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Abstract. Impact experiments have been carried out on concrete slabs. The first group was traditionally
manufactured, densely reinforced concrete targets, and the next were ordinary Portland and calcium
aluminate cement based HPSFRC (High performance steel fiber reinforced concrete) and SIFCON (Slurry
infiltrated concrete) targets. All specimens were hit by anti-armor tungsten projectiles at a muzzle velocity
of over 4 Mach causing destructive perforation. In Part I of this article, production and experimental
procedures are described. The first group of specimens were ordinary CEM I 42.5 R cement based targets
including only dense reinforcement. In the second and third groups, specimens were produced using CEM
1 42.5 R cement and Calcium Aluminate Cement (CAC40) with ordinary reinforcement and steel fibers 2
percent in volume. In the fourth group, SIFCON specimens including 12 percent of steel fibers without
reinforcement were tested. A high-speed camera was used to capture impact and residual velocities of the
projectile. Sample tests were performed to obtain mechanical properties of the materials. In the companion
Part II of this study, numerical investigations and simulations performed will be presented. Few studies
exist that examine high-velocity impact effects on CAC40 based HPSFRC targets, so this investigation
gives an insight for comparison of their behavior with Portland cement based and SIFCON specimens.

Keywords: high-velocity impact; projectile; calcium aluminate cement; steel fibers; reinforced concrete;
SIFCON

1. Introduction

The impinging of very high velocity projectiles on conventional concrete targets is a current
problem in impact engineering and has security implications. The study of the behavior of
reinforced concrete targets under projectile impact is important for the design of protective
structures widely used in military and strategic civil structures. To date the problem has been
investigated both experimentally and analytically but the number of studies on high-velocity
(> 1000 m/s) projectile impacting reinforced concrete has remained limited.
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Dancygier (2009) reported experiments that used projectiles weighing 1.5 kg, while most other
studies were performed by using lighter ammunition. Teng et al. (2008) performed experiments
using 45 g projectiles with a velocity of 2474 m/s impacting steel fiber reinforced concrete.
Vassoughi et al. (2007) and Quek et al. (2010) also carried out impact experiments with 34 g and
17 g projectiles, respectively, with velocities of 700 m/s and 600 m/s, striking concrete specimens.
Zhang et al. (2005) reported tests including 12.6 mm ogive-shaped nose projectiles with a velocity
of 700 m/s and concrete of 45-235 MPa compressive strength. Luo et al. (2000) and Beppu ef al.
(2008) have performed impact tests at lower velocities on cement based composites.

Other investigators have performed high-velocity impact experiments using targets composed of
materials other than concrete. Puente et al. (2009) carried out experiments and did their numerical
validation using steel projectiles of 1.1 g impacting on carbon/epoxy laminates with a velocity of
600 m/s. Zhang et al. (2009) carried out experiments with aluminum beams and 4.3 g of projectiles
at 772 m/s velocity. Impact experiments of Ozsahin et al. (2010) consisted of AA 6061 T651
aluminum plates coated with plasma spray and 8 g bullets with a velocity of 380 m/s. Orphal et al.
(1997) presented results from a series of experiments with bullets fired into thick confined boron
carbide targets, with a velocity range between 1500-4651 m/s.

In the context of this study, high-velocity impact tests on four groups of specimens have been
performed. In the first group, four conventional densely reinforced concrete targets were tested. In
the second group, three specimens that consisted of dense reinforcement in the same configuration
with the first group and 2 percent of steel fibers by volume were tested. These three specimens
were manufactured using CEM 1 42.5 R cement while the third group of specimens were produced
with CAC40 (Calcium Aluminate Cement). Material proportions and configurations of the third
group specimens were the same as the second group. In the fourth group, SIFCON (Slurry
Infiltrated Fiber Concrete) specimens consisting of 12 percent in volume of steel fibers with no
reinforcement were tested. The slurry was CEM 1 42.5 R based. The target specimens were 2 x 2 m
slabs, with either 0.4 or 0.6 m thickness. Large-caliber tungsten projectiles 105 mm in diameter and
1485 m/s initial velocity were used. The core mass of the projectile was 5.57 kg. The tests were
recorded using high-speed cameras to obtain impact and exit velocity and perforation. Various
material tests were done to define the material characteristics for use in the computational software.

In this part, only the experimental procedure will be described. It is intended here to investigate
the local impact effects caused by high-velocity impact on concrete specimens that have various
material specifications and configurations of large-caliber projectiles with a velocity above 4 Mach
and a weight of 5.57 kg. Effects of these various materials in affecting residual velocity and
dictating crater formation were observed. It is very exceptional to have high-velocity impact effects
on CAC40 based HPSFRC targets reported in free-access literature, so an opportunity to compare
their behavior with Portland cement based and SIFCON specimens is enabled.

2. Experimental procedure

The experimental program was carried out in two areas: sample tests were made in the laboratory
for determination of the basic conventional mechanical properties of the materials used in
specimens, and high-velocity impact tests on slabs were carried out in a military firing range.
Descriptions of the physical specifications of the specimens are given in Table 1 where specimens
are designated with their experimental group number and sequence number.
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Table 1 Specifications of specimens

Dimensions Reinforcement
) ) Cement configuration Fiber Ratio

No Length Width Thickness Type (Flexural — (percent)

(m) (m) (m) Confinement)*

(mm)
1-1 2.00 2.00 0.60 CEM1425R 17 ¢ 22 - $10/15 ---
1-2 2.00 2.00 0.60 CEMI1425R 17 ¢ 22 - $10/20 -
1-3 2.00 2.00 0.40 CEM1425R 17 ¢ 18 - $10/20 ---
1-4 2.00 2.00 0.40 CEM1425R 17 ¢ 18 - $10/15 ---
2-1 2.00 2.00 0.60 CEM1425R 17 ¢ 22 - $10/20 2
2-2 2.00 2.00 0.60 CEM1425R 17 ¢ 22 - $10/20 2
2-3 2.00 2.00 0.60 CEM1425R 17 ¢ 22 - $10/20 2
3-1 2.00 2.00 0.60 CAC40 17 ¢ 22 - $10/20 2
3-2 2.00 2.00 0.60 CAC40 17 ¢ 22 - $10/20 2
3-3 2.00 2.00 0.60 CAC40 17 ¢ 22 - $10/20 2
4-1 2.00 2.00 0.60 CEM1425R --- 12
4-2 2.00 2.00 0.60 CEM1425R --- 12
4-3 2.00 2.00 0.60 CEM1425R --- 12
*See Fig. 2.

2.1 Materials and proportioning

In the first group, two types of concrete with 30 MPa and 55 MPa compressive strength were
designed using Portland cement and crushed limestone with maximum size of 16-22.4 mm. Normal
and hyper plasticizers were added to obtain a better workability of the mortar.

Two types of concrete were used in the second and third groups: 61 MPa with CEM I 42.5 R and
87 MPa of CAC40 based. The hyper plasticizer Glenium 51 was used for CEM I 42.5 R and
CACA40 to obtain an improved workability of the concrete mortar.

In the fourth group, the compressive strength of the SIFCON was 58 MPa and super plasticizer
Rheobuild 1000 was used. Concrete mix proportions, specific gravity and water absorption capacity
of aggregates are given in Tables 2-4.

0.4 m thick specimens were employed more as pilot units to observe the crater formation, spalling
and scabbing amount on a thinner specimen than as effective protection against the projectile used
in the program.

CACA40 is a hydraulic binder i.e., a finely ground inorganic material. When mixed with water, it
forms a paste that sets and hardens by means of hydration reactions and processes. After the
hydration process has produced stable hydrates, it retains its strength and stability even under water.
The main characteristic of CAC40 is that although its setting is quite slow in comparison with CEM
I 42.5 R, its strength gain is very rapid. This feature is related to the oxide and compound
composition of the cement. As the name implies, CAC40 is composed of mainly calcium
aluminates and the main phase, mono calcium aluminate (CA), sets slowly but hardens very rapidly,
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Table 2 Concrete mix proportions

Group 1 Group 2 Group 3 Group 4
Compressive Strength, MPa 30 55 61 87 58
CEM I 42.5 R, kg/m’ 305 650 400 --- 1400
CAC40, kg/m® 550
Fly ash, kg/m’ 80 196 --- --- ---
Silica fume, kg/m? - - 30 30 50
Water, kg/m’ 177.7 223.7 170 200 450
Fine aggregate, kg/m’ 936 411 1091 404 ---
Coarse aggregate, kg/m’ 848 744 730 1212 -
Normal plasticizer, kg/m? 2.44 - - — —-
Hyper plasticizer, kg/m® - 16.9 5.2 5.5 -
Super plasticizer, kg/m’ - - - - 22
Steel fiber, kg/m® - —-- 156 156 936
Table 3 Characteristics of aggregates used in Group 1
0-4 mm 8-16 mm 16-22.4 mm
Unit weight 2.65 2.70 2.70
Water Absorption Capacity, % 1.65 0.55 0.48
Table 4 Characteristics of aggregates used in Groups 2 and 3
0-4 mm 4-7 mm 7-15 mm
Unit weight 2.66 2.61 2.65
Water Absorption Capacity, % 1.22 2.20 0.80

liberating a large amount of heat of hydration (CEN/TC 51 N 802 2004, CEN/TC 51 N 645 2000,

Neville 1975).

In the construction of HPSFRC specimens 156 kg/m? steel fibers were added into the concrete,

equivalent to a ratio of 2 percent by volume. These low carbon fibers are cold drawn wire fibers,
with hooked ends, and glued in bundles as shown in Fig. 1(a). This type of fibers has a minimum
tensile strength of 1050 MPa. In SIFCON specimens, steel fibers with a minimum tensile strength
of 1270 MPa at a volumetric ratio 12 percent were used. These fibers were also loose cold drawn
wire fibers with hooked ends. Using glued steel fibers in the construction of HPSFRC specimens
was a necessity because the fibers must first become loose in the concrete in order to avoid a
lumpy texture. In SIFCON specimens, discrete fibers have been used to compose the slab using
cement slurry. Other geometrical and mechanical properties of the fibers are given in Table 5 and

Fig. 1(b).
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Table 5 Physical and mechanical properties of fibers (Bekaert 2008)

Property Fibers used in HPSFRC Fibers used in SIFCON
Length, mm 60 30
Diameter, mm 0.75 0.62
Aspect Ratio 80 48
Coating None None
Tensile Strength, N/mm? 1050 1270

(b)

Fig. 1 Steel fibers (a) used in HPSFRC slabs (Dramix RC-80/60-BN), (b) used in SIFCON slabs (Dramix
RL-45/30-BN) (Bekaert 2008)

2.2 Preparation of specimens

Cement, fly ash/silica fume, aggregates and steel fibers were first blended in dry condition. Later,
water with plasticizer was gradually added to the mixture to provide a homogeneous mortar. The
prepared mortar was poured into 2 x 2 x 0.6/0.4 m wooden forms and vibrated. In the SIFCON
specimens, steel fibers were placed into steel forms first. Then a ready-mix truck poured the slurry
into the forms slowly. Two external vibrators accompanied the pouring process to fill the slurry
homogeneously. Concrete samples were taken following standard procedures. The freshly poured
concrete was cured under 20 + 5°C temperature and 95% humidity for a week.

@»Imm 1872 mm E’-‘rmﬂl
A A . pl8—-922/11
30mm] [
i ™ T ™ ‘,:, ™ T R =
L1
340 - 540 mm K
400 - 600 mm
30 h< 0 L 0 IF3 £+ L Ev £+

L *

= }

- 2000 mm '

Fig. 2 Placement configuration of the reinforcement
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In the program 2 m square reinforced concrete specimens 0.4 or 0.6 m thick were produced.
Flexural bars 18 and 22 mm in diameter, and 10 mm diameter transverse bars were used. Flexural
bars totaled 0.5 percent of the cross-sectional area in both directions. Configuration of reinforcement
is shown in Fig. 2. The transverse reinforcement fulfilled the design requirements of shear walls in
the Turkish Seismic Design Code (2007). The dimensions facilitated striking the target from a
distance of one km.

2.3 Sample tests for mechanical properties of concrete and steel bars

Standard sample tests were performed to obtain the mechanical characteristics of materials in the
production of specimens for use as input parameters in the numerical analyses. These characteristics
involve strength, toughness and ductility measures for the concrete and the customary indices for
the reinforcement. The field tests involved specimens being struck by a supersonic heavy caliber
projectile that produced very high temperatures at the point of impact and hyper strain rates in the
concrete. We did not have the means of conducting laboratory tests that would simulate these
conditions. The values we report are thus a replication of customary concrete practice.

Standard compression and three-point bending tests were performed to obtain the compressive
strength and flexural strength of the concrete. Standard cylindrical samples (150 mm x 300 mm)

Table 6 Results of three-point bending tests

Compressive Strength ~ Average Flexural Strength

Specimen No. Cement Type (MPa) (MPa)
1 CEM 1425 R 30 4.20
2 CEM 1425 R 55 4.60
3 CEM 1425 R 61 4.12
4 CEMI425R 61 577
5 CAC40 87 4.76
6 SIFCON 58 36.48
7 SIFCON 58 28.35
8 SIFCON 58 28.10
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Fig. 3 Load-displacement curves obtained from three-point bending tests
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Table 7 Results of steel bar tension tests

® 10 mm ® 18 mm ® 22 mm
Yield strength, MPa 600.5 480.4 477.2
Tensile strength, MPa 702.3 608.3 664.9

were prepared. Characteristic strengths, the average of three cylinder tests are reported in Table 6
for each group of specimens.

Beam test specimens of 600 x 150 x 150 mm were produced to perform three-point bending tests
to obtain flexural strength of concrete. The results of these tests are given in Table 6 and Fig. 3.
Thus material properties we report here are the customary quantities for standard engineering
applications.

Steel bars used in the production of specimens were S420a quality described in the Turkish
Standard for steel bars TS 708 (1996). They were subjected to tension tests to determine their
tensile and yield strengths. The results of these tests are summarized in Table 7.

2.4 The projectile
Projectiles with the designation APFSDS-T (Armor Piercing Fin Stabilized Discarding Sabot —
Tracer) of 105 mm diameter were employed in the experiments. This projectile has a tungsten core

and an initial speed of over 4 Mach. Its mass is 5.57 kg. Technical specifications of the projectile are
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Fig. 4 Sketch of 105 mm APFSDS-T in mm (MKEK 2010)
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Fig. 5 Nose shape details of the projectile in mm (MKEK 2010)
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Table 8 Technical specifications of 105 mm APFSDS-T projectile (MKEK 2010)

Gross mass Core mass . Total length Initial velocity Range
Material
6 6 ‘ (mm) (m/s) (m)
18000 5570 Tungsten 759 1485 4262

summarized in Table 8. Sketch and the nose shape details of the projectile are shown in Figs. 4 and 5.
2.5 Experimental set-up and measurements

Both impact velocity and residual velocity after perforation were measured by recording the shots
by a high-speed camera capable of recording up to 250,000 frames per second under ideal
conditions. The high-speed camera was placed on the same line of sight as the specimen and
perpendicular to the shot line. Steel plates painted 10 cm-wide white and red stripes were located in
the background at the front and rear sides of the specimens as speed gages. These plates allowed
calculating the impact velocity and perforation from the video recordings. Craters that formed after
the strike were measured and visual inspections were made of the global deformation of the
specimens and type of perforation and scabbing. No other measurements were possible. The
experimental set-up is shown schematically in Fig. 6.

3. Results of high-velocity impact experiments

In the experimental stage procedure, 13 specimens in four groups were fired at with the
projectiles. In all groups, two separate shots were performed. Specimens 1-1, 2-1, 3-1 and 4-1 were
targeted alone while other specimens were grouped together for the shots. The edge conditions of
the slabs were “free-free” as they sat upon their bottom edges on the ground. Distance between the
gun and the target was 800 m for Specimen 1-1, and 1000 m for all others.

= 500m / 1000 m

=5
.

P L] S ———————— [ R FR————

oo
High-speed camenas

Fig. 6 Plan view of experimental set-up (not to scale)
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Hitting the mark centrally was exacerbated by the paucity of the ammunition, so the gunner
needed to fire trial shots before the main shots. Two such shots were fired at a dummy wooden
testing board to calibrate the muzzle of the gun for wind, temperature and other ambient conditions.

Due to the supersonic velocity of the projectile, all shots caused thorough perforation of the target.
Nevertheless, increase in the steel fiber quantity manifested an improved performance in reducing
the deformation of the concrete specimens that could be verified at first sight. Measurements
confirmed this observation.

The projectiles that penetrated the specimens could not be recovered after the experiments, but we
have reason believe that there was no significant erosion in their physical properties because entry,
through-travel and exit geometries of successively placed specimens were similar.

It should be noted that in the experiments, parts of concrete specimens subjected to projectile
impact directly were wholly deformed, but because of intensive crowding of longitudinal and
transverse bars, these parts looked as if they had been perforated only in the size of projectile. It
follows that, concrete between the craters at the front and rear sides of specimens must be assumed
as having failed fully. This observation was verified by our numerical simulations of the
experiments that are presented in the accompanying article.

3.1 Observations of damage on specimens

3.1.1 Group 1

In this group the specimens were conventionally reinforced concrete slabs. In the first test,
Specimen 1-1 was the lone target, and proved to offer little protection against the projectile that
struck it as it perforated it. During the next test, Specimens 1-2, 1-3 and 1-4 were placed in
succession at 2-m spacing. Both tests resulted in complete perforation of the targets. Crater
dimensions were measured at both sides of specimens.

The test of Specimen 1-1 was recorded by high-speed camera with very poor resolution due to
poor visibility. Therefore, impact and post-perforation velocities could not be calculated accurately
from the film.

Specimens before and after impact are shown in Figs. 7 and 8. Measured deformation, impact
velocity and perforation values are summarized in Tables 9 and 10, respectively. Even with three
specimens placed in the path of the bullet its exit velocity from the final slab was still supersonic.

(@) ® T o

Fig. 7 Specimen 1-1 before and after impact, (a) front side before impact, (b) front side after impact, (c) rear
side after impact
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(@) o

Fig. 8 Specimens 1-2, 1-3 and 1-4 before and after impact, (a) specimens before impact, (b) front sides after
impact, (c) rear sides after impact

Table 9 Deformations measured in Group 1

Front Face Rear Face
Max. Depth of

Max. Depth of

No. Crater Diameter (mm) Crater (mm) Crater Diameter (mm) Crater (mm)
Horizontal Vertical Horizontal Vertical

1-1 980 1030 160 640 1010 80

1-2 630 690 140 860 840 130

1-3 840 900 150 1080 950 170

1-4 910 790 130 1040 980 180

Table 10 Impact velocity and perforation values in Group 1

Reduction of Velocity

No. Impact Velocity Perforation Caused by Impact
(m/s) (m/s) (percent)

1-1 Unreliable recording Unreliable recording ---

1-2 1437 1333 7.24

1-3 1333 1143 14.25

1-4 1143 430 62.40

Crater areas at the entry and exit locations remained large, reflecting the brittle character of
normal concrete. Deformations near the centers of specimens were small due to the restraining
capability of steel bars in tension. The initial impact velocity on Specimen 1-2 was larger than on
the two specimens that stood behind it, but the crater area that formed in this specimen was smaller.
It is judged that the principal reason for this was the 0.6 m thickness. The 0.4 m thick Specimens
(1-3 and 1-4) had larger crater dimensions.

Although the high-speed camera recordings showed that the projectile impacted the specimens in
perpendicular fashion, when the holes on the destroyed specimens were investigated, it was
observed that there might have been a small deviation angle of trajectory. For this reason,
calculations reflecting change in velocity for the situations of normal and oblique impact will be
given in Part II.
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3.1.2 Group 2

In this group, specimens containing the same amount of reinforcement as Group 1 in addition to 2
percent steel fibers were tested. Specimen 2-1 was targeted alone while Specimens 2-2 and 2-3 were
placed in series. Tests that resulted in complete perforation were recorded by the high-speed camera
except for Specimen 2-1 due to instrument malfunction. Specimens before and after impact are

shown in Figs. 9 and 10. Measured deformation, impact velocity and perforation values are given in
Tables 11 and 12.

(®)

(c) (d)

Fig. 9 Specimen 2-1 after impact, (a) front side, (b) close-up view of front side, (c) rear side, (d) close-up
view of rear side

Table 11 Deformations measured in Group 2

Front Face Rear Face
. Max. Depth of . Max. Depth of
No. Crater Diameter (mm) Crater (mm) Crater Diameter (mm) Crater (mm)
Horizontal Vertical Horizontal Vertical
2-1 550 540 90 590 820 130
2-2 530 440 70 810 670 130

2-3 640 650 90 750 940 160
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Table 12 Impact velocity and perforation values in Group 2

. . Reduction of Velocity
No. Impact Velocity Perforation Caused by Impact
(m/s) (m/s)
(percent)
2-1 Unreliable recording Unreliable recording ---
2-2 1450 1281 11.66
2-3 1281 1014 20.84

i's

T ol

*

kj .

o
oy

(e

Fig. 10 Specimens 2-2 and 2-3 after impact, (a) general view, (b) front side of Specimen 2-2, (c) close-up
view of front side of Specimen 2-2, (d) close-up view of rear side of Specimen 2-2, (e) close-up view
of front side of Specimen 2-3, (f) rear side of Specimen 2-3
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The principal reason of smaller crater dimensions in specimens in Group 2 than those in Group 1
was steel fiber reinforcement. The effects of steel fibers were also observed in the differences of
spalling and scabbing in the second group of specimens as compared with the first group of
specimens where only regular steel bars had been provided as reinforcement. This comparison was
a clear demonstration of the positive effect of steel fibers for reducing deformation. Compressive
strength of concrete in Group 2 was not significantly higher than strength in Group 1 (61 vs.
55 MPa). It is thus not convincing to state that higher compressive strength led to a reduced
deformation. The reason of the occurrence of greater crater depth and over-scabbing on the rear
sides of Specimens 2-2 and 2-3 was identified as the inadvertently thick cover concrete in the forms
leading to weak cover. This situation can be observed in Figs. 10(d) and ().

In nearly all impact events, the bullet struck either the flexural or the transverse bars.
Inspections showed that it had cut the bars if contact had been normal and central. If the impact
had been eccentric, it had bent the bars which it had contacted. In some specimens, due to the
wave propagation along the steel bars the local vibration caused by projectile impact, slightly
larger crater dimensions and increased amount of spalling and scabbing at entry and exit sides
had resulted. This behavior may be seen in Figs. 10(c) and (e) as concrete particles around the
crater perimeter.

3.1.3 Group 3

Specimens produced with CAC40 with reinforcement mesh and 2 percent of steel fibers by
volume were subjected to firing tests. Unfortunately, none of these tests could be captured by the
camera due to instrumentation problems. Still, the deformations caused by the projectile impact on
the specimens were measured. Similar to Group 2 Specimen 3-1 was shot at alone. Specimens 3-2
and 3-3 were placed in tandem. All were 0.6 m thick.

The specimens after impact are shown in Figs. 11 and 12. Measured deformation, impact velocity
and perforation values are given in Tables 13 and 14. A notable observation could be made on the
rear sides of Specimens 3-1, 3-2 and 3-3. Their behavior could be described as “over-scabbing”
compared to the front face.

Specimens in Group 2 and Group 3 contained the same amount of steel fibers (2 percent), but
different types of cement, CEM I 42.5 R and CAC40, respectively. Their concrete compressive
strengths were 61 MPa and 87 MPa, respectively. It is believed that the smaller crater dimensions
in Group 3 compared with those in Group 2 occurred due to the higher compressive strength of
concrete, but not because of the cement type. Also comparing the deformation size of these
specimens with those in Group 1, the contribution of steel fibers in preventing larger deformation

Table 13 Deformations measured in Group 3

Front Face Rear Face
. Max. Depth of . Max. Depth of
No. Crater Diameter (mm) Crater (mm) Crater Diameter (mm) Crater (mm)
Horizontal Vertical Horizontal Vertical
3-1 410 390 60 720 670 100
3-2 250 330 90 570 680 100

3-3 510 740 180 730 750 130
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(d)

Fig. 11 Specimen 3-1 after impact, (a) front side, (b) close-up view of front side, (c) rear side, (d) close-up
view of rear side

Table 14 Impact velocity and perforation values in Group 3

Reduction of Velocity

No. Impact Velocity Perforation Caused by Impact
(m/s) (m/s)
(percent)
3-1 Unreliable recording Unreliable recording ---
3-2 Unreliable recording Unreliable recording ---
3-3 Unreliable recording Unreliable recording -

could be clearly observed. Because of the dense reinforcement placed inside the specimens,
projectile struck the steel bars in all specimens and this led to a significant reduction of velocity.

3.1.4 Group 4

In the fourth group, specimens produced by cement slurry and 12 percent of steel fibers were
tested. Specimen 4-1 was targeted alone while Specimens 4-2 and 4-3 were placed in series. These
tests resulted in complete perforation and were captured by the camera. Deformations on the targets
were measured on both sides.

Pictures from high-speed camera recordings of the shot performed for Specimens 4-2 and 4-3 are
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(© ' ()

Fig. 12 Specimen 3-2 and 3-3 after impact, (a) general view, (b) front side of Specimen 3-2, (c) close-up view
of front side of specimen 3-2, (d) close-up view of rear side of Specimen 3-2, (e) close-up view of
front side of Specimen 3-3, (f) close-up view of rear side of Specimen 3-3

given in Fig. 13. Specimens before and after impact are shown in Figs. 14 and 15. Measured
deformation, impact velocity and perforation values are given in Tables 15 and 16. The heavy
damage on the rear side of Specimen 4-1 was attributed to the poorly compacted and segregated
concrete layer at the bottom of the form at the time of casting.

High amount of steel fibers that the SIFCON specimens contained leads to limit the crater area to
the smallest. The significance of tensile and shear strengths and toughness of concrete in impact
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1/50000 sec 512x 128 1/50000 sec 512x 128
frame : 14787 +00:00:01.23216... frame : 14797 +00:00:01.23300...

B IR

1/50000 sec 512x 128 1/50000 sec 512x 128
frame : 14806 +00:00:01.23375... frame : 14816 +00:00:01.23458...
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1/50000 sec 512x128 1/50000 sec 512x 128
frame : 14826 +00:00:01.23541 ... frame : 14842 +00:00:01.23675...

Fig. 13 Pictures from high-speed camera recording of the shot performed for Specimens 4-2 and 4-3

phenomena was observed clearly. Investigating the reduction of velocity ratios, it can also be seen
that they behaved well, but not better than specimens containing steel bars.

The deformation that occurred at the front side of Specimen 4-3 shown in Fig. 15(e) was caused
by concrete lumps that tore away from the rear side of Specimen 4-2 during scabbing. These pieces
hit Specimen 4-3 and punched its front side as the projectile bore through it.

The same holds for Specimen 4-1 which displayed near total disintegration on its rear side. In this
case over-scabbing led to complete loss of the integrity of the specimen. The cause of this apparent
over-destruction was judged again to be the misplaced concrete in the forms to levels where steel
fibers had segregated during placement, creating in effect a weak crustal layer. It was observed that
the crust concrete had started to crack before the firing experiments due to the lack of steel fibers.
This phenomenon is visible in Figs. 14(c) and 15(d) and (f). That a protective concrete wall that
contains only steel fibers for reinforcement is not a desirable option for design seems to be a natural
corollary of the evidence.
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Fig.14 Specimen 4-1 after impact, (a) front side, (b) close-up view of front side, (c) rear side, (d) close-up
view of rear side

Table 15 Deformations measured in Group Four

Front Face Rear Face
. Max. Depth of . Max. Depth of
No. Crater Diameter (mm) Crater (mm) Crater Diameter (mm) Crater (mm)
Horizontal Vertical Horizontal Vertical
4-1 150 160 40 490 540 80
4-2 150 170 40 460 480 110
4-3 160 220 50 720 650 140
Table 16 Impact velocity and perforation values in Group Four
. . Reduction of Velocity
No. Impac(tm\;gomty Per(frcr)lr/a;;mn Caused by Impact
(percent)

4-1 1461 1275 12.73

4-2 1450 1325 8.62

4-3 1325 1145 13.58
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Fig. 15 Specimens 4-2 and 4-3 after impact, (a) general view, (b) front side of Specimen 4-2, (c) close-up
view of front side of Specimen 4-2, (d) close-up view of rear side of Specimen 4-2, (e) close-up view
of front side of Specimen 4-3, (f) close-up view of rear side of Specimen 4-3

4. Conclusions

In the experimental phase of this study, 2 x 2 m slabs with either 0.4 m or 0.6 m thickness
including both conventional reinforcement and steel fibers or only steel fibers were targeted by
projectiles fired with a muzzle velocity of over 4 Mach. The shots resulted in complete perforation
even when the target specimens were arranged so that they stood in series in close proximity to one
another. Impact and post-perforation velocities of Specimens 1-2, 1-3, 1-4, 2-2, 2-3, 4-1, 4-2 and 4-
3 were measured as planned using high-speed cameras. These measurements for other specimens
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could not be recorded due to various technical or human problems and poor visibility conditions.
Perforation, scabbing, shape of missile path and crater sizes were carefully measured on all
specimens.

In the experimental part of the study that is described in this article, patterns of deformation for
the specimens were observed and supplementary material tests were performed. These results
provided the input for the numerical simulations that will be described in Part II of this article.

An immediate general statement is that traditionally placed dense reinforcement showed better
performance in reducing the velocity due to direct impact. The results also clearly showed that steel
fibers enable a good performance in decreasing the area of the crater and volume of scabbing and
spalling if they are used in addition to reinforcement. Their performance in reducing the exit
velocity of the projectile was fair.

In general, higher concrete compressive strength led to smaller crater dimensions. No findings
could be obtained about the effect of CAC-40 cement due to poor camera recordings. The better
performance of CAC-40 specimens compared with those consisting of CEM 1 42.5 R cement were
attributed to the higher concrete strength.

A significant observation was based on the rear sides of Specimens 4-1, 4-2 and 4-3 where the
integrity of the specimen was compromised and substantial loss of concrete occurred upon exit of
the projectile. The reason of the occurrence of this apparent over destruction was the crust of weak
concrete on the top side of the specimen where steel fibers had segregated during placement. In fact
it was observed that concrete had started to fracture and delaminate even before the bullet impact
test had been carried out due to the scarcity of steel fibers in the crust. A good view of this
behavior can be seen in Fig. 14(c). The same cause leading to greater crater depth in rear sides of
Specimens 2-2 and 2-3 was also the flaw in manufacturing the specimens resulting in a weak layer
of concrete over the reinforcement cage.

The crater dimensions on the front sides of the specimens where the projectile first impacted such
as 2-2, 3-2 and 4-2 were smaller than the dimensions on the front side of the secondary specimens
of the group, 2-3, 3-3 and 4-3. The main reason of this situation was that, the front sides of the
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Fig. 16 Crater volume (Front) vs. compressive strength of concrete
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Fig. 17 Reduction of velocity vs. compressive strength of concrete
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Fig. 18 Crater volume (Front Side) vs. fiber amount

secondary specimens were also subjected to particle impact caused by scabbing of the primary ones.

In Figs. 16-19, we present several measures damage in the specimens as a function of material
properties. Fig. 16 show that the compressive strength of concrete has a positive effect on limiting
the deformation on the specimens.

The effect of compressive strength of concrete on reducing projectile velocity is more tenuous
(Fig. 17). Other parameters such as reinforcement amount and type must be taken into account
before reaching a better defined conclusion.

Figs. 18 and 19 show the effect of steel fiber amount on the crater size. Higher fiber amount
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Fig. 19 Crater volume (Rear Side) vs. fiber amount

limits the deformation increasing the tensile strength of concrete. Spalling and scabbing were also
minimized by the positive effects of steel fibers. The dotted lines in these diagrams are indicative of
the general trend that needs to be established by additional tests.
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