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Abstract: The special mechanical properties and cost-effec-
tiveness of cement-based mortar make it a good material to
be used in the rehabilitation and maintenance of structures.
In such usage, the production of high-strength mortar (HSM)
reinforced with fibers is highly required for enhancing
the mechanical properties and extending the service life of
mortar. Therefore, the study examined the optimal fiber con-
tent for a case study of HSM incorporating silica fume and
reinforced with mono/hybrid steel and polypropylene fibers
(PPFs). Thirteen mixes with different fiber volume fractions
of mono/hybrid steel and PPFs were designed in the current
study. The impact of the fiber content was evaluated based on
flowability, compressive strength, splitting tensile strength,
flexural strength, ultrasonic pulse velocity, and water absorp-
tion. The results show that both steel and PPFs have a nega-
tive effect on the flowability of tested HSM mixes. Regarding
the investigation properties of HSM mixes, the results show
that incorporating steel fibers improves the properties of
HSM, in particular the content of 1.25%, while the addition
of PPFs has little effect. It is also noted that in the case of
incorporating hybrid fibers into HSM mixes, it is found that
the improvement of properties existed for the HSM mix with
a hybrid fiber of 1.3% steel fibers and 0.2% PPFs.
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1 Introduction

Cement mortar is the most popular material that is used in
the construction field due to its special characteristics. It
has high strength in compression, good durability, low
permeability, and good fire resistance. On the contrary,
cement mortar also has some drawbacks, which include
low tensile and flexural strengths, low toughness, and
weak crack resistance, which, in turn, affects the useful
lifespan of cement mortar and requires extensive and ade-
quate maintenance [1]. Therefore, the development of
high-strength mortar (HSM) is one of the priorities of the
civil engineering community because adequate cement
mortar is of high influence to the success of the mainte-
nance process of structures. To this end, different
approaches have been implemented to develop HSM; one
of these approaches is the incorporation of fibers into the
matrix of cement mortar [2–5]. The efficiency of fibers that
are added to the cement-based composite is governed by
the fiber volume, the physical characteristics of the matrix
and fibers, and the bond strength between them [6]. How-
ever, it is well known that silica fume (SF), due to high
pozzolanic action, is an inescapable material that is used
to partially substitute cement in concrete or mortar. It is a
silica-based material, and the implementation of such
material in mortar production contributes to densifying
the structure of mortar and enhancing the mechanical
and durability properties of the resulting mortar [7]. How-
ever, SF causes the mortar to have an additional brittle
composition. Thus, for the production of mortar, it must
take into account not only the strength properties and ade-
quate durability but also the ductility of the resulting
mortar. This can be achieved by incorporating fibers into
the mortar [8].

The basic applications of cement mortar are as a
binder in masonry construction and for plastering of rein-
forced concrete members and masonry walls. Fiber-
reinforced cement mortar is mainly used in reinforced
concrete structures for repair and rehabilitation purposes.
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Furthermore, it has recently applied for masonry wall
retrofitting to reduce the risk of out-of-plane behavior
during seismic situations [9,10].

According to previous studies, different fiber types
were used for reinforcing cement-based composite, such
as carbon, steel, glass, polymeric (nylon, polypropylene,
polyethylene), and natural (sisal, coir, jute, cellulose,
wood). Moreover, fibers have different shapes and sizes,
depending on the fiber diameter. Fibers may be classified
into micro- and macro-fibers; indeed, micro-fibers are
active in controlling microcracks, and macro-fibers are
efficient in controlling macroscopic cracks [11].

The wide use of steel fibers in concrete studies indi-
cates that steel is the most commonly used fiber for rein-
forcing concrete and mortar. Steel fibers have large civil
engineering applications such as in airport runways, slope
stabilization, factories and hangar floors, field concretes,
dam structures, tunnel shotcrete applications, and concrete
pipes [12]. However, using steel fibers has several draw-
backs, including the high cost in comparison with other
fibers, the possibility of corrosion, and its high density
that augments the self-weight of the structure. Furthermore,
due to the high stiffness of the steel fiber, its incorporation
in concrete and mortar has a passive effect on the ductility
and, thus, lowers the post-cracking toughness [13].

Nevertheless, polypropylene fiber (PPF) has low den-
sity, low price, acceptable tensile strength, low modulus
of elasticity, high fracture strain, high alkaline resistance,
and ease of production [11,14]. Moreover, due to the low
melting point of PPFs, there is a common tendency to use
these fibers in concrete to decrease the possibility of spal-
ling under exposure to elevated temperatures [15].

The high strength and high modulus of elasticity of the
steel fibers would improve the strength but it cannot
enhance ductility. On the other hand, PPFs with low mod-
ulus of elasticity have an active effect on crack control,
ductility, and toughness because toughness represents
the area under the stress–strain curve that increases
with ductility [16]. Therefore, the hybridization of non-
metallic and metallic fibers could improve both the ducti-
lity and strength properties of concrete or mortar and
reduce the cost of fibers. Furthermore, the incorporation
of hybrid fibers contributes to the control of cracks at
various size levels and at different curing ages. Strong
fibers arrest macrocracks, whereas flexible fibers control
the nucleation and propagation of microcracks. A consid-
erable amount of research has been devoted to the combi-
nation of different fibers. Slosarczyk [4] investigated the
effect of using hybrid metallic (steel) and non-metallic
(polypropylene) fibers on the compressive and flexural
strengths of cement mortars. The results showed that

flexural and compressive strengths increased by 27 and
5%, respectively, for cement mortar with fiber content
(2% steel + 1% polypropylene). Dawood and Ramli [17] stu-
died the mechanical properties of cement mortar incorpor-
ating hybrid fibers with a total volume fraction of 2%. They
found that mixing fibers (0.25% barchip + 0.25% palm +

1.5% steel) led to important improvement in flexural tough-
ness and strength with percentages of 140, 44, and 9% for
flexural, splitting tensile, and compressive strengths,
respectively. Koksal et al. [18] investigated the changes in
durability and physicomechanical characteristics of
mortar due to the addition of hybrid basalt and micro-steel
fibers. They detected the highest increase of 62% in com-
pressive strength for a mix with 20% SF and fiber volume
percentages of 0.75% steel + 0.3% basalt. Moreover, the
maximum increase in flexural strength of 27% was
obtained using a mix without SF and with 0.5% steel +
0.9% basalt fibers. However, a maximum reduction in
water absorption of 14% resulted in a mixture with 20%
SF and 0.75% steel + 0.9% basalt fibers. In another experi-
mental study, Sridhar and Prasad [19] indicated that for an
engineered cementitious composite, the addition of hybrid
fibers with a volume fraction of 1.5% polyvinyl alcohol +
0.5% steel produced an improvement in compressive
strength and flexural strength of 20 and 42%, respectively.
Son et al. [5] studied the effect of different combinations of
hooked steel and polyvinyl alcohol fibers on the tensile
performance of the cementitious composite. They obtained
maximum tensile strength and toughness for the combina-
tion of fibers at 1.5% steel + 0.5% polyvinyl alcohol.

These studies show a general consent about the favor-
able effect of hybridization of ferrous and nonferrous
fibers on the mechanical properties of cement mortar.
However, there is no consent about the better fiber types
and the optimal mixing proportions of these types and this
leads to a conclusion that each result is limited to its parti-
cular case study and cannot be generalized.

The aim of this study is to investigate the optimal fiber
content for a new case study of HSM, including SF and
reinforced with single/hybrid metallic (steel) and nonme-
tallic (polypropylene) fibers.

2 Experimental program

In this study, 13 HSM mixes were designed in three test
groups reinforced with fibers in addition to the reference
mix, and all the tested mixes contained SF. These HSM
mixes were developed and tested to evaluate the optimal
fiber content with respect to flowability, mechanical
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properties (compressive, splitting, and flexural strengths),
ultrasonic pulse velocity, and water absorption. The first
group included six mixes reinforced only with micro-steel
fiber (STF) with volume fractions of 0.25, 0.50, 0.75, 1.00,
1.25, and 1.50%, whereas the second group included three
mixes reinforced with micro-PPF (PPF) with volume frac-
tions of 0.2, 0.4, and 0.6 %. The third group mixes included
three mixes that were reinforced with hybrid fibers of STF
and PPF with volume fractions of 1.3% STF and 0.2% PPF,
1.1% STF and 0.4% PPF, and 0.9% STF and 0.6% PPF. For
comparison, a reference mix of HSM without fibers was
also developed and tested.

2.1 Material properties

As a binder, the ordinary Portland OPC (commercial mark
is Al-mass) is the cement type that was utilized in the
experiments. The chemical composition (% by weight) of
cement is illustrated in Table 1. The chemical testing results
of this cement demonstrate its compliance with the
requirements of Iraqi Standards IQS [20]. Furthermore,

physical testing shows that this cement has a fineness
of 340 m2/kg and a relative density of 3.15. Table 1 also
displays the characteristics of SF employed in this experi-
mental investigation, complied with ASTM C1240 [21]. Nat-
ural sand was used as a fine aggregate in this investigation.
The gradation of sand was in accordance with IQS No. 45
[22]. The specific gravity and water absorption of this sand
were 2.65 and 0.6%, respectively. To achieve the necessary
flowability of fresh mortar, a superplasticizer (SP) agent,
commercially known as Visco-Creat 5930-L, in compliance
with ASTM C494 [23], was used.

Figure 1(a) and (b) shows the micro steel fibers (STF)
and micro PPFs (PPF) utilized throughout the experimental
study, and Table 2 presents the main properties of these
fibers as provided by the manufacturing companies. Both
fibers have a straight shape and nearly equal average
length but with a 6 times higher aspect ratio for the
PPFs. Fibers were added to each HSM mix so that they
are randomly distributed and oriented within the matrix
and, as a result provide load resistance in all directions.

2.2 Mix proportions of the tested HSM mixes

The current study included the preparation and testing of
13 HSM mixes, and the mix proportions and details of all
HSMmixes are illustrated in Table 3. Constant quantities of
OPC, SF, fine aggregate, and water were used in all mixes.

Table 1: Chemical compounds of OPC and SF with the limitations of
specifications

Component OPC (%) IQS/5/
2019 (42.5R)

SF (%) ASTM
C1240

CaO 64.78 — 0.81 —

SiO 22.10 — 89.31 ≥85
Al2O3 4.78 — 0.62 —

Fe2O3 3.19 — 0.46 —

MgO 1.76 ≤5.0 — —

SO3 2.45 ≤2.8 0.88 —

L.O.I 1.78 ≤4.0 4.12 ≤6.0
IR 0.21 ≤1.5 — —

C3S 53.57 — — —

C2S 23.01 — — —

C3A 7.28 — — —

C4AF 9.70 — — —

Figure 1: Fibers used in this study: (a) micro steel fibers (STF) and (b) micro PPFs.

Table 2: Properties of micro steel and PPFs as provided by the
manufacturer

Property STF PPF

Specific gravity 7.83 0.91
Tensile strength 2,400 MPa (400–500) MPa
Melting point 1,500°C 160°C
Length 13 mm 12mm
Diameter 0.2 mm 0.032 mm
Aspect ratio (Lf/Df) 65 375
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In contrast, the SP quantity was changed from 1.2 to 1.6
(% by binder weight) so that the flow characteristics of fresh
mixes were kept within the desired range. The mix code for
each mix denoted the HSM that was reinforced with dif-
ferent volume proportions of STF, PPF, and hybrid fibers;
for instance, the code of the mix M1.1STF + 0.4PPF refers to
HSM reinforced with hybrid fibers 1.1% STF and 0.4% PPF.

2.3 Preparing and testing of HSM mixes

Thirteen HSM mixes were prepared to evaluate the effect
of fiber content on the properties of these mixes, and the
specimens for each mix were prepared under standard
conditions using the standard molds corresponding to
each test. After 24 h, the specimens were demolded and
immersed in a water tank until the testing time. In order
to compare the various characteristics of the tested mortar
mixes, several tests were implemented in the present
study. Regarding the mortar in the fresh state, a flowability
test was performed, and the test protocol was carried out
in compliance with ASTM C1437 [24]. The flow diameter of
each sample was measured as the average of two perpen-
dicular diameters. In fact, the quantity of the superplasti-
cizer given in Table 3 was selected to maintain the flow
diameter within the interval of 200 ± 10 mm for all mixes.
With respect to the hardened state of mortar, the mechan-
ical strength tests (compressive strength, splitting tensile
strength, and flexural strength) were carried out. In addi-
tion, ultrasonic pulse velocity and water absorption tests
were also implemented. For each HSMmix, cubes of 50 mm
were cast and tested for compressive strength at ages 28
and 56 days. The test procedure was done in accordance

with ASTMC109/109 M [25]. Concerning the tensile resis-
tance, the splitting tensile test was conducted on a (100 ×

200) mm cylinder at the ages of 28 and 56 days, and the test
was done according to the procedure outlined in ASTM
C496 [26]. The flexural strength test was measured on (50
× 50 × 300) mm prisms at ages 28 and 56 days, and this test
followed the procedure outlined in ASTM C78/C78M [27].
Figure 2 shows some samples at failure under compres-
sion, tensile splitting, and flexural stresses applied by the
appropriate testing setup.

To measure the propagation velocity of longitudinal stress
waves through mortar, the nondestructive ultrasonic pulse
velocity test was implemented on mortar cubes of 100mm
sides, following the test procedure outlined in ASTM C597
[28]. Similar to the strength tests, the tests of ultrasonic pulse
velocity were performed at the ages of 28 and 56 days.

As one of the durability tests, a water absorption test
was carried out in accordance with ASTM C642 [29] on the
mortar samples aged 28 days in order to measure the pore
space volume of the mortar.

For accuracy and to account for within-test variability
(repeatability), each test result is shown in the Results and
Discussion section) as the average value of three measured
results that were obtained from repeating the test on three
samples.

3 Results and discussion

3.1 Flowability

The flowability test was done for the tested HSM mixes in
the fresh state, and the results of the flowability test are

Table 3: Mix proportions of HSM

Mix code Cement kg/m3 SF kg/m3 Fine aggregate kg/m3 Water/binder (w/b) % SP % STF % PPF % STF + PPF %

M0 700 120 1,500 0.24 1.2 — — —

M0.25STF 700 120 1,500 0.24 1.2 0.25 — —

M0.50STF 700 120 1,500 0.24 1.2 0.50 — —

M0.75STF 700 120 1,500 0.24 1.2 0.75 — —

M1.00STF 700 120 1,500 0.24 1.3 1.00 — —

M1.25STF 700 120 1,500 0.24 1.3 1.25 — —

M1.50STF 700 120 1,500 0.24 1.3 1.50 — —

M0.2PPF 700 120 1,500 0.24 1.4 — 0.20 —

M0.4PPF 700 120 1,500 0.24 1.5 — 0.40 —

M0.6PPF 700 120 1,500 0.24 1.5 — 0.60 —

M1.3STF + 0.2PPF 700 120 1,500 0.24 1.6 — — 1.3 + 0.2
M1.1STF + 0.4PPF 700 120 1,500 0.24 1.6 — — 1.1 + 0.4
M0.9STF + 0.6PPF 700 120 1,500 0.24 1.6 — — 0.9 + 0.6
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summarized in Table 4. It is clear that the incorporation of
STF in the HSM mixes decreases the flowability; therefore,
the dosage of SP was increased to attain the desired flow-
ability. Furthermore, the impact of PPF on the flowability
of HSM was more pronounced than the effect of STF. These
findings are in consent with the common idea that the
existence of fibers in HSM obstructs the free flow of HSM
[30]. A possible explanation for the reduction in the flow-
ability values could be attributed to the increase in the
cohesion of fresh mortar due to the addition of fibers.
Besides, the negative impact on the flowability is due to
the formation of clumps of fibers in the mortar matrix [31].

3.2 Compressive strength

Compressive strength is the most important property of
concrete and mortar; it is then used to quantify the quality
and strength of concrete. Figure 3 depicts the compressive
strength at 28 and 56 days of the tested HSM mixes of the
present work. It can be generally noticed that for all tested
HSM mixes, the development of compressive strength
increased with the age of the tested specimens. At ages
28 and 56 days, compared to the compressive strength of
reference mix M0, the HSM mixes reinforced with STF,
PPF, and hybrid fibers showed an increase in compressive
strength. This can be attributed to the pozzolanic charac-
teristics of SF and to the capability of adopted fibers to
restrain the widening and delay the rate of growth of
cracks and to decrease the concentration of stress at the
tip of cracks [31,32]. Besides, the compressive strength of
mixes reinforced with different fibers increases as the
volume fractions of fiber increase, excluding the
M1.50STF mix, M1.1STF + 0.4PPF, and M0.9STF + 0.6PPF
mixes, where the compressive strength decreased in com-
parison to M1.25STF and M1.3STF + 0.2PPF. The reason
behind this behavior of such mixes is because of the ball’s

phenomenon of utilized fibers. On the other hand, it can be
seen from Figure 3 that the values of the compressive
strength for HSM reinforced with PPF fibers were higher
than that of the M0 mix but were lower than that of the
HSM mixes reinforced with STF and hybrid STF with PPF.
This can be attributed to the weak interfacial adhesion
between PPF fibers and the matrix of HSM mixes. Addi-
tionally, it is also observed from Figure 3 that among all the
tested mixes, the M1.25STF mix and M1.3STF + 0.2PPF mix
showed the highest values of compressive strength. For
instance, the compressive strength values at 28 and 56
days for the M1.25STF mix and M1.3STF + 0.2PPF mix
were increased by 9.9, 8.8% and 10.3, 9.1%, respectively,
in comparison to the M0 mix.

In fact, the close results of the mix M1.3STF + 0.2PPF
and the mix M1.25STF are consistent with the objective of
the present study in which we are looking for the optimum
hybridization of nonmetallic fibers with the metallic one in
order to gain the positive characteristics of nonmetallic
fibers without deteriorating the compressive strength.

3.3 Splitting tensile strength

The values of splitting tensile strength of all HSMmixes are
presented in Figure 4. A similar trend to the compressive
strength was observed for the splitting tensile strength
results at ages 28 and 56 days; however, the increase in
the splitting tensile strength compared to that of reference
mix M0 for the studied mixes is more than that for the
compressive strength. This is because the inclusion of fiber
into the brittle matrix of mortar leads to a lowering in the
width of cracks and a sequential improvement in the split-
ting tensile strength [32,33]. From this figure, it can be seen
that the splitting tensile strength increases as the volume
fractions of fibers increase, excluding the hybrid mixes
M1.1STF + 0.4PPF and M0.9STF + 0.6PPF, where the splitting

Figure 2: Samples at failure: (a) compressive test, (b) splitting tensile test, and (c) flexural test.
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strength values decreased in comparison to M1.3STF +

0.2PPF. Compared to the M0 mix, the HSM mixes rein-
forced with PPF fibers exhibited higher values of splitting
tensile strength at the ages of 28 and 56 days, but these
mixes showed lower values than that of the HSM mixes
that were reinforced with STF or hybrid STF with PPF. Also,
it can be seen that the M1.50STF and M1.3STF + 0.2PPF
showed the highest increase in splitting tensile strength
values by 34, 35% and 32, 33% at 28 and 56 days, respec-
tively, in comparison to the splitting tensile strength of M0.

As shown in Figure 4, the results of the mix M1.3STF +

0.2PPF and mix M1.5STF are very close. In fact, this is good
news since the cost and weight of the steel fibers are
higher than that of PPFs; consequently, using the optimalTa
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tested HSM mixes.
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hybridization of fibers can lead to a more economical mix
with close strengths (compared with mixes reinforced with
steel fibers only) and low costs.

3.4 Flexural strength

Like the splitting tensile strength, as shown in Figure 5, the
use of STF in the HSM mixes leads to an important
improvement in the flexural strength. As shown in
Figure 5, the flexural strength of HSM incorporated with
STF was up to 51% higher than that of the reference mix
M0. In contrast, HSM mixes reinforced with PPF showed a
slight enhancement in the flexural strength in comparison
to the flexural strength of the M0 mix. As can be seen, the
increment compared to the M0 mix in the flexural strength
of PPF-reinforced HSM mixes ranges from 1 to 6.1%,
depending on the fiber percentage and testing age. This
can be attributed to the fact that PPF has a lower elastic
modulus and tensile strength compared to those of STF.
Therefore, they only bridged on microcracks and did not
have a chief influence on the flexural strength [33]. The
results shown in Figure 5 further reveal the benefit of
hybridization, which among the hybrid fibers-reinforced
HSM, the increment in the flexural strength of the
M1.3STF + 0.2PPF mix was 47% (i.e., only 4% less than
that of the M1.50STF mix and 10% better than the
M1.250STF mix). Consequently, hybridization of fibers has
a positive impact on the reduction of cost.

As shown in Figure 5, the results of the mix M1.3STF +

0.2PPF and mix M1.5STF are very close. Actually, this result

agrees with the aim of the present study that the hybrid
fiber composite has the benefits of nonmetallic fibers
without a significant loss in strength.

3.5 Ultrasonic pulse velocity

Ultrasonic pulse velocity test is commonly applied for
in situ evaluation of compressive strength and homogeneity
of concrete and mortar in the existing structures. Therefore,
investigating the effect of fibers on this evaluation is valuable.
Figure 6 shows the results of ultrasonic pulse velocity UPV for
the tested HSM mixes at ages of 28 and 56 days. These results
reveal the enhancement in the ultrasonic pulse velocity
values when the STF is present. The inclusion of 1.5% of these
fibers in the HSM mix augments the magnitude of ultrasonic
pulse velocity from 3,922 to 4,160m/s at 28 days. Utilizing
1.25% by volume of STF allowed for the greatest ultrasonic
pulse velocity value of 4,230m/s at 28 days. In fact, the inclu-
sion of STF yields a considerable compressive strength due to
the enhancement in the mechanical bond strength within the
mortar matrix [34]. However, the inclusion of PPF causes a
small increase in the UPV as the percentage of PPF fibers
increases.

Alternatively, the findings for hybrid fiber mixes
reveal a better increase in ultrasonic velocity values with
fiber inclusions. The mortar mix M1.3SF + 0.2PPF provides
the highest UPV magnitude of 4,316 m/s, which was
attained at 28 days of age.

In fact, the results for UPV shown in Figure 6 are con-
sistent with the findings of compressive strength shown in
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Figure 3 because both figures exhibit the same trend with a
maximum improvement of 10% obtained for the mix
M1.3SF + 0.2PPF. This confirms that UPV is relevant to the
compressive strength capacity of HSM.

3.6 Water absorption

Water absorption is the principal property of the durability
of mortar, which is a measure of pore volume and perme-
ability of mortar. In this study, the water absorption test
was adopted as an index for the porosity of the tested HSM.
Moreover, it provides useful information about the perme-
able pore volume inside HSM and the interconnectivity of
these pores. The 28-day water absorption percentage of
various HSM mixes of the current study is summarized
in Figure 7. It shows that the inclusion of steel fibers
reduces water absorption. For example, the M0.50STF
mix attained the lowest water absorption among all other
mixes reinforced with STF. The results of micro PPF-rein-
forced HSM mixes show a behavior similar to that of HSM
reinforced by micro steel fibers, and the addition of these
fibers causes a reduction in water absorption. This is due to
the role of the micro-fiber in blocking the continuous pores
within HSM, thereby decreasing the susceptibility of water
absorption [35]. Regarding using the hybrid fibers in HSM
mixes, the mix 1.3STF + 0.2PPF has the best performance
among the other hybrid mixes. It was noticed that
increasing the micro-PPFs percentage to 0.6 in hybrid
fiber-reinforced resulted in higher absorption. The obser-
vation of the current study indicates that the incorporation

of a higher percentage of micro-PPFs in hybrid fiber-rein-
forced HSM increases the thickness and porosity of the
transition zone, which, in turn, increases water absorption.

4 Conclusions

The present work aims to study the effect of mono-fibers
and hybrid fibers (steel and polypropylene) on several
strength and durability characteristics of high-strength
cement mortar (HSM) with SF. The main findings of this
case study were the following:
– The compressive strength of HSM at the age of 28 days

increases with the increase in volume fraction of the
integrated STF from 0.25 to 1.5%, with the highest
strength increment of 9.9% occurring at a steel percen-
tage of 1.25%. The influence of PPF is less pronounced
since the increase in the volume fraction of these fibers
within the interval 0.2–0.6% leads to a maximum incre-
ment in compressive strength of only 2.3%. However, for
the hybrid fiber mixes, the highest strength increment of
10.3% was obtained for the mix with 1.3% steel + 0.2%
polypropylene, and the development of compressive
strength reduces as the volume proportion of steel fibers
decreases and that of PPFs increases.

– The use of STF or PPF increases the splitting tensile
strength with fiber percentage. The largest increment
in splitting tensile strength of 34% occurred when the
mix had 1.5% of only steel fibers, while this increment
was only 7% for the mixes with mono-PPFs. For the
mixes with hybrid fibers, a maximum augmentation of
32% occurred for the mix with fiber proportions of 1.3%
steel + 0.2% polypropylene.

– Similar to the splitting tensile strength, the flexural
strength of HSM shows the highest improvement of
51% for 1.5% single steel fibers, and this improvement
reduces to 47% for the hybrid fiber mix of 1.3% steel +
0.2% polypropylene. However, this increment is only 6%
for the mix with 0.6% of single PPFs.

– The findings obtained from the ultrasonic pulse velocity
test are in accordance with the results of the compres-
sive strength test, and this emphasizes the correlation
between ultrasonic pulse velocity and compressive
strength.

– The presence of fibers (single or hybrid) produces a
reduction in water absorption of HSM but in an irre-
gular pattern with a maximum reduction of 22, 21 and
4% for mixes with 0.5% mono-steel, 0.4% mono-polypro-
pylene, and 1.3% steel + 0.2% polypropylene hybrid
fibers, respectively.
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Figure 7: Water absorption (%) at the age of 28 days for the tested HSM
mixes.
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– For the list of properties considered in this study, one
can find that the incorporation of fibers into HSM leads
to the following enhancing order: flexural strength >

splitting strength > water absorption > compressive
strength and ultrasonic pulse velocity.

– The results observed from testing the compressive
strength, splitting tensile strength, flexural strength, and
ultrasonic pulse velocity at the age of 56 days show a
similar trend to the results obtained at 28 days age.

– According to the obtained results of the current study, it
can be concluded that the HSM reinforced with 1.25%
STF and hybrid HSMmix that was reinforced with 1.3STF
+ 0.2PPF represent the mixes with optimum content of
fibers that gain desired properties.
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