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Abstract: To investigate the damage characteristics of reinforced concrete (RC) buildings during
explosive incidents, a large RC slab (4 m × 5 m × 0.15 m) was meticulously designed, fabricated,
and subjected to explosion experiments, which were complemented by comprehensive numerical
simulations. The dynamic response parameters of the RC slabs under 0.5–1 kg TNT explosions
were tested using polyvinylidene fluoride (PVDF) pressure sensors, displacement sensors, and
acceleration sensors. The damage morphologies under 5–40 kg TNT explosions were investigated
using ANSYS/LS–DYNA 17.0 software. The results show that, with an increase in TNT charge, the
RC slab gradually showed minor damage (5 kg), moderate damage (10–20 kg), heavy damage (25 kg),
and complete destruction (30–40 kg). For the 20 kg TNT explosion condition, a 1020 mm × 760 mm
explosion crater appeared on the top surface, which was in agreement with the 934 mm × 906 mm
explosion crater obtained from the simulation. Based on the results, suitable P–I (pressure–impulse)
curves for the 4 m × 5 m × 0.15 m RC slab were established. The results can provide a reference for
damage assessments of large-sized buildings during explosion accidents.

Keywords: reinforced concrete slab; TNT; explosion; dynamic response characteristics; damage
assessment

1. Introduction

Reinforced concrete is widely used in many kinds of buildings because of its low cost
and outstanding mechanical properties. With the rapid development of modern industry,
there are an increasing number of explosion incidents caused by industrial explosion
accidents, and reinforced concrete buildings are subjected to explosion damage. As one
of the main load-bearing components of a building, the dynamic response and damage
characteristics of the reinforced concrete slabs under explosion load have important effects
on the whole structure of the building.

Recently, many studies on the dynamic response characteristics of reinforced concrete
slabs under explosion loads have been reported [1,2]. Shi [3] studied fragments of rein-
forced concrete slabs (1 m × 2 m × 0.12 m) under the conditions of nearby explosions.
Based on the experimental results, Wang [4] introduced an Arbitrary Lagrangian Eulerian-
FEM-smoothed particle hydrodynamics (ALE–FEM–SPH) coupling method to predict the
spalling damage of RC slabs (1 m × 2 m × 0.12 m) subjected to a blast load. In terms
of other blast loading conditions, Peng [5] studied the dynamic behaviors of RC slabs
(2.4 m × 1.0 m × 0.1 m) under long-duration (85–135 ms) near-planar explosion loadings
in a specified apparatus. Colombo [6] carried out a research investigation on the structural
response of RC slabs subjected to combined fire and blast. Yang [7] studied the blast resis-
tance of air-backed RC slabs against underwater contact explosions. Li [8] investigated the
failure characteristics of two-way RC slabs (1 m × 1 m × 0.04 m) under combined blast and
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fragment loading and conducted numerical studies based on the finite element-smoothed
particle hydrodynamics (FEM–SPH) method. Yao [9] analyzed and compared the fail-
ure modes of reinforced concrete slabs under different explosion conditions. Reifarth [10]
studied the surface damage characteristics of external RC slabs (4.4 m × 1.46 m × 0.15 m) re-
inforced by carbon (CFRP) and E-glass (GFRP) fibers. Yuan [11] revealed the failure modes
and blast-resistant mechanism of steel-wire-mesh-reinforced high-performance concrete
slabs (1.5 m × 1.5 m × 0.15 m) protected by an ultrahigh-molecular-weight polyethylene
(UHMWPE) fiber-reinforced cloth (FRC). In addition, polyurea-woven glass fiber mesh
composites and engineered cementitious composites were also reported as reinforcement
materials for RC slabs [12,13]. Almustafa [14] investigated the practicality of using machine
learning to predict the maximum displacement of fiber-reinforced polymer-strengthened
RC slabs. There are a few relevant studies on large-sized RC slabs and large-charge
explosion tests.

For damage assessment, pressure–impulse (P–I) curves can not only reflect the dam-
age effect of the explosion peak overpressure but can also consider the influence of the
cumulative impulse generated by explosion overpressure, and they are the most scientific
and effective evaluation tool at present. Based on the dimensionless analysis method
of the single-degree-of-freedom (SDOF) model, Li [15,16] adopted the failure criterion
based on maximum displacement to obtain the normalized P–I curves of the SDOF sys-
tem. Wesevich et al. [17] obtained the P–I curves of brick walls based on the test data
of 236 groups of brick walls under explosions. Krauthammer et al. [18–20] studied the
P–I curves of reinforced concrete members by using the SDOF numerical solution method.
The approximate positions of the overpressure asymptotes and impulse asymptotes of
the P–I curves were determined using the energy balance method. Then, the P–I curve
corresponding to the critical damage degree was obtained through a large number of nu-
merical simulation calculations and necessary curve fitting methods. Li et al. [21] derived
the P–I curves of reinforced concrete slabs through a numerical simulation.

In this paper, explosion tests and simulation studies on RC slabs (4 m × 5 m × 0.15 m)
with different TNT charges were carried out, and the dynamic response and damage
characteristics of the slabs were determined. Based on the results, the P–I curves of
the 4 m × 5 m × 0.15 m RC slab were established, which could provide reference for the
damage assessment and safety protection of RC slabs and buildings.

2. Materials and Methods
2.1. Experiment Setup
2.1.1. Reinforced Concrete Slab

An RC slab model (as shown in Figures 1 and 2) was designed with a size of 4 m × 5 m
and a thickness of 150 mm. C35 concrete was used, the section reinforcement ratio was
1.2%, and HRB400 steel bars were adopted. The slabs had double-layer bidirectional
reinforcement, and the diameter of the steel bars was 10 mm with a spacing of 85 mm.
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Figure 2. Casting process of the RC slab test model.

Three 150 mm × 150 mm × 150 mm cube specimens were reserved during the casting
of the slabs, and the compressive strength was tested using a YE200A pressure testing
machine. The compressive strengths of the cast concrete cube specimens were 36.6 MPa,
37.2 MPa, and 37.9 MPa, and the average strength was 37.2 MPa. The mechanical properties
of the Φ10 mm HRB400 steel bars were measured using a WAW–E600C microcomputer-
controlled electro-hydraulic universal testing machine. The ultimate strength was 542 MPa,
and the yield strength was 405 MPa.

2.1.2. Experimental Process

During the test, an RC slab was placed on a support platform, and the simple support
method was chosen to fix the slab considering the large self-weight. The RC slab was
simply supported with the two long sides placed on L-shaped RC supports. The width
of the contact surface between the support and the slab model was 150 mm. The PVDF
pressure films, displacement sensors, and acceleration sensors (as shown in Figure 3) were
installed on the top (explosion loading surface) and bottom surfaces. After the sensors
were confirmed to work normally, TNT charges were suspended in the center of the slab at
different heights and then detonated.
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PVDF piezoelectric films (LDT1 028K) were used to test the surface explosion pressure
of the slab. Linear displacement sensors (Xi’an Xinmin Electronic Technology Co., Ltd.,
Xi’an, China) were tested with a power supply of 10 V DC, a measuring range of 0–200 mm,
and an accuracy of 0.1%. Acceleration sensors from Yangzhou Xitemu Electronics Co., Ltd.
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(Yangzhou, China) were used, with a range of 800–20,000 g, a frequency response range of
1~12,000 Hz, an axial sensitivity of 0.003 PC/m·s–2, and a maximum transverse sensitivity
of <10%. A DH8302 data acquisition instrument (Jiangsu Donghua Test Technology Co.,
Ltd., Jingjiang, China) with 16 channels was used, with the highest continuous sampling
rate of 1 MHz/channel and a voltage indication error of not more than 0.05% FS. A DH5863
charge amplifier (Jiangsu Donghua Test Technology Co., Ltd.) with 16 channels, a charge
of 0–1,000,000 pC, and a bandwidth of 0.3 Hz ~ 600 kHz (+0.5 dB~–3 dB) was used to
transform the charge signals of the acceleration sensors into voltage signals. An EinScan
Pro 2X 3D scanner was used to scan the damaged area of the boards after the explosion, the
error of which was generally less than 0.01 mm, and the screen resolution was 1280 × 1024
pixels.

The TNT was detonated using an 8# Industrial electric detonator with three speci-
fications (a length-to-diameter ratio of 1:1) of 0.5 kg, 1 kg, and 10 kg. The design of the
explosion test conditions is shown in Table 1, and the test layout is shown in Figure 4. The
slab–1 is the same as slab–2. Two identical slabs were made for the experiments; one slab
was used for the dynamic response tests, and the other slab was used for the damage test.

Table 1. Design of the explosion test conditions.

Test Test Model Charge/kg Explosion Altitude/m Scaled Distance/(m/kg1/3)

Test 1 slab–1 0.5 1 1.260
Test 2 slab–1 1 1 1
Test 3 slab–1 1 0.8 0.8
Test 4 slab–2 20 1 0.221
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2.2. Numerical Simulation
2.2.1. Finite Element Model

ANSYS/LS–DYNA 17.0 software was used to simulate the explosion tests [21].
SOLIDWORKS 2020 software was used to establish a three-dimensional model of the RC
slab, and HYPERMESH 2020 software was imported for mesh generation. The thicknesses
of the protective layer were 30 mm (Y direction) and 20 mm (X direction and Z direction),
and the steel bar had double-layer bidirectional reinforcement, as shown in Figure 5. The
strength was C35, the rebar adopted a BEAM161 unit, the mesh size was 10 mm, and the
detonation center was 1 m away from the top surface of the slab. In the simulations, the RC
slab was simply supported with the long sides placed on L-shaped RC supports. Surface
contact between the concrete-bearing unit and the RC slab unit was established, and the
friction coefficient was 0.6.
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2.2.2. Material Model

(1) Concrete material model

The concrete follows the *MAT_CONCRETE_DAMAGE_REL3 constitutive model [22].
The constitutive model can effectively simulate the mechanical behavior of concrete under
large deformation and a high strain rate. Combined with the keyword *DEFINE_CURVE to
define the strain rate curve, the reinforcement effect of concrete under various strain rates
can be considered. The ideal parameters of the concrete model are shown in Table 2. The
concrete constitutive model does not consider failure. To simulate the damage of concrete el-
ements under explosion, concrete failure is defined by the keyword *MAT_ADD_EROSION
algorithm. The failure criterion is defined by the phase combination of MXPRES (maximum
compressive stress) = 3.5 × 107, MNPRES (maximum tensile stress) = –3.5 × 106, and
EPSSH (maximum shear strain) = 0.9.

Table 2. C35 concrete parameters *.

ρC/(kg/m3) f c/MPa A0 /Pa RSIZE UCF LCRATE

2314 35 –2.8 × 107 39.37 1.45 × 10−4 –1
* Note: ρC is the material density; f c is the compressive strength of the concrete cylinder; A0 is the maximum
shear-failure surface parameter, and it can be determined as 79% of the compressive strength of the concrete cube;
RSIZE is the unit-conversion factor of length; UCF is the unit-conversion factor of stress; LCRATE is the type of
strain rate curve to call.

(2) Steel bar material model

The *MAT_PLASTIC_KINEMATIC constitutive model is adopted for the steel bar. The
constitutive model is a dynamic hardening model with the same properties in all directions,
which is suitable for simulating a steel bar model with a high stress rate under explosion
impact. The constitutive model considers the strain rate effect and failure of the steel bar.
The ideal parameters of the steel bar model are shown in Table 3.

Table 3. HRB400 steel bar parameters *.

ρH/(kg/m3) E/Pa υ f y/MPa C P’ Etan/Pa FS VP

7850 2.06 × 1011 0.3 400 40 5 2.06 × 109 0.2 0

* Note: ρH is the material density; E is the elastic modulus; υ is Poisson’s ratio; f y is the yield stress; Etan is the
tangent modulus; C and P’ are the parameters applicable to the Cowper–Symonds strain rate model; FS is the
failure strain of the eroded element; VP is the call number of the rate-effect formula (0 is for proportional yield
stress, and 1 is for the viscoplastic strain rate effect).
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3. Results and Discussion
3.1. Dynamic Response Characteristics of the RC Slab
3.1.1. Explosion Pressure

Three PVDF sensors were used to determine the explosion pressure reaching the
surface of the slabs under different explosion conditions. Typical PVDF pressure–time
history curves are shown in Figure 6a. With an increasing TNT charge, the explosion
pressures measured by the three PVDF sensors also increased, and the pressure in the
middle of the slab was the largest. The maximum explosion pressure with different scaled
distances of 0.8–1.26 kg/m1/3 is shown in Figure 6b.
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3.1.2. Displacement

Four displacement sensors were used to determine the relative displacement change
of the slabs. Typical displacement–time history curves are shown in Figure 7a. A high-
frequency signal was recorded by the displacement sensor at the moment of the explosion,
and obvious forward displacement occurred. The bottom surface vibrated backwards
under the explosion, and the pull rod of the displacement sensor shrank. With an increase
in TNT charge, both the displacement value measured by the displacement sensors and
the overall displacement amplitude increased. The difference between the displacement
curves in Figure 7a may be caused by the loosening of the diagonal line sensor after the
first impact of the explosion wave.
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The absolute value of the maximum displacement at the time that the explosion wave
reached the slab had a scaled distance of 0.8–1.26 kg/m1/3, as shown in Figure 7b. Under
the 0.5–1 kg TNT explosions, the overall displacement of the slab was small, and the
displacement in the middle of the slab was the largest under the same conditions.

3.1.3. Acceleration

Four acceleration sensors were used to determine the vibration characteristics under
different explosion conditions. Typical acceleration–time history curves are shown in
Figure 8. With the increase in the TNT charge, there was also an increase in the acceleration
value measured by the acceleration sensor. The maximum accelerations under different
TNT charge conditions are shown in Table 4.
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Table 4. Acceleration results.

Position
Maximum Acceleration/g

1.26 m/kg1/3 1 m/kg1/3 0.8 m/kg1/3

Center 85.1 –94.6 160.4 –166.7 239.2 –177
Long side (1 m) – * – – – 96.3 –116
Short side (1 m) 21.1 –18.4 34.7 –33.2 83.2 –99.6

Diagonal line (1 m) 16.3 –15.3 38.4 –48.9 – –
* Note: “–” means no valid acceleration data were obtained.

3.2. Damage Characteristics under Different TNT Charges

Based on the above calculation model with ideal parameters, the damage character-
istics of the slabs under 5–40 kg TNT explosions were studied. As shown in Figure 9,
under the 5 kg TNT explosion, there was no obvious change in the whole top surface of the
slab. A small number of cracks appeared on the bottom surface, the concrete did not fall
off, and the steel bar was not exposed. Under the 10–15 kg TNT explosion, obvious ring
cracks appeared on the top surface, and the center of the slab was obviously broken. Many
longitudinal and annular cracks appeared on the bottom surface, a small amount of the
concrete fell off, and the steel bar in the explosion craters was exposed without obvious
deformation. Under the 20 kg TNT explosion, a large number of ring cracks appeared on
the slab, the concrete fell off in a medium range, and the steel bars in the center of the
explosion craters were slightly deformed. Under the explosion of more than 25 kg of TNT,
intensive ring cracks appeared on the top surface of the slab, and a large range of concrete
fell off and collapsed in the centers of the top and bottom surface positions. The steel bars
in the center of the explosion craters were obviously deformed or even broken.
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Figure 9. Damage to the top and bottom surfaces.

The side damages of the slab were under the 5–40 kg TNT explosions, as shown in
Figure 10. Under the 5 kg TNT explosion, a small amount of concrete fell off under the
side of the slab, and the slab was slightly bent and deformed. Under the 10–15 kg TNT
explosions, the slab showed an overall bending and obvious cracks. Under the 20 kg TNT
explosion, more concrete fell off below the side. Under the 25–40 kg TNT explosions, a
large number of cracks appeared on the side, and large pieces of concrete fell off.
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Figure 10. Damage to the short side surfaces (4 m).

When the blast wave reached the surface of the reinforced concrete slab, the compres-
sive stress wave caused damage to the top surface of the slab and propagated to the bottom
surface of the slab to form a strong tensile wave, resulting in the spallation and collapse
of the concrete. The damage in the tensile area of the reinforced concrete slab was more
serious; there were several longitudinal and annular cracks in the longitudinal middle of
the bottom surface, and some layer cracks appeared at the bottom. With the increasing TNT
charge, the annular and radial cracks of the reinforced concrete slab gradually increased.
The failure mode of the slab was mainly when there was an annular crack on the top
surface, with the center of the slab as the circle center, and a local failure on the top surface
center, accompanied by different degrees of spalling and lamination failure at the bottom.
The lamination failure zone also expanded with the increase in the charge amount.

According to the numerical simulation results, the damage degrees under the explo-
sions of TNT can be classified as shown in Table 5.



Appl. Sci. 2023, 13, 12552 9 of 13

Table 5. The damage degrees under the explosion of TNT with different charges.

Damage Degree Description Charge/kg

Minor damage
There were small cracks on the top surface of the reinforced concrete slab, and a

small range of concrete fell off in the center of the bottom of the slab, but the
maximum displacement of the slab was small.

5

Moderate damage

There was obvious residual deflection in the center of the reinforced concrete slab,
showing obvious bending failure, certain ring cracks and radial cracks on the top
and bottom of the slab, and a small range of concrete spalling off in the center of

the bottom of the slab.

10, 15, 20

Heavy damage
A large number of annular cracks and radial cracks appeared on the top and
bottom of the reinforced concrete slab, and the concrete spalling fell off in a

medium range in the center of the bottom of the slab, but there was no penetration.
25

Complete destruction

The reinforced concrete slab was bent and collapsed along the centerline; intensive
ring cracks and radial cracks appeared on both the top and bottom of the slab; and
large central block spalling, collapse, and penetration occurred in the center of the

slab. There was obvious shear failure at the edge support of the slab.

30, 35, 40

3.3. Damage Characteristics of the RC Slab

The state of the RC slab under the 20 kg TNT explosion is shown in Figure 11a–f. On
the top surface of the concrete, an explosion crater appeared, as shown in Figure 11a. More
than 10 long cracks appeared on the bottom surface, as shown in Figure 11b. The RC slab
bent along the centerline, and annular cracks and radial cracks appeared on both the top
and bottom of the slab, as shown in Figure 11a,b. The concrete spalling fell off in a medium
range in the center of the bottom surface.
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Figure 11. Damage characteristics of the RC slab: (a) the top face after explosion, (b) the bottom face
with cracks after explosion, (c) the length and width of the blast crater, (d) the explosion crater of the
bottom face, (e) a 3D scan figure of the crater of the top face, and (f) a 3D scan figure of the crater of
the bottom face.



Appl. Sci. 2023, 13, 12552 10 of 13

The explosion crater was elliptical with a size of 1020 mm × 760 mm, as shown in
Figure 11c, mainly because the 20 kg of TNT used was composed of two 10 kg cylinders.
The steel bars were exposed in the blast crater on the top surface with no obvious fracture
and being slightly bent. As shown in Figure 11d, the steel bars were also exposed in the blast
crater on the bottom surface, and they were obviously bent but not broken. Figure 11e,f
show the 3D scan figures of the explosion craters on the top and bottom surfaces, as well as
the state of the steel bars in the craters.

Taking into account the actual material parameters, the average compressive strength
of the concrete (37.2 MPa) and the yield strength of the steel bar (405 MPa) were used in
the simulation detailed below.

The recalculation results are shown in Figure 12. Under the 20 kg TNT explosion, the
concrete on the surface of the slabs fell off into pits, the rebar was exposed, the concrete
slab bent along the centerline, and the top surface of the slab exhibited annular cracks and
radial cracks. The maximum size of the short side crater on the top surface was 934 mm,
and the maximum size of the long side crater was 906 mm. Compared with the test of
1020 mm × 760 mm, the relative errors were 8% and 19%, respectively.
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3.4. P–I Curves

P–I curves can predict the damage degree of RC components under the action of
an explosion load to determine the safety distance. According to the damage index D
calculated using Equation (1) [23], the definitions of the damage degree of the slabs are
shown in Table 6.

D = 1 − Rr

Rb
(1)

where Rr is the mid-span flexural residual bearing capacity of the slab, and Rb is the
mid-span reference limit bending moment of the slab.

Table 6. Damage degree based on damage index D.

Damage Degree D

Minor damage 0~0.2
Moderate damage 0.2~0.5

Heavy damage 0.5~0.8
Complete destruction 0.8~1

LS–DYNA software was used to simulate the residual bearing capacity of the RC
slab. The method proposed by Ng and Krauthammer [18–20] was used to determine the
asymptote of the response of the component. To simplify the calculation, triangular loads
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were assumed to act uniformly on the surface of the plate. The *DEFINE_CURVE command
could easily set the load mode, peak value, and duration. When determining the critical
point, the pressure was kept constant to determine whether the P–I combination was in the
safe or damaged section. If safe, the impulse was increased until the point was in a broken
state. Otherwise, the impulse was reduced until a safe point was reached. After a series of
simulations, the asymptotes of the 4 m × 5 m × 0.15 m RC slab could be determined, as
shown in Table 7.

Table 7. Pressure and impulse limits corresponding to different damage degrees *.

D P0/kPa I0/kPa·ms A β

0.2 1500 5000 11 1.25
0.5 2201 10,000 11 1.25
0.8 10,930 20,000 10 1.05

* Note: P0 is the overpressure asymptote of the P–I curve corresponding to the damage degree D; I0 is the impulse
asymptote of the P–I curve corresponding to the damage degree D; A and β are component-related constants.

According to P–I curve Equation (2) [23], the P–I curves shown in Figure 13 were
obtained. The P–I curve could well distinguish various damage degrees and could be used
as the critical boundary to distinguish various types of damage.

(P − P0)(I − I0) = A(
P0

2
+

I0

2
)

β

(2)
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Under the condition of a non-contact explosion, if the charge amount of the TNT
and the explosion distance are determined, the load characteristics reaching the surface
of the 4 m × 5 m × 0.15 m RC slab can be obtained through a theoretical, experimental,
or numerical analysis, and then the explosion pressure Pslab and the impulse Islab can be
obtained. The position of the Pslab–Islab combination point can be found according to the
above P–I curves, and the damage degree of the slab can be determined according to the
section where the point is located.

4. Conclusions

In conclusion, the dynamic response and damage characteristics of slabs
(4 m × 5 m × 0.15 m) under the explosion of different TNT charges were determined.
Based on the experimental and numerical results, the following conclusions can be drawn:
Under the 0.5–1 kg TNT explosion, there were no obvious cracks or deformation of the re-
inforced concrete slab, and the explosion pressure, displacement, and acceleration changed
with the change in TNT charge. Under the 20 kg TNT explosion, a 1020 mm × 760 mm
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explosion crater appeared on the top surface, and multiple cracks appeared on the bottom
surface, with obvious bending as a whole, indicating moderate damage. When the TNT
charge exceeded 35 kg at the explosion height of 1 m, the slab showed a completely
ineffective damage response.

Based on LS–DYNA software simulations and a verification test, P–I curves for the
4 m × 5 m × 0.15 m RC slab were established successfully. According to the P–I curves,
the damage degree under different non-contact explosions could be obtained easily and
quickly. Only the 4 m × 5 m × 0.15 m RC slab with a section reinforcement ratio of 1.2% was
considered in this study. The results could provide a reference for damage investigations
of other RC slabs with different dimensions, reinforcement ratios, and concrete strengths
under other explosion conditions such as contact explosions, internal explosions, and
multiple explosions. Therefore, in the next investigation, the influence of more factors
on the damage characteristics of reinforced concrete slabs will be analyzed to establish a
more comprehensive P–I curve cluster. The P–I curve cluster will be meaningful for the
assessment and safety protection of RC slabs and even RC buildings.
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