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Influence of micro synthetic fibers confinement on
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Abstract: In this investigation, the confinement effects of micro synthetic fibers on lightweight foamed
concrete (LFC) were examined. The parameters evaluated were porosity, water absorption, shrinkage,
compressive strength, flexural strength and tensile strength. Three densities were cast which were
600 kg/m?, 1100 kg/m?, and 1600 kg/m>. Besides, the number of layers (1 to 3 layers) of micro
synthetic fibers was also being examined. Based on the result obtained, the porosity improved by 8.0%
to 16.3%, 13.8% to 25.6%, and 9.3% to 24.5% for the LFC with densities of 600 kg/m3, 1100 kg/m3,
and 1600 kg/m> confined with 1 layer, 2 layers, and 3 layers of micro synthetic fibers, respectively.
Besides, for the water absorption test, the enhancements were 6.9% to 15.6%, 20.0 to 27.1%, and
12.2 to 29.6% for the respective densities and number of layers of micro synthetic fibers employed,
while the drying shrinkage improved by 48.5% to 76.8%, 57.4% to 72.1%, and 43.2 % to 68.2% for the
respective densities and number of layers of micro synthetic fibers employed. For the strength properties,
a confinement with 3 layers of micro synthetic fibers showed significant results, where enhancements
of 153% (600 kg/m3), 97% (1100 kg/m3), and 102% (1600 kg/m?) were obtained for the compression
strength; 372% (600 kg/m?), 258% (1100 kg/m?), and 332% (1600 kg/m?) for the bending strength;
and 507% (600 kg/m?), 343% (1100 kg/m?), and 332% (1600 kg/m>) for the splitting tensile strength,
respectively, compared to the control LFC.
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1. Introduction

Generally, lightweight foamed concrete (LFC) is produced using four main materials,
which are cement, sand, water, and stable foam or foaming agent. The air voids entrapped
in the matrix cause its unit weight (density) to be lower (i.e., two times lighter) than
that of normal concrete. The Draft International Standard Model Code for concrete con-
struction classifies lightweight concrete as having a density of between 1200 kg/m? to
2000 kg/m3 [1]. Deijik [2] defined LFC as a cementitious material with a minimum of
20% (by volume) of mechanically entrained foam in the mortar mix, where air voids are
entrapped in the matrix by utilizing a suitable foaming agent. Nambiar and Ramamurthy [3]
stated that LFC is a lightweight material consisting of a Portland cement paste or cement
filler matrix (mortar) with a homogeneous void or pore structure created by introducing air
in the form of small bubbles. Besides, Jalal et al. [4] also clarified that LFC is generally
concrete that is extremely light in weight and contains no large aggregates, only fine sand
mixed with cement, water, and foam [5, 6].

There is growing interest in emerging concrete bonded fiber composites with enhanced
mechanical and durability properties. These fibers provide a superior contact surface with
the cement matrix, which considerably improves its bond, gaining a more homogeneous
material, hence, having superior mechanical properties. The inclusion of natural fibers
as reinforcement in LFC, has been studied to part substitute the synthetic counterparts,
particularly glass and polymeric fibers in construction materials. Though, in addition to
the problem of mechanical performance, there is the issue of the interface between the
fibers with the cementitious matrix. Additionally, the mechanical features of cement-based
composites strengthened with natural fibers not only depend on the properties of the fiber
itself but also on the degree to which an applied load is spread to the fibers by the matrix
phase [7]. Moreover, variations in the mechanical properties over time can transpire due to
microstructural instabilities in the fiber-matrix boundary and bulk, as a sign of the continued
hydration process in the fiber surroundings. First, though, the growing porosity value of
the cement composite in the interfacial region arises, as there is a variation of the water to
binder proportion. Then, there is a further encounter for the fiber-cement; the natural fibers’
hydrophilic nature hinges on the lumens, sorptivity, irregularity, chemical compounds, and
superficial energy in the fiber—matrix boundary. Therefore, it is crucial to control the fiber-
matrix interface with natural fiber, unlike synthetic fibers such as glass fiber. Therefore,
this study focuses on determining the properties of LFC with the confinement of micro
synthetic fibers.

2. Literature review

Shabbar et al. [8] defined porosity as the sum of the entrained air pores and voids
within a paste, measured by vacuum saturation, which is approximately four times that
which is measured by the water absorption method. A study by Kearsley & Wainwright [9]
into the porosity of LFC proved that it is mainly dependent on the dry density of LFC
rather than the content or types of fly ash. Based on the results presented by Narayanan
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and Ramamurthy [10], the larger pores in LFC can be considered as zero-density aggre-
gates, and a transmission zone exists in the void-paste interface. According to Visagie and
Kearsley [11], at higher densities of LFC, the distribution of air voids does not seem to
influence the compressive strength, which is related more to the uniform distribution of
air voids at higher densities. Luping [12] also mentioned that bigger pores influence the
concrete strength rather than smaller pores, whereas, for materials with the same matrix and
porosity, the strength is lower for those that contain larger-sized pores. A higher percentage
of porosity was obtained at a lower density of LFC [13]. The pore size and microstructure
of LFC influence its strength, durability, toughness, heat transfer, and moisture transport
properties [14]. The properties of LFC are mainly influenced by the pore structure, where
a total pore size distribution ranging between 5 and 47 nm results in only small changes to
the porosity, with no significant effects on the compressive strength and absorbency of the
cellular concrete [15]. The water absorption of cement base materials is affected by many
factors, namely, the concrete mixture proportions, the entrained air content, the type and
duration of curing, and the presence of water absorption on LFC obtained at lower-density
mixtures. Thakrele [16] emphasized that the water absorption of LFC is low due to its
closed cellular structure, although the water absorption was increased with a higher air
content. Drying shrinkage is one of the drawbacks faced in LFC. This problem causes the
LFC structure to shrink and reduced volume then leads to the decrease of LFC strength.
Since the drying shrinkage of LFC is higher compared to normal strength concrete, then by
confinement of micro synthetic fibers in LFC, can decrease the drying shrinkage percentage
of LFC [17]. The typical range of drying shrinkage value in LFC is between 0.1% to 0.35%
of the total volume of the hardened concrete matrix.

Based on a study by Yasser [18] into the contribution of LFC to the cross-sectional
strength of a composite, it was discovered that LFC is not able to satisfactorily resist a bend-
ing load because of the brittle properties of the material. According to Zhu [19], LFC is
a combination of soft and brittle materials, and as such, it contains many microcracks.
Thus, when it is compressed, these microcracks will propagate and cause failure. Amran et
al. [20] highlighted that the compressive strength of LFC is directly related to its density,
where a reduction in unit weight affects the compressive strength both exponentially and
adversely. According to Thakrele [21], the compressive strength of LFC will continue to
increase indefinitely due to the reaction with the existing carbon dioxide (CO2) in the
surrounding air, but the increasing strength with age is essentially linear over the first 12
months. Based on a study by Dawood and Hamad [22], plain concrete is a brittle mate-
rial that has poor fracture toughness, weak resistance to crack propagation, and low impact
strength. However, Jones and McCarthy [23] explained that LFC can still be used as a struc-
tural material. According to the research conducted by Narayanan and Ramamurthy [24],
the flexural strength of LFC ranges between 15% to 35% of its axial compressive strength.
Besides, Koztowski and Kadela [25] discovered that the flexural strength of LFC can be
increased by increasing its density as the apparent density of hardened LFC is strongly
associated with the foam content in the mix. The tensile strength of LFC can be as high as
0.24 times its compressive strength, with an ultimate strain of about 0.1% [21]. Splitting
tensile strength for self-compacting concrete is lower than normal vibrated concrete due to
the absence of aggregate-paste bonds in the matrix [20].
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3. Materials and mix design

3.1. Materials

Ordinary Portland cement was used throughout this study. This OPC, which was Type
1 Portland cement, was applied according to ASTM C150-04. The cement, produced by
the Cement Industry of Malaysia under the label, “Castle”. Fine sand was used as a filler to
produce LFC. The sand utilized in this research was sieved manually using a no. 16 sieve
(1.18 mm), in compliance with ASTM C778-06, where 50% to 85% of the graded sand
must be able to pass through the sieve. Next, potable or non-potable water can be used to
mix concrete. For this study, clean water was used in the production of LFC. Based on
a previous study, the water-to-cement ratio for LFC ranges between 0.4 and 1.25. Thus, in
this experiment, the water-to-cement ratio was fixed at 0.45 to produce LFC with reasonable
workability. Foam is added to control and obtain a desirable density for the LFC. Thus, for
this study, a protein-based foaming agent, was used to produce a stable foam. The density of
the foam applied in this study ranged between 65-75 g/L. The micro synthetic fibers used
were provided by TKS Bio Sdn. Bhd. Table 1 visualizes the micro synthetic fibers physical
properties. As shown in Fig. 1, the micro synthetic fibers were cut and laid according to

Fig. 1. The micro synthetic fibers were cut and laid according to the dimensions of the moulds

Table 1. Physical properties of micro synthetic fibers

Mesh size 4.0 % 5.0 mm
Colour white
Coating Type alkali resistant
Mass (g/m?2) 145+5
Ignition point 784.4°F (398°C)
Melting point 316.4A°F (158A°C)
Tensile strength (MPa) 1325
Elongation at break (%) 3.41%
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the dimensions of the moulds. The LFC specimen was confined with these micro synthetic
fibers and placed in the matrix, as shown in Table 1.

Table 2 shows the mix proportions for LFC with densities of 600 kg/m?, 1100 kg/m?,
and 1600 kg/m3. The mix ratios for all the mixes were fixed, where the cement-to-sand
ratio was 1:1.5, while the water-to-cement ratio was constant at 0.45. The control sample
represents the LFC specimen without any confinement with micro synthetic fibers, 1L-LFC
stands for the 1-layer micro synthetic fibers, 2L-LFC stands for the 2-layer micro synthetic
fibers, and 3L-LFC indicates the 3-layer micro synthetic fibers. A slump test was performed
until reading in the range of 21 to 26 cm was achieved.

Table 2. LFC mix proportions

Mix ratio Mix proportion (kg)

Sample Micro synthetic Densigy Cement | Water to
fibers (layer) (kg/m?) w0 sand | comene | CEment | Sand | Water
- 600 1:1.5 0.45 23.02 | 34.54 | 10.36
Control - 1100 1:1.5 0.45 41.08 | 61.62 | 18.49
- 1600 1:1.5 0.45 59.30 | 88.70 | 26.61
1 600 1:1.5 0.45 23.02 | 34.54 | 10.36
IL-LFC 2 1100 1:1.5 0.45 41.08 | 61.62 | 18.49
3 1600 1:1.5 0.45 59.30 | 88.70 | 26.61
1 600 1:1.5 0.45 23.02 | 34.54 | 10.36
2L-LFC 2 1100 1:1.5 0.45 41.08 | 61.62 | 18.49
3 1600 1:1.5 0.45 59.30 | 88.70 | 26.61
1 600 1:1.5 0.45 23.02 | 34.54 | 10.36
3L-LFC 2 1100 1:1.5 0.45 41.08 | 61.62 | 18.49
3 1600 1:1.5 0.45 59.30 | 88.70 | 26.61

4. Experimental program

4.1. Porosity test

A porosity test was performed using the vacuum saturation method as developed by.
Cabrera and Lynsdale at the University of Leeds [26]. This test was carried out on day-28
by immersing the specimen into a vacuum desiccator. The purpose of this test was to
determine the percentage of air voids in the LFC specimens of different densities, which
will influence their strength. The lower the percentage of porosity in LFC, the higher its
strength. This is because the presence of more air voids in the cement matrix will cause it to
be more brittle and susceptible to cracks. Thus, the confinement of LFC in micro synthetic



www.czasopisma.pan.pl P N www.journals.pan.pl
Y
S~

416 MD AZREE OTHUMAN MYDIN

fibers will improve its porosity. Therefore, 3 specimens of LFC, with a diameter of 45 mm
and height of 50 mm, were placed in an oven at a temperature of 105°C to remove moisture
for 72 hours or until no changes in weight were recorded.

4.2. Water absorption test

The water absorption test was carried out as prescribed in BS 1881-12 [27]. Cylindrical-
shaped specimens (@75 mm xi 100 mm) were used in this study. On the aging day of
the test, 3 specimens were unwrapped and oven-dried for 72 hours. Then, the weight of
each cooled oven-dried specimen was recorded, and it was fully submerged in a water tank
for 30 minutes. Next, a dry cloth was used to remove any excess water present on the test
specimen and its weight was recorded in a saturated condition.

4.3. Shrinkage test

This test was conducted by using Mitutoyo brand digital indicator with 298 mm of
reference bar. Drying shrinkage test was performed according to ASTM C157/C157M [28]
where three specimens of the prism (75 X 75 X 285 mm) were installed with a pair of steel
screw and cap nut. After demoulding, LFC specimens were placed in the length comparator
and rotated anti-clockwise to get the data. The readings were taken and recorded as L;.
Then, the steps were repeated for the next age of testing, which is at days 1, 3, 7, 14, 21,
28, and 56.

4.4. Compression test

The compressive strength of the LFC specimen was tested on a cube measuring 100 X
100 x 100 mm. The test was carried out in a concrete laboratory via a universal testing
machine, GOTECH GT-7001, with a load capacity of 3000 KN. The test was conducted
at a load speed of 0.6 MPa/sec, corresponding to BS EN 12390-3 [29]. Three specimens
were tested at each curing period (day-7, day-28, day-60 and day-180), and the average of
the three readings was verified as the compressive strength.

4.5. Flexural test

For the flexural test, a prism measuring 100 x 100 x 500 mm was employed according
to ASTM C293/C293M [30]. A three-point bending test was selected to obtain the bending
strength of the FC. Three specimens were prepared for the test, and the average result of
the flexural test was taken as the final result.

4.6. Splitting tensile test

A cylinder with a diameter of 100 mm and a height of 200 mm was utilized for the
splitting tensile strength test, which was performed according to ASTM C496/C496M [31].



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

INFLUENCE OF MICRO SYNTHETIC FIBERS CONFINEMENT ON PROPERTIES. .. 417

Three specimens were cast and tested, and the average reading from these 3 results was
taken. The tensile strength of concrete can be determined by the application of direct tensile
stress or indirect tensile strength. In this study, the indirect tensile strength was applied.
Three cylindrical specimens measuring 100 @ mm x 200 mm were tested at day-7, day-28,
day-60, and day-180.

5. Results and discussion

5.1. Porosity

Fig. 2 depicts the porosity results of LFC confined with a different number of layers of
160 g/m? of micro synthetic fibers. Overall, the porosity showed a decreasing trend with
an increase in the density of LFC. For the control specimens of three different densities,
the LFC with a density of 600 kg/m?® obtained the highest increase in porosity of 66.4%,
while the lowest increase in porosity of 32.2% was obtained by the LFC with a density of
1600 kg/m3. The porosity decreased by 23.5% and 35.6% for the control specimens with
densities of 1100 kg/m> and 1600 kg/m>, respectively compared to the control specimen
with a density of 600 kg/m>. Jiang et al. [32] also reported that the higher porosity of LFC
is due to the addition of pre-foam to the cement paste or mortar. Theoretically, when a high
volume of foam is added into the mortar, more air voids will be created in the mortar slurry,
thereby inducing a higher porosity in the LFC. Besides, the porosity of LFC depends
on its density. At a density of 600 kg/m?, the porosity of LFC was lessened by 8.0%,
12.2%, and 16.3% with 1 layer, 2 layers, and 3 layers of micro synthetic fibers confinement,
respectively. The same could be said of the LFC with a density of 1100 kg/m?, where
the percentage decrease of porosity was 13.8%, 15.6%, and 25.6% with 1 layer, 2 layers,
and 3 layers of micro synthetic fibers confinement, respectively, while for the LFC with
a density of 1600 kg/m?, the percentage decrease was 9.3% (1 layer), 12.7% (2 layers),

25
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&
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g
S 10
S e e e e
0
CONTROL IL-FM 2L-FM 3L-FM
—+—600 kg/m? 262 244 233 221
—=—1100kgm? 17.0 136 13.1 124
——1600 kg/m3 115 10.1 97 8.1

Fig. 2. The porosity of LFC specimens confined with different layers
of micro synthetic fibers
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and 24.5% (3 layers). The reduction in the porosity was due to the confinement with the
micro synthetic fibers, which lessen the rate of the water absorbed into the air void in LFC.
From the previous studies, no research has yet been done to investigate the porosity of
LFC confined by micro synthetic fibers. In this experimental investigation, it was observed
that the LFC that was confined with micro synthetic fibers showed the same decreasing
pattern for porosity as with the inclusion of fibers in the LFC. For instance, based on
a study conducted by Zamzani [33], the inclusion of 0.6% fibers in LFC (1450 kg/mS)
was able to decrease the porosity by up to 21% at day-28 compared to the control. This
result was approximately similar to the result obtained in the current research, where the
confinement of LFC with a density of 1600 kg/m? with 3 layers of micro synthetic fibers
(160 g/m?) improved the porosity by 24.5% compared to the control, which was without
any confinement.

5.2. Water absorption

Fig. 3 presents the water absorption results for LFC confined with 160 g/m? of mi-
cro synthetic fibers and for the unconfined (control) LFC with three different densities
(600 kg/m?3, 1100 kg/m?, and 1600 kg/m?) at day-28. As shown in Fig. 3, the water ab-
sorption capacity decreased as the density of LFC increased. A water absorption capacity
of 26.2% was obtained for LFC with a density of 600 kg/m?, while the capacity was 17.0%
for LFC with a density of 1100 kg/m?, and 11.5% for LFC with a density of 1600 kg/m? for
the control specimens. This showed that the decrease in water absorption capacity across
the densities induced a better performance in the LFC, where there was a reduction of 35%
in the water absorption capacity of the LFC with a density of 1100 kg/m>, and a reduction
of 56% with a density of 1600 kg/m> compared to the LFC with a density of 600 kg/m?.
This occurrence is related to the volume of foam that is added to the mortar. The larger the
volume of foam added, the higher will be the number of pores and capillaries that will be

Water absorption (%)

CONTROL 1IL-FM 2L-FM 3L-FM
—4—600 kg/m3 66.4 61.1 583 356
—=—1100 kg/m3 508 438 429 378
1600 kg/m3 322 292 28.1 243

Fig. 3. The water absorption capacity of LFC confined with different layers
of micro synthetic fibers
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produced in the cement paste, which will lead to higher penetration of water into the LFC.
Water absorption is a process whereby the concrete absorbs or draws water into its pores and
capillaries. Besides, as proven in this research, the water absorption capacity of LFC was
reduced with the confinement of micro synthetic fibers. The water absorption capacity of
the LFC specimens with densities of 600 kg/m?, 1100 kg/m?, and 1600 kg/m? and confined
with 1 layer of micro synthetic fibers lowered by 6.9%, 20.0%, and 12.2%, respectively.
There was also a noticeable reduction of 11.1% (600 kg/m3), 22.9% (1100 kg/m3), and
15.7% (1600 kg/m>) when the confinement was with 2 layers of micro synthetic fibers,
while there was a reduction of 15.6%, 27.1%, and 29.6% when the confinement was with 3
layers of micro synthetic fibers for the respective densities. The presence of micro synthetic
fibers in the cement matrix managed to prevent the penetration of water into the LFC due
to the hydrophobicity of the fibers. Hydrophobic materials offer an alternative solution for
inhibiting the diffusion of water molecules into LFC, where higher water absorption will
lead to swelling of the LFC, thereby indirectly decreasing its mechanical performance. On
the other hand, hydrophilic fibers tend to attract water molecules, resulting in the higher
penetration of water, not only into the cement matrix but also into the fibers themselves to
induce the debonding of the fibers and matrix due to the expansion of the swollen fibers.

5.3. Shrinkage

Fig. 4 depict the development of drying shrinkage for LFC confined with micro syn-
thetic fibers. The confinement with micro synthetic fibers significantly reduced the drying
shrinkage of the LFC. For the LFC with a density of 600 kg/m>, the confinement with 1
layer of micro synthetic fibers decreased the drying shrinkage of the LFC by 48%, while
the drying shrinkage of the LFC with a density of 1100 kg/m? was reduced by 57%, and by
43% for the LFC with a density of 1600 kg/m> compared to the unconfined specimens at
day-56. When the number of layers for the micro synthetic fibers was increased to 2 layers
and 3 layers, the drying shrinkage behaviour also decreased by 52% and 77%, respectively
compared to the control specimens. At the early stage of the test, all the specimens showed
inconsistent drying shrinkage measurements as they had not fully hardened yet and the
hydration process still occurs. However, at day-30 and above the graph showed only a slight
increase in drying shrinkage for the confined LFC, while the control specimens showed
noticeable increases. Besides, Karim et al. [34] also clarified that the rapid increase in
drying shrinkage at the early stage is due to the rapid loss of moisture from the surface of
the specimen, while for the later stages, the rate of increase in the 125 drying shrinkage is
reduced with time depending on the removal of moisture from the concrete. As mentioned
previously, the reduction in the drying shrinkage strain of the confined LFC was due to
the role of the micro syntheric fibers, which impeded the evaporation of moisture from
the cement paste, thereby altering the dimensions of the LFC. The micro syntheric fibers
not only prevented the water from diffusing into the cement matrix, but also prevented the
loss of the existing water in the LFC. Falliano et al. [35] also proved that unreinforced
specimens exhibit a shrinkage that decreases with increasing dry density. The addition of
fibre can reduce the risk of shrinkage and stabilize the fresh mix.
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Fig. 4. Shrinkage of LFC confined with different layers of micro synthetic fibers

5.4. Compressive strength

Fig. 5 demonstrate the compressive strength results for LFC with densities of 600 kg/m?,
1100 kg/m?, and 1600 kg/m? confined with different number of layers of micro synthetic
fibers. The three figures show the same pattern of strength development, where all the LFC
mixes were enhanced with increasing curing time. As the density of the LFC increased, its
compressive strength also increased significantly. For instance, for the control LFC at day-
180 and with a density of 600 kg/m?, the compressive strength achieved was 1.1 N/mm?,
while for the LFC with a density of 1100 kg/m?, the compressive strength obtained was
3.8 N/mm?, which was 248% higher than that of the LFC with a density of 600 kg/m?, and
an increase of 157% (9.7 N/mm?) was obtained for the LFC with a density of 1600 kg/m?
compared to a density of 1100 kg/m>. Shawnim and Mohammad [36] highlighted that at
the higher densities, the compressive strength is not influenced by the distribution of air
voids, but rather by the more uniform distribution of voids. Lim et al. [37] also mentioned
that the production of LFC with finer sand results in a more uniform distribution of air
voids compared to coarse sand. Due to the brittleness of LFC, a reinforcing element is
needed to boost its compressive strength. The addition of fibers improves the compressive
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strength of LFC by preventing microcracks. Therefore, the confinement of LFC with 160
g/m” of micro synthetic fibers enhanced the compresive strength of LFC. As can be
observed, the confinement of LFC with a density of 600 kg/m> with 1 layer of micro
synthetic fibers increased the compressive strength by 48% compared to the control LFC
with the same density and increased the compressive strength of LFC with a density of
1100 kg/m?® by 56%, while an increase of 61% was achieved for the comprssive strength
of LFC with a density of 1600 kg/m®. Notable improvements of 95%, 74%, and 78%
were also obtained for the LFC specimens with densities of 600 kg/m?, 1100 kg/m?, and
1600 kg/m?, respectively confined with 2 layers of micro synthetic fibers. Furthermore, the
highest increase in compressive strength that was found in this investigation was for the
confinement of LFC with 3 layers of micro synthetic fibers. The remarkable enhancements
of 153%, 97%, and 102% in the compressive strength compared to the control at the
respective densities proved that the micro synthetic fibers has the potential to be utilized as
a reinforcing element in LFC. In addition, the micro synthetic fibers also acted to prevent
microcracks and retard the widening of cracks on exposure to a higher applied load.
Improved resistance and ductility are governed mainly by the fibers, which delay cracks
in the matrix. The good bonding between the micro synthetic fibers and cement matrix is
one of the reasons for the improvement in the compressive strength of LFC. Besides, the
number of layers of confinement in concrete also contribute to the compressive strength,
where an augmentation of 54% was achieved by the application of between 1 to 2 layers of
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Fig. 5. Compressive strength of LFC confined with different layers of micro synthetic fibers
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micro synthetic fibers. Huang et al. [38] also justified that the use of micro synthetic fibers
jackets improves the compressive strength of plain concrete, and an increase in the number
of micro synthetic fiber layers will lead to an effective confinement due to the increase in the
deformation capacity. Moreover, an improvement in the load bearing capacity of concrete
leads to a higher ultimate crack stress. Therefore, the highest compressive strength obtained
from this study was for LFC with a density of 1600 kg/m> that was confined with 3 layers
of micro synthetic fibers for 180 day.

5.5. Flexural strength

Fig. 6 show the results of the flexural strength for LFC with densities of 600 kg/m?>,
1100 kg/m?, and 1600 kg/m>. The confined LFC was embedded with 1 layer, 2 layers,
and 3 layers of micro synthetic fibers placed 2 mm from the bottom layer, while the
unconfined (control) specimens did not have any reinforcement in the tensile zone. Based
on observations from these three figures, all the specimens gained load-carrying capacity
in bending with increasing curing time. The strength development increased steadily for
180 days. Besides, it could be seen that the bending strength decreased with decreasing
density. The strength of concrete is affected by the volume of voids, which is related to the
porosity. An increase in porosity reduces the strength of concrete, but the magnitude of
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Fig. 6. Flexural strength of LFC confined with different layers of micro synthetic fibers
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this effect depends significantly on the size, shape, and distribution of the pores. There was
a noticeable increase in the load-carrying capacity in bending of the LFC from a density
of 600 kg/m? to 1600 kg/m?.

As described by Falliano et al. [35], this occurred because of the very low strength
values corresponding to the lower densities of LFC. Moreover, it was noticed that the control
specimens for the three respective densities displayed very poor bending behaviours. The
reason for this was that the control specimens had zero reinforcement in the tensile zone,
where the sudden failure occurred as soon as a load was applied. A reinforcement strategy
is needed to ensure that LFC with lower densities can be utilized as semi-structural or
even more advanced structural elements in construction work. In Fig. 6a, 1 layer of micro
synthetic fibers laid 2 mm from the bottom layer increased the bending strength of LFC
by 136%, but when the number of layers was doubled (2 layers), the bending strength
was boosted by up to 204%, and it was effectively increased by 372% when 3 layers of
micro synthetic fibers were added compared to the unreinforced specimens. This trend of
increase was also almost the same for the LFC specimens with densities of 1100 kg/m?
and 1600 kg/m’.

As expected in Fig. 6c, the highest bending strength among all the specimens was
achieved within 180 days by the LFC specimen with a density of 1600 kg/m® and embedded
with 3 layers of micro synthetic fibers in the tensile zone of the cement matrix. The
significant increase in the load-carrying capacity in bending of LFC was due to the higher
flexibility of the micro synthetic fibers, which caused a higher strain in the cement matrix.
Naaman [39] explained that when the cementitious composites crack under bending tension,
the reinforcement in the cracked zone will contribute to both stiffness and strength, while
the matrix will be cracked. The higher stiffness behavior of the micro synthetic fibers will
lead to the debonding of the fibers in the matrix due to the limited release of energy by the
micro synthetic fibers. Gencoglu and Mobasher [40] clarified that AR-glass reinforcement
provides suitable resistance in impact loading as it absorbs less energy (20—-40% of potential
energy). Vogel et al. [41] also verified in their study that the specimen that had been
reinforced with a micro synthetic fiber was able to transfer more energy to its supports
than the unreinforced specimen without the creation of large cracks. This was because
the unreinforced specimen absorbed almost double the amount of impact energy (64%)
compared to the reinforced specimen, which only absorbed 39% of the impact energy,
with the rest of the energy being transferred to the supports. The structure of the micro
synthetic fibers itself was also the reason for the increase in the bending strength of the
LFC. Basically, micro synthetic fibers is produced by combining several fibers to form
a continuous fibre with a warp and weft structure, either in a coil or a layered fashion.
The additional enhancement of the bonding of the fabric is due to another mechanical
anchoring provided by the fill yarns in the weft direction when the fabric is embedded in
the cement matrix. This micro synthetic fiber is not only able to resist fractures because of
sudden loading but is also capable of withstanding high fracture toughness with high impact
strength. Reddy et al. [42] also claimed that the good bonding of glass fabric produces
higher impact strength. Moreover, Wong et al. [43] also mentioned that glass fiber poses
high tensile strength and interfacial strength, resulting in the best impact strength compared
to natural fibers.
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5.6. Splitting tensile strength

The results of the splitting tensile strength obtained in this study, which showed a sim-
ilar trend as that of the compressive strength, as shown in Fig. 7. These three figures
demonstrated that the splitting tensile strength of the unconfined and confined LFC grew
increasingly as the curing age progressed. The volume of foam also significantly affected
the load carrying capacity in tension. For instance, the splitting tensile strength obtained
for the control specimen with a density of 600 kg/m? at day-180 was 0.14 N/mm?, and this
splitting tensile strength increased by 229% after the foam volume was reduced to obtain
the desired density of 1150 kg/m>. An increase of 122% in the splitting tensile strength was
also achieved for the LFC specimens with a density of 1600 kg/m> as only a small amount
of foam was needed to achieve this preferred density compared to a density of 1100 kg/m?>.
However, the results of the splitting tensile strength obtained for the control specimens
were low due to the absence of a reinforcing element in the matrix. Thus, the confinement
of LFC with different number of layers of micro synthetic fibers improved the performance
of the LFC in terms of its splitting tensile strength. When the LFC was wrapped in 1
layer of micro synthetic fibers, the splitting tensile strength increased by 186%, 157%,
and 150% for the specimens with densities of 600 kg/m>, 1100 kg/m?, and 1600 kg/m?,
respectively, compared to the unconfined specimens. For the confinement with 2 layers of
micro synthetic fibers, the increases in the splitting tensile strength, which were 279%,
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Fig. 7. Splitting tensile strength of LFC confined with different layers of micro synthetic fibers
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237% and 234% for the respective densities, were double those of the specimens confined
with 1 layer of micro synthetic fibers. Superior augmentations of 507%, 343%, and 332%
in splitting tensile strength were accomplished when the LFC specimens with densities of
650 kg/m?, 1150 kg/m?, and 1650 kg/m?, respectively were confined with 3 layers of micro
synthetic fibers. The incredible enhancement of the splitting tensile strength in LFC proves
that micro synthetic fibers has the potential to be used as a reinforcing element in LFC.
This performance also improved as the number of layers of micro synthetic fibers for the
confinement was increased. The micro synthetic fibers not only had strong fiber-to-matrix
bonding, but also exceptionally strong fiber-to-fiber bonding, which enabled stretching and
prevented the LFC from collapsing. The enhancement of splitting tensile strength is due to
the holding capacity of the fibers, which can aid in the splitting of the concrete [44].

6. Conclusions

In this study, the hardened properties of LFC with the confinement of different layers
of micro synthetic fibers were investigated and discussed. Three different densities of
LFC were used in this study, namely, 600 kg/m?, 1100 kg/m?, and 1600 kg/m>. This
was because the variance from a lower to a higher density of LFC gave better results
and various considerations for analysis. The properties evaluated were porosity, water
absorption, shrinkage, compressive strength, flexural strength and splitting tensile strength.
The results indicate that the confinement of LFC with micro synthetic fibers lead to
substantial improvement to the properties of LFC considered in this researh.

The unreinforced LFC had a high porosity, water absorption capacity, and drying
shrinkage. An increase in the foam volume caused a reduction in the density of the LFC but
led to higher values for the respective tests at the given curing age. The results showed that
the porosity reduced by 8.0% to 16.3%, 13.8% to 25.6%, and 9.3% to 24.5% for the LFC
with densities of 600 kg/m>, 1100 kg/m?, and 1600 kg/m? confined with 1 layer, 2 layers,
and 3 layers of micro synthetic fibers, respectively. Besides, for the water absorption test,
the reduction were 6.9% to 15.6%, 20.0 to 27.1%, and 12.2 to 29.6%, while the drying
shrinkage reduced by 48.5% to 76.8%, 57.4% to 72.1%, and 43.2 % to 68.2% for the
respective densities and number of layers of micro synthetic fibers employed. The presence
of micro synthetic fibers managed to prevent the penetration of water into the LFC due to
the hydrophobicity of the fibres. Hydrophobic materials provide an alternative solution for
inhibiting the diffusion of water molecules into LFC.

For the strength properties, the confinement of LFC with micro synthetic fibers lead to
massive improvement of compressive, flexural and splitting tensile strengths. The maximum
compressive strength values achieved were 2.73 N/mm?2, 7.39 N/mm?, and 19.5 N/mm? for
600 kg/m?, 1100 kg/m? and 1600 kg/m? densities, respectively. Significant improvements
of 48% to 153%, 56% to 97%, and 61% to 102% were observed for the LFC specimens
with densities of 650 kg/m?, 1100 kg/m® and 1650 kg/m?, respectively. The load-carrying
capacity in flexural also showed a similar trend, where it increased as the density of LFC
increased. The maximum load carrying capacity in bending values obtained at the respective
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densities were 1.18 N/mm?, 2.97 N/mm?, and 5.96 N/mm?. The percentage increase in the
load carrying capacity in flexural with different number of layers of micro synthetic fibers
compared to the control specimens was 136% to 372% for a density of 650 kg/m?, 127%
to 258%, and 149% to 332%, for densities of 1150 kg/m® and 1650 kg/m?, respectively.
Finally, the maximum splitting tensile strength values obtained were 0.85 N/mm?, 2.04
N/mm?, and 4.41 N/mm? with enhancements of 186% to 567%, 157% to 343%, and 150%
to 332%, respectively for the various densities. All the enhancements that were achieved
were due to the confinement with micro synthetic fibers in the form of a jacket, and the
increase in the initial elastic stiffness of LFC. When the lateral deformation was developed
because of the applied load, the tension in the jacket (micro synthetic fibers) was activated
due to the lateral expansion of the LFC. In addition, the micro synthetic fibers also acted to
prevent microcracks and retard the widening of cracks on exposure to a higher applied load.
Improved resistance and ductility are governed mainly by the fibers, which delay cracks in
the matrix. The good bonding between the micro synthetic fibers and cement matrix is one
of the reasons for the improvement in the strengths of LFC.
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