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Abstract: This research evaluates the performance of different protective solutions for reinforced
concrete slabs subjected to blast loading. A series of full-scale blast tests were carried out on concrete
slabs at scaled distances ranging from 0.20 to 0.83 m/kg1/3. For this purpose, 16 concrete slabs were
tested; eight of them were unreinforced as ‘control specimens’, and the other eight were protected
with five different protective solutions. After the tests, a damage assessment was conducted based
on three different parameters. The results showed that there was no clear improvement in the
concrete performance when the charge was located 0.5 m from the slab. Significant local damage
that completely perforated the slab occurred. In the tests with the load placed 1 m from the slab, the
reinforcements that were used significantly contributed to the retention of some fragments produced
in these tests.

Keywords: experimental trials; full-scale slabs; damage assessment; blast loading; reinforced slab

1. Introduction

Critical infrastructures, chemical plants, and warehouses, as well as the nuclear indus-
try, involve activities that have to be carried out in environments and constructions that
require a higher level of protection and security. Among the many threats that they face are
explosions, whether of external origin, such as terrorist acts, or of internal origin, such as
accidents related to the production process. Strategic lines of action include resilience and
security assurance through redundant protection systems in order to prevent and protect
critical infrastructures from all threats that may affect them [1,2]. Good protection of struc-
tures could mean the difference between a small accident and a major disaster. Improving
the response of structures to unpredictable events can reduce much of the damage from
such events.

Reinforced concrete (RC) is one of the most common materials used in the construction
of all types of structures. It presents many advantages, such as low cost, versatility,
durability, fire resistance, and low maintenance. However, when subjected to blast loading,
RC structures can be severely damaged, and this may even lead to the collapse of the
entire structure.

In the last several decades, there has been considerable research on structural damage
and blast effects on buildings and especially on concrete structures [3,4]. To enhance the
blast performance of RC structures, two main procedures have been widely used: internal
and external strengthening. Internal reinforcement consists of adding fibers inside the
concrete mixture. The most common fibers used are steel, polypropylene, and carbon fibers
that vary in fiber content and fiber length. Mao et al. [5] concluded that, under far-field blast
loading, steel fibers and reinforcement bars have similar effects by providing extra resistance
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to RC panels. Tabatabaei et al. [6] studied the effect of introducing carbon fibers to improve
the blast resistance of concrete panels and observed a reduction in the degree of cracking.
Pantelides et al. [7] tested small-scale concrete panels reinforced with polypropylene fibers.
The result was that the fibers performed poorly, since they could not resist the blast effects.
On the contrary, Foglar and Kovac [8] found a beneficial effect of adding polypropylene
fibers on the blast performance of their specimens. Recent studies, such as the one carried
out by Wang et al. [9], showed that the addition of various admixtures, such as fly ash, fiber,
and MgO, and shrinkage reduction might improve the mechanical properties and, hence,
the strength of concrete slabs. The main disadvantage of this procedure is that it can only
be used on new structures. Regarding external reinforcement, different techniques have
been proposed to improve the blast resistance of RC structures. One of these techniques
is the use of external or sacrificial layers of aluminum foam. The studies conducted by
Schenker et al. [10] and Wu et al. [11] showed that aluminum foam modified the response
of concrete slabs and was effective in mitigating blast effects. Merrett et al. [12] found
that aluminum foam was also acceptable by not increasing stress transfer to the protective
structure. Another technique consists of strengthening with fiber-reinforced polymer (FRP)
composites; the most commonly used fibers are glass [13] and carbon [14]. In recent years,
the use of sprayed-on polyurea coatings has increased [15–17] due to the enhancement of
ductility that polyurea provides to the structural response.

The blast performance of protective solutions should be evaluated through experimen-
tal tests. However, the number of facilities available to carry out such experiments is limited.
Furthermore, testing with explosives is very complex and highly costly. To address some of
these problems, many experimental tests are conducted on a small scale [18–20]. In these
scenarios, the results cannot be extrapolated to real-sized structures, as the behavior of the
specimens is greatly affected by the scale effect. In other cases, numerical methods, such as
the finite element method (FEM), are used to predict the structural response in comparison
with empirical equations [21,22] or with experimental data found in the literature [23,24].
Although numerical modeling is a very useful tool when it comes to the blast resistance of
structures, it is necessary to validate the results with corresponding field tests.

Since experimental studies are very valuable in the field of structural protection
research, this work focuses on the description and analysis of two field test campaigns.
The performance of different potential protective solutions for use in reinforced concrete
subjected to blast loading was investigated. The different reinforcement solutions that
were used included both internal and external reinforcement. For this purpose, a series
of full-scale blast tests were carried out. A total of 16 RC slabs were tested, of which eight
were unreinforced (as control specimens), and the other eight were reinforced with five
different protective solutions. The overall goal of the research was to establish and validate
the improvement of the tested reinforcement solutions for enhancing the performance of
critical concrete structures subjected to blast loading. After the tests, a damage assessment
considering three different parameters was carried out: the surface damage, the relative
area of damage, and the permanent deflections. In addition, the data obtained from these
tests can subsequently be used to calibrate and validate numerical models that could then
be used to explore other situations for which no tests have been performed.

2. Field Blast Tests

The experimental tests presented in this work were carried out in two different research
projects (SEGTRANS and PICAEX), but both had the same objective, which was related to
the protection of critical infrastructures. A total of 16 reinforced concrete slabs were tested
by using different protective solutions—eight of them in the first project (identified as S1 to
S8) and the other eight in the second project (identified as P1 to P8). The test specimens
were designed with a representative size to avoid the scale effect; they had dimensions of
4.40 × 1.46 m and a thickness of 0.15 m. The slabs were built by using concrete of class
C25/30, with an aggregate size of 20 mm and a water/cement ratio of 0.60. This type
of concrete is expected to achieve a minimum compressive strength of 25 MPa. As for
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the reinforcing steel, B500C rebar with a yield strength of 500 MPa was used. Regarding
the steel reinforcement, slabs S1 to S8 were reinforced with two meshes of bars that were
12 mm in diameter and spaced 150 mm in both directions with a concrete cover of about
30 mm on both faces. In the case of slabs P1 to P8, the upper face (which was the one
receiving the explosion) was reinforced with a mesh of 10 mm bars spaced 300 mm in both
directions, while the bottom face was reinforced with a mesh of 12 mm bars spaced 150 mm
in both directions. In both projects, two charge masses of TNT equivalent were tested at
two standoff distances, resulting in three different scaled distances, as shown in Table 1.
The tests with the higher scaled distances (0.79–0.83 m/kg1/3) were intended as calibration
tests for characterizing the explosion by measuring the pressure and acceleration. The
tests with smaller scaled distances (0.20–0.42 m/kg1/3) were intended to compare the
effects of the different protective solutions. To analyze the improvements of different
retrofitting materials, a non-reinforced slab was tested as a ‘control slab’ at the different
scaled distances.

Table 1. Main test characteristics.

Test Reinforcement
Eq. TNT

Mass
(kg)

Standoff
Distance

(m)

Scaled Distance
(m/kg1/3)

S1/S2/S3 Non-reinforced 2.00 1.0 0.79
S4 Non-reinforced 15.00 1.0 0.41
S5 Non-reinforced 15.00 0.5 0.20
S6 Steel sheet 15.00 0.5 0.20
S7 SFRC 15.00 0.5 0.20
S8 PPFRC 15.00 0.5 0.20
P1 Non-reinforced 1.74 1.0 0.83
P2 Non-reinforced 13.05 0.5 0.21
P3 GFRP 13.05 0.5 0.21
P4 CFRP 13.05 0.5 0.21
P5 GFRP 13.05 1.0 0.42
P6 CFRP 13.05 1.0 0.42
P7 Non-reinforced 13.05 1.0 0.42
P8 CFRP 13.05 1.0 0.42

Regarding the boundary conditions, the concrete slabs were supported on two steel-
clad concrete blocks designed to withstand repeated explosions. The span between supports
was 4.00 m. The anchoring system was intended to simulate a supported slab with fixed
supports. Figure 1 shows a scheme of the concrete slab with its main dimensions and the
details of the boundary conditions.
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Figure 1. Main dimensions of the concrete slab and details of the boundary conditions: (a) concrete
slab layout; (b) anchorage detail; (c) photo of the experimental setup before the test.

2.1. Protective Solutions

In the SEGTRANS project, three different reinforcement solutions were tested (Figure 2):
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• Slab S6: A steel sheet (SS) made of S-275 JR steel was located at the center of the span
on the side facing the blast charge, with dimensions of 1.50 × 1.46 m and a thickness
of 10 mm. The steel sheet was fixed by using an epoxy adhesive.

• Slab S7: The concrete used in this slab was a steel-fiber-reinforced concrete (SFRC)
with a fiber content of 120 kg/m3.

• Slab S8: The concrete used in this slab was a polypropylene-fiber-reinforced concrete
(PPFRC) with a fiber content of 9 kg/m3.
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Figure 2. (a) Steel sheet; (b) steel fibers; (c) polypropylene fibers.

In the PICAEX project, two other protective solutions (Figure 3) were tested:

• Slabs P3 and P5: These slabs were protected with a glass-fiber-reinforced polymer
(GFRP) composed of a bi-directional primed glass-fiber-reinforcing sheet with a one-
component ready-to-use water and polyurethane-based adhesive. In this case, the
GFRP was placed on the side of the slab that was not facing the explosive charge,
which was the face where the tensile stresses occurred.

• Slabs P4, P6, and P8: These slabs were protected by using a carbon-fiber-reinforced
polymer (CFRP) composed of a high-strength carbon fiber mesh with a thixotropic
epoxy adhesive. As in the GFRP, the protected solution was placed on the tensile face
of the slabs.
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Figure 3. (a) Slab protected with CFRP; (b) slab protected with GFRP.

The main mechanical properties of the protective solutions are listed in Table 2.

Table 2. Mechanical properties of the protective solutions.

CFRP GFRP

SS SFRC PPFRC Carbon Fiber Resin Glass Fiber Adhesive

Density (kg/m3) 7850 7810 910 1830 1300 - 1100
Length (mm) - 50 48 - - - -

Diameter (mm) - 1 0.85 - - - -
Weight (g/m2) - - ≥170 - 286 -

Tensile strength (MPa) 550 1100 400 5000 20 >1620 5.25
Young’s Modulus (GPa) 200 - 6.2 252 2 42 0.55
Elongation at failure (%) - - 2 1 4 1.2
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Table 2. Cont.

CFRP GFRP

SS SFRC PPFRC Carbon Fiber Resin Glass Fiber Adhesive

Compressive strength of
concrete, fc (MPa) - 44.16 43.33 - - - -

Tensile strength of
concrete (MPa) - 8.12 5.62 - - - -

Yield strength (MPa) 275 - - - - - -
Tangent modulus (MPa) 1850 - - - - - -

2.2. Test Setup and Monitoring

As mentioned above, the tests with the higher scaled distance were designed to
evaluate and characterize the blast waves. For this purpose, the tests were monitored with
pressure gauges and accelerometers. The number of pressure sensors used varied between
two and five depending on the test. Pressure transducers were located at the same level
as the top surface of the slab. The pressure gauges had a high frequency with ablative
protection and a range of 5000 psi (34.5 MPa). As can be seen in Figure 4, the sensors were
located within radii of 1 m and 2 m from the center of the slab and at distances of 1.4 m and
2.2 m from the charge, respectively. In addition, a fifth sensor was located on the ground at
eight meters from the charge in the horizontal direction.
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Figure 4. Test setup for the calibration test.

To measure accelerations in the slab, two or three accelerometers (depending on the
test) were located on the rear face of the slab, with one of them in the center of the slab and
the other two 1 m from the center (see Figure 4). In the tests with smaller scaled distances,
accelerometers were not used due to the risk of damaging the sensors. To register the
shockwave in these tests, pressure gauges were placed on the ground at standoff distances
of between 8 and 12 m, as shown in Figure 5.
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Figure 5. Test setup for test with 15 kg of TNT.

For slabs S1 to S8, the explosive used in the experimental trials was PG2, an RDX-based
plastic explosive for military use with a TNT equivalence calculated on the basis of an
experimental pressure of 1.16. For slabs P1 to P8, the explosive used was dynamite (gelatin
type), with a TNT equivalence that was also calculated based on peak pressure of 0.87. The
charge mass was placed on an expanded polystyrene cube when the standoff distance was
0.5 m and was hung from a rope or a wooden tripod when the standoff distance was 1 m
(see Figure 6). Regarding the charge’s shape, it was a spherical shape for lighter loads and
cubic with round corners for the others. The explosive was initiated in all cases with a
detonator that was inserted into the center of the charge.
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Figure 6. Charge details for the different tests.

In addition to all the instrumentation, the tests were recorded with a high-speed
camera. Since an explosive event is a phenomenon with a very short duration, the images
obtained with the high-speed camera (Figure 7) provided valuable information about the
event. For instance, it was verified in the high-speed camera images that the shockwaves of
both charge shapes (spherical and cubic) were similar in terms of pressure distribution.
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3. Test Results

To analyze the results of the different tests and the improvements of the different
reinforcement solutions, it was necessary to first evaluate the blast effects on the non-
reinforced specimens. Although the slabs were tested in two different projects, the geometry
was the same in all cases so that they could be analyzed together.

3.1. Non-Reinforced Slabs

Of the 16 slabs tested, eight of them were non-reinforced, and of those eight, four
were used in calibration tests that were carried out with a light load, i.e., 1.74–2 kg of
TNT equivalent. The result in these cases was only minor cracks, which were mainly in
the tensile face of the slabs. As an example, Figure 8 shows the images of slab P1 after a
test. The results of these tests were used for the subsequent calibration of the numerical
models [14,25,26], as pressure and acceleration data were available for these tests. However,
numerical simulation is not within the scope of this work, so the models that were used
will not be described here.
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The recording of the pressures during the tests allowed the characterization of the
shockwaves and the evaluation of the pressures to which the slabs were subjected. In the
calibration tests, a pressure of 2500 kPa was recorded on the pressure gauge located 1 m
from the load, and a pressure of 500 kPa was recorded on that located 2 m from it. The
recorded pressures were then used to include the load in the subsequent test simulation.
Figure 9 shows the pressure–time histories obtained in tests S1, S2, and S3 on pressure
gauges G1 and G3 (1 and 2 m from the load, respectively).
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Figure 9. Pressure signal results of the tests on S1, S2, and S3 from pressure gauges G1 and G3.

Figure 10 shows the acceleration recordings obtained by sensors A1 and A2 during the
P1 test. Peak accelerations ranging from −629 g to 997 g were observed. These acceleration
values were also used for the comparison and subsequent calibration of the numerical
simulation models.
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After the calibration tests, the non-reinforced slabs were tested with a greater charge
at standoff distances of 0.5 and 1 m. The different behaviors of the slabs between the two
distances can be seen in Figure 11. When the charge was located 0.5 m from the slab, local
damage was observed due to a punching failure. On the contrary, when the charge was
located 1 m from the slab surface, a bending failure occurred at the central part of the slab.
In this case, the resistance mechanism of the anchored slab corresponded to a membrane
mechanism. In the most stressed section, the concrete fails, but the reinforcement, if
properly anchored, allows the formation of a resistance mechanism, as shown in Figure 11b.
The strength is limited only by the deformation capacity of the reinforcement, which, in
turn, limits the value of the deflection.



Buildings 2023, 13, 2068 9 of 15Buildings 2023, 13, x FOR PEER REVIEW 9 of 16 
 

 
Figure 11. Post-blast images of non-reinforced slabs with an explosive charge of 15 kg TNT eq. (a) 
at 0.5 m and (b) at 1 m. 

3.2. Reinforced Slabs 
Different protective solutions were tested with the aim of reducing the damage to the 

reinforced concrete slabs. In the SEGTRANS project, the three reinforced slabs were tested 
with a charge of 15 kg TNT eq. at 0.5 m. 

3.2.1. Slab S6: Protected with a Steel Sheet 
The use of a steel sheet facing the explosive charge as a protective solution resulted 

in much greater damage than that of the unreinforced slab. Figure 12 shows how the slab 
was completely bent and rested on the ground. Under the steel plate, the crater generated 
by the detonation was larger than that formed in the unreinforced slabs, covering the en-
tire central part of the slab. 

 
Figure 12. Post-blast images of slab S6, which was protected with a steel sheet: (a) lateral view; (b) 
top view without the steel sheet; (c) bottom view of the slab. 

It was shown that this type of protection was not effective against close-in explosive 
charges, at least in the form used here. Instead of dissipating energy, the steel plate in this 
case acted as an amplifier of the shock wave, concentrating all of the damage in the central 
part of the slab. Perhaps if the steel plate had retrofitted the entire surface of the slab, the 
behavior would have been different. 
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3.2. Reinforced Slabs

Different protective solutions were tested with the aim of reducing the damage to the
reinforced concrete slabs. In the SEGTRANS project, the three reinforced slabs were tested
with a charge of 15 kg TNT eq. at 0.5 m.

3.2.1. Slab S6: Protected with a Steel Sheet

The use of a steel sheet facing the explosive charge as a protective solution resulted in
much greater damage than that of the unreinforced slab. Figure 12 shows how the slab was
completely bent and rested on the ground. Under the steel plate, the crater generated by
the detonation was larger than that formed in the unreinforced slabs, covering the entire
central part of the slab.
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Figure 12. Post-blast images of slab S6, which was protected with a steel sheet: (a) lateral view;
(b) top view without the steel sheet; (c) bottom view of the slab.

It was shown that this type of protection was not effective against close-in explosive
charges, at least in the form used here. Instead of dissipating energy, the steel plate in this
case acted as an amplifier of the shock wave, concentrating all of the damage in the central
part of the slab. Perhaps if the steel plate had retrofitted the entire surface of the slab, the
behavior would have been different.
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3.2.2. Slabs S7 and S8: Protected with Fiber-Reinforced Concrete

Slabs S7 and S8 were constructed with fiber-reinforced concrete. In the case of S7,
the fibers used were steel, and for S8, they were polypropylene. The results were very
similar in both cases, as shown in Figure 13. The protective solutions did not prevent a
punching failure in the slab. However, the inclusion of the fibers in the concrete resulted in
a considerable increase in both the tensile and compressive strength, as shown in Table 2.
While the compressive strength of the concrete was 25 MPa, in these cases, the values
were higher than 40 MPa. The tensile strength achieved was 8.12 MPa for the SFRC and
5.62 MPa for the PPFRC, while the mean value for a plane concrete C25/30 would be
around 2.6–2.9 MPa [27]. This increase in strength and, particularly, in tensile strength
could mean that the reinforcement may be effective for blast loads that are not so close to
the concrete slab.
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Figure 13. Post-blast images of slabs protected with fiber-reinforced concrete: (a) S7 with steel fibers;
(b) S8 with polypropylene fibers.

Based on the SEGTRANS project, it could be determined that none of the reinforce-
ments used were effective when the blast load was located 0.5 m from the concrete slab.
Therefore, in the PICAEX project, the protective solutions used were tested with the explo-
sive charge placed at 0.5 and 1 m from the concrete slab to evaluate the differences.

3.2.3. Slabs P3 and P5: Protected with GFRP

As in the previous cases, the GFRP failed to retain the fragments when the charge was
located 0.5 m from the concrete slab (Figure 14a). It can be seen how the GFRP was broken
and peeled off in the central part of the slab. However, when the charge was located at 1 m
(Figure 14b), the behavior of the slab slightly improves with respect to the unreinforced
specimen. In this case, the permanent deflection was smaller and there was no debris due
to the fiber sheet.
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3.2.4. Slabs P4, P6, and P8: Protected with CFRP

The last reinforcement that was tested was a carbon fiber mesh. There were two tests
with the charge located 1 m from the slab (Figure 15). In these cases, the behavior was
similar to that of the unreinforced slab, but with less deflection in the central part. In the
case of test P6 (Figure 15a), the carbon fiber was torn and some debris was found on the
ground. As for test P8 (Figure 15b), the fiber managed to retain the fragments.
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Regarding the test with the charge located 0.5 m from the slab (P4), local failure was
not avoided in this case either.

The tests of the PICAEX project showed that the reinforcement would only be effective
as long as the rupture strain of the reinforcement was not reached, which limited the
deflection capacity of the element. Once the reinforcement broke, the slab behaved as a
reinforced concrete slab. As the reinforcement material was linearly elastic, it would also
not have the capacity to absorb energy, and after breaking, it would simply transmit the
previously stored strain energy to the slab; this additional load would have to be absorbed
by the membrane mechanism through a sudden deflection.

4. Damage Analysis

Different parameters were analyzed to evaluate the damage to the concrete slabs. The
objective was to establish a classification according to the levels of damage obtained, as
well as to draw conclusions about the improvements introduced by the reinforcement
materials used in the tests. The parameters considered were the surface damage (based
on the rebound hammer), the relative area of damage, and, in some cases, the permanent
deflections.

To analyze the surface damage, a methodology based on the rebound principle with a
Schmidt hammer was used. A whole description of the methodology is included in the
study by López et al. [28]. The objective was to find variations in the rebound number. The
rebound number was measured at 19 different (previously determined) locations on the
top surface of the concrete slab (Figure 16). In turn, each measurement point was defined
with a template containing twelve points. Six of these points were used for evaluation
before (obtaining the value of their median QB), and the other six were used to obtain the
median after the explosion (QA). Then, it was checked whether there were statistically
significant differences between the values from before and after by applying the one-tiled
Wilcoxon rank-sum test. A p-value of less than 0.05 showed a decrease in the rebound
number; therefore, there was a decrease in the quality of the material. A p-value of greater
than 0.05 meant that there was no damage. Damage was defined as follows [28]:
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d = 1 − Q2

Q1
, i f p ≤ 0.05 (1)

where Q1 and Q2 refer to the mean of the six values before and after the test, respectively.
The damage values ranged from 0 for a ‘no damage’ point to 1 for a ‘total damage’ point.
Finally, to obtain an index for comparing the surface damage on the slabs, a grid of
200 uniformly spaced points was created to interpolate the damage values obtained. The
surface damage index (d200) can be defined as the mean of the interpolated values.
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Figure 16. (a) Measurement locations on the slab; (b) measurement with the Schmidt hammer.

In addition to the surface damage index, damage maps were created. The damage
maps provide an idea of the final state of the slabs and the surface damage caused by the
explosion. Example of these maps are shown in Figure 17 for slabs P3 (unreinforced) and
P8 (reinforced with CFRP).
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The damage area (dA) was used to rank each specimen’s behavior in the blasting tests.
In this research and for field data, it was defined as the ratio of the spalled area (surface
with total damage) to the initial surface of the specimen based on visual inspection but not
in damage maps (or Schmidt hammer data).

Regarding permanent deflections, they were measured only in the tests of the PI-
CAEX project.

5. Results and Discussion

Since the loading conditions are not the same for all tests, the results were generally
not comparable, but a comparison had to be made between the slabs under the same
conditions. Although tests with light charges (1.74–2 kg of TNT eq.) are included in the
results, there was no damage in these cases. For tests with greater charges (13.05–15 kg of
TNT eq.), the results can be compared for the two different standoff distances used (0.5 and
1 m).

Table 3 shows the results of the surface damage index d200 for all slabs. Looking at
these data, it can be concluded that the reinforcements that were used did not provide



Buildings 2023, 13, 2068 13 of 15

any improvements with respect to the unreinforced slabs. However, this is logical, as this
parameter is intended for the assessment of damage below the surface and, in the PICAEX
project, all of the reinforcements were located on the side opposite to that on which the
parameter was evaluated. Regarding the SEGTRANS project, the inclusion of fibers in the
concrete did not affect the surface damage. Looking at the tests where the blast loading
was located at a height of 0.5 m, the d200 index was between 27 and 30%. In the case of
the tests with the charge located at 1 m, the results were around 17–21%, which shows the
consistency of the results obtained with this methodology.

Table 3. Results of the damage parameters.

Test Reinforcement
Eq. TNT

Mass
(kg)

Standoff
Distance

(m)

d200
(%)

dA
(%)

Deflection
(cm)

S1/S1/S3 Non-reinforced 2.00 1.0 0.00 0.00 -
S4 Non-reinforced 15.00 1.0 10.00 3.00 -
S5 Non-reinforced 15.00 0.5 27.00 7.00 -
S6 Steel sheet 15.00 0.5 30.00 22.00 -
S7 SFRC 15.00 0.5 27.00 5.00 -
S8 PPFRC 15.00 0.5 28.00 6.00 -
P1 Non-reinforced 1.74 1.0 0.00 0.00 0.00
P2 Non-reinforced 13.05 0.5 27.69 8.19 51.00
P3 GFRP 13.05 0.5 28.93 7.63 63.00
P4 CFRP 13.05 0.5 28.22 7.86 57.00
P5 GFRP 13.05 1.0 17.85 3.89 32.50
P6 CFRP 13.05 1.0 19.33 4.55 23.20
P7 Non-reinforced 13.05 1.0 18.77 5.59 34.00
P8 CFRP 13.05 1.0 21.26 3.41 27.94

The damage areas (dA) are also shown in Table 3. Looking at the results provided by
this parameter, it can be seen that the differences were also minimal, and it was not possible
to establish a percentage of improvement for any of the reinforcements tested. In all cases,
this parameter was around 7–8% for the tests with the blast loading at a standoff distance
of 0.5 m and around 3–5% for the tests with a standoff distance of 1 m. Only in the case of
slab S6, which was protected with a steel sheet, was it clear that the reinforcement that was
used led to a worse result, as the damaged area was significantly greater (22%) than those
obtained with the other reinforcements, and it was even greater than that obtained with the
unreinforced concrete slabs.

The third parameter analyzed was measured only in the slabs of the PICAEX project.
Table 3 shows the deflection results obtained for these slabs in cm. As can be seen, the results
of the deflections were almost halved when the distance of the explosive was increased
from 0.5 m to 1 m. The differences in the results do not allow a clear improvement to be
established in this case either, but differences due to the effects of the reinforcements could
be observed. In the case of the tests with the blast loading at 0.5 m (P2 to P4), the shockwave
penetrated the slab, detaching the concrete fragments between the reinforcement steel bars,
which meant that the slab did not develop a membrane mechanism. Since the reinforcement
did not prevent the formation of a crater and the detachment of fragments, no improvement
over the reinforcement could be seen at such a small scaled distance. However, when the
charge was placed at a distance of 1 m, a membrane effect could be observed. In this case,
it could be seen that the unreinforced slab had a deflection of 34 cm in comparison with
the 23.20 cm deflection measured in the case of the carbon fiber reinforcement. This 12 cm
difference can be attributed to an improvement introduced by the CFRP reinforcement.
This type of protective solution provided extra stiffness, which prevented the bending of
the element or, as in the case of the slabs, significantly reduced this bending. In the case of
GFRP, it could be seen that the deflection measured in test P5 (32.50 cm) was practically the
same as that of the unreinforced slab (34 cm). The GFRP broke due to the tensile effect of
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the slab. When the fiber broke, it stopped performing its retaining function, thus making
the results with this slab comparable to those of an unreinforced slab. It should also be
noted that the bonding of the GFRP was not strong enough and that it suffered partial
debonding during the test.

6. Conclusions

A series of blast tests were carried out on concrete slabs at full scale to investigate
the performance of different protective solutions when subjected to blast loading. For
this purpose, 16 concrete slabs were tested—eight of them were unreinforced as ‘control
specimens’, and the other eight were protected with five different protective solutions. For
the two tested standoff distances, different results were obtained:

• With the explosive charge at 0.5 m from the slab, significant local damage occurred,
perforating the slab completely. In these cases, the reinforcements tested did not
provide any additional protection, as the slabs were perforated, and they did not
contribute to the retention of fragments.

• In the tests with the load at 1 m, the failure mode of the slab was different, with
smaller deflections and no complete penetration. The reinforcements that were used
significantly contributed to the retention of some fragments that were produced in
these tests, and permanent deflections were reduced.

After analyzing the different parameters that were measured to evaluate the damage
caused by the explosions, it was concluded that it could not be established if the differ-
ent protective solutions improved any of the resistance capacities of the concrete slabs.
However, some findings might be highlighted:

• The difference in deflection found in the slab with carbon fiber mesh reinforcement
with respect to the slab without reinforcement was considered to be very positive, and
it would be worth further study in future projects to consider this type of reinforce-
ment.

• The addition of steel and polypropylene fibers to the concrete improves its mechanical
properties—mainly its tensile strength. This fact, which does not improve in the event
of close-in explosions, could be tested at other scaled distances in order to compare
the results.

• On the contrary, the use of a steel plate as a protective solution produces a higher level
of damage than that with an unreinforced slab.
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