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Abstract
Recently there has been an observed change in security policy across the globe which implies that
humanity must prepare for hybrid and asymmetric acts of war. This security situation will result in
spontaneous attacks from non-military groups. The threats include ballistic attacks from com-
mercially available weapons, detonation of explosives, and impact of vehicles. These attacks are
focused on critical infrastructures. Reinforced concrete (RC) elements with ballistic and explosion
protection are of huge relevance. This requires new concepts and innovative solutions for the
protection of new buildings and/or for the strengthening of existing structures. In this paper a
method for the increase of structural safety is shown using Ultra-High Performance Fiber Re-
inforced Concrete (UHPFRC) or sprayed UHPFRC, so called UHPFRSC, as a surface layer for
reinforced concrete structures. The UHPFRC/UHPFRSC is applied in thin layers of 30 - 80 mm on
the protection side. The interaction of the two different cementitious materials results in increased
resistance to high dynamic loads. The traditional reinforced concrete on the impact side absorbs a
major fraction of the energy of impact. On the back side (protection side), tensile forces are
generated by the impact, which can excellently be handled by the UHPFRC/UHPFRSC. For proof of
concept of the hybrid strengthening method, tests were carried out on UHPFRC - RC composite
elements. In the test campaign, ballistic tests were performed using test specimens with dimensions
of 500 × 500 mm. The layer thicknesses were 120 mm reinforced concrete and 40 mm UHPFRC.
Additional steel rebars in the UHPFRC layer were applied for half of the specimens. The inves-
tigation demonstrated the effectiveness of the strengthening method, showing high resistance to
high-dynamic loads. This behavior is attributed to the absorption and transfer of tensile stresses by
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the UHPFRC, that reduces penetration depth and damage, ensuring remaining load-bearing capacity
after gunfire.

Keywords
Structural protection, high dynamic loads, reinforced concrete, ultra-high performance fiber
reinforced concrete/ultra-high performance fiber reinforced shotcrete, strengthening

Introduction

Worldwide, a change in security policy can be observed. In the past wars were fought between
nations and combatants, but now and in the future, all those involved will increasingly have to adjust
to hybrid and asymmetric threat situations. Due to increased security situations, spontaneous attacks
from civilian groups - terrorism, organized crime, etc. - will become more frequent.

The goal of the research is to react to this changing risk scenario and to increase the protection of
citizens with innovative and application-oriented structural methods for protection against high-
dynamic impacts from gunfire and contact detonation. A layer of Ultra-High Performance Fiber
Reinforced Concrete; (UHPFRC) can be used for strengthening existing structures with user-
friendly technologies.

Impact or blast of solids causes forces that are transmitted in the form of stress waves inside the
structure. In the case of shock waves, they are emitted from the point of impact into the inner side of
the component and cause spalling on the attack side. On the protective side, the waves reflect and
induce a traction wave. This causes scabbing on the protective side of the specimen. Due to tensile
failure, scabbing (e.g., concrete) is thrown in the direction of the projectile (Gebbeken et al., 2009;
Wensauer, 2014; Zukas et al., 1983).

To deal with these growing requirements efficiently, there is a variety of strengthening methods
and approaches, e.g., (Michal, 2014; Zohrabyan et al., 2020; Zohrabyan et al., 2022).

Currently, UHPFRC is applied for the repair and/or strengthening of reinforced concrete
structures in the area of infrastructure (Brühwiler, 2017). In addition to its high compression
strength, UHPFRC is characterized by a very dense structure, high ductility and high resistance to
tensile forces. Due to the low water-binder ratio, an optimized packing density and the reactive
additives, a very dense microstructure with low porosity is generated. High-strength steel mi-
crofibers with tensile strengths above 2000MPa, a diameter D ≤0.20 mm and a length of 8 to 15 mm
are usually used for the fiber reinforcement. The fibers lead to an increase in the tensile strength of
the composite material and a more ductile material behavior.

Furthermore, under specific conditions (high fiber content, fiber orientation, etc.), a strain-
hardening behavior can be achieved and in consequence a multi-crack formation can be generated,
comparable to a crack distribution effect of reinforcement in reinforced concrete. Thus, a micro-
crack does not open further, but secondary cracks appear. The crack spacing is only a few mil-
limeters and the crack width is smaller compared to cracks in reinforced concrete with conventional
steel rebars (Jungwirth, 2006). The compressive strength of UHPFRC is usually 150 to 250 MPa,
the tensile strength is nine to 15 MPa and the modulus of elasticity is 45 to 55 GPa (Bhusari and
Gumaste, 2017; Graybeal, 2006; Schmidt et al., 2008).

Experimental studies have shown that the fracture energy of UHPFRC is significantly higher
than that of conventional concrete (Wahba et al., 2012). This characteristic energy absorption
capacity, along with a resistance to scabbing, spalling, and fragmentation, makes it an ideal material
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for use as a protection layer (Li et al., 2015a, 2015b; Millard et al., 2010; Othman and Marzouk,
2016; Rebentrost and Wight, 2011; Yi et al., 2012).

In a research project at the Munich University of Applied Sciences, the use of Ultra-High
Performance Fiber Reinforced Shotcrete (UHPFRSC) was investigated for strengthening concrete
structures. With this technique vertical and horizontal-underside surfaces can be added with the
ultrahigh performance material. The use in this way is suitable for all geometries of concrete
structures (Jungwirth et al., 2020a, 2020b; Strotmann et al., 2021). The experimental investigation
of the material properties showed typical properties for ultra-high-performance concretes. Due to
the manufacturing process an anisotropy is given. Compressive strengths perpendicular to the
direction of spraying of over 120 N/mm2 for cylinders and over 130 N/mm2 for cubes could be
observed. Compressive strength of up to 190 N/mm2 was measured in the direction of spraying. Due
to the fiber effect, the material shows a ductile behavior under compression. The average value of the
modulus of elasticity is 41.5 kN/mm2. Concerning the tensile strength, values of 6.0 N/mm2 were
measured for prismatic test specimens with a hinged bearing. The bending tensile strength is
between 15.6 N/mm2 and 23.5 N/mm2 depending on the orientation and type of test (Strotmann
et al., 2021). The UHPFRSC shows a strain-hardening behavior under axial tensile load, which is
related to a significant multi-crack formation (Pollner et al., 2024).

Strengthening concept

The development of a strengthening method for buildings of the critical infrastructure made of
reinforced concrete using UHPFRC/UHPFRSC is currently ongoing. The innovative material
provides optimal characteristics for this application, so that an increase in the resistance to high
dynamic impacts can be achieved, see Figure 1 for the example with gunfire. Applying a thin layer
of UHPFRC/UHPFRSC enables strengthening of existing structures with only reducing the usable
space by a minimum.

The combination of the different stiffnesses of the two cementitious materials and the high tensile
strength of the UHPFRC/UHPFRSC enables a high dissipation of energy. The less stiff normal-
strength concrete on the attack side takes the first impact and diffuses it over the depth. The tensile
stresses generated in the 30-80 mm thick additional UHPFRC/UHPFRSC layer are dissipated by the
fibers. Simultaneously, this results in a multi-axial state of stress in the normal strength concrete
(NSC), which causes a significant increase its resistance. In the composite joint as well as through
the crack formation in the UHPFRC/UHPFRSC, there are further potentials for the dissipation of the
impact and the additional possibility of deviating the projectiles in the discontinuity zone. Thus,

Figure 1. The mechanism of strengthening with UHPFRC against high-dynamic impact.
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bullet penetration and scabbing are prevented on the protective side. As the UHPFRC/UHPFRSC
interior layer is showing no scabbing, the technical equipment that is anchored to the structure is
protected from breakout and falling. These are, for example, power lines that are needed for safe
operation. Thus, the operation of the critical infrastructure is assured.

Preliminary tests at the University of Armed Forces Munich and Munich University of Applied
Sciences showed the high effectiveness of the strengthening method. A wide research project is
launched to bring the technology to service and establish instructions for application so that the
load-bearing behavior can be described and the use of the technology can be ‘planned’ using
standard engineering design approaches. The cooperation partner Kompetenzzentrum materielle
Sicherheit (KMS) has run a preliminary study in the context of this experimental study within the
German program “Zukunft Bau” (van der Woerd and Fischer, 2020), where a catalogue of building
components for structural protection has been established (Solass et al., 2021). An essential result of
the project is the requirement for strengthening methods for building and perimeter demarcations. In
practice, these structures mainly consist of vertical reinforced concrete components. The demand
identified from this is to be addressed by the present research.

Fabrication and material properties

The reinforced concrete base element was produced using standard concrete with a strength class of
C30/37 according to DIN EN 206-1. The type of cement was a CEM I 42.5 N (defined in DIN EN
197-1). As grain distribution, an ordinary grading curve AB16 regarding European standard (DIN
EN 12620) was used. Water-cement ratio was 0.45 by using tap water for batching of the concrete.
No additives or admixtures were added to the concrete. The mixture design can be taken from
Table 1. The compressive strength was determined according to DIN EN 12390-3 on cubes of
150 mm. The modulus of elasticity was determined on cylinders with the dimensions d/h = 100/
200 mm according to DIN EN 12390-13. The material tests were carried out the same day of the
high dynamic loading at 56th day of hardening, which deviates deviation from the 28 days of the
standard for normal strength concretes. The storing of the test specimens conforms to the normative
requirements. The average compressive strength on the day of testing was determined with
fcm,cube,56d = 60.13 N/mm2. The modulus of elasticity was determined with Ecm,56d = 37.70 kN/
mm2.

Table 1. Mixture Design of NSC and UHPFRC.

Type of component Unit NSC UHPFRC

Water [kg/m³] 190 183
Cement [kg/m³] 422 775
Aggregate 0/4 mm [kg/m³] 817
Aggregate 4/8 mm [kg/m³] 391
Aggregate 8/16 mm [kg/m³] 596
Quartz sand [kg/m³] 946
Quartz powder [kg/m³] 193
Silica fume [kg/m³] 164
Superplasticizer [kg/m³] 23.5
Steel fibres [%vol.] 2.5
w/c-ratio [-] 0.45 0.26
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For the experimental investigation the mix-design “M3Q” UHPFRC was used according to
(Fehling et al., 2005). This mixture contains cement, quartz sand, quartz powder, silica fume and
superplasticizers with a maximum grain size smaller than 1 mm. The exact composition can be taken
from Table 1. High-strength steel wire fibers with a diameter of 0.175 mm and a length of 12.5 mm
are used as fiber reinforcement. The tensile strength of the steel micro fibers used for the UHPFRC is
typically between 2000 and 3000 N/mm2. To ensure a strain-hardening effect in the post-cracking
stage, a steel fiber content of 2.5 % by volume was used. The compressive strengths and the modulus
of elasticity were determined according to the Swiss standard SIA 2052 (SIA2052, 2016). The
compressive strength was tested on cubes of 150 mm at the day of high-dynamic testing after
49 days of hardening. The modulus of elasticity was determined on cylinders according to SIA 2052
(SIA2052, 2016) with the dimensions d/h = 100/200 mm also after 49 days. The specimens were
stored according to normative standards. The average compressive strength results in fcm,cube,49d =
162.11 N/mm2 and the E-modulus in Ecm,49d = 51.10 kN/mm2. Based on the observed material
characteristic the material could be classified as UHPFRC according to SIA 2052 (SIA2052, 2016).
The existing material characteristics correspond to the properties of the M3Q, so it can be assumed
that the corresponding tensile strengths can be taken from the literature with 9-15 N/mm2. This
material properties of the used UHPFRC are comparable to the properties of UHPFRSC, so that the
concept with this material is representative for both ultra-high strength materials.

As rebar reinforcement type B500 B according to DIN EN 10080 was used. Before placing the
reinforcement, the steel was stored in dry conditions and protected from external influences. The
reinforcement was installed and concreted according to the geometric requirements and also ac-
cording to generally approved requirements. The reinforced concrete base element was concreted in
wooden formwork according to generally approved requirements. Compaction and curing of the
normal concrete were also carried out conform to regulations. The surface of the reinforced concrete
was roughened using high-pressure water jetting after 24 h, which corresponds to the condition of
surface preparation for repair work. The prepared surface conforms to the requirement of a ‘rough
surface’ according DIN EN 1992-2. After a 7-days hardening the UHPFRC layer was added to the
reinforced concrete base element. The concreting procedure of UHPFRC and resulting fiber
alignment is schematically shown in Figure 2(a). The surface was sprayed with water repeatedly for
12 h before concreting. Concreting, compaction and curing of the UHPFRC were performed.
Accurate curing was applied to minimize constrained stresses. The specimens were stored under
laboratory conditions until testing.

Experimental investigation

Specimens

Two different specimen configurations with two different conditions each were produced and tested.
The plates consisted of 500 mm wide, 500 mm long, and 120 mm high reinforced concrete base
element with rebars of ˘8 mm and a bar spacing of 90 mm. This reinforcement was added or-
thogonally in top and bottom layer. The length of the steel bars was 540 mm and protruded 20 mm
each side of the concrete body. The concrete cover of the steel bar reinforcement in the reinforced
concrete was 15 mm. Furthermore, a bar reinforcement for the composite was placed around the
edge of the specimen by using ˘8 mm stirrups. The dimensions of the test specimen were sig-
nificantly smaller than those of a real element, therefore dowelling the joint was chosen to imitate
transfer effects.
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Figure 2. (a) Schematic concreting procedure of UHPFRC and qualitative fiber alignment, (b) Geometry and
reinforcement of the specimens.
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TheUHPFRC layer was applied on the surface of the base bodywith a thickness of 40mm. The layer
thickness was set according to the recommendation for the repair and strengthening of UHPFRC in the
area of infrastructure buildings (Brühwiler, 2020). The goal was to show the enhancement of impact
resistance using a minimally thin additional layer with the least possible weight. The UHPFRC layer of
40 mm represents the minimum thickness, as a minimum concrete cover is required. Because for half of
the specimen, a steel rebar reinforcement with˘8mm steel rebars with 90mm spacingwere added. Due
to the intersection points of the two orthogonally arranged steel rebar reinforcement in the UHPFRC, the
concrete cover is reduced to only 12mm. The authors considered any further reduction in concrete cover
impractical, as it must ensure both the mechanical integration of the steel rebar reinforcement and
realistic manufacturability. For the rest of the elements the UHPFRC layer was fabricated without rebars.
Geometry and steel rebar reinforcement of the composite elements are shown in Figure 2(b).

The series designation is based on the following index:

Test setup

Ballistic tests were performed using hard-core projectiles on a typical shooting gallery. The test
setup is shown in Figure 3. On the left-hand side, there is a shooting ram that is used to shoot the
projectile and to precisely adjust the impact. The distance to the target plate is 12000 mm, shown on
the right-hand side of the schematic illustration. The target plate is located in a closed frame. The
frame serves as a support for the specimen and catches fragments that penetrate or break out.
Furthermore, the frame contains surrounding linear support for the test specimen. On each outer line
of the composite element, there is a load cell, which in total results in four measuring units. In

Figure 3. Test set-up for gunfire test.

xU – RC – No.
xU: RC: No.:
Reinforcement of UHPFRC Reinforced concrete Specimen number
x:
“ “: non-reinforced
R: reinforced
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addition, a camera system consisting of a high-speed camera and a high-speed flash for high-
frequency imaging of penetrating projectiles is located at the backside of the test specimen. The
device is used to determine the exit velocities of projectiles by optic measurements. There is a light
barrier at a distance of 3000 mm from the projectile’s exit point at the end of the shooting stand’s
barrel, and there is also a light barrier at a distance of 2500 mm from the target plate. The velocity of
the projectile is determined for each light barrier so that the impact velocity can be extrapolated via
the velocity loss between light barriers at the distance of 6500 mm. In connection with the load cells,
it is possible to determine the energy. The experiments were carried out at the Faculty of Machine
Engineering at the University of Armed Forces Munich.

The projectile is a hard-core projectile named FN® 7.62 × 51 mm NATO cartridges, P80/
1 Armor Piercing. It weighs 9.6 g and has a perforation of a 3.5 mm mild steel plate (NATO) of≥
1100 m. Furthermore, the velocity is 823 m/s at 25 m.

All specimens, excluding specimen U-RC-03, were loaded with five shots of the described
projectile. The composite specimen with the index U-RC-03 was loaded with eight shots. Table 2
shows the summary with the respective loads assigned to the specimens. Figure 4 shows the
positions of the shots. In the figure, the shots are indicated with numbers and crosshairs. The order of

Figure 4. Arrangement of shots.

Table 2. Index and number of shots.

Index Number of shots

RU-RC-01 5
RU-RC-02
RU-RC-03
U-RC-01
U-RC-02
U-RC-03 8
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the shots corresponds to the order of the numbers. The shots were arranged in areas without re-
inforcement. In the case of test specimen U-RC-03, the three additional shots were placed at position
5, which results in four shots at this position.

Testing and results

Figure 5 shows the test specimen U-RC-03 after the testing. Eight shots were placed at this
specimen, with three more shots at position 5, resulting in a total of four impacts. The attack side of
the test specimen can be seen in Figure 5(a); the surface of the reinforced concrete base element is
shown. Furthermore, it can be observed that classic craters have formed in the reinforced concrete.
The craters are also pronounced regarding the volume of the fracture. In addition, it can be rec-
ognized that the size of the crater becomes successively smaller per shot, which can be associated
with the softening of the normal concrete due to the impact. An enlarged opening of the projectile
canal at position five can be observed in comparison to the surrounding openings. The craters are so
large that between positions three and five the steel bar reinforcement near the surface is uncovered.

Figure 5(b) shows the UHPFRC on the protection side of the U-RC-03 composite element. In
contrast to the attack side, no damage on the surface is visible. There are no breakouts and no macro
cracks on the surface. The UHPFRC layer is undamaged. The visible dips are caused by the
manufacturing process, and fibers close to the surface are also noticeable. These irregularities should
not be interpreted as damage.

Table 3 lists the results of the three tests of series U-RC-01/02/03 with five shots each; the results
for the RU-RC-01/02/03 series are shown in Table 4. The data of the respective test are shown
within a table field, as the shot was arranged on the test specimen. The velocities at the first light
barrier V1, at the second light barrier V2, and the linearly extrapolated impact velocity V3 are given.
Furthermore, the resulting impact energy is listed, and it is indicated whether the projectile has
perforated the specimen. Additionally, the penetration depths are shown. The values of the break-out
volume were also determined and given for the individual shots, as well as the sum of the broken-out
concrete of each test specimen.

Figure 5. Test specimen U-RC-03 after testing (a) attack side (NSC); (b) protection side (UHPFRC).
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For the determination of the crater volume, the respective specimen was photographed from all
sides as basis-data using an ordinary camera. Subsequently, a true-to-scale 3Dmodel was created on
the computer (Zohrabyan et al., 2023).

Figure 6 shows representatively the digital volume determination after the ballistic test of
specimen U-RC-01. This clearly shows how the phenomenon of crater formation behaves in the
different test specimens. The evaluation of the crater formation enables a more precise assessment of
the behavior of the materials under the given conditions. This aspect is of particular interest as it
provides information about the resistance of the components to penetrating projectiles. A detailed
analysis of the crater formation can provide insights that contribute to the optimization of the
strengthening method and can result in increased safety.

The observed failure modes in both series, U and RU, primarily exhibited crater formation. It
appears that the steel rebar reinforcement used in the UHPFRC had a negligible effect, which can be
attributed to the dominant role of the UHPFRC in absorbing and redistributing the impact energy.
Additionally, it is possible that the strengthening was so significant that the steel rebar reinforcement
in the UHPFRC layer was not activated under the arranged loads. For higher loads such as vehicle
collision or blast, the steel rebar reinforcement in the UHPFRC could be activated and increase the
performance of the strengthening material. Future studies could investigate alternative rein-
forcement configurations to explore possible variations in failure modes. Fundamental studies on
the load-bearing behavior of steel rebar-reinforced UHPFRC under static load (Jungwirth, 2006;
Oesterlee, 2010; Leutbecher, 2007) can be utilized for this purpose. Additionally, studies on

Table 3. Results of the ballistic tests – Reihe U-RC-01/02/03 (values match the position of shots).

U-RC- 01 02 03

V1 (m/s) 844,59 X 841,75 843,17 X 846,5 848,42 X 841,75
X 839,87 X X 849,38 X X 840,81 X

843,65 X 843,93 837,99 X 849,38 837,52 X 846,5
V2 (m/s) 842,46 X 843,93 843,17 X 844,59 846,02 X 838,22

X 836,82 X X 846,74 X X 839,61 X
843,65 X 835,53 837,99 X 846,02 835,42 X 843,17

V3 (m/s) 841,64 X 844,77 843,17 X 843,86 845,10 X 836,86
X 835,65 X X 845,72 X X 839,15 X

843,65 X 832,30 837,99 X 844,73 834,61 X 841,89
Energy (J) 3400,1 X 3425,4 3412,5 X 3418,0 3428,1 X 3361,6

X 3351,9 X X 3433,2 X X 3380,0 X
3416,4 X 3325,1 3370,7 X 3425,1 3343,6 X 3402,1

Perforation [yes/no] no X no no X no no X no
X no X X no X X no X
no X no no X no no X no

Depth (mm) 41,5 X 42,52 48 X 40,57 62,34 X 68,12
X 53,5 X X 70,2 X X 98,7 X

54,7 X 41,7 45,3 X 47,18 51,04 X 58,8
Volume [mm³] 141,66 X 181,76 170,89 X 120,56 146,33 X 174,34

X 208,16 X X 135,92 X X 173,19 X
171,15 X 92,97 139,88 X 98,65 147,18 X 142,74

Sum [cm³] 795,7 665,9 783,78

V1 [m/s] = velocity at first light barrier, V2 [m/s] = velocity at second light barrier.
V3 [m/s] = linearly extrapolated impact velocity.
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reinforced UHPFRC under high dynamic loads can used to consider the influence of steel rebar
reinforcement, e.g., (Li et al., 2015a; Sherif et al., 2020). There are also investigations on RC-
UHPFRC composite elements under impact, which can be beneficial for this consideration (Habel,
2006).

The measured values of the load cells are shown in Figure 7 as a diagram for all five shots using
the specimen U-RC-02 as an example. The force curve and the analysis of the crack pattern, which is
shown later, can provide information about the wave propagation inside the component. The
localized ballistic load causes cracks that prevent the forces from being transmitted to the load cells.
This enables to determine the degree of damage of the component on the one hand, and on the other
hand the detailed development of the crack propagation. To determine the interaction of the shots,
the data can be used. In this study, there is an interaction between the shots. It can be observed that
the pre-damage has an influence on the subsequent shot.

Studies by other researchers have shown that fiber-reinforced concrete layers significantly
improve the resistance of reinforced concrete structures against high dynamic loads. It was found
that steel fiber concrete layers reduced crater formation on the protective side by up to 95%
compared to monolithic reinforced concrete structures (Michal, 2014). As the tests with UHPFRC in
this paper were initial tests to explore its potential as a protective layer. The same conditions and
parameters as for the two-layered plates of (Michal, 2014) were used for this investigation. The
results of this paper are consistent with the basic findings and confirm the effectiveness of UHPFRC

Table 4. Results of the ballistic tests – RU-RC-01/02/03 series (values match the position of shots).

RU-RC- 01 02 03

V1 (m/s) 845,55 X 843,17 837,52 X 837,05 838,46 X 838,93
X 843,64 X X 851,79 X X 841,75 X

845,55 X 846,02 845,55 X 844,52 846,98 X 842,22
V2 (m/s) 843,17 X 840,34 834,72 X 834,03 835,42 X 836,12

X 841,04 X X 848,9 X X 838,22 X
843,17 X 843,17 842,46 X 844,34 844,59 X 838,93

V3 (m/s) 842,25 X 839,25 833,64 X 832,87 834,25 X 835,04
X 840,04 X X 847,79 X X 836,86 X

842,25 X 842,07 841,27 X 844,27 843,67 X 837,66
Energy (J) 3405,1 X 3380,8 3335,8 X 3329,6 3340,7 X 3347,0

X 3387,2 X X 3450,0 X X 3361,6 X
3405,1 X 3403,6 3397,1 X 3421,4 3416,5 X 3368,1

Perforation [yes/no] no X no no X no no X no
X no X X no X X no X
no X no no X no no X no

Depth (mm) 60,7 X 38,2 39,2 X 62 47,48 X 49,28
X 64,08 X X 61,4 X v 57,02 X

31,5 X 44,52 55,04 X 43,28 40,1 X 65,02
Volume [cm³] 190,69 X 187,91 80,83 X 139,1 122,67 X 124,52

X 144,81 X X 196,9 X X 340,23 X
195,61 X 156,94 292,14 X 131,47 165,85 X 278,52

Sum [cm³] 875,96 840,44 1031,79

V1 [m/s] = velocity at first light barrier, V2 [m/s] = velocity at second light barrier.
V3 [m/s] = linearly extrapolated impact velocity.
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in enhancing structural protection against high dynamic loads. Possible interaction effects due to the
proximity of the shot points were also included.

In addition to the visual inspection of the surfaces, the internal damage of the test specimens was
also visually examined. For this investigation, the specimens U-RC-01, RU-RC-01 and U-RC-
03 were cut. Figure 8(d) shows the sectional views of the respective specimens. In the following, the
cross-sections have been analyzed and highlighted with colors. The metallic parts of the cross-
section are marked in dark blue; the macro-cracks are highlighted in green. Furthermore, digital
lines have been added to the cross-section surfaces. The crater is highlighted with light blue and the
area with multi-cracks, in cases where it appears, is indicated with red.

Figure 8(a) shows the cross-section of specimen U-RC-01, and Figure 8(b) illustrates specimen
RU-RC-01. For both specimens, the section was cut through positions 1-2, as shown in Figure 8(c);
the section line is labeled A-A. The specimens have been loaded with five shots. The crater of the
concrete in the reinforced concrete is marked with light blue. The craters caused by the impact are
pronounced. Cracks in the normal-strength concrete can be observed around the craters. The visible
macro-cracks reach up to 50% of the thickness of the normal-strength concrete. Thus, a softening in
this radius around the crater can be assumed. Furthermore, less deep damage to the composite
element can be detected. There was no perforation of the test specimen and thus no scabbing. The
absorption and transmission of tensile stresses, resulting from the shock wave, by the UHPFRC
layer on the protective side, has created a three-dimensional stress state in the NSC. This state leads a

Figure 6. Representative illustration for the digital evaluation of the breakout volumes of specimen U-RC-01.
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Figure 7. Forces measured by the load cells on specimen U-RC-02 (colors of the load cells in the pictogram
match the force curves. Position of the impact is shown in orange).
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higher resistance against penetration of the projectile, thus reducing the depth of penetration and
damage. Thus, it can be assumed that the element has a high resistance to impact and a high residual
load capacity. This can be excepted because of the breakout of the concrete at the attack side and the
area of softened concrete is up to 50% of the cross-section. The residual cross-section assures a
certain load-bearing capacity.

The cross-section of specimen U-RC-03 is shown in Figure 8(c). The specimen consists of the
reinforced normal concrete base element and a UHPFRC layer without additional steel bar re-
inforcement. The view of the cross-section corresponds to section line B-B, as shown in Figure 8(c).
The cut is through position 1-5-4. The composite element was exposed to the high load with eight
shots as described before. For the specimen, the crater on the attack side is also marked with an

Figure 8. Internal damage after testing (a) U-RC-01 (5 shots), (b) RU-RC-01 (5 shots), (c) U-RC-03 (8 shots),
(d) section lines; light blue: frontal crater, green: cracks; dark blue: reinforcement, red: traction wave/multi-
cracks, grey: composite joint failure.
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enveloping light blue line. This crater is larger than the previous one due to the intersection of three
loading points. Caused by the multiple loading at position 5 with additional three shots, the
projectile pushed into the UHPFRC. The projectile is cut at the height of the composite joint and can
thus be seen in the intersecting multi-cracks. The specimen shows significantly more and deeper
cracks distributed over the cross-section than specimen RU-RC-01. The visible cracks are dis-
tributed over the complete height of the reinforced concrete of the composite element. Apart from in
the immediate area of the projectile’s penetration canal in the center of the cross-section, no macro-
cracks are visible. The deep cracks in the normal concrete extend at an angle up to the composite
joint, where they continue horizontally in the joint. Thus, the UHPFRC layer is delaminated over the
whole width of the specimen. From the tip of the projectile pushed into the composite joint, several
cracks fan out in the UHPFRC corresponding to the area of the tensile wave marked in red. The
cracks are formed across the entire thickness of the cross-section except from a small residual
height. The cracks in the UHPFRC are limited to a local area and distributed over the entire width of
the specimen. It can be concluded that the increased load resulted in more pronounced damage of the
specimen. The projectile that was pushed forward was prevented from perforating by the UHPFRC
layer. This was enabled in part by the discontinuity area between the two concretes. Also, the
delamination of the top concrete layer dissipated the kinetic energy of the projectile. Dissipation of
kinetic energy was achieved by the tensile force absorption in the UHPFRC, crack formation. In
addition, the restraint of the normal concrete and the resulting three-dimensional stress state was
used, as already described for RU-RC-01. Due to the prevented penetration, scabbing was also
eliminated. Despite the more pronounced damage to the component, a residual load-bearing ca-
pacity can be assumed due to the determined integrity of the specimen. In particular, the integrity of
the inner shell made of UHPFRC makes it possible to prevent break-out of supports on the
protective side.

Conclusions and outlook

The test setup and the design of the test specimens have shown to be useful as the effect of the
strengthening method with UHPFRC could be demonstrated.

The composite element consisting of reinforced concrete and UHPFRC shows high resistance to
high dynamic loads. This can be observed in the fact that none of the test specimens were perforated
by the projectile. This is despite the high load of eight shots, which greatly impacted the specimen.
In addition, a localized load was induced. According to the result of no perforation, there was no
scabbing on the protective side. The behavior can be explained by the absorption and transfer of
tensile stresses out of the tensile shaft by the UHPFRC and the resulting three-dimensional stress
state in the NSC. This multi-axial state causes higher resistance to the penetration of the projectile,
thus reducing the depth of penetration and damage. Also, it can be concluded that the increased
loading with eight shots caused more pronounced damage to the test specimen. The projectile was
prevented from perforating by the concrete layer. Partly this was enabled by the discontinuity area
between the two cementitious materials. The delamination of the overlay also dissipated the kinetic
energy of the projectile. Finally, kinetic energy was dissipated by the tensile force absorption in the
UHPFRC due to cracking.

The remaining cross-section resulting from undamaged and softened areas allows a certain load-
bearing capacity under moderate as well as increased pre-damage.

The involvement of the application of Ultra High Performance Fiber Reinforced Shotcrete
(UHPFRSC) is to be carried out, which allows the subsequent addition of thin concrete layers on

Strotmann et al. 15



existing structures resulting in only a minor loss of usable space in the existing structure. The
benefits of strengthening free forms and improving fiber effectiveness can also be generated.

With further investigations, an application stage has to be reached, from which guidelines are to
be developed so that the load-bearing behavior can be described and the methodology becomes
“plannable”.

In addition to experimental investigations using free-fall, impact and detonation tests, FEM
simulations are to be carried out and design approaches have to be developed. Furthermore, in the
process of the research, non-destructive testing (NDT) and static load tests will be used to determine
the damage to the component/structure after the high dynamic load, so that statements can be made
about the residual load-bearing capacity based on the existing structure and load.
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