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Abstract: The present paper describes the influence of steel fibres (SFs) on the
sorptivity of RC members exposed to a corrosive environment. The concrete
because of its inherent microstructure has a tendency to allow the ingress of
moisture and other harmful gases into it, which triggers the corrosion of
embedded rebars. The presence of other cracks therein further augments the
rate of absorption that lead to their accelerated deterioration. With this
background and the well-known crack-arresting potential of the SFs, an
investigation was carried out on control, pre-loaded, and pre-corroded and
loaded RC specimens to establish the effect of SFs in concrete on its rate of
water absorption. In order to quantify this effect, sorptivity test was conducted
on the cores extracted from the loaded un-corroded and corroded RC beams. It
was found that inclusion of fibres alleviates the surface water absorption
tendency of the concrete which enhances the durability.
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1 Introduction

Due to the rapidly augmenting environmental concerns, it has become vital to use the
resources judiciously and aim toward sustainability in every sphere including the
construction industry. Concrete, being one of the most versatile and widely used
construction materials, it becomes more important to do so. Concrete structures are
sometimes exposed to extreme environments during their lifetime in addition to other
service loading conditions. Any poor choice on part of either constituent materials,
workmanship, or construction method often leads to a poor concrete microstructure,
which further aggravates the problem in case of extreme environmental conditions.
Therefore, the choice of construction material and construction methods for a specific
application is a vital stage for eliminating durability issues. The concrete, being a
quasi-brittle material is usually reinforced with steel rebars on the tension side of the
members. Exposure to corrosive environments largely impacts the integrity of reinforced
concrete (RC) as the concrete tends to crack in case of any overstress. Thus, it becomes
crucial to ensure that the concrete should have low permeability throughout its service
life. The use of steel fibres (SFs) has been well-researched in concrete for their superior
crack-arresting potential and the improvement that it provides in its other properties
(Alsayed and Alhozaimy, 1999; Thomas and Ramaswamy, 2007; El-Dieb, 2009;
Afroughsabet and Ozbakkaloglu, 2015; Singh, 2015, 2016; Abbass et al., 2019; Wang
and Kim, 2020; Abushanab et al., 2021; El-Hassan et al., 2021). Most of the documented
research related to SFs in concrete emphasises on its capability to enhance the strength
properties. In recent years, researchers have also investigated the effect of the inclusion
of SFs in concrete on the durability properties of concrete (Ganesan et al., 2006; El-Dieb,
2009; Hubert et al., 2015; Ding et al., 2017a, 2017b, 2019a, 2019b; Ali et al., 2020; Fan
et al., 2020; Abushanab et al., 2021; Kaplan et al., 2021; Singh et al., 2021; EI Ouni et al.,
2022). The reports related to the durability performance of the concrete containing SFs as
documented in the literature are highly inconsistent.

Some of the researchers reported that the presence of SFs in concrete influences the
durability properties including permeability negatively (EI-Dieb, 2009; Mo et al., 2017;
Ali et al., 2020; El Ouni et al., 2022; Wang et al., 2022). One of the reasons for the
reported augmented water permeability could be either the presence of an excess of SFs
or an improper technique of incorporation leading to balling effect. Therefore, when
using SFs in concrete, it is vital to incorporate them skilfully and in appropriate
proportions to get the maximum benefit out of them for strength and durability (Singh,
2017, 2021; Zhang et al., 2019).

Some of the researchers (El-Dieb, 2009; Abushanab et al., 2021; El Ouni et al., 2022)
employed electrical techniques like rapid chloride penetration test (RCPT) to access the
durability performance of concrete containing SFs. Such techniques involving the passing
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of current through the test specimens are unsuitable for concrete containing conducting
materials (Whiting and Mitchell, 1977; ASTM C1202, 2012; Bassuoni et al., 2006). The
presence of metallic fibres or other conducting materials like admixtures provides an easy
path for the flow of current resulting in misleading output. Furthermore, it has been
clearly stated in the related standard that RCPT is not valid for concrete embedded with
electrically conductive materials (ASTM C1202, 2012). Consequently, the results
documented in the literature involving RCPT needs to be verified by using other suitable
techniques that are recommended for the concrete containing conducting materials. Some
of the applicable tests for assessing the durability properties of concrete containing
metallic or conducting material are water permeability test, sorptivity test, bulk chloride
diffusion test, colorimetric test, etc.

Some other studies involving the investigations on the permeability of test specimens
reported that SFs play a significant role in reducing the crack permeability of concrete
due to appreciable control on the crack propagation and crack widths (Li and Ding, 2017,
Ding et al., 2018; Ding et al., 2019a; Li and Liu, 2020; Zeng and Ding, 2020; Zeng et al.,
2020; Kaplan et al., 2021; Singh et al., 2021). Albeit, a huge inconsistency in results is
found on reviewing the related literature, the evident crack-arresting potential of SFs
strengthens the idea of a positive role that SFs can play in the concrete subjected to
loading and exposed to a corrosive environment. Furthermore, the effect of the presence
of SFs in concrete exposed to a corrosive environment on the ‘sorptivity’ has not been
well researched. The corrosion of embedded rebars in RC interferes with its integrity, and
hence, is bound to negatively affect its transport properties. Therefore, investigating the
effect of the inclusion of SFs in such a concrete is crucial for wider applications. Keeping
in view the well-known crack-arresting potential of SFs and the fact that they are
metallic, it is vital to examine the transport property of concrete with SFs that is loaded as
well as exposed to a corrosive environment. With this objective, an experimentation was
designed involving the test specimens with and without SFs that were obtained from
loaded un-corroded and corroded beams. The present paper records the beneficial effect
of the fibre inclusion in the concrete in controlling its permeability and subsequently, the
sorptivity which is a measure of the concrete’s resistance to ingress of water or
contaminants.

2 Experimental program

‘Sorptivity test’ as prescribed by ASTM C1589 was used to quantify the effect of SFs on
the ingress of moisture into the concrete (ASTM C1585, 2007). SFs in concrete are well
known to be crack arrestors. Therefore, in order to capture its effectiveness in doing so
and further affect the rate of absorption of water, a set of pre-loaded and, pre-corroded
and loaded test samples has been included in the experimental design. This section
presents the details of the materials and specimens used in the investigations.

2.1 Materials

Ordinary portland cement (OPC) confirming to IS 8112 (BIS, 2013), fine aggregates and
coarse aggregates conforming to IS 383 (BIS, 2016), and water was used in the making
of concrete for the preparation of the test specimens. For steel fibre RC, hooked-end type
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SFs having a 50 aspect ratio was used. The physical properties of the materials used are

tabulated in Table 1.

Table 1 Physical properties of material used

Material Properties Value
Cement Type OPC
Standard consistency 31%
Initial setting time 39 min
Final setting time 380 min
Specific gravity 3.13
Fine aggregates Type Natural sand
Specific gravity 2.64
Fineness modulus 271
Grading zone II
Coarse aggregates Type Crushed stone
Specific gravity 2.84
Fineness modulus 6.8
Maximum size 20 mm
Steel fibres Thickness 1 mm
Length 50 mm
Aspect ratio 50
Density 7,850 kg/m?3
Shape Hooked-end type

2.2 Mix proportions and preparation of test specimens

Plain cement concrete of grade M25 was proportioned as per IS 10262 (BIS, 2019); a
concrete mix of 1: 1.4: 2.5 with a w/c ratio of 0.5 was found to give the target strength
and workability. No deductions were made in the quantities of the aggregates in the case
of steel fibre RC as the amount of fibres was small in comparison to the other
constituents. The quantities of all ingredients of concrete are tabulated in Table 2.

Table 2 Quantities of ingredients of concrete
Constituents Quantity (Kg/m?)
Water 197.16
Cement 394.32
Fine aggregates 551.76
Coarse aggregates 968.44
Fibres
0% -
0.75% 58.87
1.5% 117.75
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The concrete disks of 100+6 mm in diameter, with a specimen height of 5043 mm, were
prepared. To examine the influence of SFs on the sorptivity of concrete, the
experimentation has been performed on nine sets, each consisting of three specimens,
thereby making a total of 27 specimens. The specimens were categorised as follows
depending on the exposure condition and each category consisted further of three
different sets of specimens with varying percentages of SFs, i.e., 0%, 0.75%, and 1.5%:

a  control specimens
b  pre-loaded specimens
¢ pre-corroded and loaded specimens.

The control specimens are referred to as the standard un-loaded and un-corroded test
samples. It consisted of a size 100+6 mm in diameter, with a length of 50+3 mm, and was
obtained by core cutting from 150 mm X 150 mm x 150 mm concrete cubes (as
illustrated in Figure 1) cast using 0%, 0.75%, and 1.5% of the SFs. All control test
specimens were obtained after the concrete cubes were water-cured for 28 days. The
obtained cores were later cut into the required lengths using the concrete cutter, the
cross-sections of which are shown in Figure 2.

Figure 1 Core extraction from concrete cubes for control specimens (see online version
for colours)

Figure 2 Typical core cross-sectional view of control specimens with (a) 0% SFs, (b) 0.75% SFs,
(c) 1.5% SFs (see online version for colours)

(b) ©

The pre-loaded specimens are referred to as the test samples extracted from loaded RC
beams. The samples of the required size were core cut from the pre-loaded RC concrete
beams (as illustrated in Figure 3) cast using 0%, 0.75%, and 1.5% of the SFs. The
obtained cores were later cut into the required lengths using the concrete cutter, the
cross-sections of which are shown in Figure 4.
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Figure 3 Core extraction from the tested RC beams for pre-loaded specimens (see online version
for colours)

Figure 4 Typical core cross-sectional view of pre-loaded specimens with (a) 0% SFs, (b) 0.75%
SFs, (c) 1.5% SFs (see online version for colours)

@ (b) ©

Corrosion of embedded rebars in concrete often leads to cracks due to the expansive
nature of corrosion products and thus further deteriorates its durability due to the
augmented rate of absorption. Therefore, to capture the role of SFs on the sorptivity of
RC exposed to the corrosive environment, pre-corroded and loaded test samples have
also been included in the experimental design.

The pre-corroded and loaded specimens were obtained from a set of RC beams,
containing 0%, 0.75%, and 1.5% SFs, and subjected to an accelerated corrosion test for a
period of one month, prior to the conduct of the bending test. A total of nine samples of
the desired size were obtained by core cutting, as illustrated in Figure 5. The
cross-sections of the pre-corroded and loaded test samples so obtained are shown in
Figure 6.

Figure 5 Core extraction from the tested RC beams for pre-corroded and loaded specimens
(see online version for colours)
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Figure 6 Typical core cross-sectional view of pre-corroded and loaded specimens with (a) 0%
SFs, (b) 0.75% SFs, (c) 1.5% SFs (see online version for colours)

P

2.3 Testing

All the test samples were pre-conditioned as prescribed in the code (ASTM C1585,
2007). The diameter and mass of the samples were noted. Epoxy was used as a sealing
material to seal the lateral surface of the specimens. One of the cross-sectional ends not to
be exposed to water was covered using a plastic sheet to prevent any evaporation thereon.
Following this, the mass of each of the sealed specimens was noted as the initial. The
prepared samples were placed in the pan with the desired level of water above the support
device as per the standard. The set-up as prescribed in the code (ASTM C1585, 2007) is
illustrated in Figure 7. A pre-assigned water level was maintained throughout the test.
The test samples were placed in position immediately after the onset of the stopwatch.
The recordings post the beginning of the test was taken at different time intervals as
prescribed in the code (Table 3). The prepared test set-up in the laboratory is shown in
Figure 8. The absorption (/) in terms of ‘mm’ is calculated using equation (1), where
AM, = increment in the mass of sample (in grams), at the time #; 4 = exposed area of the
sample (in mm?), and p = density of water (in g/mm3);

_AM,
AXp

1

(M

The initial rate of water absorption (in mm/s'’?) is estimated from the slope of the line that
is the best fit to the absorption (/) plotted against the square root of time (s2). This slope
is obtained using linear regression analysis by using points from 60 s to 6 h. The
secondary rate of water absorption is obtained from the slope of the line that is the best fit
of I plotted against the square root of time using all the points from 1 d to 7 d recording
(ASTM C1585, 2007).

Figure 7 Set-up of the sorptivity test

Platic sheet

100£6mm Sealing material

Y
‘_
7
§ Specimen l
- 8

[ @ Water @ |

Specimen Support

Source:  ASTM C1585 (2007)
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Figure 8 Prepared test set-up and specimens (see online version for colours)

Table 3 Time and tolerance for measurements schedule

Every Oncea Day 4 to 7 Day 7t 9

Time 60 5 10 20 30 60 hour dayupto Three One
§ min min min_min min upto  three  measurements measurement
6h days 24 h apart
Tolerance 2 10 2 2 2 2 S5min 2h 2h 2h

S S min min min min

Source: ASTM C1585 (2007)

3 Results and discussion

All the test specimens prepared as described in the previous section were tested
identically using the procedure as prescribed in the code (ASTM C1585, 2007). The
recordings of increments in the mass of the test samples were made at the intervals
described in Table 3. Following this, the calculations were made to compute the
sorptivity (/, in mm) which was measured as the ratio of increment in the mass of the test
sample to the product of the exposed area of the cross-section of the sample and the
density of water [see equation (1)]. The sorptivity test data for three different cases are
listed in Tables 4 to 6.

The absorption vs. Vtime plot obtained from the sorptivity test data are shown in
Figures 9 to 11.

From the sorptivity test data of the control test specimens, as tabulated in Table 4, the
infiltration is found to be reduced by 33.59% and 52.52%, on the inclusion of 0.75% and
1.5% volume fraction of SFs, respectively, in the concrete in comparison to the
specimens without SFs. In the absorption vs. Vtime plot, two distinct slopes are shown in
each case of test specimens. The initial slope (from 60 s to 6 h) depicts the initial or
early-age absorption, which was found to be steep, thereby indicating more infiltration
during the initial periods of exposure to water in the sorptivity test. While the secondary
slope represents the late-age absorption and the change in slope here indicates the
saturation of the specimens. From the test results, the initial infiltration rate is found to be
much higher in the case of cement concrete without SFs in comparison to the specimens
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with 0.75% and 1.5% SFs. From the linear regression analysis, and as illustrated in
Figure 9, the initial infiltration rate of the control specimens is found to be lowered on the
inclusion of 0.75% and 1.5% SFs by 29.88% and 50.46%, respectively, in comparison to
the control concrete specimens without SFs. This decline in the rate of infiltration in the
specimens containing SFs is accounted to the augmented time lag provided by SFs by
acting as a barrier to the flow of water. Furthermore, being a crack arrestor, the presence
of SFs also tends to eliminate the micro-cracks in the concrete that may originate due to
shrinkage. The secondary rate of absorption remained significantly lower than the initial
rate of absorption for all cases. Thus, the lowered rate of absorption on the inclusion of
SFs to concrete gives evidence of improved durability of the concrete due to decreased

rate of ingress of water.

Figure 9  Absorption vs. \'time plot of the control test specimens (see online version for colours)
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Table 5 shows the test data of the pre-loaded test specimens. The absorption, in this case,
is evidently higher than the control case for all sets of specimens due to the introduction
of structural cracks in the pre-loaded specimens. It has been observed that in the case of
the pre-loaded test specimens, sorptivity lowered on the inclusion of 0.75% and 1.5% SFs
in concrete by 19.91% and 37.91%, respectively, in comparison to the pre-loaded
concrete specimens without any SFs. From the test results of pre-loaded test specimens,
the initial infiltration rate is again found to be higher in the case of cement concrete
without SFs in comparison to the specimens with 0.75% and 1.5% SFs. From the linear
regression analysis, and as illustrated in Figure 10, the initial infiltration rate of the
pre-loaded specimens is found to be lowered on the inclusion of 0.75% and 1.5% SFs by
9.06% and 27.39%, respectively, in comparison to the pre-loaded concrete specimens
without any SFs. This decline in the absorption and sorptivity is accounted to the
presence of SFs which act as crack arresters and thus reduce the cracks to a greater extent
in the case of pre-loaded specimens. In the case of pre-loaded specimens too, the
secondary rate of infiltration remained considerably less than the initial rate of absorption
for all cases. Thus, reduced cracks result in lower infiltration of water and hence

enhanced durability of concrete.
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Sorptivity test data of the control specimens
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Sorptivity test data on the pre-loaded specimens

Table 5
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Figure 10 Absorption vs. time plot of the pre-loaded test specimens (see online version

for colours)
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Figure 11 Absorption vs. Vtime plot of the pre-corroded and loaded test specimens (see online
version for colours)
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Table 6 shows the test data of the pre-corroded and loaded test specimens. The
absorption, in this case, is found to be higher than both the control case and the
pre-loaded case as well. This is because of the deterioration caused due to both
pre-loading as well as the corrosion of the RC beams from which the samples under
consideration were obtained. It has been observed that in the case of the pre-corroded and
loaded test specimens, sorptivity lowered on the inclusion of 0.75% and 1.5% SFs in
concrete by 20.85% and 30.44%, respectively, in comparison to the pre-corroded and
loaded concrete specimens without any SFs. Furthermore, the initial infiltration rate is
again found to be higher in the case of cement concrete without SFs in comparison to the
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specimens with 0.75% and 1.5% SFs. From the linear regression analysis, and as
illustrated in Figure 11, the initial infiltration rate of the pre-corroded and loaded
specimens is found to be lowered on the inclusion of 0.75% and 1.5% SFs by 22.29% and
30.46%, respectively, in comparison to the pre-corroded and loaded concrete specimens
without any SFs. The secondary absorption rate remained significantly lower than the
initial rate of absorption for all cases. This decline in the rate of infiltration in the
pre-corroded and loaded test specimens containing SFs is due to the crack-arresting
potential of SFs. Furthermore, the SFs acted as sacrificial anodes which helped in
reducing rebar corrosion and hence reduced cracks that may arise due to corrosion of
rebars. Thus, reduced cracks resulted in lower infiltration of water and hence the
improved durability of the concrete when exposed to corrosive environments also.
Table 7 shows the summary of the initial and secondary rate of absorption in each set of
specimens.

Table 7 Summary of sorptivity in each set of test specimen
Control specimen Pre-loaded specimen Pre-corrodec.l and
T loaded specimen
e
P 0% 0.75% 1.5% 0% 0.75% 1.5% 0% 0.75% 1.5%
SFs SFs SFs SF’s SF’s SFs SFs SFs SFs
Initial rate of  6.46  4.53  3.20 971 8.83  17.05 11.62 9.03  8.08
absorption (x
103 mmAs)
Secondary 058 0.56 049 147  1.11 0.96 1.55 1.26  1.16
rate of
absorption (x
103 mmAs)
Table 8 Percentage of surface water on the specimens after the sorptivity test

Surface water percentage (%) of the specimens after the sorptivity test

Pre-corroded and loaded

Steel fibre Control specimens Pre-loaded specimens .
content specimens
jzgic;z Average jzgic‘;o Average vizlt’/ef ic(;) Average
0% SFs 26.75 28.39 40.18 42.79 46.19 47.88
28.25 42.65 47.27
30.17 45.54 50.19
0.75% SFs 18.69 20.99 33.56 35.80 32.49 36.96
21.77 35.12 38.18
22.53 38.73 40.21
1.5% SFs 13.78 15.43 20.40 23.89 26.74 28.42
15.19 25.13 28.15
17.33 26.14 30.38

After the determination of the rate of absorption in each set of specimens subjected to the
sorptivity test, the surface water percentage of specimens was worked out by image
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processing as illustrated in Figures 12 to 14. The results so obtained are summarised in
Table 8.

Figure 12 Surface water percentage of standard control sample with (a) 0% SFs, (b) 0.75% SFs,
(c) 1.5% SFs (see online version for colours)

Figure 13 Surface water percentages of pre-loaded samples with (a) 0% SFs, (b) 0.75% SFs,
(c) 1.5% SFs (see online version for colours)
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Figure 13 Surface water percentages of pre-loaded samples with (a) 0% SFs, (b) 0.75% SFs,
(c) 1.5% SFs (continued) (see online version for colours)

Figure 14 Surface water percentages of pre-loaded and corroded samples with (a) 0% SFs,
(b) 0.75% SFs, (c) 1.5% SFs (see online version for colours)

©

Post the sorptivity test, the percentage of surface water is found to be greater in the case
of the standard concrete specimens without any SFs in comparison to that of steel fibre
RC specimens for all sets of specimens. Furthermore, the percentage of surface water is
found to be higher in the pre-loaded specimens and is highest in the case of the
pre-corroded and the loaded specimens as compared to the control specimens. This is due
to the cracks arising due to loading in the case of the pre-loaded specimens and cracks
due to loading and corrosion of the rebars in the case of the pre-corroded and the loaded
specimens. In the case of the control specimens, the reduced sorptivity and hence the
reduced surface water percentage in the case of the specimens with the SFs is accounted
to the reduced shrinkage cracks and the time lag provided by the fibres. Furthermore, in
the case of the pre-loaded specimens and the pre-corroded and loaded specimens, the SFs
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play a vital role in arresting the cracks, both due to the loading as well as the ones arising
due to corrosion of the rebars. Thus, SFs aid in reducing the ingress of water resulting in
reduced surface water percentage and hence leading to enhanced durability of the
concrete.

4 Conclusions

The primary conclusions drawn from this experimental investigation are listed below:

e The sorptivity in the case of the concrete specimen containing SFs is found to be less
than the plain cement concrete specimens.

e The sorptivity is observed to be higher in the case of the pre-loaded specimens as
compared to the control ones. When compared to the conventional concrete
pre-loaded specimens, the specimens containing SFs showed a reduced rate of
absorption.

e  The sorptivity is found to be further accelerated in the pre-corroded and the loaded
specimen in comparison to the pre-loaded and the standard specimens. When
compared to conventional concrete pre-corroded and loaded specimens, the
specimens containing SFs showed a significantly reduced rate of absorption and this
is accounted to the crack-arresting potential of the SFs and reduced distress due to
the corrosive environment.

e The surface water percentage is found to be proportional to the rate of absorption of
specimens. Consequently, it is found to be higher in pre-loaded and pre-corroded and
loaded specimens as compared to control specimens, due to increased sorptivity.
Furthermore, surface water percentage is observed to be reduced in the case of
specimens with SFs due to decreased infiltration.
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