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Synopsis, The paper presents results of impact tests of steel fibre reinforced concrete
sfaEs and an attempt of theoretical analysis of observed phenomena. The influence of fibre
content, slab thickness and impact energy upon the structural performance of slabs was inve-
stigated. An observed failure pattern involved the formation and movement of cone shaped plug
of material. The number and the width of cracks in slabs were found to be fibre content sen-
sitive. An increase of fibre content from 0.5% to 1.0% by volume resulted in an increase of
1.3 to 1.8 times in the number of impacts to failure. Presented attempt of theoretical analy=-
sis was based on energy considerations. A simplified model of fracture mechanism provided an
expression for the perforation thickness of SFRC slabs that well fitted the test results.

INTRODUCTION

It is known that steel fibre reinforced con-
crete (SFRC) is a particularly appropriate
material for applications in the construc-
tions subjected to dynamic loads, especially
to impacts. On the other hand, however, the
knowledge on the behaviour of SFRC under
impact loads is incomplete up to now due to
relatively few studies of this problem com-
pared to research on static properties of the
material. The majority of investigations car-
ried out so far has been limited to determi-
nation of only one dynamic characteristic of
SFRC - its impact resistance. Some aspects
concerning the resistance determined by means
of different experimental method have been
discussed by one of the authors in the pre=-
vious paper [1] .

It should be emphasized that the impact re-
sistance is a very important material charac-
teristic but it is not sufficient for full
estimation of the behaviour of SFRC in con-
structions subjected to impact loads. There
is @ necessity for it to know the other dy-
namic properties concerning first of all the
dynamic effects produced in the material by
blows, such as e.g. waves and local phenomena,
dissipation of the impact energy, fracture.
Investigations of these problems are not too
developed so far. However, during last few
years it may be noticed an increase of rese-
arch interests in this field [2],[3], [4], [5] .

Determination of dynamic properties of SFRC
requires fundamental investigations, first

of all experiments, due to very complicated
physical phenomena connected with the action
of impact loads and heterogeneity of the
material. For that reason the theoretical
analysis should be based on the results of
tests. Investigations of the forms of the
slab fracture produced by impacts are of
prime interest in several constructions,

like nuclear reactors, bridges, storm barriers
and other marine or industrial structures.
One of the most important problems concerning

the effect of impact loads on slabs is their
perforation. This problem has been studied
up to now relative to reinforced concrete
slabs [6] ,[7] but the results of these inve-
stigations are not in aggreement with test
results for SFRC slabs due to different pro-
perties of both materials.

The paper presents some results of the expe-
riments performed on SFRC slabs of various
thicknesses and steel fibre contents. There
is also presented an attempt of theoretical
interpretation of the observed phenomena with
the aid of fracture mechanics of composite
materials.

PROGRAMME OF INVESTIGATIONS

The scope of experiments was to investigate
failure mode of SFRC slabs due to impact load
as a function of slab thickness and changes
of impact energy as well as steel fibre rein-
forcement.

All specimens were nominally 0.50x0.50 m
square slabs of variable thickness h=0.005 m,
0.010 m, 0.015 m, 0.020 m, 0.025 m . The con-
crete mix proportions by weight based on ce-
ment were: cement, 1; sand, 3; water, 0.5,
Straihgt smooth steel fibres 0.004x0.04 m
were used in volume fractions of 0.5% and 1%.
Fiveteen slabs were prepared with concrete
mix containing V: = 0.5% of fibres by volume
and another fiveteen slabs were prepared with
fibre content V. = 1.0%. The slabs were tes-
ted at the age gf seven months.Accompanying
control concrete cubes 0.08x0.08x0.08 m as
well as beams0.04x0.04x0.16 m were made to
give tha static compressive and flexural
strength respectively. The compressive stren-
gth f_ and flexural strength ffl values are

'givencin table 1.

The slabs were placed on a square steel frame
with a continuous ledge providing about 0.01 m
width of support. A tube with an inside dia-
meter of about 0.05 m was used to guide a
falling projectile so as to strike the slab
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Table 1. Test Results

Series Slab Fibre Projectile Impact No. of impa-  Strength
no thickness content mass energy cts to failure compr.flex.
h Vf m u 4 fc ffl
m % kg J MPa
0.005 1
0.010 1
I 0.015 0.5 4,175 104 - 43.2 8.0
0.020 .
0.025 ~
0.005 2
0.010 3
i 62 0.015 0.5 1,495 37 4 42.2 6.9
0.020 8
0.025 8
0.005 1
0.010 2
III 0.015 0.5 2.610 65 3 32.6 7.1
0.020 4
0.025 5
0.005 1
0.010 2
v 0.015 1.0 4,175 104 2 32.6 7.1
0.020 5
0.025 6
0.005 2
0.010 4
\Y 0.015 1.0 1.495 37 8 32.6 7.1
0.020 9
0.025 11
0.005 1
0.015 4
VI 0.020 1.0 2.610 65 7 32.6 y % |
0.025 9
centre. An available drop height of 2.54 m h
provided the maximum impact velocity of [mm) Ve =05% 10% 05% 10% 10%
about 7 m/s. Three steal cylinders with a 25t Jolmpel L
hemispherical nose of radius of 0.025 m were A
used as projectiles. The projectiles had 20}
masses of 1.495 kg, 2.610 kg and 4.175 kg so
as to allow the changes of impact energy. -
Table 1 shows which projectile was used for 5T ?
each series of slabs tested. /2
wor *é, — m=1495 kg
The slabs of series I were subjected to sin- ,}9 ——--m =2.610 k
gle impact while slabs of other series were stg” s 9
impacted repeatedly until failure, i.e. com= et b i B
plete perforation, occurred, The number of 0 by i A i ) A R ) h e

impact to failure was recorded. Dial gauges
vere used to measure the crater depth and

the width of cracks visible on slab surfaces.
TEST RESULTS

Repeated Impact

The relationship between the slab thickness

1 2 3 b 5 6 7 8 9 10 n

Fig.1 Relationship between number of impacts
to failure n and slab thickness h for dif-
ferent fibre contents V¢ and projectile
masses m .

h and the number of impacts to failure n
is illustrated in Fig.l. As expected the
influence of slab thickness upon the number



Fig. 2 Failure modes of slabs

a/ series no V,
b/ series no III, h = 0.025 m, V
c/ series no I, h =

of impacts to failure was significant. Dif-
ferences of shapes of each n=h plot were
supposed to be due to material non-homogenity,
especially due to random distribution of fi-
bres in slabs. A significant influence of fi-
bre content on the number of impacts to fai-
lure was found too. The two-fold increase of
fibre content, from 0.5% to 1.0%, resulted

in the increasc of 1.3 to 1.8 times of number
of impacts to failure, provided that the same
projectiles were used. A more precise evalu-
ation of fibre content influence on the number
of impacts to failure can be obtained using
X-ray photographs of actual fibre distribu-
tion. This analysis is actually being conduc-
ted by the authors.

Structural and geometrical parameters of
slabs and impact parameters chosen in test
provided a variety of failure modes of slabs,
i.e. from almost "pure" perforation to per-
foration accompanied by extensive cracking
over the whole surface of slab. Some charac-
teristic exemples are shown in Fig. 2.

In the case of slab thicknesss of 0.020 m
and 0.025 m, and fibre content of 1.0% it
was observed that formation of a cone-shaped
plug of material in the vicinity of impact
was followed by its movement and crushing

as a consequence of repeated impacts. As far
as the thinner slabs of the same V; are con-
sidered it was found that the formation and
movement of similar cone-shaped plug was
accompanied by circular cracking around the
point of impact in a fan pattern. This sug-
gests that a complex failure mechanism, being
a result of punching shear stress conditions
as well as bending stress conditions, was ac-
tivated/Fig.2b/.

A similar failure pattern, with circular
cracks in a fan form was observed for slabs
of Vi = 0.5% irrespective of their thick-
ness. The extent of circular cracks was the
greatest for the thinnest slabs, even up to
1/3 of the span /Fig.2c/. Therefore it is

h = 0.025 m, Vf = 1.0%; rear face
= 0.5% ;
0.005 m, Vg = 0.5%; front face

front face

difficult to conclude whether this effect
should be included in local or rather in
global effects.

An overall structural response of slabs re=-
sulted in cracks extending towards edges of
slabs. A significant contribution of fibres
to impede development and progress of cracks
was noticed. The cracking was visibly smaller
in the case of slabs of V. = 1,0% in compa=-
rison to slabs of V. = 0,5%. An increase of
slab thickness also Fesulted in smaller and
shorter cracks.

The scabbing and spalling phenomena were not
observed, although small pieces of concrete
of a size of aggregate particles ejected from
the rear face were found. The material frac-
ture was due to pulling out of fibres.

Single Impact

Effects of single impact were investigated
for projectile masses of 4.175 kg and 2.610 kg
Slabs of thickness of 0.005 m and a slab of
thickness of 0.010 m were perforated. In the
other cases the following effects of single
impact were observed:

- formation of a crater of hemispherical
shape corresponding to the shape of pro=-
jectile nose,

- cracking visible on the rear surface of
slab in the form of cracks along the dia-
gonals and a circular crack around the
impact point, indicating an initial stage
of formation of cone-shaped plug of mater=-
ial.

A tendency of decreasing of crater depth /zc/
with increasing of slab thickness /h/ was
noticed /Fig. 3/. A greater crater depth was
found to correspond to a greater mass of
projectile. However, a significant influence
of fibre content on the crater depth was not
distinguished. This observation is in an
agreement with expectation that effectiveness
of fibres should be pronounced only after
extensive cracking.
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Fig. 3 Relationship between slab thickness
/h/ and crater depth/zc/ due to single impact.

THEORETICAL ANALYSIS OF THE EFFECTS OF
SINGLE IMPACT

The perforation thickness of slab subjected
to certain impact load is an important para=-
meter in many applications. From among a
variety of formulas for perforation thick-
ness of_ conventionally reinforced concrete
slabs /e.g. 8 , 9 / none seems to be directly
applicable for SFRC slabs. This is because

of differences of material properties and
also because none of mentioned formulas in=
cludes directly the reinforcement ratio.

The following attempt to create such formula
for SFRC slabs was based on the conservation
of energy for penetrating progectille impact.
Fracture energy of a SFRC slab was supposed
to consist of two parts, namely:

- local fracture energy M /,

- global fracture energy &w /e

static tests of fibre reinfogced concrete
elements / 10 , 11 / showed that the most
important fracture mechanism involved in cra-
cking process is fibre pull-out. Adopting
the formulas developed in 11 the following
formula for global fracture energy Vi is
obtained:

= (il 1
We = -,I-T-T'IVf(Za‘rf + Sfy)hsr ’ /%/

where:

n - coefficient of fibre effectiveness,
equal to 0.637 for random plane distribution
of fibres,
vf - fibre content by volume,

1' d - fibre length and diameter respectively,
L fibre pull out strength,

o7 - average angle of fibre inclination in
relation to a crack,

- surface of structural cracks, i.e. a
product of crack length summed for all cracks
in slab, fy = yield stress of steel,

The deriva!ion of this formula was based on
the assumption that a real crack in slab can
be approximated by a model crack of flat
surfaces shown in Fig. 4.

o ¢
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Fig. 4 Model of crack in slab section

The local failure energy was evaluated as a

summ of energies corresponding to the follo-

wing mechanisms:

- formation of a cone-shaped plug of material
it/

- éo%ément of the cone-shaped plug relative
to the remainder of slab Aiy/.

The model of local failure zone is shown in
Fig. 5.
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Fig. 5 Model of local failure zone

The zone is assumed to be linearly elastic
until formation of a cone-shaped plug of ma-
terial is completed. The corresponding maxi-
mum vertical component of resultant force F
acting over a surface of cone-shaped plug

is obtained:

=12

P o /2/
where:

fens concrete tensile strength,

s - lateral surface of cone.
According to 9 the concrete tensile strength
can be calculated as follows:

£, = 0.5Mg /3/




where: )\ - strain rate factor, ff - static
flexural strength of concrete. 1

On the basis of experimental observations the
cone shaped plug is modelled as a cone shown
in Fig. 5, whose lateral surface is given:

S = 2'nhD(O.48+1.73%) ’ 74/

where D denotes the projectile diameter.

The fracture energy relative to a complete

formation of plug equals to the triangular

area under the F-u diagram, in which u de-

Zotes @ vertical displacement of the plug,
N

2 h
w1 =/§ﬂhD(0.48 +1.73B)ftuo . /5/

Due to an assumption of nondeformable plug
the process of its movement is treated as

the process of propagation of diagonal cir-
cural crack. Perforation of slab is supposed
to occur when all the fibres bridging this
diagonal crack are pulled out of the matrix,
therefore a movement over an average distan-
ce of 1/4 1 is required. The following formu-

la for W2 ,» similar to formula /1/, is obta-
ined:

W, = %ﬂth(0.48+1.73%)an(%Tf +0.5£)  /6/

Thus:
_ h 1
WL = nhD(0.48+1.735){/§Afflug+

1 21 7
2NVl (F3T+0.58 )} . /7/

Comparing the impact energy to the fracture
energy of SFRC slab results in a formula for
perforation thickness h_ , which for the

sake of simplicity is gifen in the following
linear form:

h, = — L I . /8/
p D{/jxffluo+nvf1(Klan+Kzfy)}

where U = 0.5 m v© denotes the kinetic ener=-
gy of projectile of mass m and impact veloci-
ty v , while the dimensionless parameters are
as follows:

1
K1 = 1+%p 7 Kz = Z(w+p) ;i p = T% ./9/

The parameter p is dependent on the surface
of structural cracks in slab, therefore h
can be estimated for an assumed extent oe
global effects,

For the. calculations according to formula /8/
following numerical values were taken: ffl'

Vf and U as given in table 1, 1 = 0.04 m ,
d= 0.004m,D=0.05m, f. = 677 MPa,

A = 1.6, Sr = 0.0025 m, uo = 0.0025 m ,

n = 0,637, 6 = 0.257, Te = 0.6 MPa.

The results of calculations were checked
against experimental results and a good corre-
lation was obtained /Fig 6/.

O -formula (8) 0O -CEA-EDF formula
] I -test results (ret. [6])
20 t "
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Fig. 6 Comparison of theorctical and experim-
ental values of perforation thickness hp for
all series of tested slabs.

The outlined attempt of analysis of impact
effects was based on several assumptions and
simplifications. lore research is necessary
for full understanding of the influence of
slab geometry, material properties and impact
conditions upon the response of SFRC slabs

to impact loads.

CONCLUSIONS

The following conclusions can be drawn.

1. An observed failure pattern involved the
formation of localized crater followed by the
formation and movement of a cone-shaped plug
of material. The failurc of slabs of fibre
content of 0.5% was additionally accompanied
by circural cracking around the impact point
in a fan pattern. Scabbing and spalling phe-
nomena were not observed.

2. The number and the width of structural
cracks extending from the centre of slab to
its edges were found to be fibre content sen-
sitive.

3. The two-fold increase of fibre content,
from 0,59 to 1.0%, resulted in the increase
of 1.3 to 1.8 times of number of impacts to
failure.

4. Following effects of a singlec impact were
recorded:

- formation of a crater of shape corresponding
to the shape of projectile nose,

- cracking visible on the rear face of slab
in the form of crack along the diagonals and
a circular crack around the impact point indi-
cating formation of cone-shaped plug.



5. A tendency of decreasing of crater depth
with increasing of slab thickness was noti-
ced. However, a significant influence of fi=-
bre content on the crater depth was not ob=-
served.

6. Predictions of the perforation thickness
of SFRC slab according to proposed formula
were in a good agreement with the test re-
sults.
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