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Abstract

The main cause of reinforced concrete elements failing is crack development in
the structures, which leads to minimizes the service life and durability of the
structures. by using steel fiber as reinforcement to control the development of
cracks. The quality of the concrete cover zone has a significant impact on the
lifespan of reinforced concrete components. The use of controlled permeability
formwork liner (CPF) is a novel technique for improving the surface zone of
concrete. By using the CPF liner, the freshly poured concrete's surface water and
trapped air were removed, but fine particles like cement and sand were retained.
This research explored the influence of steel fiber (SF) on CPF liner concrete.
The concrete samples were prepared against conventional/impermeable
formwork (IMF), CPF liner, and CPF liner with 0.5, 1.0, 1.5, and 2.0 percent of
steel fiber. Various tests were conducted to assess surface morphology, rebound
number, Rockwell hardness, dynamic hardness, compressive strength, flexural
strength, and split tensile strength test. Results showed that for the CPF concrete
with 1.5% of SF, the split tensile strength, flexural tensile strength, rebound
number, and dynamic hardness were significantly improved at a range of 41-45,
38-45, 57-76, and 56-80%, respectively. The CPF concrete with 2.0% of steel
fiber, the overall performance was reduced.

Keywords: Controlled permeable formwork, Dynamic hardness, Rebound
number, Rockwell hardness, Steel fiber, Superficial pore.
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1. Introduction

Construction and demolition (C&D) waste accumulation is the biggest
environmental issue. According to Solis-Guzman et al. [1], C&D waste accounts
for about 35% of all trash globally. Structures and buildings are demolished due to
a lack of durability. In many nations, dumping of C&D waste is illegal, and it is a
typical occurrence in India. The construction of long-lasting structures will
significantly reduce the problem of environmental degradation. As a result, it is
critical to emphasize that the development of sustainable or long-lasting structures
will considerably aid in the protection of our environment. The robustness of a
concrete structure is determined by the caliber of its surface skin. It is well known
that the water-to-cement (w/c) ratio has a significant impact on concrete's
durability. The qualities of the ingredients and mix proportions are the main
determinants of core concrete properties. However, the surface and cover qualities
of the concrete are significantly influenced by the type of formwork that is utilized
throughout the construction process [2-4].

Traditional formwork (steel, plastic, or plywood) is almost completely
impervious to air and water. While the fresh concrete is subjected to vibration, the
water and trapped air flow toward the formed surface. A mixture of air and water
is draped at the concrete/formwork contact zone because the wood or steel
formwork is impermeable. All concrete surfaces may have blowholes and pinholes
once the formwork has been removed. This is a noticeable issue because the cover
zone acts as a shield to structures to protect them from abrasion, carbonation, and
chloride [2-4]. Therefore, for long-term durability, a surface zone of concrete with
low diffusivity, low permeability, and no surface porosity is required.

Controlled permeable formwork (CPF) liner is one of the developments to
improve the quality of the surface zone of concrete. CPF system consists of using
a textile liner on usual formwork as shown in Fig. 1, allowing the air and mix water
to drain out from the concrete surface whilst retaining cement and other fine
particles [5]. This enables to lower the w-c ratio and enrich of cement content in
the near surface zone of concrete. This action creates a uniform and smooth surface
without blowholes, pinholes and surface blemishes. Further, surface zone of
concrete hydrates to a high degree and makes dense surface skin as the CPF liner
maintains sufficient moisture which offers a conducive ambiance for effective
cement hydration [5]. The reduction in w-c ratio, increased cement content and
effective cement hydration in the surface zone of concrete are reported to increase
surface strength, abrasion, and resistance to freezing and thawing, as well as
reduced water and air permeability, water absorption, depth of carbonation, and
chloride and oxygen diffusion [6-21]. According to numerous researchers [6, 8, 22-
29], it is learnt that CPF liner may influence the cover concrete over a range of 5
mm to 30 mm.

However, the concrete is strong in compression and weak in tension. In other
words, the plain or unreinforced concrete is a brittle material, with a low tensile
strength and a low strain capacity. Further, the cracks are the fundamental weakness
of concrete. When the concrete is placed, cracks will form as soon as possible
before the concrete has reached the proper strength and hardened. The structures
develop cracks, which is the main reason of failure of reinforced concrete elements
and leads to further fracture and minimizes the service life and durability of the
structures. Aiming for crack control, the latest technology in concrete development
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includes fibers as reinforcement, most prominently steel fibers [30-33]. The use of
randomly distributed steel fiber in concrete, which is brittle by nature, increases
certain properties such as toughness, ductility, and impact resistance [34-36]. The
CPF liner enhanced the surface quality of concrete, especially the splitting and
flexural strength of concrete. The SF also improved the splitting and flexural
behaviour of concrete. However, there is no research on the impact of steel fiber on
concrete cast using CPF liner is available. This experimental study has proposed
the surface morphology, compressive, split tensile and flexural strength, rebound
number, Rockwell hardness, and dynamic hardness tests.
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Fig. 1. CPF liner (a) Photo (b) Schematic diagram.

2.Experimental Program
2.1. Materials

A grade 43 OPC that complied with IS: 8112-2013 [37] and had a specific gravity
of 3.14 was used in this study. As per IS 383-2016 [38], zone Il river sand was
used. The specific gravity and fineness modulus of river sand are 2.67 and 2.53,
respectively. The aggregate made of crushed stone complied with IS 383-2016 [38].
The largest coarse aggregate, which was around 20 mm in size and had a fineness
modulus was 8.14 and a specific gravity was 2.73. The water used in the concrete
laboratory complied with 1IS: 456-2021 [39]. Superplasticizer made from
naphthalene formaldehyde condensate was employed, and it complied with IS:
9103-2018 [40].

2.2. Concrete mixture proportions

In this research, the M40 grade of concrete was utilized. Based on the guidelines of
IS: 10262-2019 [41], the concrete mixture was proportioned. The exact proportions
of the mix were presented in Table 1.

2.3. CPF liner

A type Il CPF liner was employed in this study. One side of this liner serves as a
filter, and the other serves as a drain [6]. The CPF liner's manufacturer's
specifications are shown in Table 2.
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Table 1. Proportions of concrete mixes.

Cement Steel Coarse Fine Water Super Water to
Mixture (kg/m®)  fiber (%) aggregale aggregate (I/m’) plasticizer  Cement  Slump
designation (kg/m?) (kg/m®) (1/m3) (ratio) (mm)
© (SF) (CA) (FA) W) (SP) (WiC)
IMF 430 0 1120 710 170 2.0 0.4 115
CPF 430 0 1120 710 170 2.0 04 115
CPF+0.5%SF 430 0.5 1120 710 170 2.0 0.4 102
CPF+1.0%SF 430 1.0 1120 710 170 2.0 0.4 100
CPF+1.5%SF 430 1:5 1120 710 170 2.0 04 95
CPF+2.0%SF 430 2.0 1120 710 170 2.0 04 90

Table 2. CPF liner specifications [6].

Specifications Unit Value
Composition 100% polypropylene
Unit weight g/m? 250
Average pore size pum <30
Thickness mm 1.2
Longitudinal tear strength N 250
Transverse tear strength N 200
Permeability of air I/s/m? 250

2.4. Steel fiber (SF)

The steel fibers utilized in this study are commercially available, as seen in Fig. 2.
Steel fibers are mixed into CPF concrete in a percentage of the total volume. Table
3 shows the parameters of SF that were employed in this investigation.

3 !:l-‘:’u'“,ﬂ"’“lld"" oo

Fig. 2. Steel Fiber.

Table 3. Properties of SF.

Length Effective diameter Aspect Ratio Tensile strength
(mm) (mm) (mm) (MPa)

Straight steel fiber ~ Straight 12 0.25 48 2850

Fiber type Shape
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2.5. Samples preparation

With the help of the steel mould (150 mm), the concrete samples were prepared.
As seen in Fig. 3(b), the CPF liner adhered to the mould’s side plate with the
adhesive supplied by the manufacturer. CPF stands for "concrete specimens cast
using a CPF liner," whereas "IMF" refers to "concrete specimens made without the
use of a CPF liner."

(a) IMF (b) CPF
Fig. 3. Preparation of mould for cube specimens.

A 55-liter pan mixer was used to mix the concrete. Initially, the superplasticizer
is blended with water to achieve a uniform dispersion. Before the addition of 50%
of the mixing water, the cement, sand, and coarse aggregate were blended in a dry
state for one minute. Followed by continuous mixing for 3 minutes before the
addition of steel fibers, which were gradually added with running water to avoid
clump formation. The fibers were distributed uniformly by continuous mixing for
5 minutes. After being poured into the mould, the concrete was compacted using a
needle vibrator. After 24 hours, the concrete specimen was taken out of the mould
and allowed to water cure for the duration of 7, 14, 28 and 60 days as per IS: 456-
2021 [39].

2.6. Specimen testing
2.6.1. Superficial pore measurement

According to ASTM B 276 [42], image analysis was performed on the vertical cast
surface to determine the surface quality of the specimens. In this study, 150-mm
cubes were used. The picture was taken with a USB microscope that had a 50%
magnification. "De-Winter Material Plus" software was used to process images
such that surface pores could be located and measured. One specimen from each
concrete mixture (IMF, CPF, and CPF with SF) was taken into consideration for
this study. Four images were captured from four sides of each specimen. In total,
16 images were captured for each specimen. The superficial pore value was
reported based on the 16 observations.

2.6.2. Compressive strength

A cube-shaped specimen of 150 mm in size was used in the experiment. According
to IS 516 -2018 [43], the test was carried out at 7, 14, 28, and 60 days. For each test
period and category, three specimens were employed. Automatic compression
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testing machine of 3000 kN capacity was used. The load was applied at the rate of
140 kg/cm?/minute till the cube specimens crushed and the crushing load was
recorded automatically. The compressive strength was calculated using Eq. (1).

Compressive strength (CS) =P/ A Q)

where, CS = Compressive strength in N/mm?, P = Crushing load in N, A = Area
of the specimen, in mm?

2.6.3. Split tensile strength

A cylindrical specimen with a 100-mm diameter and 200-mm height was used for
the test. According to 1S 5816-2018 [44], the test was carried out at 7, 14, 28, and
60 days. Three samples were used for each test period and category. To determine
the split tensile strength, a compression testing machine was utilized. The split
tensile strength was calculated using Eq. (2).

Split tensile strength (T) = 2P /xDL (2)

where, T = Split tensile strength in N/mm?, P = Maximum applied load in N, D =
Diameter of the specimen, in mm, L = Length of the specimen, in mm.

2.6.4. Flexural strength

A prism specimen with dimensions of 100 x 100 x 500 mm was used for the test.
The test was carried out by 1S 516-2018 [43] at 7, 14, 28, and 60 days. For each
test period and category, three specimens were employed. The concrete prism was
subjected to a flexural test under four-point loading. The flexural strength was
calculated using Eq. (3).

Flexural strength (F) = PL / bd? 3

where, F = Flexural strength in N/mm?, P = Failure load in N, L = Effective length
of the beam, in mm, b = Width of the beam, in mm, d = Depth of the beam, in mm

2.6.5. Rebound number

The surface hardness of concrete is quantified by its rebound number. For the test,
a 100-mm cube-shaped specimen was used. The test was carried out based on 1S
13311: Part 2 -2018 [45] at 7, 14, 28, and 60 days. For each test period and category,
three specimens were employed. Two opposing faces were considered for each
specimen, and six readings were taken on each face. There was a total of 36
readings for each category, and the average was determined. Values that differed
by more than 5 units were not considered.

2.6.6. Dynamic hardness number

A 100-mm size cube specimen was used for the test. The test was carried out based
on ASTM A 956 [46] at 7, 14, 28, and 60 days. A predetermined velocity generated
by a 49 N spring tension was used to create an indentation on the concrete surface
using a tungsten carbide spherical ball (3 mm in diameter). On a digital display, the
dynamic hardness number is measured (Fig. 4). For each test period and category,
three specimens were employed. Six readings were taken on each of the two
opposing sides of each specimen. There was a total of 36 readings for each
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category, and the average was determined. Values that differed by more than 10
percent were not considered.

Hardness Number Indicator
(Digital Display)
Impact Body

Tungsten Carbide ball

Concrete Specimen

Fig. 4. Hardness (dynamic) test.

2.6.7. Rockwell superficial hardness number

A 100-mm size cube specimen was used for the test. The test was carried out as per
ASTM E 18 [47] at 7, 14, 28, and 60 days. A concrete surface indentation was
created using a tungsten carbide spherical ball with a 12 mm diameter under the
control of a 147 N spring tension. On a digital display, the Rockwell hardness
number is measured (Fig. 5). For each test period and category, three specimens
were employed. Six readings were taken on each of the two opposing sides of each
specimen. There was a total of 36 readings for each category, and the average was
determined. Values that differed by more than 10 percent were not considered.

Hardness Number Indicator
(Digital Display)

Indenter

Concrete Specimen

Load Shifter

Hand Wheel

Fig. 5. Hardness (Rockwell) test.

3. Results and Discussion
3.1. Superficial pore measurement

Figure 6 depicts the surface and superficial pores of concrete specimens. The red
colour indicates the surface pores of the specimen. IMF, CPF, and CPF with SF
concrete specimens had average surface pores of 24%, 3%, and 3%, respectively.
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The use of a CPF liner resulted in an eight-fold improvement in surface pores. Also,
it was observed that the surface pore was almost similar in both CPF and CPF with
SF concrete mixtures. The surface of the CPF specimen appears a smooth and fine-
grained texture, as shown in the typical picture (Fig. 6).

W T
(a) IMF (b) CPF
Fig. 6. Typical superficial pore.

3.2. Compressive strength

Figure 7 presents the findings on the compressive strength, which include
comparisons between different concrete samples and analyses of their errors.
According to the findings, CPF specimens had greater compressive strength than
IMF specimens at all ages. The improvement was in the range of about 2-6%, which
is marginal. The compressive strength reflects the characteristics of the concrete
specimen's overall volume. By enhancing the quality of the concrete at the surface
zone, it is impossible to change the physical characteristics of the whole mass.
Further, with SF additions of 0.5%, 1.0%, and 1.5% in CPF concrete, additional
improvements in compressive strength were observed at about 9%, 13%, and 16%,
respectively, concerning IMF specimens. It is found that, with an increase in SF
percentage from 0.5% to 1.5%, the compressive strength is significantly increased.
This may be because SF has delayed the development of early cracks in CPF
concrete specimens. However, with a 2.0% SF addition in CPF concrete, the
improvement was about 8% concerning IMF specimens. It is indicated that, with
an increase in SF percentage to 2.0%, the compressive strength starts to reduce.
From the results, it is understood that, with the addition of SF beyond 1.5%, the
adhesion between the cement pastes or gel and fiber is reduced. In other words, the
concrete matrix becomes saturated with fibers, and further additions (2.0%) do not

significantly enhance its properties. Thus, beyond the 1.5% SF addition, no further
improvements were noticed.
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Fig. 7. Compressive strength vs. age.
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3.3. Split tensile strength

The variation in split tensile strength with age is depicted in Fig. 8. The findings
showed that across all ages, the IMF specimens had lower split tensile strength than
the CPF specimens. The improvement was substantial and ranged from 8 to 16%.
When compared to compressive strength, the use of a CPF liner had a better effect
on the tensile strength of concrete. When a line of compressive force is applied
longitudinally to a cylindrical specimen, a uniform transverse tensile stress
develops throughout the entire vertical diameter of the specimen. On the other hand,
compressive stress predominates in the region close to the load point across a depth
that is approximately 0.1 times the diameter of the specimen [48]. The CPF
specimens are covered in a thin shell layer of strong and impenetrable concrete
casing. The central concrete provides little resistance, and when the shell is
fractured, the specimen ruptures quickly. As a result of this failure process, the split
tensile strength is significantly increased. Further, with SF additions of 0.5%, 1.0%,
and 1.5% in CPF concrete, additional improvements in split tensile strength were
observed by about 25%, 29%, and 43%, respectively, concerning IMF specimens.
It is discovered that increasing the SF percentage from 0.5% to 1.5% significantly
increases the split tensile strength. This may be because SF has delayed the
development of early cracks in CPF concrete specimens. However, with a 2.0% SF
addition in CPF concrete, the improvement was about 20% concerning IMF
specimens. It is indicated that, with an increase in SF percentage to 2.0%, the split
tensile strength starts to reduce. From the results, it is understood that, with the
addition of SF beyond 1.5%, the bondage between the cement paste or gel and fiber
is reduced. Therefore, no further improvement is observed after the addition of
more than 1.5% of SF.

BIMF ®CPF HBCPF+0.5%SF OCPF+1.0%SF BCPF+1.5%SF BCPF+2.0%SF
a T
o

7

3.4. Flexural strength
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Fig. 8. Split tensile strength vs. age.

The variation in flexural strength with age is depicted in Fig. 9. The findings
showed that across all ages, the IMF specimens had lower flexural strength than
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the CPF specimens. The improvement was substantial and ranged from 17 to 24%.
When compared to compressive strength, the use of a CPF liner had a better effect
on the flexural strength of concrete. The lowest layer of the beam is subjected to
the greatest amount of tensile stress when it is subjected to the flexure test. The
surface zone of IMF concrete is less strong than the core (inner zone) . The
specimen fails quickly when the outer layer of concrete ruptures. The CPF
specimens are covered in a thin shell layer of strong and impenetrable concrete
casing. The creation of the first fracture is delayed by this strong cover zone. The
flexural strength of concrete has increased as a result of this. Further, with SF
additions of 0.5%, 1.0%, and 1.5% in CPF concrete, additional improvements in
flexural strength were observed at about 31%, 36%, and 43%, respectively,
concerning IMF specimens. It is found that, with an increase in SF percentage from
0.5% to 1.5%, the flexural strength is significantly increased. This may be because
SF has delayed the development of early cracks in CPF concrete specimens.
However, with a 2.0% SF addition in CPF concrete, the improvement was about
26% concerning IMF specimens. It has been shown that as the SF percentage
increases to 2.0%, the flexural strength begins to decrease. With the addition of SF
beyond 1.5%, the flexural strength was reduced, as noted in previous
characteristics.
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Fig. 9. Flexural strength vs. age.

3.5. Rebound number

Figure 10 shows the rebound number values, which are a direct measure of how hard
different types of concrete are on the surface. The rebound number of CPF specimens
has notably increased as compared to IMF specimens. The results indicated that the
IMF specimens had a lower rebound number than the CPF specimens in all ages. The
improvement was in the range of about 38-48%, which is significant. Further, with
SF additions of 0.5%, 1.0%, and 1.5% in CPF concrete, additional improvements in
the rebound number were observed by about 50%, 58%, and 66%, respectively,
concerning IMF specimens. It is found that, with the increase in SF percentage from
0.5% to 1.5%, the rebound number is significantly increased. However, with a 2.0%
SF addition in CPF concrete, the improvement was about 54% concerning IMF
specimens. It is indicated that, with an increase in the SF percentage to 2.0%, the

Journal of Engineering Science and Technology = December 2023, Vol. 18(6)



The Effect of Permeable Formwork on The Mechanical Properties of . . . . 3107

rebound number starts to reduce. The results also indicated that, with the addition of
SF beyond 1.5%, the rebound number was reduced.

@IMF BCPF BCPF+0.5%SF  OCPF+1.0%SF  BCPF+1.5%SF  @CPF+2.0%SF

Rebound number
173
=]

Age (Days)

Fig. 10. Rebound number vs. age.
3.6. Dynamic hardness number

Figure 11 displays the values of the dynamic hardness number, which is a direct
measure of the hardness of the surface of different concrete mixtures. Compared to
IMF specimens, CPF specimens have a dynamic hardness number that is much
higher. The results indicated that the IMF samples had a lower dynamic hardness
number than the CPF samples for all ages. The improvement was in the range of
about 30-48%, which is significant. Further, with SF additions of 0.5%, 1.0%, and
1.5% in CPF concrete, additional improvements in the dynamic hardness number
were observed for about 54%, 61%, and 71%, respectively, concerning IMF
specimens. It has been discovered that increasing the SF percentage from 0.5% to
1.5% significantly increases the rebound number. However, with a 2.0% SF
addition in CPF concrete, the improvement was about 53% concerning IMF
specimens. It is indicated that, with an increase in SF percentage to 2.0%, the
dynamic hardness number starts to reduce. It is indicated that, with the addition of
SF beyond 1.5%, the bond between the cement pastes or gel and fiber is reduced.
Thus, beyond the 1.5% SF, no further improvements were observed.

2IMF ®=CPF g&CPF+0.5%SF @&CPF+1.0%SF ®&CPF+1.5%SF &C[F+2.0%SF
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Fig. 11. Dynamic hardness number vs. age.
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3.7. Rockwell superficial hardness number

The values of the Rockwell superficial hardness number, which is a direct measure
of how hard the concrete's surface is, are shown in Fig. 12. When compared to IMF
specimens, CPF specimens have a much higher Rockwell hardness number on the
surface. In Fig. 12, the standard deviation and error bar are also shown. The results
indicated that the IMF specimens had a lower Rockwell superficial hardness number
than the CPF specimens for all ages. The improvement was in the range of about 20-
31%, which is significant. Further, with SF additions of 0.5%, 1.0%, and 1.5% in CPF
concrete, additional improvement in the Rockwell superficial hardness number was
observed by about 34%, 46%, and 59%, respectively, concerning IMF specimens. It
is found that, with the increase in SF percentage from 0.5% to 1.5%, the Rockwell
superficial hardness number is significantly increased. However, with a 2.0% SF
addition in CPF concrete, the improvement was about 50% concerning IMF
specimens. It is indicated that, with an increase in SF percentage to 2.0%, the
Rockwell superficial hardness number starts to reduce. It is conveyed that, with an
increase in SF percentage to 2.0%, the Rockwell superficial hardness number starts
to reduce, as observed with previous characteristics.

SIMF ®&CPF ©CPF+0.5%SF @OCPF+1.0%SF BCPF+1.5%SF ©CPF+2.0%SF
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Fig. 12. Rockwell superficial hardness number vs. age.
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4.Conclusions

The following inferences were drawn based on the present experimental investigation.

e The utilization of CPF liner led to a notable enhancement in the surface quality
of the concrete, particularly in terms of surface pores and various other flaws.
In comparison to the pores found in IMF specimens, the surface pores found
in CPF samples were roughly 3%, making them eight times less prominent.

e From the slump test, It was discovered that adding steel fiber to the concrete
affected the fresh concrete's workability, which was a significant finding. It
was discovered that the high-volume dose rate was greater than 1.0%
indicating that the concrete was rigid and challenging to compact.

e When compared to conventional concrete, the compressive strength of CPF
concrete exhibited a little increase of between 2 and 5 percent. Also, the
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performance of CPF concrete with 0.5-1.5% of SF was significant in the range
of 8-13%.

The split tensile strength of CPF concrete was significantly increased by 8-
16% in comparison with conventional concrete. In the CPF concrete with 0.5-
1.5% of SF, the additional improvement was observed in the range of 25-43%
as the fibers that were bridging over the split matrix functioned by transferring
stress from the matrix to the fibers, progressively supporting the entire load.
These cracks are covered by the SF, which also prevents them from widening.
Consequently, the SF concrete's splitting tensile strength was increased.

The flexural tensile strength of CPF concrete was significantly increased by
17-24% when compared to conventional concrete. The improvement of CPF
concrete with 0.5-1.5% of SF was in the range of 31-43%. After the presence
or occurrence of the first break (crack), the load is transferred from the matrix
to the fibres, and subsequently, the concrete continues to withstand a portion
of the load with increasing deformations and widening of the cracks.

CPF concrete showed a significant increase in rebound, dynamic hardness, and
Rockwell surface hardness numbers compared to conventional concrete
specimens. The additional improvement was observed in the range of 50-71%
for CPF concrete with 0.5-1.5% of SF.

It is obvious that the impact of CPF is only superficial. Tensile strength of
concrete (both splitting and flexural) is primarily controlled by its surface
quality. Therefore, the performance of CPF against the tensile strength is more.
The rebound number, Rockwell surface hardness number, dynamic hardness
number reflects the average quality of top zone of concrete. The additional fact
that SF has delayed the development of early cracks in CPF concrete
specimens. Thus, SF addition in CPF concrete, the improvement was
significant. From the overall study concluded that the optimal percentage of
steel fiber is 1.5%.
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