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ABSTRACT:The impact resistance of fibre reinforced concrete was investigated using a Taylor impact
test.Striking velocities up to 31 m/s were applied. The four types of fibre was used: carbon,polypropylene,
aramid and wollastenite. The results showed that the dynamic compressive strength increased with the
striking velocity. The highest rate sensitivity was reported for carbon and polypropylene fibres.The
addition of aramidfibres did not led to the increase of the compressive strength in comparison with the
unreinforced concrete. The dynamic compressive strength lies between static compressive strength and
the dynamic strength evaluated using a Split Hopkinson Pressure Bar technique. Qualitative features of
the specimen damage were studied using high speed camera.
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I. INTRODUCTION.

Concrete — like materials (concrete,mortar,and geo-materials) are widely used in civil and military
engineering structures. These structures might be exposed to the intensive dynamic loads (e.g. explosions and
impact).The understanding the mechanical properties of these materials is just subject of a great interest. It is
well known that the concrete — like materials exhibit significant brittleness which increases with the increasing
loading rate (strain or stress rate). The reduction of the brittleness may be achieved by the addition of fibres to
concrete [1-3].The mechanical properties of the fibre reinforced concrete under impact loading are reviewed in
[4].In this paper the main experimental methods using for the material response to the dynamic loading are
reviewed, including methods based on stress wave propagation, in which a stress wave is generated and
propagated through a long steel bar and impacts the specimens (i.e., the Split Hopkinson pressure bar (SHPB)
test [5,6].

In the given paper the experimental procedure known as the Taylor test is used for the study of high
strain rate behaviour of fibre reinforced concrete. The original Taylor test consists in the axial impact of a
cylindrical rod against a flat rigid anvil. [7].This technique is widely used to study the deformationand fracture
behaviour of materials at large strains and rates of strain up to 10° s, and to provide data for the validation of
constitutive and failure algorithms used in numerical codes. This experimental method is used mostly forthe
high strain rate testing of metallic materials [8, 9] and polymers [10-12]. The use of this method in the study of
dynamic response of brittle materials to impact loading is very limited, e.g. this method is not involved in the
review of experimental methods used for the testing of dynamic behaviour of brittle materials [13]. There
areonly some papers dealing with the deformation and fracture behaviour of glasses[14, 15] [and ceramics [16].

The aim of the present paper is to study fracture behaviour of fibre reinforced concrete materials using
the Taylor test and the comparison of these results withour previous achievements obtained using of the most
common tests like dynamic compression of the specimens using of the Hopkinson Split Pressure Bar [17] and
dynamic tension using of the indirect tensile test (Brazilian test) [18]. The concrete specimens with carbon,
aramid, polypropylene and wollastonite fibers have been tested. The details of the specimen damage
development during the Taylor test were studied using the high speed camera.

Il. MATERIAL AND EXPERIMENTAL PROCEDURE.
For the experiments specimens with various dispersed micro-fibre reinforcement were prepared. The
basic material consists of fine SiO, sand with grain size of 0 — 0.5 mm, cement CEM 52.5R and water.
Superplastizer Glenium 422 was added to achieve good workability with low water/binder ratio. High dosage of
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silica fume Elkem 940U was used to reach an optimum of packing density. The composition of this basic
mixture is given in the Table I.

Table 1. The composition of the basic mixture (MATERIAL REF).

Cement CEM 52.5R | SiO, (kgm™) Silica fume (kgm?) Superplastizer (kgm™) Water (kgm™®)
(kgm™)
990 670 78 10 320

The used fibres and their amount in particular composite are described in the Table II.

Table 11.Composites description.

Composite designation Fibre Fibre amount Length/Diameter of the fibre Fibre density
(vol %) (mm/um) (kgm™®)
MATERIAL A aramid 15 1/12 1400
MATERIAL C Carbon PAN 15 2/12 1760
MATERIAL P Polypropylene 15 2.2/15 910
MATERIAL W Wollastonite 2.0 0.3/9 2800

The details of mixing procedure are described e.g. in [16].

The mechanical parameters — compressive and flexural strength were obtained using universal strength
testing machine TIRAtest 2710, R58/02. The compressive and flexural load was applied in quasi-static
conditions at the speed of 5 mm/min. The dynamic mechanical properties were obtained using of the Hopkinson
Split Pressure Bar technique (HSPBT). This experimental technique was also used for the evaluation of the
tensile — splitting strength. Detail description of this procedure can be found in [16, 20].

For Taylor test experiments the cylindrical specimen (15 mm in diameter and 50 mm in length) were
cast. The specimens were striking against an elastic bar instead of a rigid anvil as in the classical Taylor test. This
experimental arrangement is also known as Taylor cylinder — Hopkinson bar impact experiment [20].The
experimental set up is shown in the Fig.1. This arrangement enables to record a time history of the stress
originated from the specimen impact.
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Figurel: Schematic of the experimental set — up.

The recorded stress pulse o, (t) is characterized by the following main parameters:
Maximum of the stress (amplitude) o,

Impulse I = fo'1 o;(t)dt,where X is the stress pulse duration

Energy of the stress pulse w; = % fo’1 of (t)dt,where Z is the acoustic impedance of the bar (Z = material density
x longitudional elastic wave velocity).

In our experiments the bar was 1000 mm long, 15 mm in diameter and made from the high strength
steel, Z = 40.8425 MPas/m.

In order to obtain information on the specimen behavior impacts themselves were monitored by high
speed photography, using PHOTRON FASTCAM SA-Z type 2100K-M, Frame Rate 210000fps, Shutter Speed
1.00 ps and Resolution 384x160 dpi. All experiments were performed at the room temperature.
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I11. RESULTS AND DISCUSSION.

In this study, a total of 31 experiments were conducted on fibre reinforced concrete rods .These rods
(specimens) were striking against the elastic bar.Striking velocities up to 31 m/s were used. Immediately after a
Taylor impact a longitudinal stress wave is formed and propagates both into the elastic (Hopkinson) bar and into
the specimen. This wave is recorded in the Hopkinson bar which remains in one - dimensional stress state. As
described e.g. in [14],in Taylor experiments the material undergoes a transition from an initial one —
dimensional strain atthe impact face, to a state of one — dimensional stress. The specimen (rod) response to the
impactstarts as elastic. The maximum stress (amplitude) of this wave increases with the increase in striking
velocity. If the stress is large enough thespecimen damage starts at the interface between the specimen and
Hopkinson bar.The compressive stress pulse in the specimen propagates to itsfree end. Its reflection causes
tensile wave to be generated which can caused tensile damage known as spalling [21].

In the Fig.2 example of the experimental records of the stress pulses o obtained for different striking
velocities is displayed.
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Figure2: Time histories of the stress pulses o, (t) recorded in the Hopkinson bar for different striking
velocities of the specimen impact. Material W.

It can be seen that the increase in the striking velocity leads to the increase in the maximum of the stress
(amplitude). The qualitative feature of the stress pulse remains unchanged with an exception of the striking
velocity =25 m/s.

The stress pulses recorded during the Taylor impact tests for all tested materials are presented in the
Fig.3.
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Figure3:Experimental records of the stress — time history recorded in the Hopkinson bar during
the Taylor impact test.
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One can see that there are some small differences in qualitative features of the stress time records for
the tested materials. The specimen damage was observednearly for all striking velocities. The only exception is
the specimen of the material P at the striking velocity 7.8 m/s.

The effect of the striking velocity on the damage extent was evaluated at the threedifferent times. These
times are designated by the vertical lines: a,b and c in the Fig.2. The position a (t= 14.28 us) occurs before the
stress reaches its maximum value (amplitude). The position b (t = 23.81 us) lies near of the stress pulse
amplitude and the position ¢ (t = 52.38 ps) nearly corresponds the end of the loading.

The damage of the specimen which develops during the stress risingis shown in the Fig.4a.

v=6.5 m/s

Figureda:the development of the specimen damage at different striking velocities. Position a. Material
W.The impact comes from the left side.
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At the low striking velocities the damage starts near of the contact between the specimen and elastic
bar. The specimen damage occurs in formof cracks at the specimen — bar interface. The increase of this velocity
leads to the development ofthese ,,axial“cracks.Their origin is probably caused by the stress connected with the
specimen radial extension. The increase of the striking velocity leads to the more extensive damage of the
frontal part of the specimen. At the highest used striking velocity the extensive specimen damage of the frontal
part of the specimen wasreported. Nearly no spall damage of the specimen was observed. The only exception is
damage for the striking velocity = 11.5 m/s when some incipient spall at the rear part of the specimen was
observed.

The specimen damage occurring near of the stress pulse maximum is documented in the Fig.4b.

v=06.5 m-s

Figuredb:The development of the specimen damage at its different striking velocities. Position b. Material W.

It is evident that the increase of the stress leads to the growth of the damage shown in the previous Fig.4a and to
the development of the spall damage.

The effect of the striking velocity on the specimen damage developmentat the end of the loading is documented
in the Fig. 4c.
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v=6.5 m/s

Figure4c: The development of the specimen damage at its different striking velocities. Position c. Material W.

The spall of the specimen starts at the minimum of the impact velocity. The small increase in the
striking velocity leads to significant increase in the spall extent. The spall fracture may be also reported for the
velocity of 31 m/s. The occurrence of the spall fracture for remaining impact velocities,i.e. 21 and 25 m/s is not
to evident.At the small striking velocities the specimen damage at the impacted face is of small extent. The main
damage isthan in form of the spall.

Spall fracture damage was also reported for the specimen striking the Hopkinson bar with velocity 16
m/s.The development of the damage of this specimen is shown in the Fig.5.
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Figure5:High- speed photographic sequence of Taylor experiment performed at impact velocity 16
m/s. Labels indicate time (in us) after impact.Striking velocity = 16 m/s.Material W.

The specimen damage starts at the impacted face of the specimen. The extent of this damage growths in
time and it is followed by the spall damage which starts between 42.86 and 61.9 ps. The remaining two figures
corresponds to the back specimen movement. During this movement the separation of the specimen along the
spall plane is visible.

The stress pulse can be characterized by three parameters: maximum of the stress (amplitude), Gm,
impulse I and energy w; described in the chapter 2. In the Fig.6 the dependence of the stress pulse amplitude on
the striking velocity is plotted.
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Figure6: Effect of the specimen striking velocity on the stress pulse amplitude.
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The stress pulse maximum increases with the striking velocity. For the brittle material, this peak stress
is defined as the dynamic compressive strength. [23]. If the specimen remains undamaged the maximum of the
stress,omax, reported in the Hopkinson (elastic) bar can be estimated using one dimensional elastic wave theory
[22] . According to this theory the maximum of the stress depends on the striking velocity V,as:

AgZsZ
Onmax — m SRR R N R T R (1)
where A is the cross- sectional area and Z is the acoustic impedance and the subscripts ,,s“refers to the striker
and ,,b“the Hopkinson bar. In our experimental arrangement As = Ay.In the Fig.6 the maximum values of stress
evaluated using Eq. (5) are plotted. The value of concrete acoustic impedance Z; = 8.62 MPas/m was used [21].
Using this value of Z; the Eq. (5) is:

Omax = 7118V oo 2)
The experimental points V,, omax Can be fitted as:

Omax = A+ DV, oo, 3)
Parameters a, b are given in the Table IlI.

Table I11. Parameters of the Eq. (7).R? is the square of the correlation between response values and
predicted values.

MATERIAL a (MPa) b (MPas/m) R?
REF 105.4 2.767 0.9835
A 35.1 5.424 0.8469
W 45,72 5.719 0.9832
P 49.96 5.923 0.9824
C 38.92 6.917 0.9191

If we take parameter b as a measure of the strength rate sensitivity the order of the materials is:
REF AW P.C 4)

The rate sensitivity of the damaged specimens is lower than in the case of pure elastic response.

In the given figure the values of static compressive strength, o5 and dynamic compressive strength, oq, are also
shown. It is evident that with exception of striking velocity 31 m/s the values of the compressive strength
evaluated of basic material REF is much lower in comparison with fibre reinforced materials. The rate
dependence of the strength of material A is more complicated. With exception of material A, the values of
maximum stress reported in the Fig.6 lie mostly above the line cpay (Vo).

The sensitivity of the compressive strength to the loading rate is higher for the fibre reinforced concrete
than for the basic material. With the exception of the material A, all fibre reinforced materials exhibit higher
values of the stress pulse amplitude,i.e. dynamic strength, than the unreinforced material (REF). Very similar
conclusions were reported for the impulse and energy — see Figs. 7 and 8.
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Figure7: Effect of the specimen striking velocity on the impulse of o (t).
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Figure8: Effect of the specimen striking velocity on the energy of o (t).

Owing to scatter of data the mutual comparison may be performed for the same value of striking velocity. This
comparison was performed for the striking velocity v = 27 m/.The characteristics of the materialresponse in the
time domain are displayed in the Fig.9.
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Figure9: Comparison of different stress pulse characteristics of the tested materials. Striking velocity = 27

m/s.

Results show that the order of tested materials from the lowest to the highest value of the stress pulse maximum
(dynamic strength) is similar as in the case of the strength rate sensitivity, i.e. :

A, REF, W, P, C

The maximum value of the compressive strength exhibits thematerial C (carbonfibres). The relative high value
of dynamic compressive strength of material P (polypropylene fibres) is unexpected because most of up to
known results show that the effect of addition of these fibres exhibits insignificant effect on the compressive
strength owing to their low elastic modulus[24].
In the Fig.10 the values of the dynamic compressive strength evaluated using Taylor test and values of
static strength and dynamic strengthare plotted. The static and dynamic strengths (SHPB) were obtained in [17].
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Figurel0: Compressive strength of the tested materials obtained using different experimental method.

The dynamic compressive strength (SHPB) was evaluated at the strain rate about 1600 s™.
The order of materials according to the values of their compressive strength is:
Quasi static loading:

REF.CPW,A e (6)
Dynamic (SHPB method):

PACWREF ... e, @)

The use of the different methods of the dynamic loading, i.e. Taylor test and SHPB test leads to quite different
results - see Egs. (5) and (7).

In order to give some more detail view on the behaviour of tested materials the development of the
specimen damage was evaluated at the times a, b, ¢ - see Fig.2. Results are presented in the Figs.11a-e.
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Figurella: Development of the specimen damage during impact loading of the specimen. Material
REF.Striking velocity 27 m/s.
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The damage develops in form of some axial cracks. The distribution of the damage is not symmetric
along the specimen axis. These cracks can be a consequence of the specimen radial expansion at the specimen —
Hopkinson bar interface. No spall damage was observed. It means the damage of the specimen leads to the
decrease of the stress below the spall strength.
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Figurellb: Development of the specimen damage during impact loading of the specimen. Material A.
Striking velocity 27 m/s.

The specimen damage is significantly lower than in the previous case. The cracks look like a spall.
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Figurellc: Development of the specimen damage during impact loading of the specimen. Material W.
Striking velocity 27 m/s.
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The specimen damage is in the formof a fragmentation, namely in the frontal part of the specimen.
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Figurelld: Development of the specimen damage during impact loading of the specimen. Material P.
Striking velocity 27 m/s.

The specimen damage is lower than in the foregoing cases. The damage is in the form of some thin axial cracks.
The specimen appear to expand as comminutematerial moves radially outwards.
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Figurelle: Development of the specimen damage during impact loading of the specimen. Material C.
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The specimen damage develops mostly in the form of a multiple spall fracture. Some comminution at the impact
face of the specimen may be also reported.

Results presented in the Figs 11a-e show that the qualitative features of the specimen damage are
different for the different materials. The extent of the final specimen damage reportedin time 52. 38 (position
c) shows that the material A is more resistant to the impact loading that the material W. It means there is some
change in the order of materials given by the Eq. (9). The Taylor impact of the specimen on the elastic bar leads
to its spalldamage and more or less fragmentation of its frontalpart.

The effect of the striking velocity on the final specimen damage is presented in the Figs.12a-c.

v=7.9m/s

w
Figurel2a: Final damage of the specimen after Taylor impact. Material A (left part) and material
REF (right part).

One can see the final damage of the specimen (material A) exhibits spall fracture. If take into account
the results shown in the Fig.11b it is obvious that the spall was increased namely during the unloading part of
the stress pulse. The material REF is damaged in the formof a fracture near of the contact specimen —bar. The
increase in the striking velocity leads to the development of the spall fracture and heavily damaged frontal part
of the specimen. The next increase in the striking velocity leads to some comminution of materials of the
specimen frontal part and to the development of a multiple spallfracture.
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v=14.4 m/s

v=21 m/s

Figurel2b: Final damage of the specimen after Taylor impact. Material C (left part) and material
P (right part).

At the striking velocity up to 21 m/s,the damage of material C (carbon fibre) is in the form of spall
fracture with nearly no damage of the specimen frontal part. The increase in the striking velocity leads to the
damage of the frontal part and to the spall fracture. The spall fracture of the specimen made from material P
(polypropylene fibres) starts at the higher striking velocity than that at specimen made from the material C. This
observation is in agreement with some findings that the Polypropylene fibres can improve the tensile strength of
the concrete [24]. The damage increase with the striking velocity and it is similar like in the case of material C.
Its extent is lower. The addition of polypropylene fibres leads to lower damage extent than in the case of
addition of carbon fibres.
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v=6.5 m/s

Figurel2c: Final damage of the specimen after Taylor impact. Material W.

The damage of the specimen starts as the spall fracture at the very low striking velocity. The increasing of this
velocity is accompanied with growth of the frontal specimen damage.Some exception represents the specimen
impacted by the velocity 25 m/s when the whole specimen fragmentation was observed.

The results of the brief description of the specimen damage development show that the response of
material to dynamic loading during the Taylor impact test is affected both the compressive and tensile
mechanical properties. The compressive strength affects the damage of the frontal part of the specimen and the
tensile strength determines material resistivity to the spall fracture.

IV. CONCLUDING REMARKS.

In the given paper, the impact - resistance behaviour of fibre reinforced concrete was studied using the
Taylor impact test. Four different fibres were used: carbon, polypropylen, aramide and wollastonite. The
following conclusions can be drawn:

1. The values of dynamic compressive strength evaluated from the Taylor test lie between value of the

static compressive strength and dynamic compressive strength obtained using Split Hopkinson Pressure
Bar method.

2. The dynamic compressive strength increases linearly with the striking velocity. The sensitivity of this
strength to the loading rate is highest for concrete reinforced by the carbon fibres (Material C). Very
similar sensitivity exhibits concrete reinforced by the polypropylene fibres (Material P). The sensitivity
of all fibre reinforced composites is significantly higher than that of the unreinforced concrete.

3. Minimum increase of the compressive strength in comparison with unreinforced concrete exhibits
concrete reinforced by addition of aramidfibres. Values of dynamic compressive strength of all tested
materials lie above the stress corresponding to the pure elastic response of the unreinforced concrete.

4. The study of the specimen damage during the loading shows that there is damage of the specimen
frontal part which is affected namely by the compressive strength and the spall fracture which is
affected by the tensile strength. Results of the preliminary observation confirm that the best
improvement in the tensile strength and thus the spall resistivity affects the addition of the
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This

polypropylene fibres. The minimum resistance to the spall exhibits concrete reinforced by the
wollastenite fibres (Material W).

The response of the material during the Taylor impact test is affected both by the compression and
tensile strength characteristics. It means that this test is convenient namely for the validation of
constitutive equations used in numerical codes.
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