The effect of steel and polypropylene fibers on the chloride
diffusivity and drying shrinkage of high-strength concrete
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This paper presents an experimental study that investigates the influence of the low fiber content of poly-propylene and hooked-end steel fibers
on the properties of high-strength concrete. The study variables include fiber types and fiber contents. The effect of combining both fibers with
a total fiber content of 1.0% was also studied in some mixtures. Silica fume, as a supplementary cementitious material, was used at 10% of the
cement weight in all fiber-reinforced concrete mixtures. Compressive strength, modulus of elasticity, longitudinal re-sonant frequency, rapid
chloride migration and free drying shrinkage tests were performed for different curing ages. The results show that replacement of the cement
weight with 10% silica fume improved all of the char-acteristics of the concrete evaluated in this research study. It was observed that the
inclusion of fibers, parti-cularly steel fibers, enhanced the mechanical properties of concrete. It was found that the incorporation of
polypropylene fibers resulted in a reduction of chloride diffusivity, while introducing steel fibers significantly increased the chloride diffusivity
of concrete. Finally, the results showed that hybridization of two types of fibers was an effective way to improve the properties of concrete and
specifically reduce the drying shrinkage com-pared with that of the plain concrete.
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1. Introduction

Concrete, with a yearly consumption of more than 25 billion tons
[1], is the most used construction material in the world. Currently, the
demand for special types of concretes, such as high-performance con-
crete (HPC) and high-strength concrete (HSC), has also increased
throughout the world [2,3]. The addition of a well-defined type of ce-
ment, superplasticizer and mineral admixtures has an important influ-
ence on the properties of concrete and can lead to a high compressive
strength [4,5]. HSCs might be achieved by introducing supplementary
cementing materials (SCM), such as silica fume (SF), ground granulated
blast-furnace slag (GGBS), fly ash, and natural pozzolans, into the
concrete to enhance the stiffness and strength of the interfacial transi-
tion zone (ITZ) [6-8]. In general, it is well understood that the sub-
stitution of ordinary Portland cement (OPC) with SCMs in concrete
reduces the porosity and also converts the pores to smaller sizes com-
pared to conventional concrete. Additionally, the incorporation of
SCMs can change the mineralogy of the cement hydrates and subse-
quently results in a decrease in the motion of chloride ions [9-11].

HSC is more brittle than normal-strength concrete [12] and conse-
quently has a great vulnerability to the initiation and propagation of
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cracks with different sizes in the body of concrete. Several factors, such
as plastic and drying shrinkage, can cause cracks and limit the re-
sistance of concrete against harmful substances [13-15]. It is well
documented that fibers in concrete can reduce the brittleness and im-
prove many properties of concrete, including tensile strength, flexural
strength, thermal shock strength and toughness [16-22]. Obviously, the
inclusion of a given fiber type can be effective only in a limited di-
mension of crack size, depending on the fiber type, aspect ratio and
modulus of elasticity [23]. Hence, hybridization of two or more pre-
cisely selected fibers with different sizes and types can create more
attractive engineering properties rather than concrete reinforcement
with a single type of fiber [24-27]. However, researchers have mainly
focused on the progress of hybrid fiber-reinforced concrete (HyFRC)
with fiber content greater than 1.0% to produce high-ductility com-
posites. Therefore, there exist very limited experimental data regarding
the hybridization of fibers with a volume fraction less than 1.0%, al-
though it can have many applications for civil infrastructure [28,29].
Furthermore, researchers have obtained diverging diffusivity and
shrinkage experimental results, which limit a full understanding of
these features [30-32].

For instance, Kaikea et al. [33] showed that introducing 2%
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corrugated steel fibers in concrete resulted in a reduction up to 24% on
the shrinkage of HPC. In another study, Choi et al. [34] reported that
the drying shrinkage of specimens reinforced with 0.1% nylon and
0.1% steel fibers was reduced more than two times compared to that of
the plain concrete. Moreover, a reduction up to 65% on the shrinkage
strain of fiber-reinforced concrete (FRC) was recorded [35]. On the
other hand, other researchers indicated that fibers had negligible in-
fluence on the shrinkage of concrete [36-38]. Similarly, there is no
clear consensus on the effect of fibers on the diffusivity of concrete.
Behfarnia and Behravan [39] showed that the chloride penetration
depth of concretes reinforced with steel fibers reduced by 15%, while a
slight increase in the chloride penetration depth of steel FRC was re-
ported by Frazdo et al. [40]. The results obtained by Toutanji et al. [32]
indicated that the inclusion of polypropylene fibers resulted in a re-
duction in the chloride penetration resistance of concrete. Conversely,
research by Ramezanianpour et al. [31] showed that concrete samples
made with polypropylene fibers had higher resistance against the
chloride penetration. Crack width is an important factor controlling the
corrosion of steel reinforcing bars; therefore, it is recommended to limit
the crack width on the tensile surface of reinforced concrete to 330 pm
[41]. However, the maximum allowable crack width based on the re-
quirement of ACI 224 [42] is 100 pm. Blunt et al. [43] indicated that
HyFRC due to their higher resistance to cracking can effectively post-
pone the rebar corrosion and reduce the corrosion rate.

The objective of this study is to investigate the properties of HSC
manufactured with polypropylene and steel fibers individually and in
combination, with fiber volume fraction lower than 1.0%. Compressive
strength, modulus of elasticity, longitudinal resonant frequency, rapid
chloride migration and the drying shrinkage test were measured for
different curing ages. The longitudinal resonant frequency was used as
a non-destructive technique to measure dynamic and static modulus of
elasticity of concrete. The findings of this research can contribute to
promoting the application of HSC were manufactured with steel and
polypropylene fibers in different concrete structures.

2. Materials and methods

To assess the effect of fibers on the mechanical and durability fea-
tures of HSC, twelve different concrete mix proportions were analyzed.
The experimental matrix included concrete without fibers, concrete
containing polypropylene fibers, concrete containing steel fibers and
HyFRC. A schematic diagram of the experimental program is shown in
Fig. 1. All the tests were carried out for 7, 28, and 91 days to study the
effect of curing time on the results, except the free drying shrinkage
tests, which were conducted for the specimens cured for 28 days.

2.1. Materials

The binder materials used in this study were ASTM Type 1 Portland
cement and silica fume with specific surface of 300 and 14000 m?/kg,
respectively. Their chemical compositions and physical properties are
given in Table 1. Both natural sand, with a 3.4 fineness modulus, and
crushed gravel, with a nominal maximum size of 19 mm, were used as
the aggregates at a volume fraction of 50%. The water absorption,
specific gravity and other relevant data for the aggregates are given in
Table 2, and their grading curves are shown in Fig. 2. To achieve the
desired workability in different concretes, a Carboxylic 110 M, pro-
duced by the BASF factory, was used as a superplasticizer (SP). Hooked-
end steel fibers and polypropylene (PP) fibers with length and aspect
ratios of 60 mm and 80 and 12 mm and 545 were used in this study,
respectively. The properties and the pictures of fibers are given in
Table 3.

2.2. Concrete mixtures and mixing procedure

The water-binder ratio was maintained at 0.3 for all mixtures. Silica

Fume (SF) was added as a cement replacement for 10% of the mass to
FRCs. Additionally, a mix containing SF and without fibers was man-
ufactured to study its influence on the results. A pan mixer was used for
the preparation of all the mixes. Prior to adding the raw materials, the
surface of the pan mixer was cleaned with a wet towel to avoid the
absorption of aggregates moisture by the mixer. To fabricate uniform
high-strength fiber-reinforced concrete (HSFRC), several mixing pro-
cedures have been tried and the following one was chosen. Initially, the
fine aggregate, cement and SF (if applicable) were mixed for one min.
Afterward, approximately half of the water including SP, was in-
troduced into the mixer; the ingredients were further mixed for two
min. The Saturated Surface Dry (SSD) coarse aggregates and remaining
mixing water were then introduced, and the mixing was carried on for
another 5 min. In the last step, fibers were added gradually to the ro-
tating mixer and were mixed for an additional 5 min to obtain a
homogenous mixture. Details of mix proportions and the results of a
slump test and density of hardened concretes are summarized in
Table 4. The content of SP in that table is given as a percentage of the
total mass of the binder. To determine the workability of fresh concrete,
slump tests were performed as per ASTM C143 [44] during the pre-
paration of the concrete mixes. The specimens were molded with dif-
ferent dimensions that matched the requirements of their standards
test. The samples were covered with a wet plastic sheet to prevent them
from dripping water in the first 24 h of curing. Then, the concrete
specimens were demolded and immersed in lime-saturated water at
23 °C until reaching their testing ages. For each test, three samples were
prepared, and the average value was demonstrated as the final result.

2.3. Testing methods

2.3.1. Mechanical tests

Compression and static modulus of elasticity tests were conducted
on the cylindrical specimens, with dimensions of 100 x 200 mm, using
a 3000-kN universal compression machine in accordance with ASTM
C39 [45] and ASTM C469 [46], respectively. To monitor the strain of
specimens subjected to loading, two strain gauges were attached ver-
tically at the middle height and opposite surfaces of each sample, and
deformations were measured by using a 30 channel data logger.

2.3.2. Longitudinal resonant frequency test

The longitudinal resonant frequencies of the 100 x 100 X 400 mm
beams were determined according to BS 1881-209 [47]. An adaptable
grease was applied to the surfaces of the concrete prisms to decrease the
air pockets between the interfaces of concrete specimens and transdu-
cers. The value of the frequency resulting in the maximum amplitude at
the pick-up point is counted as the longitudinal resonant frequency of
the specimen. Additionally, by applying the longitudinal resonant fre-
quency test results in Eq. (1) it is possible to calculate the dynamic
modulus of elasticity E4, of concrete specimens in GPa.

E4, = 4n?1?p107%5 [¢))

where [ is the length of the sample (mm), n is the longitudinal resonant
frequency (Hz) and p is the density of hardened concrete (kg/m®). The
subscript r means that the resonant frequency testing technique was
used to calculate the dynamic modulus of elasticity.

There are different empirical correlations that have been developed
to drive the static modulus of elasticity from the results of the dynamic
modulus of concrete. Eq. (2) indicates one generally accepted correla-
tion in UK practice for conventional concrete [48] that the static
modulus of elasticity E,,, in GPa can be calculated by using the results of
dynamic modulus of elasticity Eg -

Eom = 1.25E4, — 19 )
Egs. (1) and (2) were developed for normal strength concrete with

compressive strengths ranging from 30 to 60 MPa. Nevertheless, in the
present study, their potential implementation for HSFRC has been
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Fig. 1. Scheme of the study procedure.
Table 1 Table 2
Chemical composition and physical properties of cementitious materials. Physical properties of the aggregates.
Item Cementitious materials (%) Aggregate type ~ Maximum size Water Specific Fineness
aggregate (mm)  absorption (%)  gravity modulus
Cement Silica fume
Fine aggregate  4.75 1.92 2.61 3.4
Sio, 21.2 93.0 Coarse 19.0 0.56 2.69 -
Al,O3 5.4 1.7 aggregate
Fe,04 3.4 1.2
MgO 1.4 1.0
Na,0 - 0.6 investigated.
K>,0 - 1.1
CaO 63.9 0.3
Compounds
2.3.3. Free drying shrinkage test
CsS 51.5 - The free drying shrinkage test was performed on prismatic samples
E2SA 2240 - as per ASTM C 157 [49]. Upon removal of specimens from the molds,
C3 AF 105 B pins were attached to the surfaces of the specimens. The samples were
4 - - 1. . s s
Physical properties kept in lime-saturated water for 30 min to minimize variation in length
due to variation in temperature. After that, the specimens were re-
Specific gravity (kg/m®) 3150 2210 moved from the water storage and wiped with a damp cloth; then, the
Specific surface (m?/kg) 300 14,000

initial comparator reading was measured immediately. Then, the spe-

cimens were stored in lime-saturated water at 23 °C until they reached
the age of 28 days. The drying shrinkage test was performed on the air-
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Fig. 2. Grading curves of aggregates.

stored specimens in a room with temperature of 23 °C and 50% relative
humidity; consecutive readings were carried out after curing for 4, 7,
14, and 28 days and after 8, 16, 32, and 64 weeks. The length variation
was measured, whereby a dial gage extensometer with 300-mm gage
length and a reading resolution of 0.002 mm was used.

2.3.4. Rapid chloride migration test

The non-steady-state chloride migration coefficient [50] was used to
measure the resistance of concrete samples against chloride penetra-
tion. This test was performed on the 50 mm-high specimens that were
obtained from the 100-mm cylindrical specimens. The samples were fit
with rubber sleeves and secured with two clamps to prohibit the
leakage of anolyte solution (0.3 M sodium hydroxide (NaOH)), from the
interfaces between specimens and sleeves, to the catholyte solution
(10% sodium chloride (NaCl)). Thereafter, the specimens inside the
sleeves were exposed to anolyte solution and placed on a plastic support
in a catholyte reservoir. An initial external electrical potential of 30 V
was applied, and the initial current was recorded. Based on the value of
the current, the next voltage and test duration were determined; con-
sequently, the new electrical potential was applied to the specimen to
force the chloride ions to migrate from the NaCl solution into the
specimen. Finally, the specimen was axially split across its circular cross
section. The split surfaces were sprayed with 0.1 M silver nitrate
(AgNOs3) solution, and the penetration of silver chloride precipitates
was measured. Finally, the chloride migration coefficient was calcu-
lated for this penetration depth using the following equation:

D = 0.0239(273 + T)L Xy — 00238 (273 + T)Lxg
U -2t U -2 3)

where D, is the non-steady-state migration coefficient ( x 10~ 2 m?/
s); U is the absolute value of the applied voltage (V); T is the average
initial and final temperature in the anolyte solution (°C); L is the
thickness of the specimen (mm); x; is the average value of the

Table 3
Properties of hooked-end steel and PP fibers.

penetration depths (mm); and t is the duration of the test (h).

3. Results and discussions
3.1. Workability

The effects of inclusion fibers and the addition of SF on the slump
test results are shown in Table 4. The inclusion of SF in the plain
concrete by using an equal dosage of SP led to a reduction in the slump
value. Furthermore, concretes manufactured with PP fibers showed
lower slump values; thus, a higher content of SP was added to maintain
the same workability. The results indicate that an increase in the vo-
lume fraction of PP fibers caused a greater reduction in the workability
of concrete. The incorporation of steel fibers also has a negative influ-
ence on the properties of fresh concrete. The long steel fibers and ag-
gregates interlock in the body of concrete and lead to a reduction in the
slump value. However, the presence of SF in FRC increased the cohe-
siveness of mixes and led to a better distribution of fibers in the con-
crete [51]. The results also showed that the replacement of a portion of
steel fiber with PP fiber in HyFRC caused a reduction in the slump test
results. Among the different mixes studied in this work, the lowest
slump value was attained by the mix comprising 0.55% steel and 0.45%
PP fibers.

3.2. Compressive strength

The compressive strength test results for different FRCs containing
different fiber contents and types are presented in Table 5 and shown in
Fig. 3. The replacement of cement mass with 10% SF resulted in an
increase in the compressive strength. For instance, the compressive
strength of this mix was increased by 7%, 9%, and 11% for curing ages
of 7, 28, and 91 days, respectively, compared to those of the plain
concrete. This can be attributed to the formation of an additional C-S-H
gel significantly at later ages, which is the main strength contributing
compound. Moreover, SF also fills in the capillary pores and improves
the features of the ITZ and microstructure of the cement matrix [52,53].

The addition of fibers in concrete also led to an increase in the
compressive strength. Higher strength is achieved in mixes containing
higher fiber volume fraction. The increase in the strength of poly-
propylene fiber-reinforced concretes ranged from 8% to 17%, while for
steel fiber-reinforced concretes, varied from 11% to 25%, depending on
the fiber volume fraction and testing age. As shown in Table 5, the
effectiveness of the steel fibers is higher than that of the PP fibers re-
garding the enhancement of the compressive strength. The reason for
that is the higher strength, length, and modulus of elasticity of steel
fibers, compared to those of PP fibers, which subsequently increase the
effectiveness of steel fibers in bridging macro-cracks and result in an
enhanced strength [54]. The results of HyFRC indicate that the com-
bined use of steel and PP fibers can considerably increase the com-
pressive strength over that of the mix without fibers. In general, the
increase in compressive strength of these mixes ranged from 18% to

Type of fiber Length Diameter Aspect Density Tensile strength Picture of fibers
[ (mm) d (mm) ratio I/d (g/cm®) (N/mm?)

Hooked-end steel (ST) 60 0.75 80 7.8 1050

Polypropylene (PP) 12 0.022 545 0.91 350




Table 4
Mix proportions of concrete mixes.

Mix No.  Mixture ID W/B  Water Cement Silica Fume Fine Agg.  Coarse Agg.  Fiber volume fraction (%) SP (%)" Slump (mm) Density (kg/ms)
(kg/m>) ST PP
1 Plain 0.3 156 520 - 860 886 - - 1.0 170 2437
2 SF10 0.3 156 468 52 851 877 - - 1.0 145 2416
3 PP0.15 0.3 156 468 52 849 875 - 0.15 1.2 130 2413
4 PP0.30 0.3 156 468 52 847 873 - 0.30 1.3 115 2408
5 PP0.45 0.3 156 468 52 845 871 - 0.45 1.4 80 2401
6 ST0.25 0.3 156 468 52 847 873 0.25 - 1.1 150 2433
7 ST0.50 0.3 156 468 52 844 870 0.50 - 1.1 120 2449
8 ST0.75 0.3 156 468 52 841 867 0.75 - 1.2 125 2464
9 ST1.0 0.3 156 468 52 838 863 1.00 - 1.2 80 2478
10 PP0.15ST0.85 0.3 156 468 52 838 863 0.85 0.15 1.2 85 2462
11 PP0.30ST0.70 0.3 156 468 52 838 863 0.70 0.30 1.2 95 2457
12 PP0.45ST0.55 0.3 156 468 52 838 863 0.55 0.45 1.2 50 2454

@ Percentage of total weight of cementitious material.

27% compared with that of the plain concrete, depending on the fiber
hybridization and testing age. An increase in the content of PP fibers in
HyFRC led to a reduction in the compressive strength of concrete. This
can be related to an increase in the porosity of mixes that were man-
ufactured with higher amounts of PP fibers due to the poor dispersion of
fibers [55].

The effect of specimen shape on the results of the compression tests
for different concrete specimens is shown in Table 5. In this research,
compression tests were carried out on the cylindrical specimens.
However, the results of cubic specimens that already published by
Afroughsabet and Ozbakkaloglu [14] have been provided to investigate
the effect of specimen shape on strength. As expected, the cylindrical
specimens obtained lower strength compared to the cubic specimens.
This result is an agreement with the findings of other researchers [56].
The average ratio for concretes without fibers is equal to 0.88 for dif-
ferent curing ages. This ratio for concrete containing PP and steel fibers
ranged from 0.88 to 0.90 and 0.90 to 0.93, respectively, depending on
the age of the test. It was also observed that the difference between
cylindrical and cubic strength has been reduced by the hybridization of
fibers; the ratio varied from 0.90 to 0.94.

3.3. Longitudinal resonant frequency
This method allows us to investigate the uniformity and relative
quality of concrete to demonstrate the existence of voids and degree of

cracking. Generally, an increase in the crack size or porosity of

Table 5
Compressive strength of fiber-reinforced concrete test results.

specimens results in a reduction in the resonant frequency [57]. On the
other hand, with an increase in the density of concrete specimens, a
higher resonant frequency will be achieved. The variations of the
longitudinal resonant frequency of different concrete specimens are
shown in Fig. 4 and Table 6. The results indicate that introducing of SF
in concrete slightly increased the resonant frequency of the control
specimen, and a maximum frequency of 5550 Hz was recorded after 91
days. This can be due to the increased bond between the aggregates and
cement matrix and improved properties of the cement paste. As shown
in Fig. 4, as curing time increased, the resonant frequency of all spe-
cimens increased significantly. The reason for that was the hydration
process of cementitious materials, which in turn improved the micro-
structure of concrete, and led to a higher frequency.

The results showed that the addition of PP fibers resulted in a re-
duction in the resonant frequency, while introducing steel fibers led to
an increase in the frequency of specimens. Additionally, an increase in
the PP fiber content caused a greater reduction in the resonant fre-
quency compared to that of plain concrete. For instance, the 28-day
longitudinal resonant frequencies of the mixes fabricated with 0.15%,
0.3%, and 0.45% PP fibers were 5212, 5187, and 5169 Hz, respectively,
whereas plain concrete had a frequency of 5215 Hz. As shown in
Table 4, an increase in the content of PP fibers resulted in a reduction in
the workability of concrete that consequently may cause higher por-
osity in those mixes. Therefore, the reduction in the resonant frequency
of polypropylene fiber-reinforced concretes may be attributed to an
increase in porosity of concrete as a result of the inclusion of PP fibers.

Mix No. Mixture ID Compressive strength of cylindrical 100 mm Compressive strength of cubic 100 mm specimen  Ratio of cylindrical to cubic specimens strength
specimen (MPa) (MPa)*
7 Days 28 Days 91 Days 7 Days 28 Days 91 Days 7 Days 28 Days 91 Days

1 Plain 61.9 71.8 77.5 71.2 82.6 88.3 0.87 0.87 0.88

2 SF10 66.4 78.5 86.2 75.2 88.8 98.0 0.88 0.88 0.88

3 PP0.15 66.8 80.1 87.4 74.9 91.2 98.6 0.90 0.88 0.89

4 PP0.30 68.5 80.6 87.1 75.7 91.5 101.4 0.90 0.88 0.86

5 PP0.45 68.1 83.3 90.9 77.1 92.8 100.3 0.88 0.90 0.90

6 ST0.25 68.8 82.7 91.7 76.1 92.3 98.5 0.93 0.90 0.93

7 ST0.50 71.5 84.6 93.5 77.4 93.8 102.0 0.92 0.90 0.92

8 ST0.75 73.2 85.2 94.4 78.3 95.0 102.6 0.93 0.90 0.92

9 ST1.0 74.8 87.8 96.7 79.9 98.7 104.3 0.94 0.89 0.93

10 PP0.15ST0.85 75.4 89.3 98.1 80.1 97.5 104.0 0.94 0.92 0.94

11 PP0.30ST0.70 74.3 87.4 97.0 81.4 96.6 103.2 0.91 0.92 0.94

12 PP0.45ST0.55 72.9 87.1 95.3 77.9 95.3 102.8 0.94 0.90 0.93

2 These results were included in another paper by the author [14].
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fraction of steel with PP fibers resulted in a decrease in the resonant
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Table 6
Results of longitudinal resonant frequency and dynamic modulus of elasticity tests.

Mix No. Mixture ID Longitudinal resonant frequency (Hz) Dynamic modulus of elasticity®, Eq, (GPa)
7 Days 28 Days 91 Days 7 Days 28 Days 91 Days

1 Plain 4974 5215 5537 38.59 42.42 47.82
2 SF10 4988 5234 5550 38.47 42.36 47.63
3 PP0.15 4957 5212 5524 37.95 41.95 47.12
4 PP0.30 4941 5187 5508 37.62 41.46 46.75
5 PP0.45 4934 5169 5487 37.41 41.06 46.26
6 ST0.25 5028 5273 5562 39.37 43.29 48.17
7 ST0.50 5035 5290 5577 39.73 43.86 48.75
8 ST0.75 5044 5302 5598 40.12 44.33 49.42
9 ST1.0 5057 5318 5604 40.56 44.85 49.81
10 PP0.15ST0.85 5036 5296 5585 39.96 44.19 49.15
11 PP0.30ST0.70 5007 5284 5568 39.42 43.90 48.75
12 PP0.45ST0.55 4982 5247 5551 38.98 43.24 48.39

@ Dynamic modulus of elasticity of the specimens calculated using Eq. (1).
3.4. Dynamic modulus of elasticity

The dynamic modulus of elasticity of different specimens has been
calculated by using the longitudinal resonant frequency test results as
presented in Table 6. Because the density of specimens has an influence
on the results, it was observed that concrete containing SF had a slightly
lower dynamic modulus of elasticity due to the lower density compared
to that of the plain concrete. Furthermore, the results show that the
addition of PP fibers led to a reduction in the dynamic modulus of
elasticity. The inclusion of 0.45% PP fiber caused a reduction of up to
3% in the dynamic modulus of elasticity after 28 days over that of the
plain concrete. This can be explained by the increased porosity of
concrete through the inclusion of PP fibers [58,59]. The dynamic
modulus of elasticity for steel fiber-reinforced concretes ranged from
39.37 to 49.81 GPa, depending on the fiber volume fraction and testing
age. In general, there is an increase in the dynamic elasticity of concrete
as the steel fibers content increases. This can be attributed to the higher
elastic modulus of steel fibers and increased density of specimens,
which consequently improved the dynamic properties of concrete. The
presence of SF, as a cement replacement, also promoted the dispersion
of steel fibers in concrete and caused an enhancement in the results. The
results showed that the combination of two types of fibers led to a
negligible decrease in the results when compared to the mix containing
1.0% steel fiber.

3.5. Static modulus of elasticity

There is a direct correlation between density and modulus of elas-
ticity in homogeneous materials. However, in heterogeneous, multi-
phase materials, such as concrete, density, modulus of elasticity of the
principal constituents, and the characteristics of the transition zone
determine the elastic modulus behavior of the composite [60,61]. The
static modulus of elasticity of different FRCs are shown in Fig. 5 and
summarized in Table 7. The results of the present study demonstrate
that the addition of SF caused an increase of up to 4% in the elastic
modulus of concrete. The improvement in elasticity can be due to the
densification of the ITZ between paste and aggregate, in addition to the
increased density of the concrete caused by the fineness of the SF.

The introduction of fibers of any type and content led to an increase
in the static modulus of the concrete when compared to that of the plain
concrete. As shown in Fig. 5, a maximum increase of up to 6% was
attained through the addition of 0.45% PP fiber. Furthermore, the in-
crease in the static modulus of the elasticity of steel fiber-reinforced
concretes ranged from 3% to 12%, depending on the fiber volume
fraction and curing time. The efficiency of steel fibers was higher than
that of PP fibers due to their higher strength and modulus of elasticity,

which subsequently improved the static modulus of the concrete. As
shown in Table 7, among different mixes considered in this study, the
highest elastic modulus was attained by the mix containing 0.3% PP
and 0.7% steel fibers, which gained a 91-day elastic modulus of
41.9 GPa. Aslani and Nejadi [62] also reported that higher modulus of
elasticity was achieved by hybridization of PP and steel fibers compared
to monotype use of fibers.

The results of secant modulus of elasticity Ecm, calculated based on
the results of dynamic modulus of elasticity, and the ratio of Ecm to the
experimental test results are also presented in Table 7. The ratio of Ecm
to the experimental test results ranged from 0.83 to 1.06, depending on
the testing age and type of reinforcement. This result shows a good
agreement with the finding of Hassan and Jones [63], who found errors
in the range of 0.9-0.98. As shown in the table, the secant modulus of
elasticity obtained from the empirical correlation was underestimated
at 7 and 28 days, while the results after 91 days were slightly over-
estimated. The results also indicate that the trend of the static modulus
of elasticity and those determined from the empirical relationship are
different for concrete containing PP fibers. Based on Egs. (1) and (2),
there is a direct relationship between the density and resonant fre-
quency of concrete and its secant modulus of elasticity. Therefore, va-
lues were reduced due to a reduction in the density and longitudinal
resonant frequency of concretes reinforced with PP fibers. Because the
inclusion of steel fibers increased the aforementioned features of con-
crete, there is a similar behavior between the results of concrete man-
ufactured with steel fibers.

3.6. Rapid chloride migration coefficient

Permeability is considered to be the most important feature for the
long-term performance of a reinforced concrete structure [64-66].
Microstructural properties like the size, distribution, and interconnec-
tion of micro-cracks and pores are the main factors that affecting the
permeability of concrete [18,67]. The calculated chloride migration
coefficients of different concretes with and without fibers are shown in
Fig. 6 and presented in Table 8. Based on the chloride migration coef-
ficient of specimens and criteria provided in Table 9 [68], the resistance
to chloride penetration of different concretes was classified and sum-
marized in Table 8. The addition of SF significantly reduced the
chloride migration coefficient of concrete. Substituting 10% of cement
weight with SF led to a reduction of up to 54%, 76%, and 78% at 7, 28,
and 91 days, respectively, when compared to those of the reference
concrete. This may have contributed to the effect of SF on the formation
of a secondary C-S-H gel, refined the pore size, and produced an en-
hanced transition zone that consequently caused a reduction in the
chloride migration coefficient of concrete. Toutanji et al. [32] indicated
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Table 7
Modulus of elasticity of fiber-reinforced concrete test results.

Mix No. Mixture ID Static modulus of elasticity” (GPa) Modulus of elasticityb, Ecm (GPa) Average ratio of Ecm to static modulus of elasticity
7 Days 28 Days 91 Days 7 Days 28 Days 91 Days 7 Days 28 Days 91 Days

1 Plain 32.45 36.14 37.89 29.23 34.02 40.77 0.89 0.92 1.06

2 SF10 33.27 37.56 38.61 29.09 33.95 40.54

3 PP0.15 33.68 38.19 39.82 28.43 33.44 39.91 0.83 0.86 0.98

4 PP0.30 34.05 37.84 39.95 28.03 32.83 39.44

5 PP0.45 33.92 38.03 40.21 27.76 32.32 38.83

6 ST0.25 34.29 38.67 39.13 30.21 35.12 41.21 0.87 0.92 1.05

7 ST0.50 35.61 39.46 40.34 30.67 35.83 41.94

8 ST0.75 35.83 39.22 40.57 31.15 36.41 42.77

9 ST1.0 36.48 40.30 40.84 31.70 37.06 43.26

10 PP0.15ST0.85 36.09 40.57 41.76 30.95 36.24 42.44 0.84 0.89 1.01

11 PP0.30ST0.70  36.95 40.42 41.90 30.28 35.88 41.94

12 PP0.45ST0.55  35.70 39.26 40.66 29.73 35.05 41.49

@ Static modulus of elasticity of the test specimens calculated in accordance with ASTM C469.
® Modulus of elasticity of the specimens calculated using Eq. (2).
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Fig. 6. Chloride diffusivity of different fiber-reinforced concretes: (a) polypropylene fiber-reinforced specimens, (b) steel fiber-reinforced specimens, and (c) hybrid fiber-reinforced

specimen.

that replacement of OPC with 5% and 10% SF resulted in a reduction up
to 46% and 73% on the permeability of concrete, respectively. Fur-
thermore, Selvaraj et al. [69] and Dotto et al. [70] reported that in-
troducing SF in concrete caused an important reduction on the corro-

Table 9

Resistance to chloride penetration of various types of concrete based on the 28-day

chloride diffusivity [68].

Chloride diffusivity,

Classification of resistance to chloride

sion rate of reinforced concrete. But, a slight increase in the corrosion Dag X 1072 m%/s penetration
rate of steel bars in concrete was indicated by Page and Havdahal [71].
As can be seen in Table 8, the efficiency of SF in the improvement of > 15 Low
. . e . o 10-15 Moderate
chloride diffusivity increased at a higher age. This is in close agreement 5-10 High
with the results of other researchers, who found that the replacement of 255 Very high
OPC with SF can lead to a decreased porosity of concrete, especially at a <25 Extremely high
later age of curing [11,72,73]. According to the results obtained in this
Table 8
Results of chloride diffusivity and classification of corrosion rate.
Mix No. Mixture ID Chloride migration coefficient, Classification of resistance to chloride
D x 10~ 2 m?%s penetration based on the chloride diffusivity
7 Days 28 Days 91 Days 7 Days 28 Days 91 Days
1 Plain 9.89 7.25 4.72 High High Very high
2 SF10 4.53 1.75 1.02 Very high Extremely high Extremely high
3 PP0.15 3.74 1.27 0.69 Very high Extremely high Extremely high
4 PP0.30 3.61 1.22 0.60 Very high Extremely high Extremely high
5 PP0.45 3.92 1.41 0.78 Very high Extremely high Extremely high
6 ST0.25 10.68 8.49 5.13 Moderate High High
7 ST0.50 12.39 9.42 6.95 Moderate High High
8 ST0.75 15.53 10.72 8.46 Low Moderate High
9 ST1.0 16.84 12.06 9.51 Low Moderate High
10 PP0.15ST0.85 16.04 11.69 9.22 Low Moderate High
11 PP0.30ST0.70 14.47 10.18 7.93 Moderate Moderate High
12 PP0.45ST0.55 13.20 9.61 7.45 Moderate High High




study and the classification of Table 9, the reference concrete and mix
with 10% SF gained a “high” and “extremely high” resistance to
chloride penetration for the 28-day specimen, respectively.

The results shown in Table 8 indicate that the combined use of SF
and PP fibers in concrete led to a decrease in the chloride migration
coefficient ranging from 60% to 87%, depending on the fiber content
and testing age. This decrease can be attributed to the lower capillary
porosity and reduced inner conductivity of pores, which in turn protect
the steel bars in concrete from corrosion. As shown in Fig. 6, the
chloride diffusivity was slightly increased by introducing 0.45% PP
fiber, which can be related to the increased porosity of the mix. Tou-
tanji [74] showed that the addition of SF in concretes made with PP
fibers effectively reduced the chloride penetration as a result of im-
proved fiber dispersion. The results of Ramezanianpour et al. [31] also
confirmed that concrete samples reinforced with PP fibers had higher
chloride penetration resistance due to a reduction in the inner con-
ductivity of pores in which resulted in a lower probability of steel rebar
corrosion. Based on the criteria listed in Table 9, polypropylene fiber-
reinforced concretes were classified as having “very high” resistance to
chloride penetration at 7 days, and “extremely high” resistance at 28
and 91 days. Because this experiment is related to a current that is
passing from the surface of the concrete, the presence of conductive
elements, such as steel fibers, significantly increased the chloride dif-
fusivity of concrete. The results show that higher fiber volume fraction
resulted in an increase in the chloride migration coefficient. It was
observed that the chloride diffusivity of steel fiber-reinforced concretes
was up to 101% greater than that of the reference specimen through the
addition of 1.0% steel fiber. Meanwhile, some corroded materials oc-
curred in the cathode solution of the steel fiber-reinforced concretes.
Frazao et al. [40] also studied the durability of steel fiber-reinforced
concretes by using rapid migration test and found that a slight increase
in the chloride diffusivity of this mix occurred compared to that of the
plain concrete. The growth of chloride ions in the fiber-paste interface
weakened the protective oxide film of the steel fibers and subsequently
increased the vulnerability of corrosion. It was also noted that the ad-
dition of SF in steel fiber-reinforced concretes mitigates the negative
effect of steel fibers regarding the chloride migration resistance of
concrete. As shown in Table 8, all the steel fiber-reinforced concretes
were classified as having “high” resistance to chloride penetration after
91 days. The results indicated that substitution of a fraction of steel
with PP fibers led to a decrease in the chloride diffusivity of concrete
compared to that of the mix containing 1.0% steel fiber. The classifi-
cation of HyFRCs varied from “low” to “high” resistance, depending on
the fiber combination and testing age. As already noted, the crack width
has a remarkable influence on the permeability resistance of concrete.
Hoseini et al. [75] and Blunt et al. [43] showed that HyFRCs sig-
nificantly reduce the corrosion rate of rebar, particularly when the
concrete is subjected to load. This can be attributed to the appearance
of multitude micro-cracks instead of the formation of a few large cracks.

3.7. Free drying shrinkage

The results of the free drying shrinkage tests for the FRCs are shown
in Fig. 7. Furthermore, the results of drying shrinkage strain after 56
and 448 days for different specimens are depicted in Fig. 8. The re-
placement of OPC with 10% SF led to a reduction in the drying
shrinkage strain of concrete of up to 9% over that of the plain concrete.
This result shows that SF can reduce the porosity of concrete and pro-
duce a denser concrete with an increase in the C-S-H gel, which is a
product of cement hydration with pozzolans. The findings of other re-
searchers have also shown the efficiency of SF in the strengthening of a
concrete structure by filling the small pores and increasing the density
of hardened cement paste, which consequently reduces the drying
shrinkage of concrete [76,77]. It has been shown that there was no
significant distinction between the free shrinkage of different specimens
in the initial days, while after 28 days, they showed a remarkable

difference. Furthermore, the results show that the shrinkage occurred at
a fast rate for early ages, and then the rate tended to stabilize after 224
days.

The results of FRCs demonstrate that the incorporation of fibers of
any type and fiber content resulted in a reduction in the drying
shrinkage of concrete. As shown in Fig. 7, a higher reduction in the
shrinkage strain was attained as a result of increasing the fiber volume
fraction. However, fiber content had more significant influence on the
results of steel fiber-reinforced concretes. It was observed that a re-
duction in the drying shrinkage ranging from 11% to 18% and 13% to
21% was gained for PP and steel fiber-reinforced concretes, respec-
tively, compared to that of the reference concrete. These results are in
good agreement with the finding of other researchers, who found that
introducing fibers in a composite can arrest cracking produced as a
result of drying shrinkage [30,33,34]. For instance, Bywalski et al. [30]
showed that the addition of 3% steel fibers led to a reduction up to 32%
in the drying shrinkage of concrete. Barr et al. [78] studied the drying
shrinkage of FRC at different water-cement ratios. It was reported that
fibers had a negligible effect on the drying shrinkage of low strength
concrete, whereas it caused a reduction on the drying shrinkage of HSC.
In another study, Kim and Weiss [36] investigate the effect of different
contents of steel fibers on the drying shrinkage of concrete. They in-
dicated that the shrinkage strain was quite similar in all mixes irre-
spective to the fiber volume fraction. The results of HyFRCs indicate
that the combined use of PP and steel fibers is a promising way to
control the drying shrinkage of concrete. As cracks are initiated with
small size and later propagated with different sizes in a body of con-
crete, hybridization of fibers with various features, such as different
lengths and modulus of elasticity, plays an important role in resisting
cracking at different scales and causes lower shrinkage. Among dif-
ferent concretes considered in this study, the best performing mix was
attained by the mix containing 0.3% PP and 0.7% steel fibers; its
shrinkage deformation was reduced up to 26% over that of the plain
concrete. Furthermore, the results of FRCs show that the stabilization of
the drying shrinkage occurred after 112 days.

4. Conclusions

This paper studies the effect of silica fume and fibers on the me-
chanical, chloride diffusivity and drying shrinkage of high-strength
concrete. The following conclusions can be drawn from the experi-
mental results:

1 Introducing silica fume and fibers in concrete results in a reduction
in the workability of fresh concrete. Higher dosages of super-
plasticizers are required to maintain the same slump value as that of
the plain concrete.

2 Silica fume in concrete mixtures leads to improvement in all prop-
erties of concrete, particularly the chloride diffusivity. Replacement
of 10% of cement weight with silica fume in concrete led to a re-
duction of up to 78% in the chloride diffusivity of concrete.

3 The presence of fibers has a considerable influence on the me-
chanical properties of concrete. Steel fibers, due to their higher
strength and modulus of elasticity, produced higher compressive
strength and modulus of elasticity. An increase in the fiber volume
fraction causes an increase in strength. Hybridization of fibers had
no significant effect on the mechanical properties of concrete com-
pared to those of the mix containing 1.0% steel fiber.

4 Inclusion of different types of fibers in concrete leads to dissimilar
behavior in the longitudinal resonant frequency of concrete. The
addition of PP fibers results in a reduction in the resonant frequency
of concrete as a result of increased porosity. Meanwhile, the in-
corporation of steel fibers improves the resonant frequency of con-
crete. Likewise, the dynamic modulus of the elasticity test results
shows a similar trend to those obtained for the resonant frequency
tests.
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The results indicate that the addition of PP fibers leads to a reduc-
tion in the chloride diffusivity of concrete due to the reduced inner
conductivity of pores and lower capillary porosity. Meanwhile, the
inclusion of steel fibers considerably increases the chloride diffu-
sivity of concrete. This can be attributed to the conductivity of steel
fibers, which increases the danger of corrosion in steel fiber-re-
inforced concretes.

The inclusion of fibers significantly reduces the drying shrinkage of
concrete. However, it is found that increasing the fiber content has
no significant influence on the results, particularly in the case of PP
fibers. The lowest drying shrinkage was attained by the mix con-
taining 0.3% PP and 0.7% steel fibers; its shrinkage strain was re-
duced up to 26% compared to that of the plain concrete.

The findings of this research are very promising and have the po-

tential to significantly contribute toward expanding the use of HSC
fabricated with PP and steel fibers to different structural applications.
However, further research, particularly by using new type of steel fibers
like double hooked-end steel fibers are needed to explore its effect on

the

bending behavior and time-dependent features (shrinkage and

creep) of FRC, and the possibility of partial substitution of steel rebar
reinforcement with fibers in structural applications.
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