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High strength. fibers on mechanical properties and impact resistance of high
strength  cementitious composites are investigated. The
percentage of fibers used in the study was 0, 0.5, and 1.5% in
seven separate and three combined mix designs. Experiments
were carried out on 120 specimens in 10 mix designs.
Compressive strength, tensile strength, flexural strength, and
dynamic impact tests were carried out on 10 mix designs
manufactured in this research. The dynamic impact strength
of the disc specimen was investigated by a drop hammer test
machine with a capacity of 7500J. After testing the samples,
it was shown that using a high percentage of steel and
polypropylene fibers reduces the compressive strength and
increases tensile strength, flexural strength, and impact
strength. The effects of steel microfibers on the reduction of
the crush displacement resulting from the dynamic impact
were higher than that of polypropylene fibers.

grown considerably as one of the main
building materials. In this light, various
cementitious materials have been developed.
To improve the mechanical properties of

1. Introduction

With the increase in population and the need
for structures, demand for concrete has
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concrete, additives such as fibers are used in
concrete. In recent years, high strength
cementitious composites have been widely
used around the globe. The term ‘high
strength” refers to composites with strength
above 42 Mpa [1-2]. In the construction
industry, high strength concrete has been
considered  for  prestressed  products,
prestressed structures, columns, and concrete
shear walls in tall buildings and specially for
connecting precast members such as bridge
decks [3-5]. One of the limitations of using
high strength concrete is its higher brittleness
compared to the normal concrete [6]. The
high ductility of cementitious composites
attracted the attention of researchers [7].
Adding fiber to composite reduces brittleness
[8]. In cementitious composites, fibers can
increase many engineering properties such as
flexural strength, failure toughness, thermal
resistance, impact resistance under dynamic
impact loads, and fatigue strength [9, 10].
The use of fibers in the concrete reduces the
velocity of crack propagation and increases
the ductility. Some of these fibers include
steel, carbon, glass, and polymer. Fiber
concrete has good properties such as
ductility, high energy absorption, crack
resistance and stiffness [11]. In the 1960s,
Romualdi et al. investigated the effects of
steel fibers on the reduction of concrete
fragility [12]. This positive effect was
iterated with the use of other types of fibers,
and in recent years, a combination of fibers
with different lengths has been studied [13].
Increased knowledge of how the fibers affect
the mortar led to recommendations for
structural design by the RILEM Institution
[14]. Engineering Cementitious Composite
(ECC) was first developed at the University
of Michigan [15]. Due to the formation and
propagation of multiple cracks in ECC
composites, tensile ductility has considerably

improved [16]. In these cementitious
composites, the amount of fiber has reduced
to less than 2%. According to studies from
1993 to 2003, tensile strengths of 4 to 6 MPa
and tensile ductility of 3 to 5% have been
observed in these composites. Engineering
composites have a wide range of
applications, one of which is in self-
compacting cementitious composites on a
large scale and compression reinforcement
[17, 18]. Cementitious composites with high
initial strength are other types of these
composites which are used in structures that
require rapid growth of initial strength [19].
There is also a type of engineering
cementitious composites that are used in
lightweight structures with a low specific
weight [20]. Another type of environmentally
friendly cementitious composite has also
been made [21]. Another type of engineering
cementitious composite is being developed
which has self- healing properties. In other
words, these types of composites are used to
restore the mechanical properties of materials
after damage [21]. The use of concrete and
cementitious composites is increasing due to
advantages such as high compressive
strength, corrosion resistance, high energy
absorption against impact loads, and cost-
effectiveness. The behavior of materials must
be determined in the design of structures. The
static method i1s wused in conventional
concrete loading. In the static method, the
loading rate on the specimens is low.
Concrete and all types of cementitious
composites are sensitive to the velocity of
load application [22]. The micro steel fibers
are widely used to produce self —compact
composites [23]. This type of fibers have a
length of less than 30mm and aspect ratio
more than 64. Also, micro steel fibers are
suitable to cast of prefabricated concrete
parts [24]. As well as, with attention to this
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point that the micro steel fibers have a great
ability to absorption of impact dynamic
force, studying about characteristics of it, is
very necessary [25]. A geopolymer binder is
an alternative cementitious material and it is
produced by the polymerization of
aluminosilicate materials by an alkali
solution [26]. Using some fibers such as steel
and polypropylene fibers as a new
composition were developed by many
researchers in recent years. By adding steel
and polypropylene fibers to the alkali-
activated binder composition, the mechanical
properties of this materials were improved
[24, 27]. The use of static loading alone
could not be a good response to the behavior
of the concrete and cementitious composites
against impact loads. Using the fibers can be
increased the energy absorption of composite
specimens. In this research, high strength
cementitious composite specimens with
different percentages of steel microfiber and
PP fibers were manufactured and tested. The
effects of combination of micro steel fibers
and PP fibers and their mechanical properties
are investigated in dynamic impact tests.

2. Materials and Concrete Mix
Design

To make the mix designs, the Portland
cement, Type 2, was used in accordance with
ASTM C150 [28]. Table 1 shows the
chemical and physical properties of the
cement used in the present study. They
specific gravity of them were 2650Kg/m3.
Also, the water absorption of fine aggregate
was 0.69%. Also, for the determination of
water absorption of fine aggregate, a water
absorption test was performed on fine
aggregate according to AASHTO T84 [29]. A
viscosity modifying material was used to
make the cementitious composite. Also, to

reduce water consumption and increase the
workability of cementitious composites, a
superplasticizer named Dezobuild D-10 was
used. In this study, micro steel fibers and
polypropylene fibers were used. The
properties of the fibers used are provided in
Table 2. Also, a schematic of the fibers used
is shown in Fig 1. In manufacturing the
specimens of the study, the fibers were added
to the mix at the final stage, and endeavor
was made to distribute the fibers uniformly in
the sample. First, the sand and cement were
mixed in a mixer, and then 90% of water was
added. Finally, 10% of remaining water was
added to the mix after mixing with the
superplasticizer. Ten mix designs used in the
manufacture of cementitious composites are
presented in Table 3. Also, The amount of
consumed water, cement, and aggregates for
all mix designs were selected 370, 980 , 1420
Kg/m3 |, respectively. As well as, the water to
cement ratio was 0.38 for all mix designs.

Table 1. Chemical composition and physical
properties of Portland cement.

Composition (%)
SiO, 21.1
Al O; 4.37
Fe,0; 3.88
MgO 1.56
K,O 0.52
Na,O 0.39
CaO 63.33

CsS 51
C,S 22.7

C3A 5.1
C,AF 11.9

Physical properties

Specific gravity 3.1
2
Specific surface (%) 3000
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Table 2. Mechanical properties of fibers.

Tensile Elastic
Fiber Length LD stress module Density
3
Type (mm) (MPa) (GPa) (Kg/m")
Micro Steel 10 t020 20 to 150 240 200 7850
Polypropylene 6 -- 400 3.5-3.9 910

Table 3. The mix compositions (kg/m°).

. . Water  Cement Aggregates Fiber Volume (%)
Mix designs W/C Kg Kg Kg - Sp
—3) (e s Micro Steel PP
SOPPO 0 0
S.5PPO 0.5 0
S1PPO 1 0
S1.5PPO 15 0
SOPP.5 0 0.5
0.38 370 980 1420 4.9
SOPP1 0 1
SOPP1.5 15
S.5PP.5 0.5 0.5
S.5PP1 0.5 1
S1PP.5 1 0.5

3. Procedure of Experimental Tests

3.1. Compressive and Split Tensile Tests

The compressive strength test was performed
on cubic specimens with side lengths of 100
mm in accordance with ASTM C39 [30] with
a loading rate of 0.3 MPa/s. In this test, a

digital compression testing machine, capacity
1000KN, was used. Moreover, the splitting
tensile strength test, in accordance with
ASTM C496 [31], was performed on the
cylindrical specimens with 100mm of
diameter and 200mm of height at a loading
rate of 0.05 MPa/s [32]. The tensile strength
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of splitting test was calculated by the
following equation:

2P
Oxx = 71p (1)
Where, D is the diameter and L the length of

cylindrical samples, and P is the maximum
load applied.

3.2. Flexural Three Point Bending Tests

The three-point bending test (the application
of a concentrated load at mid-span), in
accordance with ASTM C1609 [33], was
performed on 30 bending beams measuring

The applied flexural force was measured by a
load cell with a capacity of 100 KN, and the
deflection of beams was measured by LVDT,
150 mm long.

3.3. Impact Tests

To investigate the effects of dynamic impact
loading on cementitious composites, disc
specimens with the height of 65 mm and
diameter of 150 mm were constructed in
accordance with Fig. 2a. Impact loading was
performed on composite specimens with
varying fiber content. This type of loading
was performed to determine parameters such
as initial peak force, crush displacement and
energy absorption. The impact test results of
the specimens were compared by the 7500 j
drop hammer test machine (DH-TM-7500J).
The DH-TM-7500J machine has a falling
height of 3m and a hammer weight of 180 to
250 kg (Fig. 2b). This machine has three
semispherical hammer heads for the
comparison of the results of the deformation
of the specimens during impact (Fig. 2c).
Data were taken and processed by an
accelerometer sensor with the precision of
microseconds.

320 mm long, 60 mm wide, and 80mm high.
Fig. 5 shows the way the test was performed.

Impoct Loadang

Composste
Specimen ¥~

65mm

Fig. 2. a. Sample of the constructed disc, b.
Semispherical hammer head, c. 7500J drop
hammer test machine (DH-TM-7500J).
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4. Results and Discussion

4.1. Compressive Strength

In Fig 3, the compressive test machine is
shown. The presence of PP fibers in cement
paste results in the formation of a water film
at the interface of the fiber and matrix called
wall effect. Due to the greater mobility of
calcium 1ions in a water environment,
portlandite  (calcium hydroxide) macro
crystals can easily grow and make the
transition zone more porous [34]. This
phenomenon has a negative effect on the
bond between PP fiber and matrix. In this
regard, it seems that addition of PP fibers
could not have significant improvement on
mechanical properties of the cementitious
specimens. Therefore, it is clear that to utilize
the maximum strength of the fiber and
improve the composite properties, it is
essential to enhance the interfacial bond of
PP fibers. Some studies have shown that
effectiveness of fibers is significantly
affected by chemical fiber-to-matrix adhesion
[35]. According to the results of Table 4, the
highest compressive strength is related to the
S1PPO group (with 1% steel microfiber). The
compressive strength of the S1PPO group
with 1% steel fibers is 12% higher than the
SOPP1 group with 1% PP fibers. Also, the
strength of S1PPO and SOPP1 groups were
22% and 11% higher than the SOPPO (no
fibers) group, respectively. As shown in Fig.
4, the effect of steel fibers on compressive
strength is higher than that of PP. Increasing
the percentage of steel fibers from 1 to 1.5%
decreased the compressive strength by 7%.
Also, increasing the percentage of steel fibers
from 1 to 1.5% decreased the compressive
strength by 9%.

Fig. 3. Compressive test machine.

Table 4. Summary of experimental results
obtained from compressive tests.

Fibers(%) Compressive

Number q M.'X Strength
esigns Steel PP
(MPa)
1 SOPPO 0 0 67.18
2 S.5PP0O 0.5 0 73.51
3 S1PPO 1 0 82.11
4 S1.5PP0O 15 0 76.29
5 SOPP.5 0 0.5 69.91
6 SOPP1 0 1 74.42
7 SOPP1.5 0 15 68.11
8 S.5PP.5 0.5 0.5 75.73
9 S.5PP1 0.5 1 74.21
10 S1PP.5 1 0.5 78.37
8s
;;_j Micro Sted Fibhm x
2 &
?;'__‘,.
2N
? \ PP Filiees
65 4= -

1] 5 | L5

Fiber ("o}

Fig. 4. Effects of fibers in compressive strength.
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4.2. Splitting Tensile Strength

Fig. 5 shows the method of tensile strength
test. Table 5 shows the results of the tensile
test performed on the samples. Increasing the
amount of fibers has increased tensile
strength. The tensile strength of the
specimens  reinforced with  fibers s
significantly higher compared to those
without fibers. The maximum tensile strength
in the specimens is related to the group
S1.5PP0, in which, the tensile strength is
55% higher than the SOPP1.5 group. As
shown in Table 5, the effect of adding micro
steel fibers on tensile strength is greater than
that of polypropylene fibers. With the
addition of 0.5, 1, and 1.5% of the steel
fibers, the tensile strength is, respectively, 85,
130 and 186% higher than the specimens
without fibers. Also, with the addition of 0.5,
1, and 1.5% of the PP fibers, the tensile
strength is, respectively, 29, 57 and 65%
higher. In the specimens with composite
fibers, the effects of steel fibers are far more
than PP fibers. In the S.5PP.5 group, the
tensile strength increased by 6 and 33%
compared to the S.5PP0O and SOPP.5 groups.
Table 5 represents a comparison between
experimental tensile strengths, the results of
regulatory design codes, and the literature.
As can be seen in Table 5, in specimens with
steel and polypropylene fibers, the difference
between experimental results and other
computations is high. This difference results
from the fact that the effects of fibers were
not taken into account in calculations.

4.3. Flexural Strength

In this research, the flexural strength of
composite mix designs was calculated
according to ASTM C1609 [33]. Flexural
strength test was carried out on ten different
mix designs of beams containing steel micro

fibers, PP fibers, and a combination of these.
An illustration of the method of performing
the experiment and the dimensions of the
specimen are shown in Fig. 6. Also, in the
column diagram of Fig. 7, the flexural
strength  values obtained from the
experimental results are shown. According to
the figure, the maximum flexural strength is
related to the S1.5PPO group. The flexural
strength of the S1.5PPO0 group is 74, 166, and
19% higher than the SOPP0O, S.5PP0, S1PP0
groups, respectively. Also, in groups with PP
fibers, flexural strength increased with the
increase in the fiber content. The SOPP1.5
group had the highest flexural strength
among the groups with PP fibers, the bending
strength of which was 39, 21, and 10%
higher than SOPP0O, SOPP.5 and SOPP1
groups, respectively.

Apply Loadung (F)
D=100 -

Faihure
Plane

Fig. 5. Splitting test setup a) Test Machin b)
Dimention of splitting test specimen.
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Fig. 6. Three point bending test setup.

Flexural Strength(MPa)
IS EY ® 15 Y

~

24

0

o 55?w o o % vaq.‘: o 5“??\.6 . v° . R 5\?‘25

Fig. 7. Flexural strength of all mix designs.

Micro Steel Fillisas A

Flexutal StrengthiNPa)

PP Fibess

Fibets ("o

Fig. 8. Changing flexural strength versus fiber
percentage.

Fig. 8 shows how flexural strength changes
in terms of the percentage of micro steel and
PP fibers. As seen in the figure, with the
increase in the steel fibers contents from 0 to

0.5%, the flexural strength increased from
4.09MPa to 10.88MPa. Meanwhile, with the
addition of PP fibers, the flexural strength
was increased from 4.09MPa to 5.68MPa.
The slope of the increase in flexural strength
in terms of fiber content is higher for steel
fibers than PP fibers.

4.3.1. Toughness Index

In Fig 9, the load-displacement curve for the
mid-span of the samples s
presented. As shown in Figure 9, the
behavior of the curve changes with the
increasing fiber percentages. According to
Fig 9, the presence of micro steel fibers in
the composition, as compared to PP fibers,
has increased the capacity of changing the
displacement capacity of samples. The initial
slope of the specimens is approximately
similar.

flexural

Until 2006, researchers calculated the
flexural toughness according to the ASTM
C1018 standard. According to this standard,
displacement corresponding to the formation
of the first cracks should be determined.
Because of the difficulties in exact
determining of the parameter, this standard
became obsolete after 2006. In recent years,
the ASTM C1609 standard is used instead of
the standard ASTM C1018 to determine the
flexural toughness. In this research, both
ASTM C1018 and ASTM C1609 standards
have been used to determine the flexural
toughness. Results are analyzed using both
methods. In order to determine the flexural
toughness according to the ASTM CI1018
standard, toughness indexes including Is, I,
Iis, I, are determined based on the
characteristic points specified on the load-
displacement curve shown in Fig 10 and
according to the Equation (2).



A. Dalvand et al./ Journal of Rehabilitation in Civil Engineering 8-4 (2020) 73-89 81

—SO0PPO
gw —S.5PPO
% 8 S1PPO
2 —S1.5PP0
2 6
o
S 4
>S5
3
o 2

0 ¥ T T T T T T
0 2 4 6 8 10 12 14
Dispmacement(mm)
8

——SO0PPO
g —SO0PP5
s 6
g SOPP1
2 —SO0PP1.5
24
7]

E
2 2
@
(TR

0+ v v r

0 2 4 6 8
Dispmacement(mm)

12

—S0F0
< 10
o
=
= 8
>
c
2 6
o
S 4
>
3
o 2

0 ¥

0 2 4 6 8 10 12 14
Dispmacement(mm)

Fig. 9. Load-displacement curve of flexural mix
designs.

Is = Soacp/ Soas

l1o = Soarr/ Soas

l1o = Soacu/ Soas (2)
l1s = Soamn/ Soas

In equation (1):

Soas — the area under a load-displacement
curve in displacement corresponding to the
first crack

Soacp — the area under a load-displacement
curve in displacement which is 3 times more
than displacement corresponding to the first
crack

Soaer — the area under a load-displacement
curve in displacement which is 5.5 times
more than displacement corresponding to the
first crack

Soacn — the area under a load-displacement
curve in displacement which is 10.5 times
more than displacement corresponding to the
first crack

Soamn — the area under a load-displacement
curve in displacement which is 15.5 times
more than displacement corresponding to the
first crack

p

I
E | G H P
i) 3 554

Areal0ARF)

I o=
\real{0AE) : ir

Area (0ADN) Area(OA}P)

I —ee Fyo ™= == .
Area(0AE) g {rea{OAR)

Fig. 10. Definition of flexural toughness indices
based on ACTM C1018.

In order to compare the flexural strength of
the specimens according to the ASTM C1609
standard, the flexural toughness is obtained
from the surface below the load-displacement
curve to the displacement of L/150, where L
is the span length of loading(L=240mm) in
the beam specimen and the flexural strength

coefficient is calculated according to
Equation (3).

D _ 150TD
RT 150 = flbzzo 3)

In the Equation (3), R? 5, the coefficient of
flexural strength, T, the degree of flexural
toughness up to the corresponding point
L/150 in terms of Joule (J), f; is rupture
modulus (stress corresponding to the first
crack) in terms of MPa, and b and d are the
width and height of the sample in terms of
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mm(b=60mm and d=80mm). In the table 6,
the rupture module, flexural toughness of the
specimens for the equivalent displacement
(L/150) and the flexural strength coefficient
are calculated and shown according to the
ASTM C1609. It can be seen that steel fibers
can increase the rupture modulus of flexural

A. Dalvand et al./ Journal of Rehabilitation in Civil Engineering 8-4 (2020) 73-89

tensile strength and bridge on the cracks in
the tensile region. However, the PP fibers
could not increase rupture module
significantly. Table 6 shows the indexes of
toughness according to ASTM CI1018
standard. The results also indicate that micro
steel fibers can increase the toughness

specimens significantly. By increasing the indices in this standard, which is
fibers, the flexural strength of the sample will considerably  higher than PP fibers
be increased because these fibers have high specimens.
Table 5. Splitting tensile strength of cylindrical specimens.
Splitting strength(MPa)
Mix Compressive AC_I CEB- Carino Oluokum  Artoglu Lavfa\nya Gardn
designs strength Exoeri al Committee FIB and Lew et al et al and jegan er
(MPa) perimental 318 (2014)  (1991) (1982) (1991) (2006) (2015) (1990)
056£.°°  03£%% 0.272£°7" 0.294£°%° 0.387£°° 0.249£°77* 0.33f."
SOPPO 67.18 3.18 3.81 4.38 4.87 4.85 5.00 5.73 4.96
S.5PP0O 73.51 5.87 3.99 4.65 5.19 5.16 5.29 6.14 5.26
S1PPO 82.11 7.32 421 5.00 5.61 5.57 5.68 6.69 5.67
S1.5PP0 76.29 9.11 4.06 4.76 5.33 5.29 5.42 6.32 5.40
SOPP.5 69.91 4.09 3.89 4.50 5.01 4.98 5.13 5.91 5.09
SOPP1 74.42 4.98 4.01 4.69 5.23 5.20 5.34 6.20 5.31
SOPP1.5 68.11 5.23 3.84 4.42 491 4.90 5.05 5.79 5.00
S.5PP.5 75.73 6.15 4.05 4.74 5.30 5.27 5.39 6.29 5.37
S.5PP1 74.21 6.29 4.01 4.68 5.22 5.19 5.33 6.19 5.30
S1PP.5 78.37 7.89 4.12 4.85 5.43 5.39 5.51 6.45 5.49

Table 6. Calculation of flexural parameters according to ASTM C1609 and ASTM C1018 standards.

. According ASTM
Specimen According ASTM C1609 C1018

No Mix designs

e T et
1 SOPPO 4.09 0.00 0.00 0.00 0.00 0.00
2 S.5PP0 6.25 8.06 0.54 1.75 2.50 0.00
3 S1PPO 9.15 11.45 0.52 1.75 2.63 3.05
4 S1.5PP0 10.88 14.63 0.56 1.74 2.71 3.28
5 SOPP.5 4.71 5.02 0.44 1.28 0.00 0.00
6 SOPP1 5.16 5.79 0.47 1.49 0.00 0.00
7 SOPP1.5 5.68 6.15 0.45 1.52 0.00 0.00
8 SIPP.5 6.48 11.34 0.73 1.73 2.56 2.96
9 S.5PP1 6.65 8.68 0.54 1.89 3.02 3.56
10 S.5PP.5 9.39 8.55 0.38 1.68 2.28 0.00
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4.3.2. Ductility

In Table 7, the values of ductility factor of
the specimens are calculated in terms of the
equivalent of the displacement of the first
crack and the displacement of the final crack.
As shown in Table 7, the S1.5PP0 group has
the most ductility factor among the
specimens. The ductility factor of the
S1.5PPO group is 716, 127, and 25% higher
than the SOPPO, S.5PP0O, and S1PPO groups.
In samples with PP fibers, the SOPP1.5 group
has the highest ductility factor. The ductility
factor of the SOPP1.5 group is 87, 27, and
3% higher than the SOPPO, SOPP.5, and
SOPP1 groups, respectively. Also, groups
with PP fibers alone have lower ductility
factor than other groups. The addition of a
combination of steel and PP fibers increased
the ductility factor of the specimens
compared to other modes.

Table 7. Ductility of flexural specimens.

Mix Max A A

designs  Load(KN) Y u Ductility
SOPPO 9.82 0.17  0.62 3.65
S.5PPO 15.01 040 525 13.13
S1PPO 21.96 0.50 11.87 23.74
S1.5PP0 26.11 0.45 13.40 29.78
SOPP.5 11.30 0.41 2.20 5.37
SOPP1 12.38 0.39  2.60 6.67
SOPP1.5 13.63 042 2.87 6.83
S1PP.5 15.55 0.59 12.59 21.34
S.5PP1 15.96 035 579 16.54

S.5PP.5 22.54 0.50  5.49 10.98

4.4. Impact Results

4.4.1. Impact Absorbed Energy

For all of the mix designs, the hammer has
been released from a height of 600 mm. the
weight of the hammer is 180 kilograms. The
amount of energy that entered the specimens

is 1.06kJ obtained by the specimens. This
amount of energy is the result of the
deformation of the specimen under impact
loading. Composite samples were placed
under impact loading. The  force-
displacement curve, peak force, crush
displacement, and the energy absorbed by the
specimens are obtained from the impact test.
In order to make the impact tests more
accurate and to plot the force-displacement
curve for every specimen, three specimens
were constructed and tested. The constructed
specimens ~ with  various  mechanical
properties were placed in curing conditions.
After 28 days, the specimens were tested
simultaneously.

E = mgh = 180kg X 9.81 m/s*2 X 0.6m
= 1.06K] 4)

After the hammer impacts the sample, first
the acceleration-time curve is recorded by the
machine. The acceleration suddenly changes
direction and increases from the free-fall
acceleration of 9.81m/s* to the impact
acceleration. The equivalent value of the
force impacting the specimen is obtained by
the multiplication of the hammer weight
(180Kg) by the acceleration values. The
relationship between the impact force of the
hammer and the acceleration induced follows
Newton's second law. After the initial impact,
the acceleration-time curve gradually lowers
and approaches zero. In other words, the
corresponding values of the force applied to
the laboratory specimen result from the
product of the acceleration curve data and the
mass of the hammer. In order to calculate the
force-displacement curve, the displacement
values corresponding to a particular
acceleration and force must be calculated. In
the following, in order to plot the
displacement-force curve of the specimens,
velocity values are calculated in terms of
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time using the Simpson numerical integration
method by one-time integration of the
acceleration data (Eq. 5). Displacement-time
curves of the specimens are calculated in the
following according to Eq. (6) by numerical
integration of time-velocity data. Finally, the
force-displacement curve of the samples is
plotted.

v=(a;—a;)/(t; —t1) (5)
x =, —v)/(t; — ty) (6)
The force-displacement curve of the
specimens is depicted in Fig.11. As seen in
the figure, the specimen with no fibers has
the minimum peak force among the
specimens. All specimens have reached from
zero to the maximum force applied by the
hammer. After the maximum force (which
occurred in all specimens at the displacement
below 5 mm), the force approaches zero. The
displacement range is bellow 25mm in all of
the specimens. In the samples with fibers,
peaks of the curves increased significantly.

4.4.3. Effect of the Fibers on the Impact

To investigate the effects of the fibers on the
impact parameters of disc specimens, the
results of the impact test of the fiber-
containing specimens should be compared to
the specimens with no fibers (SOPPO).
Various parameters resulting from the impact
test are presented in Table 8. As can be seen,
the maximum force is applied to the
reference sample (without fiber), which is
3891 KN. Also, the amount of energy
absorbed by the reference sample (area under
the force-displacement curve) is 188.03N.m.
Also, according to the results of Table 8, the
SOPPO specimen has the greatest crush
displacement. Peak force values increase
with an increase in the fiber content.
Maximum peak force in the specimens is
related to S1.5PP0. As can be seen, the effect
of steel microfibers in increasing the peak

force is greater than that of PP. In the
specimens containing PP  fibers, the
maximum force is 66.09KN (SOPP1.5
sample). The maximum force of the S1.5PP0
specimen 1is, respectively, 2.76 and 1.63
times higher than SOPP0 and SOPP1.5.

120

—SO0PPO
100
—S0.5PPO

80 —S1PP0

60 —S1.5PP0

Impact Load(KN)

40

20

0+
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o
(93]

a) Only including micro steel fiber
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b) Only including PP fibers
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Fig. 11. Force -displacement curve of all mix
designs.
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Table 8. Results of impact test.

Max Force Crush Energy
Number  Specimen Displacement Absorption
(KN)
(mm) (N.m)

1 SOPPO 38.91 27.66 188.03
2 S.5PPO 76.49 19.7 508.2
3 S1PPO 90.22 19.42 488.98
4 S1.5PP0O 107.6 17.76 525.85
5 SOPP.5 49.53 23.28 344.48
6 SOPP1 60.36 21.51 392.44
7 SOPP1.5 66.09 20.67 443.33
8 S.5PP.5 83.08 18.73 529.24
9 S.5PP1 84.7 18.39 526.95
10 S1PP.5 94.96 17.98 534.28

4.44. Effect of Fibers Percentage in
Failure Mode

As shown in Fig. 12, the peak force of all
specimens was changed with the type of
fiber. As seen in the figure, the curve is
increasing for both types of fibers. The slope
of the increase in the maximum force is twice
in the steel fibers than the PP fibers. Also in
Fig. 13, the maximum displacement for
different specimens is shown in terms of
fiber contents. As shown in Fig. 13, with an
increase in fiber content, the crush
displacement of the specimens is decreased.
The decreased crush displacement of the
specimens with an increase in fiber content
shows increasing stiffness in the specimens.
According to the Fig. 13, the specimens with
steel fibers have a higher stiffness than the
PP fibers. In Fig. 14, the relationship between
maximum crush displacement and energy
absorbed is presented. According to Fig.14,
the energy absorbed is decreased with the
increase of maximum crush displacemen in

the all specimens.The Inverse relationship
between the energy absorbed and maximum
crush displacement is the result of increasing
stifftness of specimens with increasing of
fibers content. Fig. 15 shows the impact
specimens after they have collapsed. As
shown in Fig. 15, the presence of fibers in the
specimens has led to the crack propagation.
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o
o

(2]
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N
o

=a=Micro Steel Fibers

Maximum Impact Load(KN)
N
o

=-PPFibers

0 0.5 1 15
Fiber volume percentage

Fig. 12. Maximum Impact Load versus fiber
volume fraction
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30

=a=Micro Steel Fibers

275 9

25 ==PP Fibers
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Fig. 13. Maximum crush displacement versus
fiber volume fraction
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=-PP Fibers
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Fig. 14. Relationship between maximum crush
displacement and absorbed energy

5. Conclusion and Finding

In this study, the effects of micro steel and PP
fibers on mechanical properties and impact
resistance of high strength cementitious
composite mix designs with fine aggregates
were investigated experimentally, based on
120 implemented tests. Based on the
acquired test data of 120 specimens divided
in 10 groups (30 cubic specimens for
compressive strength, 30 beam specimens for
flexural strength, 30 cylindrical 100x200mm
specimens for split tensile strength and 30
disk specimens for impact resistance), the
following conclusions can be drawn:

J With up to a 1% increase in the fiber
content, the compressive strength of the mix
designs s increased. The use of steel and
polypropylene fibers higher than 1%
decreases the compressive strength. With an
increase in the steel fiber content from 1 to
1.5%, the compressive strength decreased by
7%. Also, with an increase in the steel fiber
content from 1 to 1.5%, the compressive
strength decreased by 9%.

J According to the experimental results,
an increase in the fiber content increases the
tensile strength. The tensile strength of the
mix designs with  fibers increased
significantly compared to those without. Also
according to the results, the effect of micro
steel fibers on tensile strength is greater than
that of polypropylene fibers. With the
addition of 0.5, 1, and 1.5% of steel fibers,
the tensile strength increased by 85, 130, and
186% compared to the mix designs without
fibers. Also, with the addition of 0.5, 1, and
1.5% of PP fibers, the tensile strength
increased by 29, 57, and 65%.

. According to the results of the
flexural strength test, the maximum flexural
strength is related to the S1.5PP0 group (with
1.5% microfiber steel fiber). The flexural
strength of the S1.5PPO group was 74, 166
and 19% higher than the SOPPO, S.5PPO,
S1PPO groups, respectively. Also, in groups
with PP fibers, flexural strength increased
with increasing fiber contents. The SOPP1.5
group had the highest flexural strength
among the groups with PP fibers. The
flexural strength of the SOPP1.5 group was
39, 21 and 10% higher than SOPPO, SOPP.5
and SOPP1 groups, respectively.
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Fig 15. Failure mode of all impact specimens.
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° With the increase in the fiber content,
the initial peak force increases, and the crush
displacement decreases. Also, the increase in
initial peak force is more significant with the
increase in the steel fiber content. With the
increase in the micro steel fibers, the peak
force increases more significantly (compared
to when the same percentage of
polypropylene fibers are used). Also, the use
of PP fibers increases the crush displacement
(compared to steel fibers). Also, according to
the results, the amount of energy absorbed by
the specimens with fibers increased
significantly compared to those without.
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