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Abstract. The rising threat of blast and impact events to critical infrastructure has underscored the
need for advanced protective solutions to enhance the durability of structural materials. Protective lay-
ers can decrease the damage and increase the resistance of structures against such short-term dynamic
loading. Different approaches are presented: dispersed fibre reinforcement and endless-fibre textile
reinforcement. High-performance concrete with dispersed fibre reinforcement (HPFRC) is recognised
for its exceptional strength and resistance to dynamic loading. However, its performance under blast
conditions can be further improved with the addition of protective layers. This study investigates how
different protective layers and their position affect the damage and structural behaviour of HPFRC
subjected to blast loading. One of the protective layers is pliable and made of polyurethane, the other
is stiff and made of glass/epoxy. Experiments were conducted using an explosive, placed in direct con-
tact with the panels, to assess damage under different protective configurations. These configurations
included uncoated panels, panels with one-sided stiff coatings, two-sided pliable coatings, and panels
with stiff layer on one side and pliable layer on the other. On the other hand, textile-reinforced con-
crete (TRC) with endless carbon fibre reinforcement is used to strengthen existing structures. On the
rear side of an impact-subjected structure, the textile-reinforced strengthening layer enables a mem-
brane action and self-centering effect, reduces scabbing, and increases the perforation limit. On the
impact-facing side, strengthening layers consisting of a cover layer and a damping layer decrease the
impact energy induced into the concrete structure. The findings of all approaches shown in the work
demonstrate the potential benefits of adding protective layers, particularly in reducing the scabbing,
while also indicating that certain configurations can reduce the likelihood of full perforation. The
results also reveal potential disadvantages of applying protective layers, such as increased cracking
and reduced residual capacity of concrete structures.
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1 INTRODUCTION
The increasing frequency of extreme load-

ing events, such as blasts and high-velocity im-
pacts, poses significant threats to critical in-
frastructure, including buildings, bridges, and
power plants. Such extraordinary loads often
impart high-intensity forces over very short du-
rations, typically lasting only a few millisec-
onds, leading to catastrophic damage to un-
protected structures. The inherent brittleness
of concrete makes it particularly vulnerable to
spalling, scabbing, and perforation under these
conditions. As a result, enhancing the resis-
tance of concrete structures to dynamic loading
has become an urgent research priority.

In the context of high-velocity impacts, pro-
tective layers have proven effective in enhanc-
ing structural performance. Textile-reinforced
concrete (TRC) with carbon fibre reinforce-
ment, for instance, enables membrane action
and self-centering effects on the rear side of
the structure, reducing scabbing and perfora-
tion [1].

Protective layers on the impact-facing side
have emerged as a promising solution to mit-
igate damage caused by blast [2] and impact
events [3, 4]. These layers developed as hy-
brid double-layers consist of two sub-layers
with different mechanical behavior and differ-
ent intended functions: damping and cover lay-
ers. Damping layers, typically composed of
brittle materials with low strength and modu-
lus of elasticity, absorb energy through mech-
anisms such as elastic deformation, crushing,
and densification. Examples include waste tire
rubber concrete (WTRC) and lightweight ag-
gregate concrete (LWA). Additionally, pliable
coatings, such as polyurea, have been shown
to dissipate energy through large deformations,
strength, and strain to failure rates of up to
100%, as stated in [5]. Pliable coatings help
reduce scabbing and fragment ejection in blast
scenarios.

The effectiveness of pliable coatings in im-
proving ballistic protection has been exten-
sively studied across a range of materials, in-
cluding metal, concrete, and ceramics (e.g.,

[6–8]), in all cases yielding notable improve-
ments. Recent research has focused on enhanc-
ing the ballistic resistance of HPFRC panels
by applying pliable coatings. Studies such as
[9, 10] demonstrated that HPFRC panels with
pliable coatings exhibit significantly higher re-
sistance to ballistic impacts than uncoated pan-
els.

In contrast, cover layers or stiff coatings dis-
tribute impact forces over a wider area, en-
hancing the efficiency of the underlying damp-
ing layers. They are made from materials
with high strength and modulus, such as fine-
grain concrete with embedded textiles (TRC),
Strain-Hardening Cementitious Limestone Cal-
cined Clay Composite (SHLC3). According to
EHSANI [11], stiff coatings can be applied to
structures made of materials such as concrete
or masonry with relative ease, using epoxy as
an adhesive.

However, the application of protective lay-
ers is not without challenges. Certain config-
urations can lead to increased cracking or re-
duced residual capacity of the protected struc-
ture, necessitating a careful balance between
protection and overall performance. This study
aims to address these challenges by inves-
tigating various protective configurations for
RC structures under blast and impact loading.
Experimental campaigns assess the behavior
of high-performance fibre-reinforced concrete
(HPFRC) panels with pliable and stiff coatings,
as well as the combination of cover and damp-
ing layers. The findings provide valuable in-
sights into the effectiveness of different protec-
tive strategies, enabling optimized designs for
mitigating extreme loading events.

This paper contributes to the field by present-
ing a comprehensive analysis of the influence of
protective layers on the resistance of RC struc-
tures under blast and impact conditions. By
combining experimental evidence and theoret-
ical insights, it highlights the potential and lim-
itations of these strategies, paving the way for
safer, more resilient infrastructure.
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2 MATERIALS AND METHODS
2.1 Strengthening against localized impact

loading
At TUD Dresden University of Technology,

the damage behaviour of concrete cuboid spec-
imens with two cover layers and two damping
layers was studied using a drop tower under
hard, localized impact.

The damping layer materials used in this
study were prepared based on established mix-
ture designs. (i) The Waste Tire Rubber Con-
crete (WTRC) mixture was a modified version
of the composition proposed by NAJIM AND

HALL [12], with 15 wt-% of the natural ag-
gregates replaced by rubber aggregates sized
1 mm to 4 mm, derived from recycled truck
tires supplied by [13]. (ii) An Infra-Lightweight
Concrete (ILC) mixture, developed by FREN-
ZEL [14], was employed with a higher cement
content than in the original design.

Building on the discussion of damping
layer materials, this paragraph outlines the
details of the cover layer materials used
in the specimens. The fine-grain concrete
Pagel TF10 CARBOrefit® (P), specifically de-
signed for textile-reinforced concrete, was em-
ployed as a matrix material with a maximum
grain size of 1 mm. The material properties
cited here are based on the work of HERING

[15]. For reinforcement of the P cover layer,
two layers of carbon textile reinforcement SIT-
grid 040 KI® were used, oriented at 90° to one
another.

The Strain-Hardening Limestone Calcine
Clay Composite (SHLC3) of BEIGH ET AL.
[16] represents an advanced form of Strain-
Hardening Cementitious Composite (SHCC).
To enhance sustainability, limestone and cal-
cined clay partially replaced cement in the
matrix. Additionally, 2 vol-% ultra-high-
molecular-weight polyethylene (UHMWPE) fi-
bres, 6 mm in length, were incorporated to en-
sure the strain-hardening effect. For certain
SHLC3 cover layers, reinforcement was further
enhanced with two types of 3D hybrid pyra-
midal truss structures. These structures, com-

bining carbon rovings and high-ductility steel
wires, were developed by VO ET AL. [17].

The basic mechanical properties of the
C35/45 base cuboids and the materials used for
the damping and cover layers are summarized
in Table 1.

2.2 Strengthening against blast
At the Czech Technical University in Prague

(CTU), the behavior of thin panels made of
High-Performance Fibre-Reinforced Concrete
(HPFRC) with various coatings was studied un-
der blast loading conditions. The HPFRC was
provided as a pre-mixed dry blend, manufac-
tured under controlled industrial conditions to
ensure consistent quality. Details regarding the
formulation, mixing procedure, and develop-
ment of the mixture can be found in [18].

To produce the HPFRC samples, the dry
blend was mixed with water and fibres (1.5 vol-
%) with a total mixing duration of 20 min-
utes. The mechanical properties of the HPFRC
were evaluated using two types of specimens:
cylindrical specimens (150 mm in diameter and
300 mm in height) for compressive strength
tests, and dog bone specimens (200 mm in
length with a reduced cross-sectional area of
50 mm by 100 mm at the center) for tensile
strength tests. The results of these tests are sum-
marized in Table 1.

At CTU, two types of protective layers were
examined. The first was a pliable layer, cre-
ated by thoroughly homogenizing a telechelic
polyol thinned with castor oil and curing it with
an aromatic isocyanate, using a spatula. The
second was a stiff layer, produced by combining
AEROGLASS® 280 fabric with CHS-EPOXY®

582 resin with TELALIT® 0542 hardener.

2.3 Impact testing procedure and instru-
mentation

The experimental campaign at TUD was
conducted in the drop tower facility of the Otto-
Mohr Laboratory (OML, TUD). Detailed de-
scriptions of the experimental methodology and
results can be found in LEICHT [4].

An accelerated rigid steel impactor, weigh-
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Table 1: Material properties of the base materials: C35/45, and HPFRC with 1.5% fibre volume content (blast tests);
damping layer materials; strengthening layer materials.

Compressive strength Tensile strength Density Modulus of elasticity
(MPa) (MPa) (kg/m³) (MPa)

C35/45 50.5 2.7 2256 32,250
HPFRC 90.33 4.2 2351 49,260
WTRC 19.0 2.5 2043 17,694
ILC 10.7 0.3 1128 6516
P 94.3 2.6 2150 32,750
SHLC3 71.4 4.4 1963 23,257

ing 21.66 kg with a flat nose, impacted fully-
supported RC cuboids strengthened with vari-
ous material combinations. The impactor, mea-
suring 380 mm in length and 100 mm in diam-
eter, was accelerated to velocities ranging from
20 m/s to 60 m/s. The experiments aimed to
identify the most effective material combination
for strengthening layers against localized hard
impact loading. Three sets of experiments were
performed:

1) Reference tests: Experiments on un-
strengthened RC cuboids as a baseline.

2) Damping layer variation: Testing different
damping layer materials with a consistent cover
layer of carbon-fibre-reinforced concrete.

3) Cover layer variation: Evaluating the best-
performing damping layer in combination with
various cover layer materials.

Figure 1 illustrates the instrumentation of
the RC cuboids during the experiments. A
Laser Doppler Vibrometer (LDV) was used to
record vertical deformations. Three accelerom-
eters (ACC1–3) measured the lateral accelera-
tion, velocity, and deformation at the midpoint
of the cuboids’ side faces, while ACC4 captured
the same parameters in the vertical direction on
the top surface of the RC cuboids.

All signals were sampled at a frequency of
200 kHz. Additionally, two high-speed cam-
eras (HSC) recorded the impact at 10,000 fps.
These high-speed images facilitated Digital Im-
age Correlation (DIC) analysis, which was used
to track the rigid body motion, velocity, and
acceleration of both the impactor and the RC
cuboids.

②③

①

③④

⑤

⑤

⑤

Figure 1: Instrumentation of the RC cuboids: (1) scat-
ter pattern on impactor surface: displacements, veloc-
ity, acceleration; (2) Laser Doppler Vibrometer (LDV):
displacements; (3) accelerometers (ACC1-4): accelera-
tions; (4) scatter pattern on cuboid surface: displace-
ments, velocity, acceleration; (5) load cells (LC1-4): sup-
port forces. From [19].

2.4 Blast testing and instrumentation
Five different protective configurations were

considered, including uncoated HPFRC panels,
panels with one-sided 4 mm stiff coatings, two-
sided 10 mm pliable coatings, panels with 4 mm
stiff layer on the front side and 4 mm pliable
layer on the back, and panels with 4 mm pliable
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layer on the front side and 4 mm stiff layer on
the back. The thickness of the HPFRC panel
was always 40 mm.

The blast test setup consisted of two steel
support structures positioned 800 mm apart,
with the tested panel placed horizontally on top,
see Fig. 2. A metal detonator with Semtex 1A
plastic explosive was centrally placed directly
on the top surface of the specimen. The details
of the blast tests, including the charge weights
and panel configurations, are summarized in
Tab. 2. After the blast tests, a detailed scan of
the craters in the HPFRC panels was done with
the DAVID SLS-2 scanning device.

Figure 2: Blast test setup.

3 RESULTS
3.1 Localized impact results

To evaluate the effectiveness of various
strengthening layers, force equilibrium analy-
sis was conducted for each specimen. The
forces acting on both the impactor and cuboid
were calculated by multiplying their respec-
tive masses with rigid body accelerations
obtained through Digital Image Correlation
(DIC). While the rigid body assumption is not
fully applicable due to severe damage expe-
rienced by unstrengthened cuboids, and DIC
measurements were limited to the specimens’
front surface, the initial impact response clearly
demonstrates that the impactor force is entirely
counteracted by the cuboid’s inertia. The sup-
port force, measured by load cells beneath the
specimen, can also be derived from the im-

pactor and cuboid forces [20]. By compar-
ing the calculated and measured support force,
we can prove that the rigid body assump-
tion holds for this type of experiment. Post-
experimental analysis involved cutting the spec-
imens in halves to evaluate their internal dam-
age.

Analysis of Figures 3 to 6, reveals that the
strengthening layers effectively extend the load-
ing impulse duration while reducing peak force
magnitude. This modification enables greater
impulse transfer to the supports without induc-
ing severe cuboid damage. Figure 3 shows
the reference specimen, i.e., the unstrengthened
RC cuboid. To show the effect of the hy-
brid strengthening consisting of the combina-
tion of a cover sub-layer and a damping sub-
layer, Figs. 4 to 6 show different strengthen-
ing configurations. Fig. 4 and Fig. 5 show a
strengthening layer consisting of the same cover
layer (20 mm of Pagel concrete) and variing
damping layers (20 mm of WTRC in Fig. 4 and
40 mm ILC in Fig. 5). Figures 5 and 6 show
the same damping layer (40 mm of ILC) and
varying cover layers (20 mm of Pagel in Fig. 5,
10 mm of SHCC3 in Fig. 6).

A notable comparison between force-time
profiles in Figures 3 and 5 demonstrates that de-
spite a 10 m/s higher loading velocity, the max-
imum impactor force decreased. Conversely,
the increased support force indicates enhanced
force transfer capacity and minimal damage to
the cuboid, as can be seen in the saw cuts in
Fig. 5. The unstrengthened specimen, Fig. 3,
exhibited complete fragmentation even at the
lower velocity of 44 m/s. A distinct internal
punching cone formation was observed.

The effect of the 20 mm WTRC damping
layer combined with a P 20 mm cover layer
(Fig. 4) significantly reduced the minimum
cuboid force from -2111 kN to -1215 kN com-
pared to unstrengthened RC cuboids (Fig. 3).
However, the damping performance of WTRC
proved less effective than that of ILC (Figs. 5
and 6) as is evident from the saw cuts. The
RC cuboid strengthened with a 20 mm WTRC
damping layer and 20 mm P cover layer (Fig. 4)
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Table 2: Details of the conducted blast tests, the tested configurations, and blast damage assessment.

Test Explosive Layer thickness in mm (with sustained damage after blast tests)
weight (g) Front pliable Front stiff HPFRC Rear stiff Rear pliable

C1 75 0 (-) 0 (-) 40 (FP) 0 (-) 0 (-)
C2 75 10 (FP) 0 (-) 40 (ED) 0 (-) 10 (SD)
C3 75 0 (-) 0 (-) 40 (FP) 4 (ND) 0 (-)
C4 150 0 (-) 0 (-) 40 (FP) 4 (SD) 0 (-)
C5 150 4 (CD) 0 (-) 40 (CD) 4 (SD) 0 (-)
C6 150 0 (-) 4 (FP) 40 (FP) 0 (-) 4 (FP)

demonstrated visible but notably reduced dam-
age compared to the unstrengthened specimen
(Fig. 3). The cracking pattern suggests that
while WTRC did not provide complete pro-
tection, it effectively mitigated damage to the
cuboid.

Saw cuts of the specimens utilizing the
40 mm ILC damping layer, combined with
either the 20 mm P (Fig. 5 ) or 10 mm
SHLC3 (Fig. 6) cover layer reveal that the
cuboids maintained complete internal structural
integrity despite being subjected to higher im-
pactor velocities.

3.2 Blast response
Experimental investigations conducted at

CTU in Prague aimed to evaluate the effec-
tiveness of various protective coatings and their
configurations in mitigating damage to HPFRC
panels subjected to direct contact blast loading.
Table 2 summarizes the damage sustained by
the HPFRC panels and the additional protective
layers across all configurations. The following
nomenclature is used in the table: ND (no dam-
age), SD (surface damage), ED (extensive dam-
age without full perforation), FP (full perfora-
tion), and CD (complete damage with no resid-
ual strength).

As shown in Table 2, all HPFRC panels were
perforated except C2, which had pliable layers
on both sides. C5, with a pliable front and stiff
rear layer, underwent complete perforation and
collapse, losing all residual strength.

A bare HPFRC panel was tested as a refer-
ence, with results for the impact and rear sides
shown in Fig. 7. A clean crater formed with few
longitudinal cracks on both sides and one diag-

onal crack on the rear extending to the edge.
Fig. 8 shows the impact of a 75 g direct

contact blast on the charge-facing side of the
HPFRC panel in C2 with pliable protective lay-
ers on the front and rear sides. Compared
to bare panels, more cracks appeared on both
sides, with circumferential tendencies on the
impacted face. The protective layers prevented
perforation but caused greater edge damage and
fragmentation, likely due to the pliable rear
layer reflecting part of the blast wave, increas-
ing energy absorption by the panel.

Fig. 9 shows the damage from a 75 g charge
on the impact-facing (a) and rear (b) sides of
the HPFRC panel in C3. Similarly, Figure 10
illustrates the effects of a 150 g charge in C4.
Both configurations, with stiff rear layers, ex-
hibit front-face cracking similar to bare panels,
though the 150 g charge results in more cracks.
Notably, C4 shows a transverse crack extend-
ing from the crater to both edges, with relatively
clean craters in both setups.

Fig. 11 depicts the damage to the HPFRC
panel in C5 (pliable front layer, stiff rear layer)
under a 150 g charge. The panel was completely
destroyed, losing all residual strength. The front
side shows a highly fragmented crater with edge
damage, though fewer cracks compared to C2,
with similar circular patterns. The rear side ex-
hibits a few radial cracks extending from the
crater to the edges.

Fig. 12 shows the damage to the HPFRC
panel in C6 under a 150 g charge. Each side
features a transverse crack from the crater to the
edges, while the front-side crater is clean, simi-
lar to the bare panel and C3 and C4. Only a few
longitudinal cracks are visible on both sides.
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Figure 3: Force equilibrium and saw cut of an unstrengthened RC cuboid. Impactor velocity: 44 m/s.
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Figure 4: RC cuboid with WTRC 20 mm damping layer and Pagel (P) 20 mm cover layer. Imp. vel.: 44 m/s.

The crater areas on both surfaces of all pan-
els were scanned and summarized in Table 3.
The bare panel showed the smallest front crater
area, followed closely by C3 with only a stiff
rear layer, highlighting that the absence of a
front coating allowed the blast wave to propa-
gate through the panel. C3 also had a smaller
back crater than the bare panel, demonstrating
the stiff rear layer’s positive impact.

Adding a front pliable layer to the HPFRC
core with a rear stiff layer negatively impacted
the craters formed on both sides of the panel.
While being subjected to the same charge
weight, in C4, the front crater area increased
by 25% and the back crater area increased by
38%, compared to C3. C2, with both pliable
coatings, showed the largest crater areas under
a 75 g charge, while C6, with a stiff front layer,
reduced the back crater area despite a 150 g
charge.

Table 3: The area of craters obtained by scanning.

Test Front surface Back surface
crater (mm2) crater (mm2)

C1 3 005.63 21 196.55
C2 4 253.87 26 817.22
C3 3 461.83 16 337.38
C4 6 435.11 23 908.17
C5 8 030.02 33 093.48
C6 7 200.95 25 840.11

Scabbing occurred on the rear face of
HPFRC panels in all tests where it was unre-
inforced or the rear layer detached during the
blast. Stiff rear layers failed to prevent scabbing
when detached. In C2 (pliable rear layer, 75 g
charge), all fragments were contained as the
layer adhered without rupturing. In C6 (150 g
charge), scabbing was partially mitigated; the
pliable rear layer adhered but was breached by
the blast.
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Figure 5: ILC 40 mm damping layer, P 20 mm cover layer. Impactor velocity: 54 m/s.
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Figure 6: ILC 40 mm damping layer, SHLC3 10 mm cover layer. Impactor velocity: 54 m/s.

4 DISCUSSION
4.1 Localised impact

The results of the hard impact on con-
crete cuboids protected by strengthening layers
demonstrate that the 40 mm ILC damping layer
provided sufficient energy absorption capacity
in combination with a cover layer to ensure
comprehensive protection of the RC specimens
against impact forces. The minimal cuboid in-
ertial force was -2111 kN for the unstrength-
ened specimens, compared to -1215 kN for the
WTRC specimens, -419 kN for the ILC speci-
mens with a P cover layer, and -448 kN for the
ILC specimens with an SHLC3 cover layer.

A comparative analysis of the P and SHLC3

cover layers at identical impactor velocities
(Figs. 5 and 6) reveals negligible differences in
the force-time profiles and the aforementioned
minimal force values. However, the fibre rein-
forcement in the SHLC3 cover layer exhibited

superior resistance to front-face spalling, mak-
ing this cover layer the preferred choice.

4.2 Blast
Exposing a bare HPFRC panel (C1) to a 75 g

Semtex 1A blast caused complete perforation,
as in [21]. Pliable layers in C2 prevented perfo-
ration, while the rear stiff coating in C3 did not.
C3 exhibited scabbing, but with a smaller back
surface crater than the bare panel. The rear stiff
layer in C3 detached, while C2’s pliable layer
adhered, containing all fragments. C2 showed a
25% increase in crater areas due to partial blast
wave reflection, consistent with [22].

Under a 150 g charge, C5 (front pliable, rear
stiff) sustained the most damage, with crater ar-
eas 25% and 40% larger on the front and back
than C4, and over 10% and 30% larger than C6.
In contrast, C4 (rear stiff only) exhibited the
smallest craters, reducing back crater area by
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(a) blast side (b) rear side

Figure 7: Bare HPFRC panel subjected to a 75 g charge direct contact blast. C1.

(a) blast side (b) rear side

Figure 8: HPFRC panel with front and rear pliable layers subjected to a 75 g charge direct contact blast. C2.

30% compared to the bare panel. However, C4
had deeper transverse cracks, indicating lower
residual strength.

Scabbing occurred in all 150 g tests, but C6
partially mitigated rear fragments with its pli-
able rear layer. C2 and C5 showed circumferen-
tial cracking, similar to ’hoop cracks’ observed
by HOU ET AL. [23] in polyurea-coated steel
plates under air blasts, due to deformation dif-
ferences between the panel and coating.

5 CONCLUSIONS

This study compares protective layer designs
from TUD and CTU, investigating strategies to
enhance reinforced concrete resistance to local-
ized impact and blast loads. Through experi-
mental research, we explored damping and pro-
tective layers, including pliable and stiff coat-
ings.

At TUD, the experiments focused on damp-
ing layers made from WTRC and ILC, com-
bined with cover layers P and SHLC3. Key find-

(a) blast side (b) rear side

Figure 9: HPFRC panel with a stiff rear layer subjected to a 75 g charge direct contact blast. C3.
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(a) blast side (b) rear side

Figure 10: HPFRC panel with a stiff rear layer subjected to a 150 g charge direct contact blast. C4.

(a) blast side (b) rear side

Figure 11: HPFRC panel with a pliable front and stiff rear layer subjected to a 150 g charge direct contact blast. C5.

ings from the hard impact tests include:
1) The 40 mm ILC layer showed superior

damping performance due to efficient energy
absorption through densification.

2) The 10 mm SHLC3 layer was the optimal
cover, enhancing load distribution and crack
control, enabling optimal ILC activation.

3) The ILC-based protective system success-
fully prevented RC cuboid damage at impactor
velocities up to 55 m/s (200 km/h). The damp-
ing layer material had a greater impact on over-
all performance than the cover layer.

4) The cuboid experimental setup proved ef-
ficient for evaluating strengthening layer perfor-
mance, offering a practical methodology for fu-
ture investigations.

At CTU, the focus was on HPFRC panels
under direct-contact explosions. Two protective
layers (pliable and stiff) were tested in different
configurations. Blast results revealed:

1) Pliable coatings on both sides prevented
perforation under a 75 g charge but caused
larger craters due to blast wave reflection and
increased energy absorption.

(a) blast side (b) rear side

Figure 12: HPFRC panel with a stiff front and pliable rear layer subjected to a 150 g charge direct contact blast. C6.

10
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2) Panels with only rear stiff coatings
showed reduced back surface craters but failed
to prevent perforation or contain fragments.

3) A front pliable and rear stiff configura-
tion suffered the greatest damage under a 150 g
charge, with the largest craters and no residual
strength.

4) A rear stiff layer under a 150 g charge had
smaller craters than a front stiff and rear pliable
layer, but deeper cracking, indicating reduced
residual strength.

5) Panels with front pliable layers showed
extensive cracking and circumferential ’hoop
cracks’ due to deformation mismatches.

These findings demonstrate the potential of
tailored protective coatings for mitigating dam-
age and improving structural integrity under ex-
treme conditions. Future research should fo-
cus on the long-term durability, behavior under
repeated loading, and scalability for real-world
applications, advancing safety and resilience in
critical infrastructure.
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