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Abstract

Dynamic tests were performed on 64 polypropylene fiber reinforced concrete
(PFRC) specimens by the Split Hopkinson Pressure Bar (SHPB) with the
diameter of 74 mm. The dynamic stress-strain curves at the strain rate between
10 s and 10* s were obtained. The effects of the strain rate, fiber volume
content and static strength on dynamic compression strength were analyzed. The
penetration of the armor piercing (AP) projectile into the PFRC targets was
investigated experimentally, and simulated by the LS-DYNA. The parameters of
the Johnson-Homquist-Concrete (JHC) model were obtained by the SHPB test
data and other relevant experimental data. A good agreement between the
numerical predictions for the penetration depth and experimental data is
observed.

Keywords: polypropylene fiber reinforced concrete, SHPB, strain rate,
penetration, numerical simulation, LS-DYNA.

1 Introduction

It is well known that the addition of small amount of polypropylene fibers into
concrete can enhance the tensile and fatigue resistance and toughness of
concrete. Although the mechanical properties of PFRC have been investigated
intensively, and widely used in engineering, most of these investigations and
applications were only limited to the static case and low fiber volume contents
(0.05~0.3%)[1-4].

In this paper, the dynamic properties of PFRC with high fiber volume content
were studied experimentally by the SHPB with diameter of 74 mm. The strain
rate was in the range of 10' s to 107 s™'. The penetration of the 37 mm AP
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projectile into the PFRC targets was tested. The parameters of the
Johnson-Homquist-Concrete (JHC) model were obtained by the SHPB test data
and other relevant experimental data. And the penetration tests were simulated
numerically by the LS-DYNA.

2 SHPB test

2.1 Test equipment and specimens

The test equipment is a large-size Hopkinson pressure bar with variable
cross-sections. The strike bar and the pressure bar are made of alloy steel. The
diameter of the cross-section of the strike bar and small end of the input pulse
bar is 37mm, and the diameter of the cross-section of the large end of the input
pulse bar and the output pulse bar is 74 mm. To improve the precision of SHPB
test, latten is used at the small end of the input bar. It can elongate the rising time
of the incident wave and improve the wave pattern effectively.

The general size of the coarse aggregate in PFRC specimens was smaller than
usual experiments in order to reduce the size effect. There were 64 PFRC
specimens, classified into 8 groups based on the different fiber volume content
(py) and static compressive strength (og). Table 1 gives static strength and fiber
volume content of specimens. The diameter of PFRC specimens was 72 mm and
the thickness was 33 mm

Table 1: Static strength and fiber volume content of specimens.
Specimen| ppy | ppy | PR3 | PF4 | PF5 | PF6 | PF7 | PF8
group
o; (MPa) | 24 25 45 46 55 55 55 56
pr (%) | 0 1 1 2 1 1.5 1 0

2.2 Results and discussion

The SHPB test was conducted under 0.6 MPa and 1.0 MPa impact pressure
respectively, and dynamic stress-strain curve of each specimen was got. To
decrease the error induced by data dispersancy, the average value of the dynamic
stress-strain curves of each specimen group was adopted based on the same
impact air pressure. The experimental results of PF3 and PF5 are only presented
in Table 2, Table 3 and Figure 1, due to the limitation of space.

In Table 2, Table 3 and Figure 1, P is the impact pressure, ¢ is the strain rate,
¢ is the average strain rate, oy is the average dynamic compressive strength.
oy /oy denotes the ratio of dynamic compressive strength to static compressive
strength.

The curves in Figure 1 show that the elastic modulus keeps unchanged with
the rising of strain rate. The results in Table 2 and Table 3 show that o, /o
increases with the increasing of & .
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Figure 1: Dynamic strain-stress curves.
Table 2: Test results of specimen PF3.
Os Pr P € g o] o.lo
(MPa) | (%) | MPa) | (s) | (s") | (MPa) | "™
61 1.73
06 2 | 6 | 76 |12
64 1.78
67 1.56
45 1 87 1.84
95 1.78
1.0 111 108 82 1.96
119 1.80
127 1.87
Table 3: Test results of specimen PFS5.
s Pr P ¢ £ 4 oyl o
MPa) | (%) | MPa) | ") | (s | (MPa) | %'
45 1.78
0.6 49 44 104 1.87
38 2.00
64 2.29
55 ! 73 1.96
1.0 62 66 120 2.33
66 2.27
65 2.13
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Figure 2: Relationship between o,/0; and lg & .
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The relationship between o, /o, and Ig¢ is shown in Figure 2. The average
values of oy /oy , denoted by o,/0,, of each specimen group are given in

Table 4. The results in Figure 2 and Table 4 show that o, /oy decreases as pf
increase when ¢ and oy kept unchanged. For example, in the case of o; = 55
MPa and ¢ = 1.7, o;/0; reduces from 2.4 to 1.4 when p, increases from 0% to
1.5%. It is indicated that the addition of excessive fiber has a negative effect on
the dynamic compressive strength of PFRC. Bischoff gave experimental data
about the relationships between o;/0; and 1g ¢ of plain concrete [5 - 7]. Figure 3
shows both concrete test data given by Bischoff and PFRC test data by the
author. It is shown that PFRC has the same rate sensitivity with concrete.

Table 4: The average values of g;/c; of the specimens.
Specimen group | PF1 | PF2 | PF3 | PF4 | PF5 | PF6 | PF7 | PFS8
o, (MPa) 24 | 25 | 45 | 46 | 55 | 55 | 55 | 56
pr(%) 0 1 1 2 1 1.5 1 0
o,/ 0, 2351190178 | 1.45| 2.0 | 1.51 | 2.05 | 2.30
—— Fitting curve
X Common concrete by Bischoff
4F o PFRC by the author
+ Common concrete by the author
\b‘ﬂ
&2t
O 1 1 1 1 1 1
-8 6 4 2 0 2 4
log c
Figure 3: Relationship between o, /oy and Ig ¢ of concrete and PFRC.

3 Penetration test

The penetration of the 37 mm AP projectile, shown in Figure 4, into PFRC
targets with different fiber volume content were studied experimentally. The size
of PFRC target was 1000 mm in diameter and 200 mm in thickness, a steel plate
with 3 mm thick was adhere to the back of the target and 2 m thick soil bags
piled up at the back of the steel plate. The relevant parameters and results of
penetration tests are listed in Table 5.
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Figure 4: 37 mm AP.
Table 5: Penetration test results.
Soec pr o, Wei.gh;c. ;)f Velocity of | Penetration depth (cm)
ecimen| - ‘ S
P (%) |(MPa) prol(g "¢ Iprojectile (m/s)|  Test Numerical
PFP1 0 74.8 694 671 20.0 21.9
PFP2 695 436 13.0 12.7
0.2 88.2
PFP3 694 509 16.0 16.4
PFP4 697 419 10.3 11.9
0.3 | 88.0
PFP5 695 501 21.0 15.2

4 Numerical analysis

The penetration tests were simulated by the LS-DYNA dynamic finite element
analysis software. The projectile is made of 35CrMnSi alloy steel, it was hardly
deformed in the test and can be simulated by the rigid body. The steel plate was
simulated by elastoplastic model, and soil by elastic model. The relevant
parameters are given in Table 6.

Table 6: The model parameters of the projectile, soil and steel plate (unit in
cm-g-us-K).
Material | Density | 1 088, | PO | irongtn | modulu | parameter
Projectile | 5.88 2.1 0.2 — — —
Soil 155 |4.0x10° | 0.2 - - —
Steel plate| 7.8 2.1 0.2 3.1x107 0.21 1.0

The PFRC target was simulated by JHC model [8, 9], which is a widely-used
constitutive model for concrete subjected to large strain, high strain rate, and
high pressure. The influence of polypropylene fibers was considered when
determining the model parameters. The equivalent strength is expressed as a
function of the pressure, strain rate, and damage. The pressure is expressed as a
function of the volumetric strain and includes the effect of permanent crushing.
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The damage is accumulated as a function of the plastic volumetric strain,
equivalent plastic strain, and pressure.

The normalized equivalent stress is defined as o" =o/ f, where o is the

actual equivalent stress and f,' is the quasi-static uniaxial compressive strength.

The expression of the normalized equivalent stress ¢ is given as follows [9]
* N L%

o =[A1-D)+Bp" JN+Clné 1< S (1)
where D is the damage parameter (0<D<1), C is the material coefficient relevant
to strain rate, and 4 and B are material constant relevant to elastoplastic
deformation.

The JHC model accumulates damage from both equivalent plastic strain and
plastic volumetric strain, and damage parameter is expressed as

D=)—

Ag, +Au
a )

+ ul K
where Ae, and Ay, are the equivalent plastic strain and plastic volumetric

strain respectively during a cycle of integration, and & +u/ = f(p) is the

plastic strain at the fracture under a constant pressure p, expressed by
&) +ul = f(p)=Dy(p"+T")" 3)

where D, and D, are constants, p =p/f/ and T =T/f!. The detail

description of the JHC model can be found in reference [9].
The relationship between plastic strain and plastic volumetric strain under the
uniaxial stress state is expressed as

=42 —)=0+2me] )

p =1/2 and a-pf =0.014 may be given by the SHPB test data. Therefore, D, can

be expressed as follows from the equation (3) and equation (4)

21+ p)e!
Dy =——— (5)

(p +7)™
D,=1.0, T° = 0.083 and x = 0.2 can be given by Bischoff’s test data [7].
Hence, the value of D, can be got as D; = 0.058. The other parameters of PFRC

are taken the same with concrete. Taking target PFP4 for example, the model
parameters of PFRC are given in Table 7. The detail expressions of these
parameters can be found in LS-DYNA keyword user’s manual [10].

In addition, the material constant relevant to strain rate C can be determined
by Figure 3, the result is C = 0.007.

Figure 5 show the analytical model and discretizated by axial symmetry
element. The number of the element for the projectile, target, steel plate and soil
bags are 214, 23798, 354 and 62604, respectively.
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Table 7: The JHC model parameters of PFRC (unit: cm-g-us-K).
Parameter Value Parameter Value
RO 2.44 SFMAX 7.0
G 0.176 PC 2.667x10™
A 0.79 ucC 1.34x10°
B 1.60 PL 1.05x107
C 0.007 UL 0.1
N 0.61 D, 0.058
FC 8.0x10™ D, 1.0
T 5.0x107 K, 0.174
EPSO 1x10°° K, 0.388
EFMIN 0.01 K; 0.298
j Projectile

Concrete target

200

Steel plate
[
Soil S
)
} 500 |
Figure 5: Analytical model (unit: mm).

The numerical analytical results of the penetration depth by LS-DYNA
software were shown in Table 5. A good agreement between the numerical
results and experimental data is observed. It is demonstrated that the penetration
of projectile into PFRC targets can be simulated by LS-DYNA based on the JHC
model.

5 Conclusions

The following conclusions can be made according to the above experimental and
numerical investigations.

(1) The value of dynamic compressive strength o, and o, /oy increase with the
increasing of ¢. However, the addition of excessive fiber may decrease the
dynamic compressive strength of PFRC.

(2) PFRC has the same strain-rate sensitive with concrete. In the strain rate range
of 10! s and 10? 5!, the value of o, /o, of PFRC is almost the same as that of
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concrete. Therefore, the data of strain-rate sensitivity of concrete are suggested
to adopted when the test data of PFRC are insufficient.

(3) The numerical predictions for the penetration depth agree well with the
experimental data. The penetration of projectile into PFRC targets can be
simulated by LS-DYNA based on the JHC model. However, The material
parameters in the JHC model should be carefully determined based on the
relevant test data and the effects of polypropylene fiber reinforcement on the
material parameters should be reasonably considered, in order to numerical
simulation of penetration of projectile into PFRC targets.
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