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Abstract. The examinations of properties of steel fiber reinforced cement composite (SFRCC) specimens do not reflect
properties of these composites in an actual pavement, tunnel or bridge. Each, even the most basic road pavement or
structure, works within constantly changing conditions, where different loads appear and disappear in time. The impact
strength of SFRCC is strongly influenced by a number of factors that tend to increase the statistical variations. There-
fore the design of SFRCC elements should be based on statistical considerations of their properties. A drop weight test
is the simplest test for evaluating impact resistance as the relative performance of plain cement composite and SFRCC
containing different types and volume fractions of fibers. The research program was divided into three main stages.
The first stage covered VeBe test, measurement of density of hardened composite and compressive strength. The main
aim of the first stage of this research program was to check quality and homogeneity of the cement composites. The
second stage covered multiple drop-weight load. During the drop weight procedure, the ultrasound test was conducted
after each five impacts. The third stage covered statistical analysis of achieved results. The carried out experiments have
shown that the ultrasound method combined with statistical methods are well used to monitor changes of mechanical
properties of SFRCC used for road pavements or structure during dynamic destruction process. Time needed for the
ultrasound wave to pass through a composite was main information about process of destruction occurring during an
impact test (internal cracks in the composite structure make the way that ultrasound wave propagates longer comparing
to undamaged structure of the composite). The results of the ultrasound propagation time measurements were analyzed

based on a statistical approach.
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1. Introduction

Cement composites modified by steel fibre become more
and more popular construction material in civil and struc-
tural engineering (Zollo 1997). The actual origins of steel
fiber reinforced cement composite (SFRCC) go back
more than one hundred and thirty years. The first patent
for SFRCC was filed in 1874 in California by A. Bernard
(Maidl 1995). The addition of steel fibers significantly im-
proves several mechanical properties of cement composite
(Ponikiewski 2011; Song, Hwang 2004; Szmigiera 2007;
Salna, Marciukaitis 2007; Vesely, Frantik 2011). The main
advantage of harnessing such composites, are their dy-
namic properties. The dynamic mechanical performance
of SFRCC under impact or dynamic loading has drawn in-
creasing attention in recent years because of a rapid adop-
tion of SFRCC in bridges, pavements and tunnels. How-
ever, there is still a lack of information about dynamic
performance of SFRCC. Dynamic properties of SFRCC
were the main factor which decided that these composites
are now used to erect airport runways, highway paving,

bridge decks, marine structures, and varied types of thin-
shell structures (Balaguru, Shah 1992; Johnston 2001;
Maidl 1995) and composite steel-SFRC columns (Szmi-
giera 2007). There are also examples of other SFRC struc-
tures exposed to impact dynamic loads which originate
from sources such as impact from projectiles (Luo et al.
2000), wind gusts, earthquakes, moving vehicles, and in-
dustrial machines (e. g. pneumatically powered hammers).
The impact strength of SFRCC (toughness under impact)
is strongly influenced by a number of factors (e.g. mix-
ing, casting, sampling) that tend to increase the statistical
variations (Nataraja et al. 1999). Therefore, the design of
SFRCC elements should be based on statistical consider-
ations of their properties.

2. Research program

The impact resistance of SFRCC is measured using numer-
ous different test methods (Nataraja et al. 1999). A drop
weight testis the simple test for evaluating impact resistance
as the relative performance of plain cement composite and
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SFRCC containing different types and volume fractions
of fibers (Song et al. 2005). For the impact test a drop-
weight apparatus was used. A steel ball of 2381 g was fall-
ing onto the centre of a plate ((250x250x50) mm) from a
fixed height of 500 mm. The plate was freely supported on
two parallel edges. Energy passed to the plate during one
weight drop was equal to 11.7 J. After each weight drop a
plate was visually examined considering crack appearance.
Due to the complex deterioration process (micro and mac-
ro cracks forming) of SFRCC element during multiple im-
pacts the question was raised how to define and determine
its beginning. It was decided that “the first crack” attempt,
thoroughly described in literature (Johnston 2001; Maidl
1995), will be employed in this research programme. Ac-
cording to this method “the first crack” is recognised when
it propagates through a whole cross-section of a specimen
(it is clearly visible on both surfaces of a plate). “The first
crack” is critical for plate mechanical behaviour (Johnston
2001; Maidl 1995) and for possible fast corrosion of steel
fibre exposed to the elements. During the procedure of
the drop-weight test an influence of plastic deformation
to cracking behaviour is not followed unlike during the
traditional beam flexural test according ACI 544-3R 08
Guide for Specifying, Proportioning, and Production of FRC,
ASTM C1018-97 Standard Test Method for Flexural Tough-
ness and First-Crack Strength of Fiber-Reinforced Concrete,
EN 14651 Test Method for Metallic Fibre Concrete — Mea-
suring the Flexural Tensile Strength, and JSCI-SF4 Method
of Tests for Flexural Strength and Flexural Toughness of Fi-
bre Reinforced Concrete Commentary.

The number of weight drops until the appearance of
the first crack and until the ultimate destroy of the pla-
te was counted. Taking into account the main factors inf-
luencing data scattering of the impact test of SFRCC (the
variability, the non-homogeneous internal structure), the
research program was planned to cover a large number of
tests (over 1800).

Materials consisted of Portland cement with a 28-day
compressive strength of 32.5 MPa (CEM II/B-V 32.5 R), fine
aggregate of a max size of 4 mm, tap water for mixing and
curing and superplasticizing admixture containing silica
fume. The superplasticizer was codified as CRSP, characteri-
zed by density equal to 1.45 g/cm? and batched in quantities
equal to 1% (by weight of cement). The water/cement ratio
was 0.50. The final proportions per cubic meter of cement
composite for both plain and fiber-reinforced consisted of
400 kg cement and 1760 kg waste fine aggregate.

The SFRCC matrix was prepared on the basis of lo-
cal fine aggregate. In the local Pomeranian pit deposits,
fractions from 0 to 4.0 mm constitute 97% by weight of
all aggregate (Katzer, Kobaka 2006; Katzer 2012). Approxi-
mately half of documented deposits are constituted by de-
posits hydroclassified during the exploitation. This sand is
a by-product of hydroclassification of natural all-in-aggre-
gate. During the process of hydroclassification, all-in-ag-
gregate is divided into gravel and sand. There is a deficit
of gravel in the region, therefore gravel received during
hydroclassification of all-in-aggregate is constantly being
sold. Fine aggregate received during the same process, due

Fig. 1. Aggregate pit in S¢pdlno Wielkie and its fine aggregate

Fig. 2. Magnified (125 times) ending of the steel fibre

to its excessive amount, is recognized as a waste and stored
on continuously growing wasteheaps.

Fine aggregate used in this research study was obtai-
ned from aggregate pit in Sepdlno Wielkie (Fig. 1). This
aggregate has a lower grain-size distribution, a smaller
amount of stone dust and a higher content of minerals
and crystal rocks than the pit sand obtained from the same
mine. In the Fig. 1 fine aggregate used during the rese-
arch programme is shown. White grains are quartz, black
grains are granite. Properties of aggregate utilized for the
composite mixes were described in detail in previous pu-
blications (Katzer, Kobaka 2006; Katzer 2012).

Currently, in the world there are about 30 major pro-
ducers of steel fibers used for modifying concrete and they
offer over 100 types of fiber (Katzer, Domski 2012; Odel-
berg 1985). Over 90% of currently produced fibers are sha-
ped fibers of five most popular types: hooked, crimped, co-
ned and mechanically deformed. Other types of fiber are
encountered relatively seldom and they are almost always
produced for specific orders of clients. A statistical analysis
of the assortment produced in the world allows claim that
67.1% of fiber consist of the hooked type. Other most po-
pular fibers are: straight fibers (9.1%), mechanically defor-
med fibers (9.1%), crimped fibers (7.9%) and other fibers
of different endings (6.6%) (Katzer, Domski 2012).

The matrix was modified by the addition of steel ho-
oked end fiber (as most popular in civil and structural en-
gineering and thoroughly described in literature) with an

. . . .
aspect ratio 7= 77, circular cross-section and tensile bre-

aking strength of 1100 MPa. The addition of fiber varied
from 0% to 2.8% by volume. All the matrix mixtures had
the same contents - the only difference between mixtures
was the volume of the applied steel fiber. Magnified ending
of used fiber is presented in the Fig. 2.
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A rotary drum mixer was used to prepare composite
mixtures. Workability of fresh mix was tested after mixing
using VeBe apparatus. Compaction of fresh fibrous mixtu-
res was performed externally, using a vibrating table. Each
specimen was vibrated in two layers, with each layer filling
half of the thickness. Each layer was vibrated for 20 s (until
a thin film of bleed water appeared on the surface) (Toun-
tanji, Bayasi 1998). The first step of curing was to keep
the specimens in their moulds covered with polyethylene
sheets for 24 h. The specimens were then removed from
their moulds and then cured in water conditions for 50
days. The next step of curing was drying specimens in an
oven for 8 days and then cooling them down for 24 h. All
specimens were tested after 60 days of curing. The exami-
nation results were statistically processed, and the objecti-
vity of the experiments was assured by the choice of the
sequence of the realizations of specific experiments from
a table of random numbers (Borovikov, Borovikov 1998;
Nataraja 1999).

The research program was divided into three main
stages. The first stage covered VeBe test, quality control of
the specimens, and measurement of density of hardened

20

typ,=3.84 - 038V, +627VZ-151V7,
18 VeBe f f oS _—=0

—
[\S)

yd

Ueper S

—
S

: -
4 -—————”’////AJ

T T T 1
.0 0.7 1.4 2.1 2.8

Ve %

Fig. 3. Workability of SFRCC tested according to the VeBe
procedure
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Fig. 4. Density of tested SFRCC

composite and compressive strength test. The main aim
of the first stage of this research program was to check
the quality and homogeneity of the cement composites.
Achieving a homogeneous dispersion of fibers throughout
the cement composite mass seems to be the most signifi-
cant concern while preparing and casting a SFRCC mix.
Any mistake during performing the mixing procedures
can breed “balling” (Sather 1974) (these “balls” may con-
sist only of the fibers themselves or a combination of ma-
terials present in the cement composite mix, such as fibers
and cement slurry, fibers and sand, and fibers coated with
cement) and poor dispersion of fibers. It is also known that
the method used for compaction and the degree of com-
paction affect the fiber orientation (Johston 2001; Maidl
1995). Upon placement and compaction of steel fibrous
composite, fibers tend to settle towards the bottom part
of the casted element. Depending on the flowability of the
fibrous mixture, fiber settlement may be extensive, moder-
ate or mild, and test results (e.g. of flexural strength) are
affected accordingly (Toutanji, Bayasi 1998).

In the research program an electromagnetic induc-
tion device exploiting low frequency electromagnetic field
was used to check fiber spacing in the hardened compos-
ite. During the quality control procedure the time-varying
magnetic field was generated which propagated into the el-
ement and reacted with the electric and magnetic proper-
ties of the composite and its reinforcement. The coil system
is able to detect targets up to 100 mm deep into the com-
posite. The magnetic apparatus intended by manufacturer
for detecting reinforcement bars, the diameter of bars and
thickness of cement composite cover was employed. The
electromagnetic field was applied to characterize the vol-
ume fraction of steel fibers in prepared SFRCC specimens.
The deviation from theoretical behavior served as the ba-
sis for quantifying fiber dispersion. The results of the elec-
tromagnetic quality control of specimens confirmed that
there are no fiber dispersion issues e.g. gravitational set-
tling of fibers or local aggregation.

The second stage covered impact test. During the
drop weight procedure, the ultrasound test was conducted
after each five impacts. The employed ultrasound appa-
ratus had two transducers (one pulse generator and one
receiver) and was generating an ultrasound pulse with a
frequency of 54 kHz. The third stage covered statistical
analysis of achieved results.

3. Results

Workability of tested mixes varied from ty,p, = 4 s to
tyese = 19 s. Mixes were becoming “stiffer” together with
the increased addition of steel fibres. Results of workabil-
ity tests are presented in Fig. 3. Compressive strength in-
creased from f,;,, = 46.5 MPa for unreinforced composite
(plain matrix) to f,,;, = 53.5 MPa for composite of fibre
contents V.= 2.1%. Density of the composites with a dif-
ferent fiber volume fraction is shown in a form of a box-
whiskers graph in Fig. 4.
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Fig. 5. Unitary ultrasound propagation time, ps/m

A strong linear correlation is observed between the
two parameters characterizing composite material (> over
0.7). Equations of skewness (1) and kurtosis (2) of density
depending on fiber volume fraction show that best homo-
geneity of results can be achieved at relatively low volume
fractions of fiber.

§=-1.56 + 1.94V; —0.54Vf, (1)
K=197-429Vy + 1.17V)%, ()

where S - skewness of density; K — kurtosis of density;
V. - fiber volume fraction, %.

Unitary ultrasound propagation time measured in a
material, ps/m, (Fig. 5) strongly corresponds to the degree
of destruction caused by impacts. Impacts destroy structu-
re of the material causing the appearance of cracks. The
more cracks appear in a material, the longer route of the
ultrasound wave (also a unitary ultrasound propagation
time) (Katzer, Kobaka 2007). Fig. 5 shows that failure of
the tested material with low fiber volume fraction occur
much earlier (about 20 impacts) than in the case of mate-
rial with high volume fraction applied (up to 300 impacts).
Slope coefficients of linear functions are approx equal to

Number of impact n (V/= 2.8%)

33, 11, 10 and 2 for fiber volume fractions 0.7; 1.4; 2.1 and
2.8 respectively, indicating slowing the cracking progress.
The number of impacts to first observed crack and to ulti-
mate destruction were counted and presented in the Fig. 6.
Specimens were recognized as destroyed when deflection
was equal to 20 mm. The results confirm the phenomenon
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Fig. 6. Number of impacts to first observed crack and to
ultimate destruction m
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Fig. 7. Variation coeflicient of impact results

of increased impact resistance of composites containing
high volume fractions of fiber. The best fit was obtained
for exponential function.

The chart shows that the composite containing 2.8%
of fiber is about 10 times more resistible for impacts cau-
sing ultimate failure than the one containing 0.7% of fiber.
Variation coeflicient of impact results with highest values
was observed for fiber volume fractions ranging from 1.4
to 2.1%. Over the value of 2.1% test results were more sta-
ble, however, still relatively high (Fig. 7).

4. Conclusions

The carried out experiments have shown that the ultra-
sound method combined with statistical methods are
well used to monitor changes of mechanical properties of
SFRCC during dynamic destruction process. Time needed
for the ultrasound wave to pass through a composite was
main information about process of destruction occurring
during an impact test. The results of the ultrasound propa-
gation time measurements were analyzed based on a sta-
tistical approach.

Composites modified by high volume fraction of fi-
ber (2.8%) are characterized by impact resistance up to
10 times larger than composites modified by low volume
fraction of fiber (0.7%). The phenomenon is explained as
follows: fibers are able to carry most of the stress only af-
ter matrix cracks so the more cracks appear, the more fi-
bers are employed into carrying stress. The process of des-
truction begins when first crack appears, which happens
long time before the ultimate failure of a specimen, even
in composites with high fiber volume fractions. Recording
the destruction process of fiber composite and plain ma-
trix directly before failure brings useful and detailed in-
formation about the influence of fiber volume fraction on
composite behavior. Future research should cover asses-
sing impact resistance of SFRCC applying sophisticated
nondestructive equipment allowing to measure a number
of cracks, their width, depth, direction and distance from
an impact.
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