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ABSTRACT. Thin plates made of Ultra-High-Performance Steel-Fibre-Reinforced Concrete (UHP-
SFRC) with textile Aramid fabrics were subjected to a projectile impact and its post-test damage was
discussed. The damage degrees were the type of the response and crater surface, which was determined
by using a 3D scanner. The most common type of ammunition, which is a 7.62 x 39 mm calibre with a
full-metal jacket and a mild-steel core, was used for all specimens.

It was verified experimentally that the UHP-SFRC with textile Aramid fabrics has a better
ballistic performance in comparison with its counterpart made of the UHP-SFRC without any textile
reinforcement. Also, it was verified that specimens with the point or segment interconnection threads
between the front side textile fabrics and rear side textile fabrics have a higher resistance due to the
better integrity of the monolithic UHP-SFRC mixture.
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1. INTRODUCTION

This work aims to compare the ballistic resistance and
the size of the crater area of Ultra-High-Performance
Steel-Fibre-Reinforced Concrete (UHP-SFRC) with
and without textile Aramid fabrics under a projectile
impact. The data derived from this study can be used
to increase the ballistic resistance of existing structures
and new buildings that belong to the category of
defence and critical infrastructure. It is important to
note that many protective buildings provide the last
layer of defence against the extreme load event when
all other protective measures have failed and this load
action is projected onto a structure. Attackers can
use many types of weapon systems and such events
cannot be always predicted beforehand. Using the
right information and risk assessment can provide
effective measures to mitigate the consequences of
such incidents [I].

The Ultra-High-Performance Steel-Fibre-Reinforced
Concrete with dispersing steel fibres seems to be one
of the highly promising materials, which can be used
in these cases [2H6]. This emerging composite mate-
rial has increased compressive strength and enhanced
ductility, which benefits mainly from the randomly
distributed fibres [THI0]. Steel, glass or polymer fibres
are usually used to increase the ductility of the result-
ing mixtures [IIHI3]. Previous studies have shown
that the optimal fibre content for thin targets concern-
ing the in-service projectile impact lies around 2.0 %
by volume [I4} [I5]. The purpose of this contribution
was to extend a previous case studies and find the op-
timal arrangement of the textile reinforcement for the
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ballistic resistance against the high-speed projectile
impact.

When the projectile hits the specimen’s body, it
generates a pressure wave that propagates through
the material body. The pressure is reflected from the
rear side of the slab and generates tensile stresses
on the distal face of the target. Here, if the tensile
strength is less than the resulting tensile stresses,
scabbing occurs instantly. Since the propagation of
the pressures wave occurs at the speed of sound, the
scabbing precedes the penetration of the bullet. Here,
the resistance thickness is reduced instantly due to
the aforementioned scabbing. This study, therefore,
aims to increase the tensile capacity of the UHP-
SFRC by an application of the textile Aramid fabrics
to suppress the scabbing from the distal face of the
target and to increase the overall ballistic resistance
of the protective element.

Aramid is a lightweight, high-strength, impact-
resistant fabric, which is well suited for the appli-
cation as a back-face lining. Due to its light weight,
there is no significant increase in the weight of the
resulting protective structure. Several pieces of re-
search recommended Aramid as a suitable material for
concrete elements to increase its capacity under quasi-
static loading [16, [I7]. Besides, Kim et al. [I8] tested
macro-aramid-fibre-reinforced cementitious compos-
ites (AR-FRCCs) as well as textile-reinforced cemen-
titious composites with a 3D spacer fabric at high
strain rates. Kim et al. noted that even though the
3D-TRCCs produced a higher energy absorption ca-
pacity than the AR-FRCCs, the energy absorption
capacity of the 3D-TRCCs decreased at strain rates
higher than 100s~! [I8].
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Components kg/m3 ngp“?;tg})is
Cement CEM 1525 R 695 1
Admixtures 270 0.39
Fine sands 1225 1.76
Water 165 0.24
Plasticizers 40 0.06
Steel fibres 120 0.17

TABLE 1. UHP-SFRC composition.

The main idea behind the application of the fabrics
is, firstly, to reinforce the distal face of the target to
increase the tensile capacity and, secondly, to rein-
force the proximal face of the plate to decrease the
spalling from the compaction of the material during
the impact.

This contribution aims to find the best performing
layout arrangement in terms of various stitching of the
Aramid fabric concerning its performance under the
projectile impact. Three basic fabrics arrangements in
terms of layer connection were tested and compared.
These were point stitching, segment stitching and line
stitching. The main damaged degrees through which
the specimens were compared were the response type
and area of the crater made by the aforementioned
projectile impact.

2. MATERIAL

Ultra-High-Performance Steel-Fibre-Reinforced Con-
crete with a maximal grain size of 4 mm was used.
The mixture contained a cement grade CEM I 52.5 R
and the water-cement ratio was set to 0.24. The
composition of this mixture can be seen in Table [T
A specific mixing and dosing procedure adopted
from previous studies [I9] 20] were followed during
the production. Microsilica and silica fine sands were
added to the mixer first, and homogenized for 5 min-
utes. In the second step, cement and silica powder was
added and the mixture was stirred for an additional
5 minutes. Finally, water, superplasticizers and fibres
were added and the mixture was stirred for another
5 minutes. The amount of applied fibres was deter-
mined to be 1.5% by volume of the mixture. This
particular volumetric content of fibres was found to
the be most reasonable in terms of workability and
the resulting performance of the hardened compos-
ite [14, 2I]. The tensile strength of the brass-coated
steel fibres was up to 3000 MPa, as specified by the
manufacturer. The fibres were straight with a diam-
eter and length of 0.13 mm and 14 mm, respectively,
and having an aspect ratio of 108 : 1. The mixtures
offered very good workability, so the fresh mixture was
placed in the middle of the mould and let to naturally
flow and fill the mould. This led to the fibres being
oriented along the sides of the mould. No other tech-
nique was used for the placement of the fresh mixture.
It is assumed that the fibres in the concrete specimens

Days after casting f; (MPa) f. (MPa)
1 day 7.6 75.6
7 days 21.8 138.8
28 days 30.2 153.1

TABLE 2. Mechanical properties of the UHP-SFRC
mixture.

Type Number

of fabrics of layers Stitching
P-221 1 Point threads
G-154 2 Line
D-2155 2 Segment
D-2255 2 Point threads

TABLE 3. Detailed information about Aramid fabrics.

are uniformly spread in the matrix. In case the fibres
are oriented in the direction of tensile stress, better
properties and usage for a loaded construction can be
provided.

The slab specimens for ballistic tests were 300 x
400 mm in size and thickness was designed to be 50 mm.
Slabs were removed from the mould 24 hours after the
casting and left in the water tank at 20 °C for 27 days.
The average mechanical properties of the mixture,
such as flexural strength f; and compressive strength
fe, were measured in 1, 7 and 28 days (Tab. . Me-
chanical properties were measured on prismatic sam-
ples with dimensions 40 mm x 40 mm x 160 mm. All
tests were performed on hydraulic testing machine
DSM2500-100 or ZUZ-200 with a closed-loop defor-
mation control system with a maximal capacity of
2500 kN and 200 kN, respectively, available at the Ex-
perimental Centre following standard procedures pre-
scribed in the national standard for testing hardened
concrete.

Four different types of Aramid fabrics with a density
of 1440 kg/m3 and the average modulus of elasticity
of 3.9 MPa were used. All fabrics were composed of
the front and the rear side, which was interconnected
by different types of stitches. The point, segment and
line stitchings were used. Figure [1| shows a fabric
in which both sides were connected across the entire
cross-section by the line stitching. Figure [2| shows a
fabric with the segment stitching where the edges of
the connection were made by a line connection but
the central part was connected by individual threads.
Figure [3] shows the connection of both sides by one
point stitching. The Aramid fabric was set into the
mould (Figure {4) and then the UHP-SFRC mixture
was poured. The detailed information on Aramid
fabrics is shown in Table [3

3. TESTING

The ballistic resistance was tested on 18 slabs made
of UHP-SFRC and 12 of them were reinforced with
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FIGURE 1. Aramid fabric with full line stitching,.

FI1GURE 3. Aramid fabric with point stitching.

FIGURE 4. Aramid fabrics in the mould ready to be
concreted.
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the textile Aramid fabrics. Three slabs were tested
for each type of the fabric.

The experimental setup of ballistic tests was taken
from previous studies [I5}[20H22] as follows: each UHP-
SFRC plate was loaded in a special steel mount to
position the targets against the shooter and to prevent
any movement of the specimen during the ballistic
impact. The mount was provided with eight screws,
20 mm in diameter, that were holding the UHP-SFRC
plate at the corners from both sides, approximately
50 mm from both edges, thus simulating point sup-
ports (Fig. [5). Each UHP-SFRC plate specimen was
placed in the mount and the FMJ-MSC projectile
hit the centre of the specimen under a slight oblique
angle, around 3°, which was considered as negligible
(Fig. [6). The distance between the specimen and the
shooter was 20 meters to ensure the safety of the
shooter against the possible backward fragmentation
from the target.

The impact was simulated as a hit of in-service
7.62 x 39mm full metal jacket ammunition with a
mild-steel core, noted as a non-deformable projectile.
The details of the projectile can be found elsewhere [I5]
21), 23], 24]. Briefly, the projectile consisted of a mild-
steel core (3.65g), steel jacket (4.15g) and led tip
(0.24g) [22]. The yield strength of the mild-steel core
was experimentally determined to be 550 MPa and the
overall weight of the ogive-nose shaped steel jacketed
projectile was 8.04 grams. The length of the non-
deformable projectile was 26.7 mm and the diameter
of the projectiles and the mild steel core was 7.92 mm
and 5.68 mm, respectively [24] (Fig.[7). It is important
to mention that the steel jacket was stripped from the
projectile during the penetration process and only the
mild steel core penetrated through the UHP-SFRC
material body.

The projectile was fired from a semiautomatic rifle
CZ 858, calibre 7.62 x 39 mm, which is a civilian ver-
sion of the former Czechoslovak military assault rifle
SA-58. The ammunition is approved for civilian use.
The muzzle velocity of each projectile was verified
by a shooting chronograph that was located approxi-
mately 1 metre from the gun muzzle and values were
in the range between 680 to 720m/s [15, 23]. The
impact velocity of the bullet was, according to the
Kneubuehl [25], about 22m/s slower than the muzzle
velocity.

One hit by the semi-automatic rifle CZ 858 was
performed into the centre of each slab. The steel
jacket was, in most cases, stripped from the core of the
missile. The steel jacket was deformed and bounced
back from the slab with a negligible velocity. The mild-
steel core was the main element, which penetrated
through the material body (Fig. [§).

The response type was classified following the con-
vention used in Vossoughi [26], which has also been
used in previous studies [I4] 20] and contains four
basic modes: perforated - P (the projectile passed
through the specimen entirely); perforation limit - PL
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FIGURE 5. Special steel mount with embedded UHP-
SFRC thin plate 300 x 400 mm in dimensions with
applied Aramid fabrics.
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FIGURE 6. Ballistic test setup: (1) shooter, (2) shoot-
ing chronograph, (3) UHP-SFRC specimen, (4) special
steel mount for the specimen [20].

(projectile was stuck); perforated and then bounced
- PB (the projectile went through the slab and then
bounced back) and unperforated - UP (the panel was
punched but the projectile bounced back) [26].

4. SCANNING OF THE DAMAGE

The post-test damage of the specimens was scanned
from both sides by a 3D scanner based on the pho-
togrammetric principle (Fig. E[) The scanner was
placed at a suitable distance and the resolution of the
dual-camera was set and the damaged surface was
scanned. Four to six scans were required for each slab
to gain a complete 3D model with 1.8 x 10% to 2.4 x 10°
captured points (Fig. . The measured data were
processed and evaluated in the scan software. First,
the model had to be localized to a crater created by
a projectile impact (Fig. . Projections, errors and
reflections were removed from the model to sufficiently
determine the crater surface area (Tab. [4)).

5. RESULTS AND DISCUSSION

The average results of the surface areas of craters that
were obtained by using the 3D software are shown
in Table El The measured data in a graph (Fig.
show a comparison between specimens with different

7.92 mm

Ne—

26.7 mm

|
.'
7
/

FIGURE 7. A) FMJ-MSC in-service projectile, calibre
7.62 x 39mm and B) its dimensions.

FI1GURE 8. Post-test view on the proximal face of the
UHP-SFRC slab with applied Aramid fabrics.

FIGURE 9. Post-test view on the proximal face of the
UHP-SFRC slab with applied Aramid fabrics.

489



M. Méra, R. Sovjak, J. Forntsek

AcTA POLYTECHNICA

FIGURE 10. Post-test 3D model of the slab.

FIGURE 11. Visualization of the crater.

types of the textile Aramid fabrics (No. 2 - No. 5) and
the UHP-SFRC reference specimens (No. 1). It can
be seen that the projectile impact created a smaller
front side crater on the specimens with the Aramid
fabrics in comparison with the specimens without the
Aramid fabrics. Table @ also shows that the Aramid
reinforcement may decrease the average value of the
front crater surface by 33 % compared to the UHP-
SFRC counterparts without any textile Aramid fabrics.
All Aramid reinforced specimens were not penetrated
except for one. One of the three specimens with the
fabric P-221 was perforated and the average front
crater surface was almost 9 % higher than that of the
G-154. The differences between the other specimens
with two layers of fabric were no more than 442 mm?.
These differences were caused by a type of stitching.
It was found that the best way, in terms of a ballistic
performance, is to bond the threads at one point. The
specimens, which were bonded by the liner thread,
had a higher crater surface because of the reduced
monolithic integrity and a significant delamination
that was observed around the line interconnections.
It was verified experimentally that an application
of the textile Aramid fabrics increases the ballistic
resistance of the UHP-SFRC in terms of perforation.
When 2 layers of the textile fabrics were applied, no
perforation occurred and, with a suitable type of in-
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FIGURE 12. Crater surface on the front side for differ-
ent types of fabrics.

terconnection between the proximal and distal face
of the target, the front face crater surface decreases.
This is due to the enhanced capacity of the slab, that
is provided by an Aramid fabric on both sides of the
plate. The increased tensile capacity is very helpful as
very high tensile stresses occur when the stress wave
is reflected from the distal face of the plate. This is
demonstrated by the fact that no perforation occurred
when 2 layers of textile fabrics were applied on the
UHP-SFRC plate.

Therefore, it can be stated that is possible to further
increase the penetration resistance of the UHP-SFRC
with a minimal increment of the weight. However, it
is important to note that the increased penetration
resistance, while keeping the same weight of the plate,
will be accompanied by a higher price due to the
utilization of the textile Aramid fabrics.

6. CONCLUSIONS AND FURTHER
OUTLOOK

The major aim of this paper was to investigate the
ballistic resistance of the UHP-SFRC reinforced with
Aramid fabrics. It was found that the specimens with
the fabric reinforcement could dissipate energy better
and the projectile impact causes less damage in com-
parison to the UHP-SFRC samples without Aramid
fabrics. Furthermore, the damage was more localized,
therefore, the residual strength is probably higher.
It was verified experimentally that the ballistic resis-
tance of the UHP-SFRC plate with the point-stitching
Aramid fabric behaves better than its segment and
full-line stitching counterparts. The integrity of the
slab was significantly increased when the point stitch-
ing was applied, as the cementitious material was
significantly more interconnected over the specimen
body. The results derived in this study can be used to
increase a ballistic resistance of protective structures.

Nowadays, it is assumed that the steel fibres are
distributed uniformly in the concrete over its volume
with a random alignment. The position of fibres is
affected by many factors. For instance, by the shape of
the mould, the fluidity of the mixture, casting methods
and many others. Consequently, to determine the
exact position of the fibres is difficult. By positioning
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Crater surface (mm?)

No Type Number Response
: of fabrics of layers type Front side/Proximal face Rear side/Distal face

Average SD Average SD

1 — — P 5542 723 4688 666

2 P-221 1 layer P*/UP 4528 277 4023* 2323*

3 G-154 2 layers UP 4121 248 0 0

4 D-2155 2 layers UP 3907 126 0 0

5 D-2255 2 layers UP 3679 174 0 0

* The crater surface on the rear side was measured on only one slab. The others were undamaged

on the rear side.

TABLE 4. Crater surface of specimens after projectile impact.

the fibres in the direction of the tensile stress, the
maximum efficiency is provided. One of the future
challenges in terms of increasing the ballistic resistance
would be aimed towards the targeted orientation of
steel fibres in the cement matrix where it is possible to
provide the requested position and direction of fibres,
solving the main problem of the design.
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