue the analysis. In the AUTODYN
software calculation program, there are both Euler and Lagrange
modules, which can conduct research on pure Euler, pure Lagrange,
and fluid structure coupling problems.

3.1 Material model

3.1.1 Concrete
The RHT concrete material model is utilized to simulate the

failure process of concrete structures under explosive impact, as
outlined in references (Riedel et al., 2007; Ansys, 2018). This model
comprises the p-α state equation, RHT strength model, RHT failure
model, and erosion model. The RHT strength model incorporates
three limit surfaces: elastic limit surface, failure surface, and residual
strength surface. These surfaces characterize the variations in
the yield strength, maximum strength, and residual strength of
the concrete material, depicting the process from elastic strength
to failure in concrete. This model can effectively simulate the
dynamic characteristics of concrete under explosive impact. Specific
parameters are provided in Table 2.

3.1.2 Rebar
The rebars utilize the Johnson-Cook constitutive model, which

effectively simulates the mechanical behavior of the bars under
explosive loading. In this model, the yield stress is defined as:

σ = (A+Bεnp)(1+C ln
̇εp
̇ε
)(1−Tm

H) (1)

TH = (T−Troom)/(Tmelt −Troom) (2)

Where, εp is the equivalent plastic strain; ̇εp is the plastic strain
rate; Troom is the initial temperature; Tmelt is themelting temperature
of the rebar; A is the yield strength of the material at low strain
rates; B, C, and n are constants related to strain rate. The material
parameters are shown in Table 3.

3.1.3 Explosive
Theexplosive uses TNT and is described using the JWL equation

of state, which is expressed as

P = A(1− ω
R1V
)e−R1V +B(1− ω

R2V
)e−R2V + ωE

V
(3)
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FIGURE 5
Comparison between numerical simulation results and experimental
results. (A) Top surface. (B) Bottom surface.

where, P is the detonation pressure; V is the relative volume
of explosive detonation products; Energy per unit volume E0 =
6.0 GJ/m3, ρ = 1,630 kg/m3, D = 6,930 m/s, A1 = 373.77 GPa, B1 =
375 GPa, R1 = 4.15, R2 = 0.95, ω = 0.35 (Yang et al., 2019).

3.1.4 Air
Theair adopts aMat-Nullmaterialmodel, and the Ideal Gas state

equation is represented by Equation 4:
p = (γ− 1)

ρ
ρ0
E (4)

where P is the pressure, γ is the constant-pressure to constant-
volume specific heat ratio, ρg is the air density, and e0 is the specific
internal energy. The internal energy of air was used as 2.068 ×
105 kJ/kg. This internal energy initialized the air medium to an
atmospheric pressure of 101.3 kPa.

3.1.5 CFRP
CFRP is considered a linear elastic material, and for its material

model (Yang et al., 2019), the KFRPmaterial available inAUTODYN is
selected (Ryan et al., 2008). When the principal tensile stress or strain
exceeds the tensile strength or fracture elongation, highly deformed
elements are automatically removed from the model. The mechanical
properties of the CFRP sheet used in this research are listed in
Supplementary Table S4 (Zhang et al., 2015; Wang et al., 2016).

3.2 Explosion coupling model and model
validation

The Coupling Euler Lagrange (CEL) algorithm was first proposed
byNoh.Since itsdevelopment, theCELalgorithmmainlyusesLagrange
mesh to discretize structural objects and Euler mesh to discretize large
deformation objects. The combination of the two can simultaneously
solve theproblemsof largemeshdeformationanddifficulty incapturing
fluid interfaces (Liang et al., 2013). Based on the Coupled Eulerian-
Lagrangian (CEL) couplingmethod, a three-dimensional fully coupled
model was established for research, as shown in Figure 4. Eulerian
elements were used to represent the explosive and air, while Lagrange
elements were employed for the concrete material. The interaction
betweenair andconcretematerialswasdescribedusingafluid-structure
coupling method. Beam elements were utilized for the reinforcement
bars,andtheyembeddedintheconcretematerialatcommonnodes.The
concreteunit type is3Dsolid8-nodeC3D8Randthesteel reinforcement
is 3D 2-node T3D2.The computational domain for air was set at 150 ×
150×100 cm,with anEulerian element grid size of 2 cm, anda concrete
grid size of 1 cm. The concrete slab consists of 22,500 units, the steel
reinforcement consists of 492 units, and the total number of Euler units
is 60,0000. By filling TNT explosives in the air and setting the TNT
center as the detonation point, an explosive load is generated. Previous
studies have shown that the average TNT equivalent of rock emulsion
explosive is 0.6–0.7 (Fan et al., 2011; Qiao et al., 1998). Therefore,
the TNT equivalent of 30 g rock emulsion explosive used in contact
explosion is about 20 g.

The comparison between the numerical simulation results and
the on-site explosion test results is shown in Figure 5. From the
figure, it can be observed that the diameter of the blast crater on
the top surface of the concrete slab and the damage distribution
in the spalling region on the bottom surface match well between
the numerical simulation and the on-site explosion test results,
the degree of conformity reaches over 95%. This indicates that
the coupled computational method and material models used
can effectively describe the damage characteristics and dynamic
response of reinforced concrete slabs under explosive impact loads.

3.3 Research on the blast resistance
performance of reinforced concrete slabs
reinforced with CFRP

3.3.1 A fully coupled numerical model for CFRP
reinforced reinforced concrete slabs

In this study, coupled models were established for three different
reinforcement methods: strengthening the blast face, strengthening
the bottom surface, and strengthening both faces simultaneously, as
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FIGURE 6
Numerical model of reinforced concrete slabs reinforced with CFRP.

TABLE 4 Design of CFRP-protected reinforced concrete slab under
working conditions.

Serial number No CFRP
thickness of

the top
surface (mm)

CFRP
thickness of
the bottom
surface (mm)

1 0–0 0 0

2 0–2 0 2

3 0–4 0 4

4 0–6 0 6

5 2–0 2 0

6 2–2 2 2

7 2–4 2 4

8 2–6 2 6

9 4–0 4 0

10 4–2 4 2

11 4–4 4 4

12 4–6 4 6

13 6–0 6 0

14 6–2 6 2

15 6–4 6 4

16 6–6 6 6

depicted in Figure 6. The single-layer thickness of carbon fiber cloth
used in this study is 0.5 mm, multi-layer CFRP cloth is treated as
integration, and a perfect bond between the concrete and CFRP cloth
in the numerical simulation is assumed. The CFRP cloth is modeled
explicitly using the shell element.The positions of shell nodes coincide
with those of concrete nodes, nodes of the CFRP cloth are attached

FIGURE 7
Schematic diagram of measurement point location.

to the concrete. Assuming good bonding between carbon fiber cloth
and concrete material, there will be no detachment or failure between
carbon fiber cloth and concrete before the structure reaches its ultimate
bearing capacity. This assumption is reasonable because the current
high-performance resin bondingmaterials and anchoring technologies
can fully maintain good working performance between carbon fiber
clothandconcrete structures.ThethicknessofCFRPreinforcementwas
chosenas2,4, and6 mm.Shell elementswereused tosimulate theCFRP
material, with common nodes between CFRP and concrete elements,
and element coupling was achieved through “JOIN” constraints. Its
boundary conditions are the same as before.

3.3.2 Research on reinforcement effect
The study conducted multiple scenario simulations for the three

different reinforcementmethods, considering various thicknesses of
CFRP reinforcement. Specific scenarios are detailed in Table 4 to
investigate the impact of different reinforcement methods on the
blast resistance of reinforced concrete slabs. The explosive charge
size was consistent at 20 g TNT.

1) Reinforcement of the top surface

CFRP reinforcement layers of 2, 4, and 6 mm were respectively
applied to the top surface of the reinforced concrete slab to study
the blast resistance performance under explosive loading. To analyze
the displacement of the reinforced concrete slab, measurement
points #1 and #2 were placed on the upper and lower surfaces
of the slab. Figure 7 illustrates the locations of these measurement
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FIGURE 8
Displacement time history curves at the center of the top and bottom
surfaces under different working conditions. (A) Displacement of
measurement #1. (B) Displacement of measurement #2.

points, while Figure 8 shows the displacement-time curves at the
center of the top surface and bottom surface of the reinforced
concrete slabwhenCFRP reinforcement is applied to the top surface.

From Figure 8, it can be observed that when only the top surface
is reinforced, the displacements at the centers of both the top
surface and bottom surface are smaller compared to the unreinforced
reinforcedconcreteslab, indicatingthatCFRPreinforcementenhances
its blast resistance. Without CFRP reinforcement, the maximum
displacement at the center of the bottom surface of the reinforced
concrete slab is 2.873 mm. With CFRP reinforcement thicknesses
of 2, 4, and 6 mm, the maximum displacements at the center of
the bottom surface are reduced to 2.348, 2.024, and 2.057 mm,
respectively. The maximum displacements are reduced by 18.27%,
29.55%, and 28.40% when compared to no CFRP reinforcement.
This improvement is attributed to the increased stiffness provided

FIGURE 9
Displacement time history curves at the center of the top and bottom
surfaces under different working conditions. (A) Displacement of
measurement #1. (B) Displacement of measurement #2.

by the CFRP reinforcement. However, it is evident from the figure
that thicker CFRP reinforcement does not necessarily result in better
blast resistance for the reinforced concrete slab. When the top surface
has a CFRP thickness of 4 mm, both the top surface and bottom
surface displacements are minimized, indicating that a 4 mm CFRP
thickness provides optimal blast protection when solely reinforcing
the top surface of the reinforced concrete structure.

2) Reinforcement of the bottom surface

CFRP reinforcements of 2, 4, and 6 mm were applied to the
bottom surface of the reinforced concrete slab to investigate the
effect of bottom surface CFRP reinforcement on the blast resistance
of the reinforced concrete slab. Figure 9 provides displacement-time
curves at the center of the top surface and bottom surface of the
reinforced concrete slab when CFRP reinforcement is applied to the
bottom surface.
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FIGURE 10
Maximum displacement at the center of the top and bottom surfaces
under different working conditions.

According to Figure 9A, it can be seen that setting CFRP on the
back face of reinforced concrete slabs can reduce the displacement
at the center of the top surface, but increasing the thickness of
CFRP has little impact on the displacement at the center of the top
surface. FromFigure 9B, it is observed thatwhenaCFRPreinforcement
layer is applied to the bottom surface of the reinforced concrete slab, the
displacement at the center of the bottom surface significantly decreases.
WithoutCFRPreinforcement, themaximumdisplacementat the center
of the bottom surface is 2.873 mm. With CFRP thicknesses of 2, 4,
and 6 mm, the maximum displacements at the center of the bottom
surface decrease to 1.657, 1.477, and 1.621 mm respectively. Compared
to no CFRP reinforcement, themaximumdisplacements were reduced
by 42.33%, 48.59%, and 43.58% respectively. This was because the
bottom surface of the concrete slab undergoes tensile stresses leading to
cracks, with theCFRP reinforcement layer taking on the original tensile
stress at the corresponding position, resulting in plastic deformation
and consequently reducing the displacement of the back face of the
reinforced concrete slab. However, comparing the displacements at
the center of the bottom surface with different thicknesses of CFRP
reinforcement reveals that the minimum displacement occurs when a
4 mm CFRP reinforcement layer is applied to the bottom surface.This
indicates that the maximum displacement at the center of the bottom
surface of the reinforced concrete slab does not decreasemonotonically
with increasing CFRP thickness. Therefore, employing an optimal
thickness of CFRP is essential for enhancing the blast resistance of
reinforced concrete slabs, rather than blindly increasing the thickness
of the reinforcement layer to improve blast resistance.

3) Reinforcement on both surface

When CFRP reinforcement layers are set on both sides of a
reinforced concrete slab, the damage to the reinforced concrete
slab is mainly due to the action of explosive stress waves. The
stress wave’s transmission and reflection at the interfaces of CFRP
and the concrete surface increase the structural capacity for blast
energy absorption. Figure 10 shows the maximum displacement at
the center of the top and bottom surfaces of the reinforced concrete

slab when reinforced on both sides. It can be observed from the
figure that when a 4 mm CFRP reinforcement is applied to the
top surface and a 6 mm reinforcement to the bottom surface of
the reinforced concrete slab, the maximum displacement at the
center of the top and bottom surfaces is minimized. Compared
to the unreinforced displacements of 8.143 and 2.873 mm, the
displacements are reduced by 54.35% and 69.3% respectively.
This indicates that using CFRP reinforcement on both sides can
enhance the blast resistance of the reinforced concrete slab to a
certain extent.

4 Conclusion

The failure mode of reinforced concrete slabs under explosive
impact was studied through experiments, and a numerical model of
reinforced concrete slabs under contact explosion was established
based on the CEL method. The reliability of the model was
verified by comparing the numerical simulation results with the
experimental results. The influence of different reinforcement
methods of CFRP on the blast resistance performance of reinforced
concrete slabs was studied through numerical simulation. The main
conclusions are as follows:

1) Under the action of near-field explosions, the top surface of
the reinforced concrete slab mainly experiences slight peeling
damage, and the central area of the bottom surface forms
seismic collapse and peeling damage, with damage cracks
spreading from the center to the surrounding areas. Under the
action of contact explosion, the top surface of the reinforced
concrete slab produces explosion pits, and the bottom surface
experiences local collapse and peeling damage.

2) Strengthening reinforced concrete slabs with CFRP can
improve the blast resistance of reinforced concrete slabs,
and the thicker the CFRP, the better the blast resistance of
reinforced concrete slabs.

3) When using only the top surface reinforcement and only
the bottom surface reinforcement, a CFRP reinforcement
layer with a thickness of 4 mm has the best blast resistance
effect on reinforced concrete slabs; When using double-sided
reinforcement, the reinforced concrete slab has the best blast
resistancewhen reinforcedwith 4 mmCFRPon the top surface
and 6 mm on the bottom surface.
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