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Abstract. Static loading and fluid impact tests on plates containing mesh reinforcement and polypropylene
fibers in ratios of 0 to 3% by volume were performed. The objective was to observe the effect of fluid mass
on the total impulse that caused the impact event and the influence of fiber amount on the impact resistance,
and to estimate the velocity of fluid that causes scabbing, perforation or total disintegration. The study is the
first to express the fluid impact resistance of polypropylene fiber reinforced concrete plates.
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1. Introduction

In 1960s, there was a big increase in the number of nuclear power plants in USA. Many of
these power plant facilities were built close to commercial or military airports. Safety of these
power plants against a possible accidental aircraft crash was of concern.

When a Boeing 707-320 strikes a structure with a fuel weight of almost one-third of its total
weight without cargo (28.8 tons/80.3 tons), the effect of fluid impact before combustion becomes
the major harmful parameter during impact (Flightglobal 2016). Riera (1968) presented a
formulation of a thin-walled cylinder representing an accidental impact of a large commercial
aircraft against a rigid surface at a velocity of 200 knots (370 km/s). Sugano et al. (1993) carried
out an experimental research, impact of a F-4 Phantom with an impact velocity of 215 m/s onto a
reinforced target. F-4 Phantom’s 4.8 tons of 19 ton- gross-weight was the weight of water. Their
aim was to record the dispersal of water, as representative for fuel, after impact.

Fluid-solid interaction is also an important issue in areas like safety of industrial facilities and
survivability of wing fuel tanks of aircrafts. This fact was studied both numerically and
experimentally by Sauer (2011), Varas et al. (2009) and Disimile et al. (2009). The hydrodynamic
ram, dangerously high pressure created by the energy transfer from an impacting projectile may
cause explosion of fuel tank joints, seams or walls that leads to loss of the structure. An aircraft
shot by small arms fire or even runway debris, as in the case of Concorde 203 F-BTSC which was
crashed after takeoff from Paris, impacted and penetrated the fuel tank and caused hydrodynamic
ram resulted by structural failure (Moussa et al. 1997).
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The airplane crashed onto Pentagon Building on September 11, 2001 was a Boeing 757-200,
which weighed approximately 82.34 tons, which 16.42 tons was fuel at the time of impact. The
impact speed was 460 knots~240 m/s. After the crash, 30 of the columns were missing, broken,
disconnected or had significant corruption, 28 of them had large deformation, heavy cracking and
spalling, and 26 of them had cracking and spalling but no significant corruption occured (Mlakar
et al. 20053, b).

The impact of a Boeing 767-200ER aircraft to World Trade Center | on September 11 was
analytically studied performing a finite-element modeling using LS-DYNA. 30 tons of fuel and 98
tons of dry mass of the aircraft were taken into account. SPH elements were used in modeling to
simulate fluid-structure interaction during the impact assuming no fire followed by the impact.
Impact velocity of the aircraft was 200 m/s. 52 columns of stories between 94 and 99 were heavily
damaged or core columns were destroyed. Impact caused a significant damage, but comparing the
effect of approximately 700°C temperature, it had a negligible effect in occurrence of instability
and initiating collapse of the steel structure (Irfanoglu and Hoffmann 2008). The damage inflicted
by aircraft impact on the insulation of the core framing was the dominant factor in the collapse of
the structure (Miamis et al. 2009). Impact analyses showed that if the aircraft did not have a full
fuel tank in the wing section, normal impact on the exterior wall of any of the WTC towers might
produce significant damage to the exterior columns but they might not fail at all. For the same
impact speed, impact by a fuel-filled aircraft wing section resulted in complete failure of the
exterior columns (Sunder 2005).

The collision between fluid-filled container and a structural barrier was studied both
experimentally and analytically by Pujol and Brachmann (2007). It was aimed to find out a simple
way to estimate the energy transferred to the barrier by the impacting liquid body. Experimental
study was performed by using thin aluminum cylindrical containers filled with beer. Maximum
projectile velocity was 90 m/s. The results showed that the energy transferred to the barrier could
be estimated if m/M.<<1 where m was the mass of the projectile, and M, was the effective mass of
the barrier. As it has been proved that the wings of an airplane filled with fuel may cause heavy
damage to a structure, this result was relevant to the design of structures to resist aircraft impact
(Sunder 2005, Mlakar 2003). This problem was also previously studied theoretically and
numerically by Xue and Wierzbicki (2003). High-speed impact of a liquid-filled cylinder onto a
rigid wall was observed. A closed-form solution from the principle of momentum conservation
was derived.

Finite element analysis is widely used by researchers to test the accuracy and fidelity of the
model built and to confirm the damage in structural impact tests (Micheli et al. 2015, Nouri et al.
2015, Dancygier 2009, Aghaei et al. 2015, Jankowiak et al. 2014, Korucu and Gilkan 2011,
Mazek and Mostafa 2014).

Great variety of impact tests were carried out using drop-weight impact instruments on
concrete specimens containing polypropylene fibers (Mindess and Vondran 1988, Barr and
Bourmata 1988, Badr et al. 2006, Nia et al. 2012, Nili and Afroughsabet 2010, Rahmani et al.
2012, Song et al. 2005, Manolis et al. 1997), polymer (Kantar and Anil 2012), steel fibers
(Perumal 2014) or no fibers (May et al. 2006).

No research on high-velocity fluid impact on concrete structures containing polypropylene
fibers was performed before. In this study, static loading and impact tests on plates containing
mesh reinforcement and polypropylene fibers in ratios of 0 to 3% by volume were performed at
the Bowen Laboratory for Large-scale Civil Engineering Research of Purdue University. The
effect of fluid mass on the impact event was observed and the velocity of fluid that caused
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Table 1 Mortar mix proportion

Material Ratio
Cement : Silica Fume : Superplasticizer 28.2:1:045
Water/Cement 0.32
Polypropylene Fibers 0%, 1 %, 2 %, 3% by volume

Fig. 1 Polypropylene fibers

scabbing, perforation or total disintegration was estimated. The study is the first to express the
fluid impact resistance of polypropylene fiber reinforced concrete plates. All the impact tests were
also modeled and simulated using LS-DYNA software and the results are presented in the
companion Part 11 of this study (Korucu 201X).

2. Preparation of specimens

For the experimental study, 20 fiber reinforced concrete plates were fabricated. These plates
were classified in four groups and each group had five identical plates, 254 mm in length and
width, and 25 mm in thickness. The reinforcement used in the plates was U.S. No. 16 gage steel
wires where the ¢16 wire had a diameter of 1.6 mm. It was configured as 14 #16 both in horizontal
and vertical directions with 18 mm spacing. Reinforcement ratio, p, was 0.0043. One specimen in
each group was subjected to static loading and the rest was impacted by fluid-filled cans.
Compression and tensile material tests were performed using six cylindrical specimens, 203 mm in
length and 102 mm in diameter, containing fiber amount equal to that in the corresponding plates.
Coarse aggregate was not used in the mixture because of dense placement of wires and fibers. All
the plates were cast using the same type and proportions of mortar. Mortar mix proportion is given
in Table 1. The specimens in the first group did not include any fibers as 1%, 2% and 3% of fibers
by volume added into the mortar in three groups, respectively. The polypropylene fibers used in
fabrication of specimens were BASF MasterFiber F70, fibrillated microsynthetic fiber. The fibers
were manufactured from 100% virgin homopolymer polypropylene resins. The product meets the
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Table 2 Physical properties of polypropylene fibers (BASF 2015)

Specific gravity 0.91
Modulus of elasticity 5.38.10* MPa
Tensile strength 300 MPa

Water absorption Nil
Percent elongation 13.1%
Length 19 mm
Equivalent diameter 0.66 mm

Fig. 2 Thin-walled cylindrical container

Table 3 Mechanical properties of ¢16 wire

Yield Stress (MPa) Young’s Modulus (MPa) Poisson’s Ratio Mass Density (kg/m®)
275.79 2.10° 0.3 7850

requirements of ASTM C 1116/C 1116M (BASF 2015). The fibers are shown in Fig. 1 and
physical properties are listed in Table 2.

Plates were casted using foam-board forms. The fresh concrete had been cured under 20£5°C
temperature and 95% of humidity for a week. Thin-walled cylindrical container is shown in Fig.2.
The mechanical properties of the wire are given in Table 3.

3. Experimental procedure
The experimental program was performed in three stages: material tests, static tests and impact

tests, in Bowen Laboratory of Purdue University. In each group, the first specimen was tested
statically and the rest four was subjected to fluid impact.
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Table 4 Results of compression and splitting tests

Group No Compressive Strength (MPa) Tensile Strength (MPa)
35.70 1.80
1 33.27 1.75
30.80 211
36.83 4.20
2 37.77 4.06
32.07 4.30
36.18 4.50
3 31.54 4.82
38.56 4.85
31.70 5.23
4 36.48 5.14
35.76 4.99

Support plate

Sebr lock 2224 kN
gt load cell

Fig. 3 The static test setup

3.1 Material tests

Six cylindrical specimens, 203 mm in length and 102 mm in diameter, were produced during
casting of concrete to determine the compressive and tensile strength of the concrete. Half of these
specimens were subjected to compression while the other half was tested in tension on the day of
impact tests. The specimens were formed by adding same amount of fibers as in the plates in each
group.

Both compression and splitting tests were carried out using a 2670 kN testing machine with a
resolution of 0.45 kN. The loading rate applied was 13.8 MPa/min for compression and 0.7
MPa/min for splitting tests. The test results are listed in Table 4.

3.2 Static tests

In order to obtain the flexural capacity of the plates, a distributed load at the mid-span line was
subjected to the mid-span of the beams by a 22.24 kN load cell fixed to a gear jack which is shown
in Figs. 3 and 5. The deflections were measured using linear variable differential transformers
(LVDTSs) which were located at the rear of the mid-span and quarter points of the plates. Plates
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() Post-test view of (a) P 4-1
Fig. 5 Static test results

were restrained against rotation along the top and bottom edges. The static test setup and support
conditions are shown in Figs. 3-4. Post-test views of statically loaded plates from both sides are
shown in Fig. 5. Load-displacement curves obtained at the mid-span are given in Fig. 6.

Higher fiber ratio improved the flexural strength of the plates as shown in Fig. 6. Specimen P
4-1 consisting 3% of fiber, had almost double the load capacity of P 1-1 specimen without fiber.
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Fig. 6 Load-displacement curves obtained from static tests

Table 5 Mechanical properties of aluminum

Yield Stress (MPa) Young’s Modulus (MPa) Poisson’s Ratio Mass Density (kg/m®)
275 6.9.10* 0.3 2750

3.3 Impact tests

In each group, four specimens were subjected to impact tests. Impacting projectiles were thin-
walled aluminum containers filled with water. These cylindrical containers had a length of 95 mm
and a diameter of 51 mm, and wall thickness of 0.05 mm. The average weight of the water in the
container was 185 g and the weight of the container was 9 g. The mechanical properties of the
aluminum are given in Table 5.

A helium gas gun was used as a launcher to accelerate the aluminum containers full of water to
the middle of plates. Support conditions were identical to those in static tests. In order to observe
the effects of different impact forces on the plates, the impact velocity was changed in each test.
LVDTs were not used because they deformed excessively and did not give reliable results due to
high impact velocity. Instead, impact event, crack formation and deformation were observed using
a high-speed camera which was capable of recording up to 250.000 frames per second. The high-
speed camera and laser triggered photo detectors were used to measure the impact velocity. As
more reliable results were obtained by the laser triggered photo detectors, estimates from them
were accepted as impact velocity where available. The test setup is shown in Fig. 7.

The weight of projectile, the impact velocities measured by camera and the laser triggered
photo detectors and the post-impact states observed are given in Table 6. The deformed shapes
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Table 6 Weight of projectile, impact velocities and post-impact states

Fig. 7 The impact test setup

No. V\/_eight of Impact Velocity (m/s) Post-Impact State
Projectile (9) Camera Laser

P12 188 107 101 Scabbing

P1-3 193 135 132 Perforation and total disintegration

P1-4 182 76 74 Scabbing

P1-5 186 99 94 Scabbing

P 2-2 185 78 70 Scabbing

P 2-3 179 141 136 Perforation with scabbing

P 2-4 182 98 97 Scabbing

P 2-5 188 133 130 Scabbing

P 3-2 191 138 136 Penetration with scabbing

P 3-3 191 171 167 Penetration with scabbing

P3-4 193 203 207 Perforation with scabbing

P3-5 190 196 190 Perforation with scabbing

P 4-2 190 123 125 Penetration with scabbing

P 4-3 191 163 N/A Perforation and total disintegration

P 4-4 190 165 161 Perforation with scabbing

P 4-5 193 N/A 183 Perforation with scabbing

obtained after impact event are shown in Figs. 8-11.
Taking a look at the compatibility of deformations and impact velocities as expected, higher
impact velocity always caused greater deformation on the specimens in each group.
Approximate perforation impact speed ranges for each group of specimens are given in Table 7.
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(P -4 ' (d)P 1-5

(c)pP24 (d)yP2-5
Fig. 9 Impact test results: Post-test views for front and rear sides

Perforation impact speed ranges show that increase in the fiber ratio increased the perforation
resistance of specimens except for Group 4. In Group 4, the higher fiber ratio of 3% was beyond
the optimum and caused a decrease in the strength.

Experiments also showed that the reinforcement wires were the significant members in the
specimens resisting the fluid impact. It was observed that wires showed a great performance
resisting the impact and even concrete was totally disintegrated, the wire mesh was only deformed,
not corrupted. It was observed that some reinforcing wires were pulled from connection points in
specimens subjected to higher impact velocities without fracture indicating that bond failure
occurred.

Comparing the disintegration type of P 1-3 where there was no fiber with other specimens in
Groups 2, 3 and 4, the effect of the polypropylene fibers can be seen clearly. Fibers prevented
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(©) P 44 (d) P 45
Fig. 11 Impact test results: Post-test views for front and rear sides

Table 7 Perforation speed ranges

Group Fiber Ratio (%) Speed Range (m/s)
1 0 101-132
2 1 130-136
3 2 167-190
4 3 125-161

disintegration and spalling significantly. Polypropylene fibers increased the tensile and shear
strength of concrete, especially where wires did not exist, and acted as a secondary reinforcement.
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4. Conclusions

Impact tests were performed to observe the effect of fluid mass on the total impulse that caused
the impact event on the plates containing polypropylene fibers and impact velocity of the projectile
in the failure mechanism. Plates showed better performance at low velocities, crushing developed
but perforation was avoided. At higher impact velocities full deformation, disintegration and
spalling were observed especially in specimens without polypropylene fibers. In static tests, all the
plates subjected failed in flexure.

Approximate minimum speed ranges were determined. The perforation speed increased as
amount of fibers increased from none to 1% by volume and 2% by volume. However penetration
speed for Group 4 showed a dramatic decrease. The reason for this behavior was interpreted as 3%
of fiber ratio was beyond the optimum.

Fibers helped avoiding total disintegration and the size of the scabbed area on the rear face
decreased with the increase in fiber ratio.

Reinforcing wires had positive effect in resisting the high value tensile and shear stresses which
come up with develop during impact loading.
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