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Abstract: This study examines the behaviour of reinforced concrete (RC) slabs subjected
to contact explosions through experimental investigations and numerical simulations. A
contact explosive charge field experiment was conducted on a bi-directionally reinforced
RC slab to characterise the resulting damage patterns. The experimental findings revealed
localised perforation and substantial deformation of the reinforcement bars without bar
rupture. A numerical model employing the RHT concrete and Johnson—Cook steel material
models was implemented in Ansys Autodyn (v 2023 R2) to replicate the observed responses.
Initial verification was carried out against data from the literature, and calibration was
performed using the instantaneous geometric strain (IGS) as the erosion parameter. An
optimal IGS value of 0.375 was found to reproduce the experimental damage most accu-
rately. Subsequent parametric analyses of the validated models investigated the influence
of slab thickness and reinforcement ratios on blast resistance. The results demonstrated
that increasing the slab thickness substantially mitigates perforation, while higher reinforce-
ment ratios improve overall structural integrity. This work confirms the reliability of the
calibrated numerical models for predicting the response of RC slabs to contact explosions,
and it offers valuable insight into the design of blast-resistant structures.

Keywords: reinforced concrete slabs; contact explosions; blast-induced damage; numerical
analysis; parameter analysis

1. Introduction

Blast loads are extreme accidental loads primarily neglected in standard construction
design processes. Including them mostly leads to the need for over-dimensioned structural
elements and consequently increased building costs. However, for crucial military or
civilian facilities, incorporating blast load considerations into the structure design can be
essential to enhance user safety. A common strategy to mitigate blast loads is to create buffer
zones by increasing the standoff distance using natural or artificial barriers. However,
barriers alone may not be enough. As a result, the detailing of structural elements is
adapted to include unique design approaches for different materials like steel, wood,
or reinforced concrete (RC). The impact of blast loads on structures can vary based on
whether the explosion is areal (spread over an area) or contact (directly against a surface).
Areal explosions typically cause a widespread response throughout the structure. In
contrast, contact explosions tend to inflict localised damage, often seen as cratering or
penetration through the total thickness of an element. Several factors influence the nature
of the damage, including the explosive’s weight and shape, the thickness of the structural
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component, the ratio and arrangement of reinforcement bars, and the grade of concrete
used in RC structures.

Several studies investigated the effects of contact explosions on RC slabs, examining
both un-retrofitted (plain) and retrofitted elements. Most prior research has focused on
evaluating the efficacy of different retrofitting materials in enhancing the blast-resistance
capabilities of concrete slabs. Experimental testing on fibre-reinforced concrete (FRC) slabs
has been reported in refs. [1-6]. Ohtsu et al. [1] investigated the dynamics of spall failure
in FRC slabs due to contact blast loading. As the flexural toughness of FRC improves,
there is a significant reduction in both the average diameters and volumes of the spall
failure. Ohkubo et al. [2] and Beppu et al. [3] investigated the effectiveness of carbon
and aramid fibre sheet reinforcement on the explosive-resistant performance of concrete
slabs. In contact explosion tests, the local damage of retrofitted slabs was highly reduced
compared with un-retrofitted slabs, where fibre sheet reinforcements prevented concrete
slabs from fragmenting. Another FRC implementation is presented in the study conducted
by Yamaguchi et al. [4]. The blast resistance of double-layered polyethylene fibre reinforced
concrete (PEFRC) slabs composed of precast thin plates was fabricated and utilised for
contact detonation tests. Results showed that creating an air cavity of 15 mm between
the two layers of the PEFRC slab effectively reduced spall damage, while the air space
had no advantage in normal RC. The application of aramid fibre-reinforced concrete
(AFRC) under localised blast loading is presented by Gao et al. [5]. Scaled-down RC slabs,
AFRC slabs, and aramid fibre-reinforced plastic reinforced concrete (AFRPRC) slabs were
designed and fabricated to compare the blast resistance through experimental damage
analysis. The results show that AFRC improves the blast resistance of reinforced concrete,
but not significantly, relative to ordinary RC slabs. In contrast, AFRPRC slabs maintain
good integrity and show better blast resistance. The latest study also indicates a possible
application of geopolymer-based seawater sea-sand high-performance concrete (G-SHPC)
slabs reinforced with basalt FRP bars in relation to direct contact explosions [6]. Some other
studies also indicate the potential for the application of polyurea coatings (PUs) [7,8] or
polyisocyanate-oxazodone (POZD) polymer materials [9-11] in blast mitigation.

Several studies investigated elements made of (ultra) high-performance concrete
(U)YHPC [12-14], emphasising its better performance than normal strength concrete (NSC)
through its higher compressive and tensile strength, larger energy absorption capacity,
good workability, and anti-abrasion ability. Li et al. [12] conducted an experimental and
numerical investigation of HPC and NSC slabs sized 2000 mm x 1000 mm x 100 mm
and subjected to a 1 kg TNT contact charge. The experimental investigation reported a
reduction in damage on HPC slabs compared to NSC slabs, where punching and spall
damage were evident. A numerical simulation of the tested scenario was conducted in
LS-DYNA (https:/ /Isdyna.ansys.com/, accessed on 23 March 2025) utilising nonlinear
dynamic simulation. The conclusion was that the numerical model could reproduce the
structural response of tested slabs based on damage patterns. Further, Li et al. [13,14] exper-
imentally investigated the spallation of RC slabs made of NSC and HSC with dimensions of
2000 mm x 800 mm x 120 mm exposed to a 1 kg contact TNT charge placed at the centre
of the slabs. Results show that although HSC enhances resistance against dynamic loads, it
fails in a more brittle way than NSC slab, resulting in larger craters and fragments. Steel
wire mesh was implemented in the HSC slab, reducing the overall slab damage and manag-
ing to dissipate input blast energy by its fracture. The conclusion was that the reinforcement
design plays a vital role in the blast load resistance of RC elements. The latest study by Ma
et al. [15] indicates the mitigation potential of innovative 3D-printed UHPC elements on
contact explosions. Several reinforcing methods, layer thickness ratios, and construction
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methods for base materials are investigated. Presented test results prove the feasibility and
cost-effectiveness of 3SDP-UHPC reinforced normal concrete for protective structures.

The combination of high-strength and fibre-reinforced concrete (HS-FRC) was investi-
gated by Luccioni et al. [16,17]. Tests involved contact explosions using 49 g TNT-equivalent
charges and near-field blast loads. The experiments utilised steel fibres of two different
lengths, 30 mm and 60 mm, as reinforcement. In tests involving contact explosions, the
flexural failure in plain un-retrofitted concrete slabs was characterised by concrete spalling,
leading to complete perforation of the slabs. The outcomes indicated that shorter fibres
are more effective at mitigating concrete cratering and spalling when compared to longer
fibres, provided that the content of the fibres remains the same.

Another aspect that influences RC slab performance is whether contact explosions
are in the air or underwater. Corresponding experiments of RC slabs to an underwater
explosion are limited and are presented in refs. [18-20]. The results indicated that the
damage inflicted on RC slabs by underwater explosions was considerably more significant
than that from blasts in the air with the same amount of explosive material.

Most previous studies focused on retrofit applications, even though most existing RC
structures are not retrofitted. Investigations on the response of such rectangular plain and
reinforced concrete slabs subjected to contact explosion are shown in refs. [21-23]. Dua
et al. [21] conducted an experimental study on the response of rectangular plain and RC
slabs subjected to a contact explosion of a 500 g TNT charge. A finite element model in LS-
DYNA was developed and validated with the experimental results. The contact explosion
led to slab perforation and extensive cracking in the remaining portions. Notably, while the
reinforcement in all slabs experienced bending, it did not shear. The research highlighted
that the reinforcement ratio of an RC slab influences the contact explosion resistance due
to the confinement effect. Cai et al. [22] investigated the size effect on RC slabs under a
direct contact explosion. The results indicated that the explosion size effect was observed
in the specimens of smaller sizes, which had less bottom spalling damage even if the upper
crater size was approximately the same proportion. An analytical study of local damage
on concrete slabs subjected to a contact explosion is shown by Yue et al. [23]. Dynamic
behaviour was defined through the concrete rigid—plastic model. The expression for slab
threshold thickness depending on spall and perforation was validated by the numerical
simulation of a 50 g TNT contact charge on a concrete slab performed in Ansys Autodyn.

Numerical simulations are widely used to predict the response of RC structures to
blast or impact loads, including the effects of fracture and the spalling of concrete. An
erosion model can consider these effects by removing the elements that have reached
specific criteria from the calculation. This approach represents a numerical tool to avoid
significant distortion of Lagrange meshes. A review of different erosion criteria and limits
used to simulate concrete under blast loads is presented in ref. [24]. The effect of the erosion
limit on damage results and the dependence on the material’s properties, mesh size, and
scaled distance are discussed. However, its application to the simulation of a physical
phenomenon requires calibration with experimental results. Another approach based on an
arbitrary Lagrangian Eulerian-FEM-smoothed particle hydrodynamics (ALE-FEM-SPHs)
coupling method is employed to predict the spalling damage of an RC slab subjected
to a blast load [25,26]. This method avoids erosion of the elements and shows a good
agreement in terms of the spalling area of the slab, the fragment velocity, and the fragment
size distribution for predicting the blast fragments of concrete structures.

The presented study intends to investigate the effect of the contact explosion on un-
retrofitted RC slabs. A numerical erosion model was utilised to simulate the experiment
and obtain the approximate damage compared to the actual damage. In the first step,
preliminary modelling and model verification were performed according to experimental
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and numerical results from the literature. The verified model was validated based on
the authors” experimental results in the next step. Validation was based on the calibrated
instantaneous geometric strain (IGS) used as an erosion parameter. The calibration process
indicates a strong influence of the IGS value on damage patterns and deformation values.
Finally, a validated model was used for additional parametric analysis to investigate the
different reinforcement ratios and slab thicknesses on the overall slab behaviour under a
contact explosion.

2. Preliminary Numerical Modelling and Verification

A numerical model of a field-tested RC slab was designed and simulated using Ansys
Autodyn [27]. It is a hydrocode software providing high computing capabilities for simulat-
ing dynamic fluid-structure interaction problems. The software utilises a Euler, Lagrange,
or SPH solver. It can combine these different formulations for optimum calculation. Also,
it has the potential for parallel computing that enables quicker computations by model
decomposition in several domains equal to a number of available processing cores or
networked computers. The computation procedure combines the best aspects of both Euler
and Lagrange formulations. The Lagrange domain is used for RC slab modelling, while
environment (air) and explosives are modelled using the Euler domain. Air overlaps the
RC slab to allow effective Euler-Lagrange coupling throughout the dynamic analysis.

2.1. Model Verification

Experimental and numerical results of RC slab damage obtained by Yang et al. [19]
were used for model verification. Verifying the model against existing experimental and
numerical results ensures greater accuracy in the simulation. Once the model was verified,
a similar approach—based on Yang’s model creation procedure—could be applied to the
experiment of Draganic et al. [28]. This allows for fine-tuning by adjusting fewer parameters,
leading to more accurate simulation results that closely align with the experimental data.
This approach is viable because Yang et al. [19] conducted comprehensive experimental
and numerical studies on the behaviour of RC slabs subjected to contact explosions in air
and water environments.

2.2. Model Description

An RC slab in an air environment with dimensions 1000 mm by 500 mm and 60 mm
thickness was subjected to a 210 g TNT contact charge. An RC slab with a mesh size of 5 mm
was used, while the air environment was modelled with 10 mm mesh size elements. The
numerical model used the RHT material model for concrete and the Johnson—-Cook model
for steel reinforcement bars. The concrete material part of the slab was modelled as a solid
element, while the reinforcement bars were modelled as beam elements. Solid elements
are of finite element type Hex8 (SOLID65), i.e., linear eight-node hexahedron elements
shaped as an eight-node brick (eight integration nodes on each corner of a finite element).
Beam formulations were selected for steel reinforcement to enable the bending behaviour
during blast wave interaction with the RC slab due to the lateral loading of reinforcement
bars through concrete slab bending. The contact algorithm transforms beam elements
into reinforcement bars (LINKS8) and allows ideal coupling, enabling an ideally bonded
interaction between concrete and reinforcement bars. In the algorithm, reinforcement bars
maintain beam characteristics in the analysis. In Autodyn, using a single Euler solver to
model both the explosive and the surrounding air is standard. The Jones-Wilkins—Lee (JWL)
equation of state typically represents the explosive material, while the ideal gas equation
of state governs the air. This unified approach allows the solver to track the detonation
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products, their expansion into the air, and the resulting shock waves and fluid—structure
interactions [27].

2.3. Material Models

Concrete behaviour was modelled using the RHT material model [29], while reinforce-
ment bar behaviour was modelled using the Johnson—Cook steel model [30]. Based on
laboratory results of tested concrete and steel specimens, default material models were
modified to obtain more proximate behaviour of an RC slab. One of the material parame-
ters influencing the overall RC slab behaviour and damage, especially considering contact
explosion where local damage is very pronounced, is erosion. The physical detachment of
failed finite elements characterises erosion, making it an ideal parameter for a more realistic
simulation of slab perforation in contact explosion scenarios. An integral part of the RHT
material model is a failure by which numerical simulations define and implement erosion.
Several erosions based on strain, stress, damage, failure, or minimum time step can be
distinguished [24], while commonly used is strain-based erosion.

The RHT concrete model is an advanced plasticity model used for simulating the
dynamic loading of concrete, especially for brittle materials. This model combines plasticity
and shear damage to restrict the deviatoric stress within the material using a generalised
failure surface. It is designed to be modular, allowing for specific aspects of material
behaviour to be activated or deactivated, making it highly practical for various applications.
Three pressure-dependent strength surfaces are used to describe the state of stress in
the RHT concrete model (Figure 1), the elastic limit surface, the failure surface, and the
residual strength surface for crushed material. The failure surface and residual surface
are stationary, while the elastic limit surface involves a response to internal variables that
directly or indirectly include porosity and microcracks. Details regarding all RHT model
equations and parameters can be found in ref. [29].

Failure surface

Residual
surface

Figure 1. RHT elastic limit, failure, and residual surface.

The Johnson—Cook material model is used to model the reinforcement, which is
suitable for modelling the strength behaviour of materials exposed to large deformations,
high deformation rates, and high temperatures. It is a bilinear kinematic elastoplastic
model [30] represented by the following equation of state:

o= (A+B(e,)") [1+Cin(e; )| [1 - (1)) (1)

where A is the yield stress, B is the strain hardening exponent, # is the hardening exponent,

¢p is the equivalent plastic strain, C is the strain-rate sensitivity coefficient, (8’;) is the
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dimensionless plastic strain rate, T* is the homologous temperature, and m is the thermal
softening exponent.

The explosive charge was modelled using a TNT material model closely following the
used TNT equivalent in Young’s experiment. The JWL equation of state that represents
explosive material is described with the following equation of state:

— _ W\ —Rix W\ Ry W
P A(1 R1x)e +B<1 sz)e +x @

where p is hydrostatic pressure, x is a specific volume (1/p), e is specific internal energy, and
A, R1, B, Ry, and w are constants experimentally determined for several common explosives.

The air is modelled by the equation for the ideal gas. In an ideal gas, the internal
energy is a function of temperature, and if the gas is polytrophic, the internal energy is
proportional to temperature. The equation of state used is one of the simplest equations of
state, and it is as follows:

p=(r—1)pe (3)

where p is the air density, e is specific internal energy, and v is a constant (ratio of spe-
cific heats).

Air is a gaseous material, so it does not have the possibility of transferring stress. As
such, no strength law or failure is associated with it. Still, it serves only as a medium for
transmitting the shock waves of an explosion caused by detonation to a designated target,
i.e., a structure.

Several parameters were modified and compared to the default model to obtain results
comparable to experimental damage (Table 1).

Table 1. Default RHT concrete material model parameters and the parameters used by Yang et al. [19].

. Aq G Tensile
Parameters B D1 Dy & min Erosion [kPa] [kPal fc[kPa] Failure
Geometric
strain—1.5 PI;Ii}r,1dirO/ |
Instantaneous/ 7 . C1pa
RHT[29] 1.60 0.6 0.04 1 0.01 Plastic strain/ 3.53 x 10 1.67 x 10 35,000 Stress/
Timestep/ User
Failure failure
Yane et al Geometric
[%9] ' v+ 1 strain—0.5 + 170 x 107 38,000  Hydro
Instantaneous

Note: + denotes the same parameter value as in the default material model. The material parameters are
as follows: B—fractured strength constant, M—fractured strength exponent, D; and D,—damage constants,
£ min—minimum strain to failure, A;—bulk modulus, G—shear modulus, and f;—compressive strength.

2.4. Result Comparison

A comparison of RC slab damage obtained by the experimental testing and numerical
simulation by Yang et al. [19], and the numerical simulation by the authors is shown in
Figure 2. The damage pattern is similar for all three cases, with a perforated RC slab
by a contact charge. Perforation is circular with slightly different damage diameters.
Contact detonation in the experimental test resulted in a circular perforation of 18 cm
diameter, while the back surface had a damaged area diameter of 32 cm. Numerical
simulations produced somewhat smaller damaged areas. Yang et al. obtained a perforation
of 18 cm to 19.2 cm, while the damaged area of the back surface had a diameter of 29.5 cm.
The numerical simulation conducted in this work obtained very similar damage. The
perforation diameter was 20 cm, and the diameter of the damaged area on the back surface
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was 29 cm. Figure 2 shows the overall damage pattern of the top and back surfaces
in numerical simulations conducted in this work and by Yang et al. [19]. Based on the
compared damage patterns, the conclusion was that the numerical model is verified for
further implementation in the numerical simulation of contact explosions compared to the

experimental results presented in the following section.

a)

DAMAGE [All] DAMAGE [Al]
1.000e+00 1.000e+00
9.000e-01 I 9.000e-01
8.000e-01 8.000e-01
7.000e-01 L 7000601

b) E 6.000e-01 ‘ | 6000001
5.000e-01 | 5.000e-01
= 4.000e-01 4.000e-01
3.000e-01 3.000e-01
| 2000001 2.000e-01
1.000e-01 1.000e-01
0.000e+00 0.000e+00
DAMAGE [AT] DAMAGE [Al]
1.000e+00 1.0006+00
I 9.000e-01 I 9.000e-01
8.000e-01 8.000e-01
= 7.000e-01 7 000001
C) E 6.000e-01 | 8000001
5.000e-01 5.0006-01
4.000e-01 ‘ 4.000e-01
Ll 3000001 3.000e-01
o 2000601 2.000e-01
I 1.000e-01 1.000e-01
0.000e+00 0.000e+00

Figure 2. Model verification: (a) experimental and (b) numerical slab damage by Yang et al. [19] and
(c) numerical slab damage as simulated in this work. (a) Yang et al. [19] experiment with a damaged
slab (left), top (middle), and back surface (right). (b) Numerical simulation by Yang et al. [19] with
top (left) and back surface (right). (¢) Numerical simulation by the authors with a top (left) and a
back surface (right).

3. Blast Load Field Tests

A contact explosion was performed on a reinforced concrete (RC) slab at a military
testing range. Constitutive materials were laboratory tested following EN standards and
testing protocols to acquire the assumed materials parameters for numerical simulations.

3.1. Specimen Description

RC slabs with dimensions of 217 x 100 cm and a thickness of 10 cm were labora-
tory cast (Figure 3). The built-in reinforcement was a bi-directional steel mesh of 8§ mm
diameter reinforcing bars spaced at 10 cm in both directions. Steel mesh was placed in
two layers, upper and lower, having a distance of 7 cm and a protective layer of 1.5 cm.
Based on laboratory testing of concrete cube samples and steel reinforcement mesh, the
characteristic compressive strength of concrete was equal to 25.57 MPa, corresponding to
strength class C 20/25, and the steel yield and tensile strength were 530 MPa and 607 MPa,
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corresponding to strength B500A, respectively. More detailed information regarding the
material characteristics and the test setup can be found in Dragani¢ et al. [28].

Figure 3. Schematic representation of tested RC slab.

3.2. Test Setup

The slab was tested on a military field range, ensuring all security protocols were
followed. Before testing, the research team transported the steel support structure and RC
slab to the field range [28]. The RC slab was placed on the steel support structure to secure
support rigidity and clamped boundary conditions on two opposite ends (Figure 4). A
plastic explosive, designated PEP500, was used in the experiment. It has a TNT equivalent
of 1.3, a density of 1.5 g/m3, and a detonation speed of 7400 m/s. Military personnel
moulded the contact charge into a 250 g sphere and placed it at the centre of the top slab
surface (Figure 4). A standard lead-azide detonator was placed in the charge centre and
was remotely detonated. Potential damage and destruction by high blast pressures and
concrete fragmentation prevented us equipping the test specimens with measuring sensors.
Overall slab damage was the main parameter to be compared to the numerical results.

e Selam———

=S

¥Steel support structure

(PEP500) F

Figure 4. Test setup and contact charge PEP500.

3.3. Experimental Slab Damage

The contact explosion produced slab damage in the form of perforation and scabbing.
The perforation was uniform and circular, while the surrounding damaged area was
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irregular. Analysis of slab damage distinguished perforation and damaged areas of the
upper and lower surfaces, as can be seen in Figure 5. Perforation was characterised by the
hole diameter, while the total scabbing square area around the perforation characterised the
damaged area. Overall slab damage, if slab cross-section is considered, can be described as
an hourglass shape, i.e., the perforation has a funnel shape with a broader upper damage
surface that narrows in the middle portion of the section. As perforation continues through
slab thickness, it widens and consequently results in more pronounced damage at the
lower surface than on the upper, i.e., the damaged area is more extensive. The perforation
diameter was 18 cm, corresponding to approximately two “reinforcement mesh openings”,
while the damaged area was 791 cm? and 1540 cm? for the upper and lower surfaces,
respectively. The wider slab area around the perforation showed extensive cracking on
the bottom slab surface; however, after close inspection, it was determined that there were
no critical cracks based on which the slab could be characterised as failed. Furthermore,
a previous study on the post-blast load-bearing capacity of RC slabs by Jele¢ et al. [31]
confirmed that their stiffness behaviour remained similar to undamaged RC slabs, with
damage localised near the perforation. A lower failure force corresponds to slab damage
due to perforation. The steel mesh at the centre of the perforation was deformed but did
not rupture. The bars in the steel mesh remained bonded regardless of the severe damage
and the blowout of concrete.

Top surface Bottom surface

Figure 5. Damage of slab exposed to contact explosion.

4. Calibration and Validation of Numerical Model
4.1. Model Description of Experimental Test

An RC slab is modelled using two parts and materials, as shown in Figure 6. Reinforce-
ment bars in the solid element follow the previously determined layout, with two layers
(tension and compression side) having a 7 cm centroid distance. Symmetry enables mod-
elling of only a quarter of the RC slab and consequent blast environment. The reinforced
concrete slab, explosive charge geometry, and even the number of reinforcement bars in
both slab cross-sections (avoiding symmetry plane through individual reinforcement bars)
facilitate symmetry. Symmetry also influenced calculation time, significantly reducing the
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calculation time with no crucial loss in accuracy. The clamped boundary condition was
simulated by implementing fixed-end supports. Due to symmetry, only one side (shorter)
of the slab was constrained. A spherical explosive charge was placed at the centre of the slab
in direct contact, resulting in a scaled distance equal to 0 m/kg!/3. The explosive material
used for simulating the contact blast load on an RC slab was PETN 1.5, corresponding
to the plastic explosive used in a field test, PEP500. The detonation point was placed at
the centre of the spherical charge and was set as instantaneous, resulting in the instant
conversion of explosive material to ideal gas at the start of the simulation. Table 2 lists the
material parameters used in the simulation.

ANSYS
201983

ACADEMIC
I VOID
CONC-25MPA

STEEL B5008B |

PETN 1.50

Spherical charge
PETN1.50 v x
-detonation point in the sphere center-

Figure 6. Numerical model of the RC slab.

Table 2. RHT model parameters for simulation.

Parameters B Dy D2 & min Erosion [l:lPla] [kga] fclkPa]  Tensile Failure
Geometric
strain—1.5 Hydro/Principal
RHT[29]  1.60 004 1 001 Instantaneous/ 353 x 107 167 x 107 35,000 Stress/User
Plastic strain/ failure
Timestep /Failure
Dracanic Geometric
& + + o+ + strain—0.375 + 1.70 x 107 25,570 Hydro
et al. [28]
Instantaneous

Note: + denotes the same parameter value as in the default material model.

4.2. Simulation Results

Numerical simulations of the RC slab subjected to the contact explosion were per-
formed by varying the erosion parameter. The model implemented erosion governed by
instantaneous geometric strain. Geometric strain quantifies the deformation of the material
under applied loads, and its instantaneous value reflects the current state of strain at a
particular time step in a dynamic simulation. Autodyn calculates the instantaneous geo-
metric strain within each finite element during the simulation. Depending on the material’s
response to the applied forces, this strain could be axial, shear, or volumetric. Before the
simulation, the user must define an erosion criterion based on a threshold value for geo-
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metric strain. This threshold is the maximum allowable strain the material can experience
before being regarded as failed. If an element exceeds this strain threshold, the simulation
considers it failed and removes it from further simulation. This removal is instant in terms
of the simulation’s time frame, thereby mimicking the real-world phenomenon where a
material would fragment or be removed upon reaching its failure strain. The value of
geometric strain was varied to obtain more accurate numerical results concerning slab
damage. Following previously conducted model verification with the implemented Yang
et al. material parameters, the adopted value for geometric strain as an erosion criterion
was 0.5. The numerical simulation produced a slab perforation diameter smaller than the
experimental results, so additional simulations used the values of 0.75, 0.6, 0.4, 0.375, 0.35,
0.3, 0.275, and 0.25. The analysis utilised a comparison of the RC slab perforation diameter
and damaged area for each implemented geometric strain value to obtain optimal erosion
parameters for further analysis. Table 3 shows perforation diameters and damaged areas
depending on a geometric strain obtained from numerical simulations and differences
regarding experimental tests. Figure 7 shows RC slab damage variability depending on
erosion parameters.

Table 3. Perforation diameters and damaged areas from experiment and numerical simulation.

Geometric Strain

Perforation Diameter [cm] Damaged Area [cm?]

Simulation = Experiment DIi{fefI:::rllie Simulation = Experiment DijefI:::e‘rllec!e
0.250 40.75 18.83 116.41% 3335.04 790.65 321.81%
0.275 27.88 18.83 48.06% 3126.15 790.65 295.39%
0.300 24.99 18.83 32.71% 2269.11 790.65 186.99%
0.350 24.49 18.83 30.06% 2238.08 790.65 183.07%
0.375 19.04 18.83 1.12% 751.77 790.65 4.92%
0.400 13.05 18.83 30.70% 717.78 790.65 9.22%
0.500 1091 18.83 42.06% 702.92 790.65 11.10%
0.600 10.18 18.83 45.94% 700.12 790.65 11.45%
0.750 9.87 18.83 47.58% 658.34 790.65 16.73%
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Figure 7. Slab damage variability depending on erosion parameters. (a) Perforation diameter vs.
geometric strain. (b) Damaged area vs. geometric strain.

4.3. Damage Analysis

The data Table 4 presents provide a comparative analysis of the damage sustained by
RC slabs subjected to a contact explosion under identical conditions, with the only variable
being the instantaneous geometric strain (IGS) which is used as an erosion parameter. This
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study illustrates that selecting lower IGS threshold values leads to more extensive damage
across the RC slab. Such settings result in larger perforation diameters and increased
volumes of concrete eroded from the slab. However, this pattern of widespread damage
does not align well with experimental observations, which predominantly show localised
damage around the area where the explosive charge was placed, as can be seen in Figure 8.
Conversely, selecting higher IGS threshold values leads to a different damage pattern.
In this scenario, the damage tends to be more concentrated, characterised by smaller
diameters of damage and less eroded concrete volume. This pattern of focused damage
is more in line with experimental findings. The benefit of using higher IGS values lies in
achieving damage localisation that mirrors the results observed in experimental results.
A comprehensive parametric study is essential, given the variability of observed erosion
and damage patterns dependent on the IGS value. This study aims to pinpoint the most
effective IGS threshold value that would yield results closely resembling those observed
in controlled experiments. Table 3 and Figure 7 highlight that an IGS threshold of 0.375 is
optimal as it produces perforation diameters and volumes of eroded concrete most similar
to the experimental outcomes.

Table 4. Numerically simulated damage of RC slabs under various values of IGS.

Top Surface Bottom Surface

IGS

0.25

0.275

0.30
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Table 4. Cont.

Top Surface Bottom Surface

0.35

0.375

0.4

0.50

0.6
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Table 4. Cont.

Top Surface Bottom Surface

0.75

Bent reinforcem

Figure 8. Reinforcement behaviour in experiment and numerical simulation (IGS = 0.375).

Additional observations were made regarding the performance of the slab’s rein-
forcement when exposed to explosive conditions. The slab double-layer reinforcement
displayed plastic deformation in regions directly affected by the explosion. This phe-
nomenon is demonstrated by bending the exposed reinforcement bars rather than breaking
them, suggesting their ability to undergo plastic deformation under the exerted stress. A
uniform response in the reinforcement’s behaviour was noted when comparing the out-
comes from numerical simulations and experimental tests. This consistency supports the
credibility of the simulation model employed in this analysis. Figure 8 shows a close-up of
RC slab damage focusing on the reinforcement deformation, with the left from experimental
tests and the right from numerical simulations (one-quarter of a slab). The reinforcement
has undergone severe plastic deformation without breakage, similar to the experimental
tests. Numerical simulations show the reinforcement bending and concrete debris fling out.
Also, due to the implementation of the erosion criterion, RC slab perforation can be seen in
the middle of the slab. The damage perimeter is jagged due to pronounced square finite
elements and their size. Smaller elements could provide an even more proximate damage
shape. Still, the further reduction in element size would lead to longer calculation time
without a significant increase in result accuracy, i.e., similar perforation diameter with only
a “nicer” perforation shape.

Figure 9 overlays a photograph of the RC slab perforation from the experimental
test with a numerical visualisation of slab damage, accounting for concrete erosion, to
facilitate a more precise comparison between the experimental and numerical damage. The
two images show good alignment, demonstrating a reasonable correlation between the
experimental and numerical results.
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Figure 9. Field test RC slab damage overlaid with numerical simulation (IGS = 0.375).

5. Parametric Analysis

After model validation and calibration, additional parametric analysis was conducted
to study the influence of different reinforcement ratios and slab thicknesses on the overall
slab behaviour under a contact explosion.

The first additional set of models consisted of varying slab thicknesses. Slab thickness
was increased from 100 mm to 200 mm in equal steps of 25 mm (125, 150, 175, and 200 mm).
The reinforcement area was kept equal in all additional models. Reinforcement distance
was increased as slab thickness increased, maintaining an equal concrete cover layer of
25 mm on both sides. All other parameters were kept equal per the validated and calibrated
model, i.e., the erosion parameter was kept at 0.375.

The second set of models consisted of varying the reinforcement area by changing the
steel mesh bar diameter and reinforcement layout. The referent model, used for modelling
experimental testing, consisted of a two-layer steel mesh with 8 mm diameter bars. In
comparison, new models consisted of bar diameters equal to 6 mm arranged in one or two
layers, whereas in one layer setup, upper reinforcement mesh was removed from the model.
A model with a one-layer reinforcement mesh bar diameter of 8 mm was also simulated
for comparison. Because of the overall bending action of the blast load on the RC slab, the
lower layer reinforcement mesh is kept as a standard reinforcement layout in flooring and
roofing slabs if the charge is placed on the upper slab surface. All other parameters were
kept equal per the validated and calibrated model, i.e., the erosion parameter was kept
at 0.375.

Based on Figure 10 and Table 5, the perforation diameter decreases significantly with
an increase in slab thickness—a mere 25 mm increase in thickness results in an almost 50%
reduction in the perforation diameter. Further increases in thickness ultimately eliminate
perforation, resulting in only surface damage. The damage penetrates approximately
one-third of the slab thickness from the top surface. Due to the shock wave’s impact and
propagation through the slab, significant damage is also observed on the bottom surface,
affecting roughly one-third of the slab’s thickness. As the slab thickness increases to 175 mm
and 200 mm, the penetration of the shock wave diminishes, and its energy dissipates more
within the surface layer of the slab.
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Figure 10. (a) Perforation diameter vs. slab thickness, (b) damaged area vs. slab thickness; for
geometric strain 0.375.
Table 5. Damaged top and bottom surfaces based on slab thickness (constant reinforcement ratio,
two layers o 8).
Slab
Thickness Top Surface Bottom Surface
[mm]
100

125




Buildings 2025, 15, 1063

17 of 21

Table 5. Cont.

Slab
Thickness
[mm]

Top Surface Bottom Surface

150

175

200

The figures in Table 5 clearly illustrate this trend, where the top surface’s damaged
area increases with slab thickness. At the same time, the perforation diameter decreases
and eventually disappears with a 50 mm thickness increase. Figure 10b further emphasises
this progression, showing an initial reduction in the damaged area, followed by an increase
in surface damage once perforation is prevented.

Comparing perforation diameters for one and two reinforcement mesh layers reveals
that an additional layer reduces the perforation diameter but increases the damaged
area. This occurs due to increased slab rigidity, dispersing the blast/shock wave over
a larger surface, leading to more extensive concrete flaking and cracking. This trend
is shown in 6 mm and 8 mm diameter bar reinforcement slabs, respectively (Figure 11
and Table 6). Consequently, reducing the reinforcement area increases the perforation
diameter and overall damage area due to the reduced slab rigidity and resistance to blast
wave penetration.
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for geometric strain 0.375.
Table 6. Damaged top and bottom surfaces based on reinforcement layout and area (constant
thickness of 100 mm and IGS = 0.375).
Top Surface Bottom Surface
2 layers o8
1 layer o8

2 layers 26
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Table 6. Cont.

Top Surface Bottom Surface

1layer 26

6. Conclusions

This study provides an in-depth analysis of the behaviour of un-retrofitted reinforced
concrete (RC) slabs subjected to contact explosions through both experimental testing and
numerical simulations. The following key conclusions were drawn.

1.  Experimental Findings

A contact explosion resulted in localised damage characterised by a circular perfo-
ration and an hourglass-shaped damage profile without severely compromising
structural integrity.

Reinforcement bars were bent and experienced significant plastic deformation but
retained continuity, confirming their capacity to absorb and redistribute explosive
energy without fracturing.

2. Numerical Model Validation

The developed numerical model successfully replicated the experimental results
when calibrated with an instantaneous geometric strain (IGS) erosion parameter
of 0.375.

Lower IGS values led to widespread damage, while higher values localised
the damage around the contact area, aligning more closely with experimental
observations.

The only setback observed is that the numerical simulations cannot replicate
the identical hourglass shape of the perforation, no matter which parameter is
modified. Regardless, if approximate damage in terms of perforation diameter
and damaged area is obtained, it is possible to assess the global condition of the
structural element after the contact explosion.

3. Parametric Analysis

Slab thickness: increasing the slab thickness reduced the perforation diameter
drastically and transitioned damage from complete perforation to surface-level
damage.

Reinforcement area: higher reinforcement ratios (two layers of 8 mm bars) im-
proved blast resistance by reducing perforation but increased the overall damaged
area due to greater structural rigidity.

4. Practical Implications

The findings emphasise the critical role of reinforcement design and slab thickness
in enhancing blast resistance.

The validated numerical model offers a cost-effective tool for predicting damage
and optimising the design of RC structures for blast mitigation.
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Overall, the study confirms that with proper calibration, numerical simulations can
effectively predict the response of RC slabs under contact explosions, aiding in the design
of safer and more resilient infrastructure. However, the experimental study is limited
to a single field-tested specimen, and further investigation is advisable. Additionally,
reinforcement strain measurements would provide deeper insights into reinforcement
behaviour and support more advanced model validation.
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