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Abstract: This experimental study investigated the effects of polyvinyl alcohol (PVA) and copper-
coated steel (CCS) on the mechanical properties and the post cracking behavior of fiber reinforced
concrete (FRC). In designing high-performance concrete mixes, cement replacement materials are the
essential ingredients. Therefore, the research objective was to investigate PVA and CCS fiber’s post-
cracking performance in 100% cement concrete and concrete with 80% cement and 20% fly ash. The
fiber content was fixed as a 0.3% volumetric fraction. CSS fibers required 15% more superplasticizer to
achieve the desired slump of fresh concrete than the PVA fibers. Simultaneously, CCS fibers showed a
10% higher compressive strength than the concrete made of PVA fibers. Both fibers exhibited a similar
effect in developing tensile and flexural strength. PVA fibers showed a value of 47 Gpa of secant
modulus, and CCS fibers resulted in 37 Gpa in 100% cement concrete. In post-cracking behavior,
CCS fibers showed better performance than the PVA fibers. The reason for this is that CCS showed
2.3 times the tensile strength of the PVA fibers. In comparing the two concretes, fly ash concrete
showed about 10% higher compressive strength at 56 days and about 6% higher tensile and flexural
strength. Similarly, fly ash concrete showed more than 15% first crack strength and flexural toughness
than the 100% cement concrete in post-cracking behavior. Fiber-reinforced concrete containing PVA or
CCS fibers showed enhanced post-cracking characteristics and its use could be preferred in structural
applications.

Keywords: fiber-reinforced concrete; fly ash; PVA fibers; ductility index; first-crack strength; copper
coated steel fibers

1. Introduction

Due to global pressure on achieving sustainability, many industries and disciplines
are facing challenges in coping with sustainable development demands. In this regard, the
concrete making industry faces enormous challenges because concrete is the second-largest
consumable materials on the planet [1]. The demand in terms of sustainability is that
concrete should be strong enough to resist load, which can reduce the size of structural
members. Concrete can be cast in any desired shape with a low energy profile. In the
last few years, successful efforts have been made in achieving the ultra-high strength of
concrete by varying the water to cement ratio and by the use of new generation admix-
tures. Achievement of ultra-high-strength concrete resulted in increased brittleness when
subjected to adverse conditions, which is one of its drawbacks regarding its long-term
performance [1].

Similarly, high strength concrete showed a less fire-resistant character, which can cause
a sudden loss of strength in cases of fire exposure [2]. Therefore, toughness and ductility are
the two essential properties of high strength concrete (HSC), representing the requirements
for achieving adequate performance, particularly when subjected to abnormal conditions.
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Thus, during the second half of the twentieth century, steel fiber reinforced concrete (SFRC)
was introduced. It helped to enhance the ductility and toughness of HSC. Still, it has raised
the concern of corrosion of the steel fibers during severe conditions, which may lead to
concrete spalling [3,4].

The uniformly distributed discrete fibers” mechanism is to resist the cementitious
matrix so that it does not come apart, even after failure. Evenly distributed fibers tend to
maintain a link within the cementitious matrix and improve its post-cracking behavior [4].
Several studies showed that SFRC exhibited ductile failure under both compression and
tensile loading conditions [5]. Additionally, it has increased compressive strength and
modulus of rupture [6]. In another study, Song and Hwang [7] reported that steel fibers
with different volume fractions improved the compressive strength, split tensile strength,
modulus of rupture, and toughness index. It also enhanced the post-crack ductility by
providing a bridging effect across the crack. Hence, it increased the energy absorption
capability of the matrix [8,9]. Despite the many advantages of steel fibers, they are costly; as
an estimate, it was found that a 1% addition of steel fibers doubled the cost of the concrete
composite [8]. To overcome the corrosion issues of steel fibers, they were coated [10], and
showed a significant improvement in concrete properties [11].

In the next era of fiber reinforced concrete (FRC), alternative forms of fibers, such as
non-metallic fibers, were utilized to overcome the corrosion issues. Commonly investigated
non-metallic fibers are polypropylene fibers that increased the toughness and ductility
but harmed the mechanical properties of the concrete [12]. In contrast, nylon fibers show
relatively better results [13]. Basalt fibers are another alternative type that have been
investigated during the last decade. Chopped basalt fibers showed high ductility [14] and
much-improved post-cracking behavior in concrete [15]. They formed a firm bond with
the cement matrix [16]; however, they caused comparatively worse effects on compressive
strength and concrete workability, making them an unfeasible option [17,18]. In most
research studies on FRC, the concrete’s workability was not controlled by increasing the
amount of superplasticizer or the water to cement ratio; its hardened concrete properties
were appreciably reduced [19,20]. Polyvinyl Alcohol (PVA) fibers are a recent introduction
in the non-metallic fiber family, and have caused much enhancement in concrete properties.
They have increased the compressive, split tensile, and flexure strength of newly introduced
Engineered Cementitious Composites (ECC) [21]. Due to the fact that PVA fibers enhance
the bridging action and cracking strength [22], they are regarded as an attractive option
because of these beneficial effects. Hu et al. [23] investigated 12 mm long PVA fibers; they
found an increase in compressive strength and elastic modulus within a particular fiber
dosage limit.

In contrast, split tensile strength was increased by increasing the fiber content.
Noushini et al. [24] studied the mechanical and structural properties of 6 mm and 12 mm
length PVA fiber reinforced concrete. PVA fiber increased tensile and flexure properties with
constant compression strength up to 0.25 volume fraction, while PVA fiber also increased
ductility in reinforced concrete (RC) beams. Noushini et al. [25] conducted a detailed study
on adding PVA fibers to concrete; the research parameters included two different lengths
(6 mm and 12 mm). Cement replacement by 30% fly ash maintained the constant slump of
concrete. Noushini et al. [25] observed an improvement in the post-cracking response of
the fiber-reinforced matrix. They also observed enhanced ductility and higher mechanical
properties when fiber content was kept at 0.25%. When the fiber content was increased
to 0.375%, they observed declining effects on concrete properties. As discussed above,
fiber-reinforced concrete was initially developed to improve the flexural performance of
structural members under service conditions. Cao et al. [26] observed that, until recently,
most of the researchers were biased towards investigating material parameters of FRC and
reducing the cost of the end product. These research studies provided enough data for
designing the FRC members for serviceability requirements. However, only a few research
studies have focused on the FRC matrix’s non-linear behavior, and they mostly studied
steel fibers [27]. Zahid et al. [28] have recently published research on the post-cracking
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and fracture behavior of engineered geopolymer concrete using PVA fibers. The novelty
of the current work is the detailed investigation of post cracking performance of concrete
containing copper coated steel and PVA fibers. Such types of concrete are widely used
for large constructions. For example, the developed concrete was used in post-tensioned
beams for enhancing the bursting strength at the anchorage edge.

This study aims to investigate the effects of low volume fraction (0.3%) of PVA and
CCS fibers on the mechanical properties, modulus of elasticity, ductility, and concrete post
cracking characteristics. Two sets of concrete are studied, one with 100% cement and the
other with 80% cement and 20% fly ash. In comparing PVA and CCS fibers, a 0.3% volume
fraction of fibers was fixed. The fiber aspect ratio was 100 and 90 for CCS and PVA fibers,
respectively. The post cracking characteristics included first crack strength; toughness
index; I5, Ijp, and Iyg; flexural toughness; and the ductility index.

2. Materials and Methods
2.1. Material Properties

In this study, cement called Cem-1conforming to ASTM C150 supplied by Lafarge,
Malaysia, and Class-F fly ash (ASTM C618-15) from the Manjung Power Station, Perak,
Malaysia was used. Well-graded coarse aggregates in sizes ranging from 4.75 mm to 14 mm,
a fineness modulus of 7.23, and a specific gravity of 2.62 were obtained from a nearby
quarry in Perak, Malaysia. River sand was supplied as a fine aggregate; its properties were
measured as: fineness modulus of 2.2, water absorption of 1%, and specific gravity of 2.55.
Sika Malaysia’s Superplasticizer, called Viscocrete 2044, conforming to ASTM C494, was
used to improve the concrete’s slump. The specifications of the fibers (copper coated steel
and PVA) are given in Table 1.

Table 1. Physical and Mechanical Properties of fibers [19].

Properties Copper Coated Steel (CCS) Fiber PVA Fiber
Length (mm) 20 18
Diameter (um) 200 200
Aspect Ratio (1/d) 100 90

Density (g/cm?) 7.85 1.3
Tensile strength (MPa) 2300 1000

2.2. Mix Proportion

In this experimental study, an approach based on trial mix proportioning was adopted
to achieve the required strength; however, the trial was based on earlier research studies.
The target compressive strength to accomplish at 28 days was set as 70 £ 5 MPa. The work-
ability of fresh concrete was measured using the slump test, targeted between 90-110 mm.
Volume fraction and water added to cementitious material ratio was kept constant at 0.4. A
dosage of superplasticizer obtained from SIKA Malaysia was added to achieve the desired
slump value. Table 2 shows the details of all mixes used in this study. The mixing was
done in a 100-L laboratory mixer.

2.3. Mixing, Casting, and Testing of Specimens

The casting and curing of concrete were done according to ASTM C192/C192M-16a.
The fresh concrete was placed in three layers in the mods. Cube sizes of 100 x 100 x 100 mm
were used for the compressive strength test, 100 x 200 mm size cylinders were cast for split
tensile and elastic modulus, and 100 x 100 x 500 mm prisms were used for the flexural
strength test. After mixing each of the concrete mixes in a pan type mixer, its slump was
measured according to ASTM C143/C143M-15a before casting into its respective mold.
After casting all specimens, they were left in the molds overnight and covered by a black
plastic sheet. Overnight and after demolding, all samples were moved to the curing room
(at 100% Relative Humidity) until the time of testing. Concrete cubes for compressive
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strength were tested according to BS EN 12390-3:2009 at 3, 28, and 56 days. The cubes were
tested in a 100 kN capacity digital testing machine, as shown in Figure 1a. Concrete prisms
were tested for the four-point bending test using a 1000 kN capacity actuator attached to
the loading frame, as shown in Figure 2. The purpose was to determine the toughness
index and the load-deflection curve. The bending test was conducted at 28 days, according
to ASTM C 1018-97. The third test in this study was a split-cylinder tensile test (STT),
which was conducted on the same machine used for compressive strength; the test set-up
is shown in Figure 1b. STT was done to obtain tensile strength and elastic modulus of
the concrete. Elastic modulus was determined using a stress-strain curve acquired during
the beam bending test. A 60 mm long strain gauge was pasted to the sample to measure
strain values and was connected to a data logger, conforming to ASTM C469/C469M. Even
though the split-cylinder test was done according to ASTM C496/C496M-04, this test was
also done at 28 days.

Table 2. Details of concrete mix proportions.

Fiber Content (by Volume)
(%)

. Cement Fly Ash Coarse Aggregate Fine Aggregate .
Mix ID Polyvinyl Copper ke/m3 3 3 3 W/C Ratio SP (%)
Alcohol Coated Steel (eg/m") (leg/m?) (leg/m?) (leg/m?)
(PVA) (CCS)
Control Mix
(CM) 0 0 425 0 1100 705 0.4 0.35
Fly Ash
Contro Mix 0 0 340 85 1100 705 0.4 0.25
(CF)
P0.3 0.3 0 425 0 1100 705 0.4 0.3
S0.3 0 0.3 425 0 1100 705 0.4 0.5
PF0.3 0.3 0 340 85 1100 705 0.4 0.3
SF0.3 0 0.3 340 85 1100 705 0.4 0.5

Note: SP is superplasticizer, and W/C is water to cementitious binder ratio.

(a) (b)

Figure 1. Concrete Testing (a) Compressive Strength Test (b) Split Tensile Strength Test.
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Figure 2. Four-Point Flexural Strength Test.

2.4. Post-Cracking Characteristics

ASTM C1018 [29] has discussed the test method for determining the flexural toughness
and the fiber-reinforced concrete’s first crack strength. The material’s flexural toughness is
determined by estimating the area under the load-deformation curved obtained during the
beam bending test, indicating its energy absorption capacity. Figure 3 shows the typical
load-deformation curve of FRC referred to by ASTM C1018 and discussed in the available
literature [30-33]. By referring to the Figure 3, the first crack strength or toughness is
estimated as the area OAJ, which characterizes the material’s toughness at the onset of
the first crack. There are three other toughness indices: Is, 119, Ip9, and I3y are calculated
at the deflection level of 35, 5.5, 10.55, and 15.55, where 6 is the deflection measured
at the onset of the first crack. All these indices are dimensionless numbers, and the
procedure for estimation is described in Figure 3. Where flexural toughness is the total
energy absorbed by the specimen until the failure occurred, it is also equivalent to the
gross area under the load-deflection curve. Flexural toughness indicates pre and post crack
ductility of the material. Determining the toughness indices, residual strength factors, and
first-crack strength are generally used to compare the behavior of the different kinds of
fibers used in concrete. These parameters are used for optimizing the mix proportion of
high-performance fiber-reinforced concrete. They are also used for assessing the quality of
structural concrete [29,30,33].

|5 = Area OABCI A: Elastic limit, approximate first crack
o Area OAJ &: first crack deflection
C L= Area OABDH P first crack load
A 10 Area OAJ
N -
P’ o= Area OABEG ¢ ¢
D 307 Area OAJ
! Area OABFK “
- - ln = Area OABFK. e
Z i 5 Area OAJ T e T
- ] | Dial gauge or LVDT
& : :
1 1 E
T || s . :
2| i s :
: H H i 1
i i i i 1
i i d ] 1
] i i | ]
1 | f i ]
' i i ! jZero Load
‘ 1 f i pacity
: ; : ‘
H | 'H 'G K A,
o () 36 5.56 15.56 (n+1) 6
2
Deflection (&), mm >

Figure 3. Definition of Toughness Indices (load-deflection curve) according to ASTM C1018 [33,34].
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3. Results and Discussion
3.1. Effects of Fibers on the Workability (Slump) of Concrete

As described in the literature, the addition of fibers to concrete reduces its worka-
bility [14,18]. It is a general practice for achieving a concrete’s required workability; an
appropriate superplasticizer dose is added. The same approach was followed in this
study to acquire the desired workability of the concrete. Figure 4 shows the amount of
superplasticizer added to obtain a targeted slump value between 90-110 mm. The water
to cementitious material ratio was kept constant at 0.4. It is well established [34] that the
addition of fly ash increases the workability of concrete. Therefore, the control mix con-
taining fly ash (CF) included a lower dosage of superplasticizer (0.25%) than that added to
the 100% cement mix (CM), which was 0.35% for obtaining the targeted slump of concrete.
However, the fly ash concrete containing fibers required a higher dose of superplasticizer
(SP) for achieving the targeted value of slump. For concrete mixes containing 0.3% volume
fraction of PVA, a dosage of 0.3% SP was added. With the same volumetric fraction of CSS
fibers, the dosage of SP was increased to 0.5%. In all such cases, the addition of SP dosage
did reduce the compressive strength value. The compressive strength results are discussed
in the next section. The analysis of the fibers’ effects on concrete workability showed that
CCS fibers caused a substantial reduction in concrete workability than did the PVA fibers.
CCS fibers required 0.5% content of SP dose, whereas PVA fibers needed only 0.35% for
achieving the desired slump of 90-110 mm.

CM CF P03 S03 PF0.3 SF0.3
(100% C) (0.8C+0.2FA) (100%C + PVA (100%C+CCS (0.8C+0.2FA+ PVA (0.8C+0.2FA+CCS
Fibers) Fibers) Fibers) Fibers)
Mix Type

Figure 4. Superplasticizer dosage for achieving 90-110 mm slump in different concrete mixes. (Note: C is cement, FA is fly ash).

3.2. Effects of Fibers and Fly Ash Content on the Compressive Strength of Concrete

Figure 5 illustrates the compressive strength development of different concrete mixes
determined at 3, 7, 28, and 56 days of curing. Figure 5 clearly distinguishes the effects of
0.3% volume fraction of CCS and PVA fibers on the compressive strength of 100% cement
concrete and concrete blended with 20% fly ash content. The compressive strength of
the control mix (CM), containing 100% cement, was considered as the reference value.
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Therefore, the compressive strength of all other mixes was assessed with the reference
value. For the control mix (CM), the reference value at every age of curing is taken as
one; all other values of compressive strength were divided by the mix’s compressive
strength, CM, and the strength efficiency index (SI). The same concept was discussed by
Noushini et al. [24] for comparing the efficiency of different concrete mixes. Table 3 shows
the SI value determined for various concrete mixtures in this study. The effects of the type of
fibers and the fly ash content were considered the research variables. Some research studies
showed that increasing the coarse aggregates’ size up to a specific limit also increased the
compressive strength [35]. Noushini et al. [24] used 12 mm and 18 mm long PVA fibers,
and they discussed that the long fibers were able to connect and tie together the coarse
aggregates in concrete. Results showed that the addition of 20% fly ash caused a slight
delay in compressive strength development. The concrete mixes containing fly ash suffered
a loss of strength between 15% and 35% at 3 days and 7 days compared to the reference
value. A 0.3% volume fraction of CSS fibers caused positive effects on the compressive
strength compared to the control mix with fly ash (CF), which had a 6% higher strength at
3 days and was 9% higher at 7 days. At 56 days, fly ash concrete containing CSS fibers and
0.3 SE, showed an 18% higher strength than the reference mix CM and 16% higher than the
CF mix.

Table 3. Compressive Strength (Cube) of all Concrete Mixes.

Compressive Strength, fi,,, (MPa) and Strength Efficiency Index (SI)

Mix ID fcu SI fcu SI fcu SI fcu SI
3 Days 7 Days 28 Days 56 Days
M 54.14 1.00 60.45 1.00 66.77 1.00 70.88 1.00
P0.3 54.25 1.00 60.45 1.00 69.00 1.03 73.61 1.04
50.3 58.86 1.09 65.81 1.09 72.60 1.09 78.28 1.10
CF 42.94 0.79 50.10 0.83 65.97 0.99 72.00 1.02
PF0.3 35.38 0.65 55.62 0.92 64.00 0.96 74.50 1.05
SF0.3 46.22 0.85 55.37 0.92 69.32 1.04 83.57 1.18

NOTE: Strength Efficiency Index (SI) = Ratio of the f.; of concrete mix with the f., of the mix CM.

Compared to the CCS fibers, PVA fibers in 100% cement concrete showed the same
value of compressive strength as in the control mix (CM) at 3 and 7 days. They showed a
slight increase in strength at the 28 and 56 days. Whereas tha PVA fibers in fly ash concrete
showed a reduction in compressive strength of 6% at 3 days compared to the control mix,
(CF) and a 35% reduction in strength of the reference mix (CM). However, at 7 days and
later, PVA fibers showed an increase in strength between 4% and 7% compared to the
control mix (CF). In general, the addition of a small volume fraction of 0.3% of CCS and
PVA fibers did not show adverse effects on strength at 28 and 56 days of curing,.

3.3. Effects of Fibers on Tensile and Flexural Strength

The principal reason for developing fiber reinforced concrete (FRC), was to enhance the
tensile and flexural strength and improve concrete post-cracking behavior. Figure 6 shows
the split tensile strength and the flexural strength of various concrete mixes measured at
28 days of curing. In analyzing the fiber’s performance, results were compared to the
reference mix (CM) and the strength efficiency index. SI was calculated, and is tabulated in
Table 4. It was observed that the addition of 0.3% volume fraction of CCS and PVA fibers
increased the split tensile and flexural strength by about 7% in 100% cement concrete and
up to 25% in the fly ash based concrete, which is a significant improvement. As highlighted
in the literature, unlike compression strength, fibers make a complex network of concrete
matrices and maintain the mix’s integrity [36]. It is stated that longer fibers contribute
to improving a concrete’s flexure properties [37]. Both types of fibers, CCS and PVA,
possessed similar aspect ratios of 100 and 90, respectively; therefore, they showed more or
less similar tensile and flexural strength values. Because the flexural strength of concrete
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depends on its tensile strength, Figure 7 shows a linear correlation between tensile strength,
ft, and flexural strength, f;, given in the following Equation (1).

fr1 = 1.3349f; — 1.2298 )

The literature has indicated that the flexural strength of fiber reinforced con-
crete is usually related to the ultimate compressive strength of the concrete; fo; as
fr1 = (0.62t00.83) \/feu [29,30]. Figure 8 shows the correlation between the flexural strength
and the ultimate compressive strength, and the following correlation was obtained:

fr = 0.6641+/fou 2)

Equation (2), obtained in this research study;, is stated above and presented in the
literature [30-32].

u3 Days u7 Days m 28 Days 56 Days

90

80 .|.

70

60 = — —

Compressive Strength, MPa
g
|
|
|
|
I
|

CM CF P03 S0.3 PF03 SF03
(100% C) (0.8C+02FA) (100%C +PVA (100%C+CCS  (0.8C+02FA+PVA (0.8C+02FA+CCS
Fibers) Fibers) Fibers) Fibers)

Mix Type
Figure 5. Compressive strength development in different concrete mixes at different ages.

Table 4. Split tensile and flexure strength of concrete mixes determined at 28 days.

Tensile Strength, f; Flexural Strength, fy
Mix ID
MPa Strength Index MPa SI
(81

CM 4.72 1.00 521 1.00
P0.3 5.08 1.08 5.5 1.06
50.3 5.05 1.07 5.5 1.06
CF 4.02 0.85 4.08 0.78
PF0.3 5.19 1.10 5.52 1.06

SF0.3 5.14 1.09 5.79 1.11
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m Split tensile strength (MPa)  mFlexure Strength (MPa)
7

6

S
4
3
2
1
0
CM P0.3 S0.3 CF

PF03 SF03

Split Tensile & Flexural Strength (MPa)

Type of Concrete Mix

Figure 6. Split Tensile and Flexural strength of different concrete mixes measured at 28 days.
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Figure 8. Correlation between compressive strength, f.;,, and flexural strength, qu
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3.4. Flexural and First-Crack Toughness, Indicies, and Residual Strength Factor

Table 5 contains the estimated values of flexural toughness parameters, indices (I5, I,
and Ipp), residual strength factors (Rs 19 and Rpp,10), and deflection for all concrete mixes. It
can be observed that the addition of fibers into concrete had significant effects on the first
crack toughness, F ch. In the first set of 100% cement concrete, PVA fibers increased F ch, by
13% and the CCS fibers increased it by up to 41% compared the control mix (CM). In the fly
ash concrete, PVA fibers enhanced it by 41% and CCS fibers increased it by 57% compared
to the control mix (FC). This is a substantial improvement in the first crack strength of
concrete. The flexural toughness (FT), which was calculated at the failure conditions,
showed a significant enhancement with fiber addition. In 100% cement concrete, PVA and
CCS fibers enhanced the FT value 1.8 times and 3.6 times, respectively, compared to that of
the mix CM. The flexural toughness ratio and the first crack toughness (FT/FTfc) indicate
the concrete’s ductility. As shown in Table 5, the FT/F Ty, ratio of the control mixes, CM
and CF, was obtained as 1.3 and 1.26, respectively. For PVA fibers, FT/F ch was obtained as
2.05 and 1.91. For CCS fibers, it was determined as 3.31 and 2.21, indicating a significant
enhancement in the ductility with fiber addition. Figure 9 shows a correlation between
the flexural strength, ]jq, flexural toughness, FT, and the first crack toughness, F Tf. The
following Equations (3) and (4) were obtained:

2
FTy. = 24515(f ) —22.275f +55.38 3)

2
FT = 8.9728 ( fﬂ) — 80.692ff + 186.42 @)

Figure 10 shows the relationship between first crack strength, FTf, and flexural
toughness, FT; a power correlation was obtained as:

FT = 0.0955 (PTfC)Z'%%

©)

The first index, I5, is the ratio of strain energy calculated at 35 to the elastic strain energy
calculated at 6 (the deformation at first crack). The region from 6 to 30 is transitionary
when material behavior shifts from elastic to plastic. CCS fibers showed an I5 value of 2.45
in OPC concrete, indicating high resilience of the matrix after the first crack appeared. In
fly ash concrete, it was calculated as 1.84. PVA fibers showed an I5 value of 1.82 and 1.59 in
OPC and fly ash concrete, respectively. The indices I}y and Iy indicate the matrix’s plastic
flow behavior calculated at 5.56 and 10.56, respectively. CCS fibers showed I values as
3.33 and 2.21 in OPC and fly ash concrete, respectively. PVA fibers showed an I value of
2.05 and 1.91 in OPC and fly ash concrete. The high values of indices shown by CCS fibers
could be the reason for the high tensile strength (2300 MPa) compared to PVA fibers. The
tensile strength was 1000 MPa. In general, the addition of fibers has reasonably improved
the plastic flow behavior of the composite.

As shown in Table 5, residual strength factor, Rs 19, for PVA fibers in 100% cement
and fly ash concrete was obtained as 4.03 and 4.84, respectively. Similarly, Rs 19 for CCS
fibers in 100% cement concrete and the fly ash concrete was determined as 11.93 and
6.77, respectively. The residual strength factor represents the strength retained in the
structural member after the first crack onset. A high value of the factor, R, indicates the top
performance of concrete. In this case, a value of four and above means that the concrete
mixes with these fibers can display appropriate plastic behavior.
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Table 5. Post cracking characteristics of concrete, determined according to ASTM1018 [30].

Residual Strength

Mix Type Toughness at First Toughness Index Flexural Toughness, FT Factor Deflection,
Crack, FT§, (kN-mm) (KN-mm) § (mm)
I5 To Ino Rs,10 Roo,10

CM 5.57 1.3 1.3 1.3 7.23 0 0.00 1.34
P0.3 6.24 1.82 2.02 2.05 12.82 4.03 0.34 7.2
S0.3 791 2.45 3.04 3.33 26.38 11.93 2.86 15.5

CF 5.33 1.26 1.26 1.26 6.72 0 0 1.46
PF0.3 7.53 1.59 1.84 191 14.38 4.84 0.73 12.6
SF0.3 8.37 1.84 2.18 2.21 18.47 6.77 0.24 12

3.5. Elastic Modulus and Ductility Index

Elastic modulus is one of the primary parameters for the study of the elastic defor-
mation of concrete. Elastic modulus is the ratio between yield stress and yield strain.
In concrete, the stress-strain curve until yield is not linear. It is not easy to estimate the
modulus of elasticity by calculating the yield stress and strain ratio. Codes and standards
have recommended an approach based on estimating the secant modulus. In the method
described in ASTM C469/C469M and BS EN1992-1 [38], the secant modulus is the gradient
of the line joining the origin with a point on the stress-strain curve as it crosses at 40% of
the ultimate strength. In this research, the modulus of elasticity was estimated according
to the procedure described in BS EN 1992-1 [38]. A 100 mm diameter and 200 mm long
concrete cylinder was used. A strain gauge attached to the cylinder monitored the strain
with the continuous increment in load.

Table 6 contains the ultimate stress-strain data obtained for all concrete mixes. Figure 9
shows the secant modulus estimate’s value according to BS EN 1992 using the stress-strain
results shown in Table 6. The addition of PVA fibers significantly enhanced the modulus of
elasticity of 100% cement concrete, which was obtained as 47.6 GPa, 40% higher than that
of the control mix (CM). In comparison, CCS fibers caused an increase in secant modulus to
slightly more than 10% than the control mix (CM). For fly ash-based concrete, PVA and CCS
fibers increased the secant modulus by 8% and 6%, respectively, compared to the control
mix (CF). Another critical property of FRC, the ductility index, can also be determined
from the stress-strain curve by dividing the ultimate strain and yield strain [39,40]. Table 6
also contains the ductility index calculated for all mixes. With the addition of PVA and
CCS fibers, the ductility index (dI) of 100% cement concrete was increased by 25% and 87%,
respectively, compared to the CM. In the fly ash concrete, PVA and CCS fibers enhanced
ductility to 37% and 91% compared to the CF.

Table 6. Modulus of elasticity (E), and the ductility index of concrete determined according to BS EN 192-2-2 [34].

. Ultimate Stress, Ultimate Strain, o9 = 0.40, Strain at 049, €40 Secant Modulus o ou
Mix ID Oy (MPa) &y (O/o) (MPa) % (E4O = %) GPa DuCtlllty Index (0'40)

CM 63.49 1900 254 747 34 2.54

P0.3 61.3 1600 24.52 515 47.61 3.11

S0.3 66 3350 26.4 705 37.45 4.75
CF 64 1940 25.6 790 3241 2.46

PF0.3 60.1 2300 24.04 686 35.04 3.35

SF0.3 62 3400 24.8 720 34.44 4.72

4. Conclusions

For all experimental work, the following conclusion can be drawn:

Inclusion of low volume fraction (0.3%) of short (18 to 20 mm long) copper coated
steel, CCS, and PVA fibers in 100% cement/20% fly ash concrete enhanced the mechanical
properties. The effects were clearly seen in an improvement in the split tensile and flexural
strength; they were enhanced by more than 10% compared to the control mixes CM and
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CF. A valid correlation (within the specified range, as discussed in ASTM C1018) between
the compressive strength and the flexural strength was obtained.

The fundamental reason for reinforcing concrete with short, randomly oriented fibers
is to improve the load-carrying capacity and energy absorption capability after the onset of
the first crack. PVA and CCS fibers increased the first crack toughness by more than 40%
compared to the control mixes and increased the flexural toughness to 1.8 and 3.6 times
that of the control mixes’ FT. The fibers also enhanced the toughness indices Is, 119, and I»g
and the residual strength factors. These indices indicate the performance of concrete in the
plastic region.

Modulus of elasticity is an essential characteristic of concrete for controlling the
deformation behavior of the structural members. The secant modulus of PVA and CCS
reinforced concrete was obtained between 35 Gpa and 47 Gpa, which could reduce the
structural members’ size. The fibers also improved the ductility of the concrete by 22-91%,
which could help avoid a structural collapse in abnormal loading conditions.
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