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ABSTRACT

For protective concrete structures, high-performance fiber reinforced cementitious
composites (HPFRCC) has been developed with compressive strength of 180 MPa.
Bullet proof tests were conducted with 12.7mm armor piercing bullets. Test results
showed that HPFRCC has more than two times higher bullet proof capacity than
normal concrete with compressive strength of 24 MPa. Computational analysis was
also conducted by LS-Dyna with Mat72R3 model of which material parameters were
modified for HPFRCC, and showed good agreement with test results.

1. INTRODUCTION

Concrete has been most widely used not only for modern social infrastructures
but also for military protective structures. While normal strength concrete can provide
sufficient structural resistance against external loads and forces, structural member
would become very thick to ensure the protection against extremely high impact loads
such as blast and projectile impact. The thickness increase of structural members
would induce problems such as cracking due to hydration heat and the reduction of
open spaces inside structures. With these reasons, for designing protective concrete
structures, many researches has been being conducted to enhance the protection
capacity with less increase of the structural thickness. Previous studies developed
HPFRCC mixtures to replace the normal concrete with higher resistance against blast
and impact loads, and series of experiments were conducted to obtain the material
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characteristics. This study introduces the characteristics of HPFRCC under high strain
rate and shows the development of material model of HPFRCC for computational
analysis. To evaluate the bullet proof capacity of HPFRCC, gun-fire tests with 12.7mm
armor piercing bullet were conducted, and the test results were compared with the
computational analysis.

2. MATERIAL CHARACTERISTICS OF HPFRCC

HPFRCC has been developed to provide higher strength and toughness than
normal concrete for the applications to protective structures. Based on these
purposes, mixture proportions were designed and series of tests were made to
evaluate the material properties (KICT 2017). With experimental data, material model
of HPFRCC was made for computational analysis especially for the projectile impact
conditions.

2.1 Material Properties of HPFRCC

For HPFRCC mixtures, ordinary Portland cement, fine aggregates with grain size
smaller than 0.5 mm, silica fume (SF), class F fly ash, and polycarbonate
superplasticizer are adopted. Table 1 lists the chemical properties of the binders used
for mixtures.

TABLE 1: Chemical properties of materials used in the HPFRCC mixes.

Composition % (mass) Cement* Slluzg;l;me FI()EZ?h
SiO; 21.01 96.00 3.80
Al,O3 6.40 0.25 16.60
Fe,03 3.12 0.12 5.58
CaO 61.33 0.38 -
MgO 3.02 0.10 0.82
SO3 2.30 - 0.51
Loss ignition (%) 1.40 1.50 3.82
Specific surface (cm?/g) 3,413 200,000 3,850
Density (g/cm?®) 3.15 2.10 2.13

*Type I Portland cement

To accomplish the target compressive strength of 180 MPa, W/B of 20%, sand
from Australia (SiO, 98%) and filler with grain size of 4 ym are adopted. In addition,
for the purpose of toughness increase, steel fiber of which physical properties are listed
in Table 2 is admixed with the volume fraction of 2%. Table 3 shows the mix
proportions used for the fabrication of HPFRCC
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TABLE 2: Properties of steel fiber.

Type of Density Tensile Elastic Diameter Length Aspect ratio
fi 3 strength modulus 1d
iber  (kg/cm®) (MPa) (GPa) (mm)  (mm) (I/ds )
Straight 78 2,500 127.5 0.2 13 65

fiber
Where, |; = length of fiber, d: = diameter of fiber

TABLE 3: Mix proportions of HPFRCC (in weight ratio to cement).

Silica
W/B Cement fume 3N Ejer sang sp  Steel  Flow
(SF) (FA) fiber (mm)
0.30
0-2 1 0.25 0 (4 gm 110 0012 Vi=2% 220

Where, V¢ = volume fraction of fiber

The static-mechanical properties of HPFRCC were obtained in previous studies
and the representative values are listed in table 4 (KICT 2019).

TABLE 4: Static-mechanical properties of HPFRCC.

. Direct- . Flexural Strength (MPa)
Compressive ; Elastic —
Tensile Initial
strength modulus Max.
[MPa] Strength (GPa) crack strength
[MPa] strength 9
197.8 16.5 47.1 - 32.7

2.2 Strain Rate Dependent Characteristics of HPFRCC
Split Hopkinson Pressure Bar (SHPB) Tests were conducted for the evaluation of

failure characteristics of HPFRCC under compressive impact. Fig. 1 shows the SHPB
test apparatuses used for this study. The diameter of the HPFRCC sample for SHPB
test is 45mm and the calculation procedures for strain rate and stress-strain
relationships can be followed with Eq. (1)~(4). More details of SHPB Test can be
found in a reference (Marais et al. 2004).

G, eg(t)

&(t) =
L (1)
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e(t) = —2Cq }gR (t)dt
s 0 (2)
A
ot)=E; —&r (1)
A @3)
c,- [E
P (4)

Where, é= strain rate, e = strain at reflected bar, er= strain at transmitter bar,
Ls= sample length, E,= elastic modulus of bar, A,= cross sectional area of bar, Ag=
cross sectional area of sample.

Fig. 2 shows an example of stress-strain curve which was calculated from the
SHPB test results for HPFRCC. As can be seen clearly in Fig. 2, compressive
strength and stiffness of HPFRCC with strain rate at 237 /s increased comparing with
those of static loading condition.
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Fig. 1 SHPB Testing Apparatus Fig. 2 Strain Rate Dependent Stress-
Strain Relationships (Compression)

Fig. 3 shows the dynamic increase factor (DIF) which is the ratio of the dynamic
compressive strength to the static compressive strength. To calculate the DIF
correctly, it is important to use the static compressive strength which is tested using
the same size of the HPFRCC specimen for SHPB tests. For this reason, there exist

two static compressive strengths; one is 193.5 MPa with 100x200mm specimens

and the other one is 227.4 MPa with ®45x45mm specimens.
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Fig. 3 DIF of HPFRCC (Compression)

For the evaluations of tensile failure of HPFRCC under high strain rate impact,
improved strain energy frame impact machine (I-SEFIM) was used for this study (Fig.
4). The testing methods and calculation procedures can be found in the reference
(Park et al. 2016, Ngo et al. 2018). Fig. 5 and 6 show the stress-strain relationships
and DIF of HPFRCC under tensile impacts that were obtained from the previous study
(Park et al. 2016, Malvar and Ross 1998).

Improved energy frame Improved H i
- Type 1: Steel energy frame with 30 mm dia. -mxinmm ycg?:ufy'af;so KN

- Type 2: Steel energy frame with 45 mm dia.
- Type 3: Titanium energy frame with 30 mm dia.

Fig. 4 Improved Strain Energy Frame Impact Machine (I-SEFIM)



The 2019 World Congress on
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

50 4
—0—0.000333 /s @ Test Results i
—1—20-60/s H 1
——60-100 /s 35 |1 f
40 —%—100- 150 /s 1
- !
o — 1
= c 3+ 1
~ 30 2 !
% wn
< S 25l
5 -
@ 20 L
% = 2l
= 10
15|
of w ‘ | =g = . ‘
0 1 2 3 4 5 0.00010.001 001 01 1 10 100 1000
Strain (% .
(%) Strain rate (/s)
Fig. 5 Strain Rate Dependent Stress- Fig. 6 DIF (Tension)

Strain Relationships (Tension)

2.3 Material Model of HPFRCC for Computational Analysis

For computational analysis regarding the impact loading conditions, LS-Dyna has
been used for this study and K&C concrete material model (MAT72R3, Malvar et al.
1994, 1997, Malvar and Ross 1998, LSTC 2017) was used for HPFRCC mixture.
Because HPFRCC has its own mechanical characteristics, parametric studies was
performed to calibrate the material model. Basically, three categories in K&C concrete
material model were adjusted for HPFRCC. First, the failure surface parameters were
interpolated from the value of 50 MPa concrete as proposed by Markovich et al. (2009)
and the selected values were listed in Table 5. And the damage function was fitted by
the stress-strain relations under static loading condition from the experimental results
(Table 6). Finally, the equation of state (EOS) which represents the volumetric
behavior was determined according to Unosson (2000) method (Table 7).

TABLE 5: Failure surface parameters for K&C concrete material Model

Residual failure
surface

Ao a; az Aoy Ay day aif Aot
50 14 0.4195 0.00258 9.08 0.6448 0.003978 0.4635 0.00241
180 50.4 0.4195 0.000717 32.688 0.6448 0.001105 0.4635 0.00066944

fe Maximum failure surface Yield failure surface
(MPa)
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TABLE 6: Input data of the damage function for K&C concrete material model

No A n

1 0 0.000
2 7.42E-06 0.022
3 4.07E-05 0.068
4 0.000104 0.158
5 0.000305 0.437
6 0.000459 0.637
7 0.000505 0.693
8 0.000782 1.000
9 0.000794 0.997
10 0.001112 0.630
11 0.001271 0.442
12 0.00143 0.260
13 0.001668 0.000

TABLE 7: Input data of EOS

ey Pressure (p)
0 0
-0.007 234
-0.029 240
-0.051 390
-0.0628 565
-0.0726 737
-0.1444 2000
-0.2162 3263
-0.288 4526
-0.3597 5789

After setting up the basic material model for HPFRCC, the damage scaling
parameters b;, by, and bz were determined as b;=1.2, b,=9, and b3;=10 comparing with
the experimental data of stress-strain curves under static loading conditions. The
strain rate effects (DIF values obtained from experiments) were applied to the material
model using the LCRATE option in the K&C concrete material model (Table 8). More
detailed information of the model development for HPFRCC can be found in the KICT
report (2019).
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TABLE 8: Dynamic increase factors for HPFRCC

Strain rate (1/sec) DIF
-250 3.2
-171 2.8

-70 2.0
-50 1.8
-30 15
-10 1.3
-0.127 1.0
0 1.0
167 1.45
237 1.63

3. BULLET PROOF TESTS AND SIMULATION RESULTS

Bullet proof tests were conducted with a machine gun which used 12.7 mm armor
piercing bullets. For comparisons, concrete with 24 MPa of compressive strength and
HPFRCC were used for manufacturing target specimens. Also, two types of specimen
thickness with different steel bar reinforcements of 100 and 250 mm were applied.
Each specimen has the front surface area of 1,500x1,500 mm and supported by H-
beam frame (Fig. 7)

The impact failure mechanism of brittle materials such as concrete caused by a
projectile crash is described in Fig. 8: (a) penetration occurs at the front surface subject
to impact which leads (b) the rear side to experience bending deflection together with
the propagation of shear and tensile impact waves; in case of large impact force, (c)
spalling may occur on the front side and (d) scabbing on the rear side or, in more
severe case, (e) perforation throughout the wall (Kennedy R.P. 1976, Sugano T. et al.
1993).
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Fig. 7 Target Specimens for Bullet Proof Tests
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Fig. 8 Concrete failure pattern by impact : (a) Penetration, (b) Bending deflection,
(c) Spalling, (d) Scabbing, (e) Perforation.

The impact velocities of the bullets at the target fronts were about 550~600 m/s
that were obtained by image analysis with high-speed camera. Test results showed
that, perfect perforations happened at the normal strength concrete specimens with
100 mm thickness, and the average penetration depth was about 130 mm with 250 mm
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thickness specimens. In the case of HPFRCC specimens, no perforation happened
and the penetration depths were 65~88 mm (Fig. 9, 10).

 a Poe |
- e

e ® a e
(a) Front (b) Back
Fig. 9 Bullet Proof Test Results (24 MPa Concrete, T=100 mm)

(a) Front (b) Back
Fig. 10 Bullet Proof Test Results (HPFRCC, T=100 mm)

m’

(a) Normal Concrete " (b) HPFRCC
Fig. 11 Spalling areas in Front of the Target Specimens
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In the cases of spalling and scabbing, about ®130 mm spalling and scabbing
areas were observed at the normal strength concrete specimens. HPFRCC
specimens showed spalling areas smaller than ®100 mm (Fig. 11) due to the
existence of steel fibers that tightened the cement matrix.

Computational simulations were conducted with the developed material model for
HPFRCC. For simplicity, only bullet core is used as the impact projectile for
simulations. Also, for stability of the computational analysis, the sharp head of the bullet
core was flattened as shown in Fig.12. The meshed element size for HPFRCC was
2x2x2 mm and solid element type was used.

Fig. 12 Mesh for Computational Simulations

Fig. 13 shows the simulation results when 550 m/s of the bullet core velocity was
applied, and the penetration depth was 66 mm. Also, when 600m/s was applied for
simulations, the penetration depth was 72 mm. While there exist differences between
the test results and computer simulations, it was acceptable to use the developed
material model for HPFRCC regarding the reasonably small differences between test
and simulation results and the uncertainties of the real tests. The uncertainties of
bullet proof tests were such as inclined bullet impacts, different bullet velocities,
exclusion of bullet jacket in simulations etc. Further studies are in progress to
investigate the various impact conditions.
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Fig. 13 Computational Result of the Bullet Core Projectile Penetration into HPFRCC

4. CONCLUSIONS

This study was conducted to evaluate the bullet proof performance of HPFRCC
which has been developed for the applications to protective structures. 12.7 mm
armor piercing bullets were used for the tests and the results showed that HPFRCC
has much better bullet proof performance compared with normal strength concrete.
Also, for computational simulations, a material model for HPFRCC was developed
based on K&C concrete model (MAT72R3 in LS-Dyna) by parametric study. With the
developed material model, bullet proof simulations were conducted and the simulation
results showed acceptable agreements with test results. While the material model for
HPFRCC is still needed to be updated for better match with the mechanical
characteristics of HPFRCC, it was verified to be used for the pre-analysis of the validity
and applicability of HPFRCC for protective structures.
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