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Abstract: This study aimed to determine the mechanical properties and absorption of high-strength
fiber-reinforced concrete (HSFRC), using sustainable natural fibers. In this analysis, two types of
fibers were used, namely, ramie and abaca. Two different HSFRC mixtures were also designed, where
one composition emphasized ordinary Portland cement (OPC) as a binder, and the other prioritizing
calcined diatomaceous earth (CDE) as a mineral additive to replace 10% weight of OPC. Furthermore,
ramie and abaca fibers were separately added to the mixtures at three different volumetric contents.
Based on the results, the addition of these fibers in the concrete mixtures improved the mechanical
properties of HSFRC. The improvements of compressive strength, splitting tensile strength, and
flexural strength, due to the addition of ramie fiber were 18%, 17.3%, and 31.8%, respectively, while
those for the addition of abaca fiber were 11.8%, 17.2%, and 38.1%, respectively. This indicated that
the fibers were capable of being used as alternative materials for sustainable concrete production.
The effects of ramie and abaca fibers on the absorption of HSFRC were also not significant, and
their presence for the same amount of superplasticizer reduced the flow speed of fresh reinforced
concrete mixtures.

Keywords: ramie fiber; abaca fiber; high-strength fiber reinforced concrete; mechanical properties;
absorption; flow speed

1. Introduction

High-strength concrete (HSC) is a material with a compressive strength above
55 MPa [1]. Due to high cement use in producing HSC, some binders are often replaced
with supplementary cementitious materials (SCMs) [2—4]. In this process, a pozzolanic
reaction is expected between silica in SCMs and calcium hydroxide, which is a product of
the cement hydration. This often leads to the formulation of more calcium silicate hydrate,
which enables the continuous development of HSC strength with the increasing age of
concrete [5]. The use of SCMs is also expected to increase the durability of concrete [6-9].
From this context, an SCM used for the production of high-strength concrete is calcined
diatomaceous earth (CDE) [10-12], which is part of natural pozzolanic materials [13].

The use of fibers in HSC mixtures has reportedly been practiced for quite a long
time [14-16], with the resulting composition, known as high-strength fiber-reinforced
concrete (HSFRC). The main purpose of these fibers being added is to increase the tensile
strength of the mixtures [17-19], because concrete has low tensile strength, although it has
high strength [20-24]. The addition of fibers also aims to increase the fracture strain capacity,
control cracks, anticipate brittle properties, elevate concrete ductility and toughness, as
well as develop resistance to crack opening [25-27]. Furthermore, the use of fibers in the
HSFRC mixtures enhances durability and early-age properties, such as reducing drying
shrinkage and early-age cracking [28-35]. The fiber content, as well as its type, orientation,
geometry, and density, subsequently affect the mechanical properties of HSFRC [36,37]. In
this process, synthetic fibers, such as steel, glass, and polypropylene, are often provided
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to HSFRC mixtures [38-43]. Regarding these fiber types, the polypropylene material is
the only environmentally friendly component solely emitting 78 kg of CO, per ton of
production [44]. Meanwhile, the CO, emission in the steel fiber analysis is quite high, at
approximately 1600 kg per ton of production, and, thus, becoming an environmentally
unfriendly material [45]. For the overall glass process, the emission of CO; is also 490 kg
per ton of production [46].

In the production of more environmentally friendly cement-based material, many
previous studies were carried out on natural fibers [47-52], such as jute, coir, sisal, bamboo,
and hemp [48-50,53-55]. For example, the addition of 2% coir fiber increased the splitting
tensile, flexural, and compressive strengths (STS, FS, and CS) by 9.46-11.29%, 10.62-15.52%,
and 10.34-15.20%, respectively [54,55]. In the addition of 2% jute fiber, the STS, FS, and
CS were also increased by 7.66%, 12.07%, and 13.68%, respectively [54]. Meanwhile, the
addition of sisal fiber at 2% concrete volume increased the STS, FS, and CS by 9.00%,
13.79%, and 14.18%, respectively [54]. The addition of these natural fibers also improved
ductility, impact resistance, toughness, and drying shrinkage, although it reduced concrete
durability [54,56].

Ramie and abaca fibers are two material types obtained from plants. In the preparation
of ramie fiber, the stems of the ramie (Boehmeria nivea) plants were extracted for analyses
in [57-59], with the final products often used as textile materials, such as clothing, table
cloths, handkerchiefs, paper, cordage, gas mantles, fishing nets, etc. [60]. They are also
used as biomedical products, automobile parts, industrial materials, etc. [61]. Meanwhile,
abaca fiber is obtained from the trunk of a banana plant (Musa textilis NEE) indigenous
to the Philippines [62]. This material is often used to produce fiber-reinforced polymer
composites, due to its high tensile strength [63-68]. These descriptions indicate that no
reports have been conducted to determine the increase in the mechanical properties of
HSFRC with the addition of ramie and abaca fibers. Since these materials are obtained
from plants (renewable materials), they are classified as sustainable natural fibers. They
are also classified as environmentally friendly materials, due to their low emission of
CO; into the atmosphere during their manufacturing processes. Therefore, this study
aimed to determine the mechanical properties and absorptions of HSFRC using sustainable
natural fibers.

In this analysis, two kinds of HSFRC mixtures using cement and CDE as a binder
and partial cement substitution were studied, respectively. Ramie and abaca fibers at three
different volumetric contents were added to both mixtures, separately. The flow of fresh
concrete and mechanical properties of hardened concrete, including compressive, flexural,
and splitting tensile strengths were then evaluated. The results were expected to enhance
the use of ramie and abaca fibers as alternative materials in the HSFRC mixtures. This,
subsequently, led to the production of environmentally friendly concrete and enforcement
of HSFRC production sustainability. In addition, changes were presented in the absorption
of HSFRC, due to the provision of ramie and abaca fibers. The ability of concrete to absorb
liquid is closely related to the ingress of aggressive fluids, gases, and ions from the external
environment which determines its durability properties.

2. Materials and Methods
2.1. Materials

The materials used in this study consisted of cement, diatomaceous earth, aggregates,
fibers, water, and superplasticizer.

2.1.1. Cement

A Type-I Ordinary Portland Cement (OPC), produced by PT. Semen Padang, was
used, which met the requirements of ASTM C150/C150M-22 [69]. The physical properties
of this material are shown in Table 1. Its particle size distribution was also examined by
testing with a Particle Size Analyzer (PSA) through a MicroBrook 2000 L instrument, with
the results shown in Figure 1. Furthermore, the chemical composition of OPC was analyzed
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by an XRF test, using the XRF Analyzer of TORONTOTECH TT-EDXPRT.XREF. In this case,
the chemical composition obtained is shown in Table 2.

Table 1. Physical properties of OPC and CDE.

Fineness Characteristics

Binder Specific Gravity Absorption (%)  Specific Surface Area (m?/kg)
d20 (um)  d50 (um)  d80 (um)
OPC 3.15 NA 539.80 2.42 10.62 34.20
CDE 2.00 6.54 675.60 5.42 18.35 38.69

Note: d20 = the particle size with a cumulative finer of 20%; d50 = the particle size with a cumulative finer of 50%
(median particle size), and d80 = the particle size with a cumulative finer of 80%.
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Figure 1. Particle size distribution of OPC and CDE.

Table 2. Chemical composition of OPC and CDE.

Chemical Composition OPC (%) CDE (%)
510, 17.25 78.73
AlLO3 2.32 0.39
Fe203 4.67 2.89
MgO 2.13 1.11
SO3 2.56 0.39
CaO 70.34 16.34
K,O 0.73 0.15

2.1.2. Diatomaceous Earth

Diatomaceous earth is used as a mineral additive to partially replace cement, which is
also a binder. This additive was obtained in lumps from Beureunuet Village, Aceh Besar
District, Indonesia. These collections emphasized the data released by the Aceh Provincial
Mining and Industry Service, where the diatomaceous earth deposits in the village reached
40,353,700 tons [70-72]. The material was oven-dried at 100 °C for 24 h, mashed, and
sieved through a #200 sieve. The powder passing through this filter was then calcined in a
furnace, at a temperature of 500 °C for 5 h. The physical properties and the PSA outcomes
of the calcined diatomaceous earth (CDE) are shown in Table 1 and Figure 1, respectively.
Based on Figure 1, the CDE had finer particles than OPC. The XRD pattern of CDE, tested
using a Maxima XRD-7000 device manufactured by SHIMADZU, is shown in Figure 2.
The result indicated that silica (quartz), graphite, and rayite were the main crystalline
minerals. An XRF test was also carried out on CDE, and the results shown in Table 2. In
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this process, the main composition of CDE was silica (5i0;) which reached 78.73%. This
was then used as a mineral additive to partially replace cement. The CDE was also tested
using a microphotograph through Scanning Electron Microscopy (SEM), and the results
are shown in Figure 3. This indicated that the CDE particles had cylindrical shapes with
cellular structures of about 2 um in diameter.

4 A

#: graphite
A quartz
@ rayite

10 20 30 40 50 60

Figure 2. XRD pattern of CDE.
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Figure 3. Microphotograph of CDE.

2.1.3. Aggregates

Two types of aggregates were used in this study, namely, fine and coarse. We used river
sand (RS) and split stone (SS) with maximum diameters of 2.36 and 9.52 mm, respectively.
The sand and stones used originated from the Krueng Aceh River and the stone-crushing
industry in Aceh Besar District, respectively. The specific gravity and gradation of these
aggregates are shown in Table 3 and Figure 4. It was proved that they met the requirements
of concrete aggregates, according to ASTM C33/C33M-18 standard [73].
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Table 3. Physical properties of aggregates.

Type of Bulk Specific Gravity Absorption (%) Fineness
Aggregate Density (kg/m®) Saturated Surface Dry Oven Dry Modulus
RS 1.62 2.70 2.65 1.87 3.37
SS 1.41 2.80 2.78 0.66 5.70
100
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Figure 4. Gradation of aggregates and comparison with ASTM C33/C33M-18 requirements.

2.1.4. Fibers

In this analysis, two types of fibers were used, namely, ramie (RF) and abaca (AF), which
were obtained from Central Java. Before being used in the concrete mix, these materials were
initially cut to fiber lengths (L), with aspect ratios (L/D) of 100. Figures 5 and 6 show the
ramie and abaca fibers before and after cutting, respectively. Moreover, fiber diameters
were measured using digital calipers, as shown in Figure 7. Tensile tests were also carried
out on these materials using a universal testing machine (Shimadzu AGS-X series), with
a capacity of 5 kN, to determine the strength, elasticity modulus, and ultimate strain. In
accordance with the ASTM D3822/D3822M-14 [74] standard, the fiber tensile test was
carried out as shown in Figure 8, with the physical and mechanical properties of the two
materials observed in Table 4.

Figure 5. Ramie fiber before and after cutting.
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Figure 7. Measurement of rami fiber diameter.

/03/2022 09:06:38

Figure 8. Tensile test of fiber.
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Table 4. Physical and mechanical properties of fibers.

Type of Fiber = Diameter (mm) Length (mm) L/D Zﬂ:ﬁ;llftl; Tensile Strength (MPa)  Ultimate Strain (%)
RF 0.09 9 100 1.44 282.09 5.46
AF 0.17 17 100 1.50 1760.22 3.75
2.1.5. Water
Clean drinkable water, supplied by the PDAM (Regional Water Company), was used
for the mixture of the concrete, meeting the requirements for water-mixed materials in
ASTM C1602/C1602M-22 [75].
2.1.6. Superplasticizer
A polycarboxylate-based superplasticizer, produced by PT. Sika Indonesia, was used
to improve concrete workability, with the specific gravity being 1.06.
2.2. Method
2.2.1. Mixture Proportion
The mixture proportion of HSFRC was determined, based on ACI 211.4R-93 [76],
using a water-to-binder ratio (w/b) of 0.27. The initial step was to determine the mixture
proportion without additional fiber and use of CDE (coded HSCO0F00). This proportion
was, subsequently, used as a control mixture. Furthermore, 10% of the OPCs in the
HSCO0F00 mixture were replaced with CDE and coded HSC10F00. We used10% CDE
because previous studies showed that the maximum compressive strength was reached
with a CDE content of 10% [10,69]. Ramie and abaca fibers were then added to these
two mixtures, HSCO0OF00 and HSC10FO00, with 0.15%, 0.3%, and 0.45% of the total volume
of concrete. This, subsequently, led to the total collection of 14 different mixtures. For
1 m? of concrete volume, the proportion of all HSFRC mixtures is shown in Table 5. In
this case, the mixture code values emphasized the number of CDEs used to replace OPC
and fiber content. For example, HSC10RF15 used 0.15% of ramie fiber and 10% CDE as
cement replacement.
Table 5. Mixture proportion for 1 m3 HSFRC.
CDE Content .
. o Tas Fiber Content (% RS SS Water SpP RF AF
Mixture (% Binder Concrete Volume) ~ OFPC(ke)  CDEke) kg  (kg) (kg) kg) (kg
eight)
HSCO00F00 0 0 758.31 0.00 565.15 901.72  205.05 11.37 - -
HSC10F00 10 0 682.48 75.83 565.15 901.72  205.05 11.37 - -
HSCOO0RF15 0 0.15 758.31 0.00 565.15 901.72  205.05 11.37 2.16 -
HSCO0RF30 0 0.30 758.31 0.00 565.15 901.72  205.05 11.37 4.32 -
HSCOORF45 0 0.45 758.31 0.00 565.15 901.72  205.05 11.37 6.48 -
HSCO00AF15 0 0.15 758.31 0.00 565.15 901.72  205.05 11.37 - 2.25
HSCO00AF30 0 0.30 758.31 0.00 565.15 901.72  205.05 11.37 - 4.50
HSCO00AF45 0 0.45 758.31 0.00 565.15 901.72  205.05 11.37 - 6.75
HSC10RF15 10 0.15 682.48 75.83 565.15 901.72  205.05 11.37 2.16 -
HSC10RF30 10 0.30 682.48 75.83 565.15 901.72  205.05 11.37 4.32 -
HSC10RF45 10 0.45 682.48 75.83 565.15 901.72  205.05 11.37 6.48 -
HSC10AF15 10 0.15 682.48 75.83 565.15 901.72  205.05 11.37 - 2.25
HSC10AF30 10 0.30 682.48 75.83 565.15 901.72  205.05 11.37 - 4.50
HSC10AF45 10 0.45 682.48 75.83 565.15 901.72  205.05 11.37 - 6.75

2.2.2. Specimen Preparation

To develop a concrete mixture, all solid materials, namely aggregates, OPC, and CDE,
were placed into a mixer and stirred for approximately 3 min until evenness was achieved.
This was accompanied by the provision of water and superplasticizer to the concrete
mixer, which was repeatedly stirred for approximately 3 min until all mixtures were evenly
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composed. Moreover, the fiber was added to the mixture, with the mixer continuously
rotated and stirred for about 4 min. In this process, all the fibers were evenly distributed
into the concrete mix.

Specimens were developed by pouring the concrete mixture into the mold provided.
These were then compacted by tapping the external part of the mold with a rubber mallet.
For compression and split tensile testing, cylindrical specimens, with a diameter and height
of 100 mm and 200 mm, were developed, respectively. Meanwhile, the samples were
developed as a beam with a size of 100 x 100 x 400 mm for flexural analysis. Based on the
tests, 5 specimens were developed for each HSFRC mixture. The mold was also opened for
subsequent curing when the age of the specimens reached 24 h. This was carried out by
immersing the molds in clean water in an immersion bath for 27 days. After reaching the
age of 28 days, the specimens were then removed from the bath and dried, for subsequent
analysis of mechanical properties and absorption. Some photos of specimen preparation
are shown in Figure 9.

(d)

(e) ()

Figure 9. Photos of specimen preparation: (a) mixing; (b) casting; (c) leveling; (d) after casting;
(e) mold removing; and (f) curing.

2.2.3. Flow Test

Before the specimens were cast into the mold, a flow test was initially performed
on the fresh concrete, using Abram'’s cones. These cones were placed upside down on a
steel plate, with a small diameter side located at the bottom. On this plate, a circle with
a diameter of 50 cm was initially designed. Furthermore, the cones were placed in the
middle of the circle and inserted into the concrete mixture in 3 layers. In this process, each
layer was filled with one-third of the cone height and pierced with an iron rod 25 times.
After filling, the top surface was then leveled with a cement spoon and the cone was lifted,
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leading to the sideways flow of the concrete mixture. Since the flow reached a diameter of
50 cm in the previously marked circle, the time taken for the cone to be lifted was conducted
using a stopwatch. The flow speed was also obtained through the division of the diameter
(50 cm) by the travel time measured by the stopwatch.

2.2.4. Compression Test

The compression test was carried out using a universal testing machine (Ton Industry)
with a capacity of 100 tons, according to the ASTM C39/C39M-21 standard [77]. In this
process, the cylindrical specimen was placed on the base of the machine, with the load
applied at a speed of 0.25 MPa/s until the destruction of the sample. When crushed, the
maximum load was then recorded, with the compressive strength obtained in its division
by the cross-sectional area of the cylinder.

2.2.5. Flexural Test

The flexural test was conducted using a universal testing machine (Mohr & Federhaff
AG) with a capacity of 10 tons, according to the ASTM C78/C78M-22 standard [78], through
the insertion of the beam specimen on two supports, with the beam span being 300 mm.
Two-point loads were also applied to the upper side of the beam, with the force-distance
from the support being 100 mm. The load was then applied at a speed of 0.90 MPa/min until
fracturing of the specimen. These conditions were appropriately recorded and accompanied
by the calculation of flexural strength.

2.2.6. Splitting Tensile Test

This analysis was carried out using a universal testing machine (Ton Industry) with
a capacity of 100 tons, and according to the ASTM C496/C496M-17 standard [79]. The
specimen was placed on the base of the testing machine, with the laid plywood having a
thickness of 3.2 mm. The load was then applied through the upper side of the cylindrical
blanket until the specimen was divided into two parts. The magnitude of the maximum
load was also recorded for the subsequent calculation of splitting tensile strength (STS).

2.2.7. Absorption Test

The absorption test was conducted based on the ASTM C642-21 standard [80]. A cube
with a side of 50 mm was used. This specimen was obtained by cutting the remaining
samples from the flexural test. For each HSFRC mixture, 5 specimens were prepared for
this test and oven-dried at 100 °C for 24 h. After this process, the weights of these samples
were remeasured and re-baked in the oven at 100 °C for 24 h. This was performed until
the weights were constant, indicating that no pore water was available in the concrete.
Moreover, the specimens were immersed in water and weighed every 5 min for the first
30 min of immersion. This was then accompanied by the measurement of the weight change
at every 10 min of immersion for 60 min. Subsequent analyses were also conducted every
15 min and 2 h of immersion for 120 min and 24 h, respectively. When the weight change
was no longer present after 24 h of immersion, the ratio of the transformation to the initial
mass of the specimen became the absorption of the HSFRC (%). However, the immersion
process was continuously carried out for more than 24 h, due to the persistence of the
weight change. This was repeatedly conducted until changes were no longer observed in
the sample mass.

3. Results and Discussion
3.1. Flow

Figures 10 and 11 show the flow speed of fresh HSFRC, using ramie and abaca fibers,
respectively. Based on the results, the presence of 10% CDE, as a cement replacement,
reduced the flow speed of HSFRC. This indicated that the mixture workability was lower
when using CDE as cement replacement, compared to others with only OPC. These results
were in line with the nature of CDE, which absorbed water at 6.54% (Table 1). The high
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absorption level of this material also caused the immersion of some water into its pores.
This proved that the mixing water level and the flow value of the CDE-based mixture
were reduced. Regarding Figure 1 and Table 1, CDE had finer particles than OPC. This
was explained by the fact that it had a larger surface area than OPC for the same amount
of material. These conditions caused more wetness of the CDE surface than that of the
OPC, leading to a decrease and increase in the required levels of free and mixing water,
respectively [81-83]. When the level of water and superplasticizer used for all mixtures
was similar, a lower flow of CDE-based HSFRC composition was observed.

1.2
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Figure 10. The flow speed of fresh HSFRC with ramie fiber.
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Figure 11. The flow speed of fresh HSFRC with abaca fiber.

Based on Figures 10 and 11, the flow speed of the fresh HSFRC mixture decreased as
the volumetric content of ramie and abaca fibers increased. This showed that the shapes of
these fibers were longer than those of the aggregates. For similar volumes, larger surface
areas were also observed for the fibers than the aggregates. This confirmed that the addition
of fibers to the concrete mix increased the cohesive forces between the fibers and the cement
matrices [84]. These conditions impeded the flow of the concrete mixture, proving that the
speed decreased with increased fiber estimations. Similar results were also reported for the use of
fiber in normal-strength and ultra-high-performance concrete [85-87]. Regarding these results,
the reduction in ramie-based flow speed was greater than that of the abaca-based speed.
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3.2. Compressive Strength

Figures 12 and 13 show the compressive strength test of the HSFRC mixtures with
and without CDE, using ramie and abaca fibers. These results proved that the addition of
0.15% ramie or abaca fibers significantly increased the compressive strength of the mixtures.
Based on the addition of 0.15% ramie fiber (RF), the compressive strength (CS) increased by
18% and 9.4% for the HSFRC without and with CDE, respectively. CS then decreased for
the addition of 0.3% RF volume, although the value was greater than that of the concrete
without a fibrous material. Meanwhile, the addition of 0.45% RF produced a compressive
strength smaller than the non-fibrous concrete. This indicated that the increase and decrease
in the CS of ramie-based HSFRC had a parabolic tendency.
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Figure 12. Compressive strength of HSFRC with ramie fiber.
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Figure 13. Compressive strength of HSFRC with abaca fiber.

Regarding the addition of 0.15% abaca fiber (AF), the compressive strength increased
by 9.6% for the HSFRC without CDE. Similar to the use of ramie fiber, the addition of
0.3% AF caused decreased CS, although the value was greater than that of the non-fibrous
concrete. However, the addition of 0.45% AF produced a smaller compressive strength
than fiber-free concrete. In the CDE-based HSFRC, serving as a substitute for 10% OPC,
the CS increased and decreased with the additions of 0.3% and 0.45% AF, respectively. In
this process, the highest compressive strength was found at the 0.3% volumetric content
of abaca fiber, which, subsequently, increased to 11.8%. This proved that the increase and
decrease in the CS of abaca-based HSFRC had a parabolic tendency.
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According to the compressive strength of ramie—abaca HSFRC, the presence of fibers
prevented and delayed cracks when the compression load was applied. When the load
was increased and cracks occurred, these fibrous materials prevented and bridged the
crack propagation and gap occurrences, respectively. This led to concrete destruction delay;,
increased compression load, and high compressive strength. However, when the fibers
exceeded the optimum level, a roughly mixed composition was observed, leading to the
appearance of fibrous concrete clumps. This was emphasized by the occurrence of a smaller
flow speed than that of the concrete without fibers (Figures 10 and 11). The presence of these
fibrous clumps also caused ineffective inhibition of crack emergence and propagation, leading
to a reduction in compressive strength. This was, subsequently, prevented by providing a
larger portion of superplasticizer to the concrete mix using a higher amount of fiber.

3.3. Flexural Strength

Figures 14 and 15 show the results of the flexural strength (FS) test of the HSFRC
mixtures with and without CDE, using ramie and abaca fibers (RF and AF). These conditions
indicated that FS increased with the addition of 0.3% RF and AF, although decreased under
the provision of 0.45% volumetric content. Similar to the compressive strength, the increase
and decrease in FS also had a parabolic tendency. Besides the parabolic trendlines, the
bi-linear trendlines, of the relationship between flexural strength and fiber content, were
also plotted in Figures 14 and 15.
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Flexural strength (MPa)
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Figure 14. Flexural strength of HSFRC with ramie fiber.

16
y = -28.205x2 + 11.447x + 10.792
R?=0.8378
14 -
y =-13.265x + 16.033
y = 4.205x + 10.792 \L R2=0.9182
12

e

10

Flexural strength (MPa)

y =-40.709x> + 16.004x + 9.66
R>=0.7982
OCDE=0% ACDE=10%

0 0.1 0.2 0.3 04 0.5
Abaca fiber content (% volume)

Figure 15. Flexural strength of HSFRC with abaca fiber.
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Based on the addition of 0.3% RF, the flexural strength increased by 16.6% and 17.3%
for the HSFRC without and with CDE, respectively. Meanwhile, the provision of 0.3% AF
increased the FS of the HSFRC without and with CDE by 17.2% and 9.4%, respectively.
Regarding the addition of 0.45% RF and AF, a decrease was observed in the flexural
strength, although the values were almost similar to that of the non-fibrous concrete.
Differing from the compressive strength estimations, the presence of CDE as a cement
replacement significantly contributed to an increase in FS, regarding the addition of fiber.

In the flexural test, the beam used provided a positive bending moment, which caused
compressed and tensile conditions at the top and bottom of the specimen, respectively.
Since its tensile strength was very small compared to the CS, failure was observed for
the bending moment due to tensile stress (TS). This indicated that the fracture process of
concrete under flexural test was almost similar to that under tension. From these results,
the presence of fibers effectively bridged and prevented the occurrences of cracks and
cracking propagation, respectively. This caused a change in the brittleness of the concrete
under flexural test toward a plastic behavior, subsequently, leading to increased FS and the
non-occurrence of immediate failure.

In the simple and finite-element stress analyses of reinforced concrete, flexural strength
(FS) is not often inputted as a separate quantity, although it was calculated as a function of
compressive strength (CS). Similar to practical applications, only the CS is commonly tested,
with the FS value calculated by the equation recommended by the building codes. Accord-
ing to ACI 318-19, the relationship between flexural (f;) and compressive (f'c) strengths
recommended for normal-strength concrete is f, = 0.62,/f’, [88]. Meanwhile, ACI 363R-10
recommends the relationship for high-strength concrete as f, = 0.94/f"; [1]. The recom-
mended and presently-analyzed results are presented together in Figure 16. This proved
that the flexural strength obtained in the present analysis was higher than that of the
recommendations, indicating the effectiveness of using ramie and abaca fibers in increasing
the FS of concrete. Based on the data analyzed in this study, the relationship can be written

as fr = 1.19/f..

15

10 - N

o

O  Ramie fiber

A Abaca fiber

ACI 318-19
--=--=ACI363R-10
Present study model

O T T T
60 70 80 90 100

Compressive Strength (MPa)

Flexural strength (MPa)

Figure 16. Relationship between flexural strength and compressive strength of FRHSC.

3.4. Splitting Tensile Strength

Figure 17 shows the splitting tensile strength (STS) test of the HSFRC with and with-
out CDE, using ramie fiber (RF). This confirmed that the STS increased with higher RF
application. Although the splitting tensile strength of the non-fibrous HSFRC with 10%
CDE was lower than the type without CDE, its increase was still highly significant, due
to the elevated volumetric content of the ramie fiber. This confirmed that the values of
STS for the two mixtures were almost the same regarding the addition of 0.45% REF. In this
process, the STS was increased by 24% and 31.8% in the HSFRC mixture without and with
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CDE, respectively. As a function of the volumetric content of ramie fiber, the increase in
splitting tensile strength was parabolic, with a decrease likely to occur for fiber additions
above 0.45%.

12

10 - y=-13.715x2 + 9.9309x + 7.17
R>=0.8734

y=-15.249x2 + 11.559x + 6.68
R>=0.971

Splitting tensile strength (MPa)
o2e]

OCDE=0% ACDE=10%

0 0.1 0.2 0.3 0.4 0.5
Ramie fiber content (% volume)

Figure 17. Splitting tensile strength of FRHSC with ramie fiber.

Figure 18 shows the splitting tensile strength test of the HSFRC with and without CDE,
using abaca fiber (AF). For the mixture with AF, the STS increased and decreased for the
0.3% and 0.45% volumetric contents, respectively. However, the value was greater than
the splitting tensile strength of non-fibrous concrete. This showed that the increase and
decrease in the STS of HSFRC were parabolic. Based on the addition of 0.3% abaca fiber,
the maximum splitting tensile strength was obtained, with an increase of 36.8% and 38.1%
for the HSFRC without and with CDE, respectively. The improvement of splitting tensile
strength for HSFRC with abaca fiber was higher than that with ramie fiber, which was due
to the higher tensile strength of abaca fiber, compared to ramie fiber, as shown in Table 3.
The splitting tensile strength of HSFRC with CDE was lower than that without CDE and
this finding was in line with the finding reported in the previous study [10].

12

y=-32.816x>+17.973x + 7.17
10 A R>=0.9122
o

A
y =-27.453x>+16.303x + 6.68
R2=10.9515

OCDE=0% ACDE=10%

Splitting tensile strength (MPa)
o0

0 0.1 0.2 0.3 0.4 0.5
Abaca fiber content (% volume)

Figure 18. Splitting tensile strength of FRHSC with abaca fiber.

Concrete is a heterogeneous material consisting of aggregates, and cement paste, and
an interface between both elements (cement paste and aggregates). This shows that the
tensile strength of this material is not uniform. In this case, the tensile strength of concrete is
considered to be normally distributed [89-91]. When a tensile load is excessively applied to
concrete, crack occurrences are initially observed for the low-strength element [92]. These
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cracks, subsequently, propagate to other areas of slightly higher tensile strength when the
applied load is increased, leading to brittle failure in the fracture process. These crack gaps
and propagation are often bridged and prevented through the provision of fibers, leading
to a change from brittleness to plastic behavior. This process causes the tensile strength of
the concrete to increase, due to the presence of fibers.

Similar to FS (flexural strength), the splitting tensile strength of concrete is not
practically tested. When required for behavioral analysis of reinforced concrete struc-
tures, its value is commonly considered in accordance with the equation recommended
by building codes. According to ACI 318-19, the relationship between splitting ten-
sile (fsp) and compressive (f’¢) strengths recommended for normal-strength concrete is
fsp = 0.56,/f [88]. Meanwhile, ACI 363R-10 recommends the relationship for high-strength
concrete is fg, = 0.59/f’c [1]. These recommended and presently-analyzed values were
plotted together in Figure 19. This indicated that the presently-analyzed STS was higher
than that of the recommendations, significantly proving the effectiveness of the ramie
and abaca fibers in increasing the splitting tensile strength of concrete. Based on the data
analyzed in this study, the relationship can be written as fg, = 0.93./f".

15 O Ramie fiber
A Abaca fiber
ACT 318-19 = 0.93Vf
----ACI363R-10 Ty =093 e
10 - Present study modelA

Splitting tensile strength (MPa)

O T T T

60 70 80 90 100
Compressive Strength (MPa)

Figure 19. Relationship between splitting tensile strength and compressive strength of FRHSC.

3.5. Absorption

Figures 20 and 21 show the HSFRC absorption test with and without CDE, using ramie
and abaca fibers. These conditions indicated that no effect was observed in the addition of
fiber to the absorption of concrete, regarding the HSFRC mixture without CDE. Meanwhile,
a slight increase was found in this absorption after adding both ramie and abaca fibers to
the HSFRC with 10% CDE. All these absorption values were still < 5%, despite the results
obtained, proving that they were sufficiently small for good durability. The absorption of
concrete is often associated with the assimilation of surface water and chemicals, such as
chloride, carbon dioxide, and sulfate, from the external environment through the pores.
Smaller absorption values cause a lower possibility of these substances being assimilated
into the concrete, subsequently leading to higher durability. Regarding Figures 20 and 21,
the HSFRC with CDE had greater absorption than using only the OPC. This was due to the
absorption value of 6.54% and the cellular nature of the CDE nanopores structure (Table 1
and Figure 2). These results were in line with a previous study, regarding the analysis of
cement mortar with CDE [93].
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Figure 20. Absorption of FRHSC with ramie fiber.
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Figure 21. Absorption of FRHSC with abaca fiber.

Since ramie and abaca fibers are processed from plants, they should be renewed
by growing more productive plantations. These fibers are sustainable materials, whose
adoption often leads to a significant increase in mechanical properties. This shows that they
can be used as alternatives to guarantee the production of sustainable fiber concrete. The
numeric data for compressive strength, flexural strength, tensile strength, and absorption,
together with average value, standard deviation (SD), and coefficient of variance (CV) are
presented in Appendix A Tables A1-A4. Most of the data had a coefficient of variance
of less than 5% which confirmed the reliability of the data presented in this study. It is
important to note that this study only focused on the mechanical properties and absorption
of concrete. The microstructures and pore distribution will be investigated in further study.

4. Conclusions

A total of 14 high-strength fiber-reinforced concrete (HSFRC) mixtures were prepared
in this study, with two not using fiber and adopted as control composition. One of these
mixtures only used Type-I Ordinary Portland Cement (OPC) as a binder, with the other
using 10% calcined diatomaceous earth (CDE). Furthermore, 0.15%, 0.3%, and 0.45% of the
concrete volume were added to the two mixtures, using ramie and abaca fibers. Based on
the results, the following conclusions can be drawn:

1.  The addition of ramie and abaca fibers (RF and AF) to the mixture of high-strength
concrete reduced the flow speed of fresh HSFRC, which then, subsequently, decreased
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with increasing fibrous volumetric content. The use of CDE as a cement substitute
also reduced the flow speed of the fresh material.

2. The additions of RF and AF of 0.15% and 0.3% increased the compressive strength
(CS) of HSFRC. For the 0.15% ramie fiber, the CS increased to 18% and 9.4% for the
HSFRC without and with CDE, respectively. Meanwhile, the use of 0.15% and 0.3%
abaca fiber increased CS to 9.6% and 11.8% for the mixtures without and with CDE,
respectively.

3.  The addition of ramie and abaca fibers up to 0.3% also increased the flexural strength
(FS) of HSFRC. For REF, the FS increased to 16.6% and 17.3% for the HSFRC without
and with CDE, respectively. However, the abaca fiber increased this strength to 17.2%
and 9.4% for the mixtures without and with CDE, respectively.

4.  Regarding the addition of RF and AF, the splitting tensile strength of HSFRC was
also increased. This indicated that the largest increase for ramie fiber occurred at
0.45%, with the STS elevated to 24% and 31.8% for the HSFRC with and without CDE,
respectively. Meanwhile, the largest increase for abaca fiber occurred at 0.3%, with
the STS elevated to 36.8% and 38.1% for the mixtures without and with CDE.

5. Using the ramie and abaca fibers, the elevations in the absorption value of the HSFRC
without and with CDE were insignificant and significant, respectively. This indicated
that the mixtures with CDE had greater values, which were all below 5%.

6.  Since in this paper only the mechanical properties of HSFRC with ramie and abaca
fibers were studied, it is recommended to conduct further study on the micro-
structures and pore distribution of HSFRC with the same fibers.
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Appendix A

Table Al. Compressive Strength Data.

0 Fiber Compressive Strength (MPa
Mistwre G Weigho  TIPeTTYPE Content (4 2 th (AP CV (%)
Volume) #1 #2 #3 #4 #5 Average SD
HSCO00F00 0 - 0 90.53 74.84 7999 8056 82.34 81.65 5.69 6.97
HSC10F00 10 - 0 80.77 7414 70.00 75.67 76.86 75.49 3.93 5.20
HSCO0RF15 0 RF 0.15 9417 103.86 88.18 100.20 95.63 96.41 5.98 6.21
HSCOO0RF30 0 RF 0.30 88.00 87.00 8656 83.65 86.54 86.35 1.62 1.88
HSCO0RF45 0 RF 0.45 7350 7399 6727 7522 71.56 72.31 3.11 4.30
HSCO00AF15 0 AF 0.15 8591 9324 8862 90.00 89.56 89.47 2.64 295
HSCO00AF30 0 AF 0.30 91.02 85.00 86.00 86.34 85.67 86.81 241 2.77
HSCO0AF45 0 AF 0.45 80.54 7289 7187 7634 77.62 75.85 3.53 4.66
HSC10RF15 10 RF 0.15 82.60 8209 8033 8334 84.56 82.58 1.57 1.90
HSC10RF30 10 RF 0.30 73.57 7552 76.00 7431 78.00 75.48 1.71 2.26
HSC10RF45 10 RF 0.45 59.68 71.01 6391 69.90 68.67 66.63 4.74 711
HSC10AF15 10 AF 0.15 7817 8265 7812 8523 83.33 81.50 3.21 3.93
HSC10AF30 10 AF 0.30 83.69 85.00 8216 86.65 84.32 84.36 1.65 1.96
HSC10AF45 10 AF 0.45 69.98 6958 7936 7534 74.35 73.72 4.06 551
Table A2. Flexural Strength Data.

. CDE Content (% . Fiber Content Flexural Strength (MPa) o
Mixture oo . ° Weight) Fiber Type (% Volume) #1 ” ™ #4 - Average D CV (%)
HSCO0F00 0 - 0 1062 1069 11.00 10.78 10.87 10.79 0.15 1.39
HSC10F00 10 - 0 9.53 9.08 1002 9.89 9.78 9.66 0.37 3.84
HSCO0RF15 0 RF 0.15 1118 12.04 1123 11.32 11.87 11.53 0.40 3.45
HSCOORF30 0 RF 0.30 1256 12.65 1267 12.07 1298 12.59 0.33 2.62
HSCO0RF45 0 RF 0.45 11.02 1058 1020 1033 10.76 10.58 0.33 3.11
HSCO00AF15 0 AF 0.15 11.65 1142 1176 11.56 1148 11.57 0.14 1.17
HSCO00AF30 0 AF 0.30 11.70  12.00 1198 1232 11.89 11.98 0.22 1.88
HSCO0AF45 0 AF 0.45 981 967 1023 1054 10.32 10.11 0.36 3.59
HSC10RF15 10 RF 0.15 10.67 1092 10.83 1058 10.78 10.76 0.13 1.24
HSC10RF30 10 RF 0.30 1098 1145 1123 1155 1142 11.33 0.23 1.99
HSC10RF45 10 RF 0.45 9.82 8.70 8.50 8.98 9.65 9.13 0.58 6.36
HSC10AF15 10 AF 0.15 993 1030 1099 11.00 10.89 10.62 0.48 4.55
HSC10AF30 10 AF 0.30 1121 11.67 1185 1098 10.89 11.32 0.42 3.74
HSC10AF45 10 AF 0.45 8.63 8.58 8.16 8.37 8.48 8.44 0.19 222

Table A3. Splitting Tensile Strength Data.
o Fiber it i
Mixture %?:d(ej:xzint h(t;o Fiber Type Content (% Splitting Tensile Strength (MPa) CV )
8 Volume) #1 #2 #3 #4445 Average SD
HSCO00F00 0 - 0 6.81 6.82 7.46 7.22 7.53 717 0.34 4.77
HSC10F00 10 - 0 687 656 652 678  6.65 6.68 0.15 221
HSCOORF15 0 RF 0.15 8.82 7.99 8.16 8.65 8.56 8.44 0.35 412
HSCO0RF30 0 RF 0.30 839 877 901 9.00 898 8.83 0.27 3.00
HSCOORF45 0 RF 0.45 892 866 9.01 899 887 8.89 0.14 1.58
HSCO00AF15 0 AF 0.15 8.70 9.51 8.65 8.88 8.90 8.93 0.34 3.84
HSCO0AF30 0 AF 0.30 960 978 980 990  9.96 9.81 0.14 1.40
HSCO00AF45 0 AF 0.45 8.32 8.94 8.28 8.65 8.54 8.55 0.27 3.14
HSC10RF15 10 RF 0.15 817 801 803 815 812 8.10 0.07 0.89
HSC10RF30 10 RF 0.30 9.10 8.65 8.35 8.78 8.87 8.75 0.28 3.17
HSC10RF45 10 RF 0.45 890 877 872 880 882 8.80 0.07 0.76
HSC10AF15 10 AF 0.15 855 854 792 832 862 8.39 0.29 3.41
HSC10AF30 10 AF 0.30 8.99 9.08 9.24 9.33 9.45 9.22 0.19 2.01
HSC10AF45 10 AF 0.45 845 813 855 867 829 8.42 0.21 253
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Table A4. Absorption Data.

o Fiber : %
Mixture (i;?fds:;lﬁt’:irgh(tf Fiber Type Content (% P Absorption (%) CV (%)
Volume) 1 #2 #3 #4 #5 Average SD
HSCO00F00 0 - 0 3.61 3.58 3.30 3.59 3.50 3.52 0.13 3.63
HSC10F00 10 - 0 3.21 3.72 3.82 3.75 3.67 3.63 0.24 6.69
HSCO0RF15 0 RF 0.15 3.62 3.54 3.56 3.60 3.58 3.58 0.03 0.88
HSCO0RF30 0 RF 0.30 3.60 3.70 3.70 3.65 3.68 3.67 0.04 1.15
HSCOORF45 0 RF 0.45 3.76 3.82 3.68 3.80 3.78 3.77 0.05 143
HSC00AF15 0 AF 0.15 3.62 3.49 3.56 3.58 3.59 3.57 0.05 1.36
HSCO00AF30 0 AF 0.30 4.36 3.48 3.51 3.50 3.52 3.67 0.38 10.45
HSC00AF45 0 AF 0.45 3.91 3.79 3.94 3.88 3.86 3.88 0.06 147
HSC10RF15 10 RF 0.15 441 4.20 4.26 4.25 4.30 4.28 0.08 1.84
HSC10RF30 10 RF 0.30 4.47 4.20 4.35 4.30 4.28 4.32 0.10 2.31
HSC10RF45 10 RF 0.45 4.37 4.36 4.37 4.35 4.38 4.37 0.01 0.26
HSC10AF15 10 AF 0.15 4.58 4.60 4.61 4.50 4.59 4.58 0.04 0.96
HSC10AF30 10 AF 0.30 4.58 4.48 4.52 4.50 4.49 4.51 0.04 0.88
HSC10AF45 10 AF 0.45 4.89 4.48 4.41 4.46 4.50 4.55 0.19 4.27
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