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Abstract: Pitch is a viscoelastic polymer material consisting of aromatic hydrocarbons. It is used
to produce carbon fibers with sheet-like crystal structures. The aim of the work presented in this
paper was to evaluate the effects of pitch-based short carbon fibers on the workability, unit weight,
and air content of freshly mixed mortar composite. Experimental investigation was carried out on
five different types of mortar composite, including a control mortar. Four mortar composites were
prepared including pitch-based short carbon fibers with 1–4% volume contents. The fresh mortar
composites were tested to determine their slump, inverted slump cone flow (flow time, mass flow,
and volume flow), unit weight, and air content. In addition, the correlation between the slump and
flow time of various mortar composites was determined. It was found that the slump decreased
with the increasing volume content of carbon fibers. The flow time of mortar composite increased,
and therefore its mass flow and volume flow decreased with a greater volume content of carbon
fibers. The slump was strongly correlated with the flow time, with a correlation coefficient of 0.9782.
Furthermore, the unit weight of the fresh mortar composite decreased due to the incorporation of
carbon fibers. However, amongst the different carbon fiber reinforced mortar composites, the mortar
with 3% fiber volume content provided the highest unit weight. The air content results were consistent
with the unit weight results. The change in air content of various mortar composites followed a trend
reciprocal to that of unit weights. When the overall effects of carbon fibers were compared, it was
observed that the fiber volume content higher than 3% resulted in a significantly low workability and
provided a much lower unit weight with greater entrapped air content.

Keywords: air content; carbon fibers; fiber content; mix proportions; mortar; unit weight; workability

1. Introduction

Mortar and concrete are cement-based composite materials or cement composites. The use of
short fibers in cement composites is not new. Different types of short fiber have been used in cement
composites [1–5]. The first widely used fiber reinforced composite was asbestos cement in which
asbestos fibers were incorporated [6]. Thereafter, the other varieties of fiber have been used to
produce cement composites. Amongst these, conventional fibers, such as glass fibers [7] and steel
fibers [4], and synthetic fibers, such as polypropylene fibers [5] and cellulose fibers [8] are noteworthy.
The reinforcement with asbestos fibers helped the construction industry for many years, especially in
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thin sheet applications. Unfortunately, the asbestos fibers were found to cause fibrosis (asbestosis) and
two other forms of lung cancer [9], and led to a quest for alternative fibers, which are medically as well
as environmentally safe and sound. Attempts were made with glass, cellulose, and steel fibers, but they
seemed to be discouraging due to durability problems. The embrittlement and strength loss of glass
fibers [10], the moisture sensitivity of cellulose fibers [11], and the corrosion of steel fibers [12] steered
the construction industry to find durable fibers, which are also medically and environmentally safe.

Carbon fibers became very attractive for cement composites because of their superior chemical
stability at ambient temperatures. They are inert, medically safe, physically as strong as steel fibers,
and chemically more stable than glass fibers in an alkaline environment. Besides, carbon fibers are
lighter and their strength to density ratio is higher than the other fibers. Historically, polyacrylonitrile
(PAN)-based carbon fibers were used first to produce fiber reinforced cement composites [13].
The drawback of this type of carbon fibers was their high cost, but the development of short pitch-based
carbon fibers has compensated this shortcoming. Pitch-based carbon fibers are considered an excellent
reinforcement for cement composites, and they have been extensively used for general applications
due to lower price [14–19]. The use of carbon fibers in mortar may offer many advantages such as
lower unit cost, light weight, reduced shrinkage, and better rheological behavior in companion with
excellent mechanical properties. This study used randomly oriented, short pitch-based carbon fibers in
cement mortar and monitored their performance at different fiber contents, particularly for the freshly
mixed mortar mixes.

The present study examined several key physical and workability properties of normal Portland
cement mortar (NPCM, control mortar) and various fresh carbon fiber reinforced mortars (CFRMs).
The mortars were prepared with 0–4% carbon fiber contents and tested for workability, unit weight,
and air content. The workability was measured with respect to slump and inverted slump cone flow
(flow time, mass flow, and volume flow). The experiments were conducted to examine the effects of
different volume contents of carbon fibers on the aforementioned properties. The experimental results
revealed the effects of short carbon fibers on the workability, unit weight, and air content of mortar
composite. Based on the obtained test results, the optimum carbon fiber content was also specified in
order to produce CFRM.

2. Research Significance

The incorporation of carbon fibers into cement composites makes them lightweight and suitable
for applications in the buildings in the form of wall cladding or wall panels. However, the use of
short carbon fibers in cement composites is quite challenging due to the mixing and workability
problems encountered for the fresh composite mixes. Those drawbacks have been resolved in the
present study using silica fume and relatively a high dosage of superplasticizer that facilitated the
dispersion of carbon fibers in the fresh mortar mixes without forming any fiber balls. In the present
study, comparatively high amounts of short carbon fibers were used without any visible mixing and
workability issues. This is the main research contribution of the present study. The other significant
contribution of this study is the use of the modified inverted slump cone flow test to measure the
workability characteristics of CFRMs and establish a correlation with the results of the traditional
slump test. Above all, the optimum carbon fiber content was deduced in the context of the key fresh
properties of mortar composite.

3. Materials and Methods

3.1. Materials Selection

Sand, normal Portland cement, compacted or densified silica fume, pitch-based short carbon
fibers, tap water, and superplasticizer (high-range water-reducing admixture) were used in the present
study to prepare different mortar composites.
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Locally available natural river sand (S) was used as fine aggregate. It was free from deleterious
materials. The important physical properties of sand are given in Table 1. The sieve analysis of sand
was carried out in accordance with ASTM C33/C33M-16 [20]. The sieve analysis results of sand are
shown in Table 2.

Table 1. Physical properties of river sand (S).

Property Value or Percentage

Total Evaporable Moisture Content 0.5% (by mass)
Saturated Surface Dry Basis Bulk Specific Gravity 2.60

Absorption 1.6% (by mass)
Surface Moisture 0% (by mass)

Maximum Particle Size 2.36 mm
Fineness Modulus 1.97

Table 2. Sieve analysis of river sand.

Sieve Size Weight of Material
Retained (g)

Percentage of
Material Retained

Cumulative
Percentage Retained

Total Percentage of
Material Passing

9.5 mm 0 0 0 100
4.75 mm 0 0 0 100
2.36 mm 1.4 0.3 0.3 99.7
1.18 mm 16.5 3.3 3.6 96.4
600 µm 109.4 21.9 25.5 74.5
300 µm 231.1 46.2 71.7 28.3
150 µm 122.2 24.5 96.2 3.8

Pan 19.4 - - -

Normal Portland cement (C) was used as the main cementing material. It complied with the
standard specification for ASTM Type I Portland cement [21]. The specific gravity of cement was 3.15.
The chemical composition of cement is shown in Table 3.

Table 3. Chemical composition of normal Portland cement (NPC).

Chemical Component Mass Content (%)

CaO 63.5
SiO2 22.0

Al2O3 5.5
Fe2O3 2.5
MgO 2.0
SO3 1.5
K2O 0.75

Na2O 0.25
Loss on Ignition (LOI) 2.0

Densified silica fume (SF) was used as a partial replacement for cement. It complied with the
ASTM standard specification for silica fume [22]. Silica fume and cement together were considered as
the total binder (B). The specific gravity of silica fume was 2.20. The chemical composition of silica
fume is shown in Table 4.

Pitch-based short carbon fibers (CFs) were used in the present study. They were available in
black chopped strands of multi-filaments sized with 1–2% water-soluble resin. The fibers were 10 mm
long and had a filament diameter of 17 µm. The fibers were insoluble in water and their elemental
carbon content was about 98 to 99%. Some of the major physical properties of carbon fibers are given
in Table 5.
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Table 4. Chemical composition of densified silica fume (SF).

Chemical Component Mass Content (%)

SiO2 90.8
Al2O3 1.5
Fe2O3 1.2
CaO 0.5
MgO 0.9
Na2O 0.5
K2O 1.9

Loss on Ignition (LOI) 2.7

Table 5. Major physical and mechanical properties of pitch-based carbon fibers (CFs).

Property Value

Specific Gravity 1.85
Tensile Strength 1770 MPa
Tensile Modulus 180 GPa

Solubility in Water None
Odor Odorless

Normal tap water (W) was used for mixing and curing purposes. The quality of this water
conformed to the requirements as mentioned in the ASTM standard specifications for ready-mixed
concrete [23]. In general, the water quality was excellent for use in producing the fresh mortars. It did
not contain any objectionable substances causing color or odor. The total amount of dissolved solids in
water was 18 mg/L. The density of water considered in the mix design calculations for various mortar
composites was 1000 kg/m3.

A naphthalene based superplasticizer (SP) was used to control the workability of the fresh mortars.
It was a dark brown liquid cement-dispersing agent. It did not contain any chloride and it was
100% soluble in water. According to the ASTM standard specifications for chemical admixtures [24],
it complied with Type F high-range water reducing admixture. The specific gravity and solid content
of superplasticizer was 1.20 and 40%, respectively.

3.2. Mix Proportions of Mortar Composites

In total, one control mortar and four different types of CFRM mixes were designed with
a water-binder ratio of 0.35 and a sand-binder ratio of 0.50. The control mix was normal Portland
cement mortar and coded as NPCM, whereas the carbon fiber reinforced mortars containing 1%, 2%,
3%, and 4% fibers by volume were coded as CFRM1, CFRM2, CFRM3, and CFRM4, respectively. In all
mortar mixes, silica fume was used substituting 15% of cement by weight.

The mix proportions of different mortar composites were decided monitoring the performance
of the trial mixes. The acceptability of the trial mixes was examined by observing their workability.
The workability of the trial mixes was maintained in such a way so that the inverted slump cone flow
time of the fresh composite stayed below 30 s. In determining the mix proportions, cement together
with silica fume was considered as the binder, and the amounts of silica fume and superplasticizer
were determined based on the total amount of binder.

The proportions of different constituent materials were obtained based on the absolute volume
method. The absolute volumes of sand, cement, silica fume, water, carbon fibers, and air voids
were considered in the mix design calculations. In contrast, the amount of superplasticizer was not
considered while computing the mix proportions, as it was incorporated in each mix as an additive to
improve the workability of mortar composite. As a rule of thumb, 1% air content was considered for
the control plain mortar, whereas 4% air content was assumed for the mortar with 1% carbon fibers
(CFRM1). In CFRMs other than CFRM1, the increase in air content was assumed based on the increase
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in the volume content of carbon fibers (roughly 1% increase in air content for each 1% increase in fiber
content). The mix proportions of the various mortars are summarized in Table 6.

Table 6. Mix proportions of the various mortar composites.

Mortar
Mix

C
(kg/m3)

S
(kg/m3)

Sa
(kg/m3)

SF
(kg/m3)

CF
(% V)

W
(kg/m3)

Wa
(kg/m3)

SP
(% B)

NPCM 955.9 562.3 556.2 168.7 0 393.6 394.1 1
CFRM1 917.2 539.6 533.7 161.9 1 377.7 372.8 2
CFRM2 898.0 528.2 522.4 158.5 2 369.8 359.8 3
CFRM3 878.6 516.9 511.3 155.1 3 361.8 346.7 4
CFRM4 859.4 505.5 500.0 151.7 4 353.9 334.1 5

B: binder (cement plus silica fume) content, C: cement content, CF: carbon fibers, CFRM: carbon fiber reinforced
mortar, NPCM: normal Portland cement mortar, S: sand content, Sa: adjusted sand content, SF: silica fume, V: mortar
volume, W: water content Wa: adjusted water content.

Water corrections were made for all mortar mixes considering the water contributed by
superplasticizer and the water absorbed by sand. Accordingly, the proportions of sand and water were
adjusted based on the water corrections.

3.3. Preparation of Mortar Composite Mixes

The mortar mixes were produced based on the mix proportions shown in Table 6. For each
mortar mix, two batches were prepared. Therefore, there were 10 batches in total for five different
types of mortar mix. The quantity of fresh mortar considered for each batch was at least 15% more
than the required. The amounts of component materials required for each batch were calculated,
then the component materials were weighed and mixed at the ambient conditions to produce the fresh
mortar composites.

The constituent materials were mixed in a pan-type mixer having a capacity of 0.1 m3. The overall
mixing time was 6 min, except for the control mix; the mixing time for the control mortar was 4 min.
The mixing procedure was established monitoring the behavior of the trial mixes. The use of a pan-type
mixer induced more shear on the constituent materials of the mortar composite. Also, the addition of
a relatively high dosage of superplasticizer resulted in a fluid mortar mix before incorporating carbon
fibers. This process was helpful to avoid any mixing problem when carbon fibers were added in the
mixer to mix with the other constituents of mortar. Based on the overall observations for the trial
mixes, the following mixing sequence was used in preparing the fresh mortar composites:

a. Sand, cement, and silica fume were charged first into the mixer and then mixed with half of the
mixing water for 1 min.

b. Superplasticizer was mixed with the remaining half of the mixing water in a separate container
simply by stirring, and then the entire liquid mixture of water and high-range water-reducing
admixture was added gradually into the running mixer within 1 min.

c. The mixing was continued for additional 1 min.
d. Carbon fibers were hand-sprinkled in the running mixer gradually within 2 min in the case of

CFRMs (this step was omitted for the control mortar, NPCM).
e. Lastly, the mixing of all component materials of mortar composite was continued for

an additional 1 min.

3.4. Testing of Fresh Mortar Composites

The fresh mortar composites were sampled for testing slump, inverted slump cone flow (flow time,
mass flow, and volume flow), unit weight, and air content. The sampling was conducted in accordance
with ASTM standard practices [25].
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3.4.1. Slump Test

The slumps of the fresh mortar composites were measured using a slump cone as specified in
ASTM C143/C143M-16 [26]. A sample of freshly mixed mortar was placed in the slump cone. In the
case of the control mortar (i.e., NPCM), the slump cone was filled at one time and no compaction was
required, as it was in a highly fluid state. In the case of CFRMs, the fresh mortar was poured into the
slump cone in three layers and each layer was compacted by rodding in a specified manner (25 strokes
all over the surface). The slump cone was then lifted vertically without any disturbance and the mortar
was allowed to subside. The distance between the centers of the original and subsided top surfaces
was measured and reported as the slump of the mortar composite.

3.4.2. Test for Unit Weight and Air Content

The unit weight and air content of the freshly mixed mortar composites were determined
according to ASTM C138/C138M-16 [27], with some exceptions for the highly fluid control mortar.
A cylindrical measure was used in this test. The measure was calibrated before using in the test to
know its volume capacity. The empty measure was also weighed before starting the test. A sample of
the freshly mixed mortar composite was poured into the cylindrical measure in three layers. Each layer
was compacted by vibration using a vibration table. The measure was filled in one layer and no
vibration was used in the case of NPCM, because this mortar was self-compacting. The top surface of
the mortar was leveled and the measure including the sample was then weighed. Later the weight
of the fresh mortar composite placed in the cylindrical measure was determined. This weight was
divided by the volume of the cylindrical measure to know the weight of the fresh mortar composite.
To know the air content, the batch volume of the fresh mortar composite was determined. The total
weight of all batched materials was divided by the unit weight to get the batch volume of mortar
composite. Thereafter, the air content of mortar composite was determined based on its batch volume
and the total absolute volume of all constituent materials.

3.4.3. Inverted Slump Cone Flow Test

The flow of each freshly mixed mortar composite was measured by conducting the inverted slump
cone flow test according to ASTM C995-01 [28], with some exceptions for the shape of the apparatus
and the filling of the cone with highly-fluid control mortar. A square bucket instead of a circular one
was used to ease the placement of a metal plate just below the lower end of the inverted slump cone.

The inverted slump cone was loosely filled with the fresh mortar, putting the bottom plate
underneath the cone. No means of compaction was used at the time of the filling operation. The bottom
plate was then slid off. Immediately, the vibrator was started and positioned on the center of the
cone filled with the fresh mortar composite, and then allowed to fall freely up to the bucket’s bottom.
The vibrator was then held vertically with the end resting on the bottom of the bucket. The stopwatch
was started from the initial immersion of the vibrator and the time required for emptying the inverted
slump cone was recorded as the flow time. This procedure was followed for all CFRMs. In the case of
the control NPCM, no vibrator was used, as it was self-flowing. Furthermore, the mass and volume of
each mortar composite required to fill the inverted slump cone were calculated and later they were
divided by the flow time to determine mass flow and volume flow, respectively.

4. Test Results and Discussion

The fresh mortar composites were tested for slump, inverted slump cone flow (flow time, mass
flow, and volume flow), unit weight, and air content. The test results of the fresh mortar composites
are shown and discussed below.
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4.1. Slump

The slump test was conducted for each batch of the different types of freshly mixed mortar
composite (two batches for every mortar mix). The detailed test results are shown in Table 7.
The batch-to-batch variation of the slump (with respect to the average value) was in the range of 0 to
±4.0% for the high-workability mortar composites (NPCM, CFRM1, and CFRM2). This variation was
in the range of ±7.69 to ±20.0% for the low-workability mortar composites (CFRM3 and CFRM4).
However, the standard deviation of the slump ranged from 0 cm to 0.5 cm.

Table 7. Slump, unit weight, and air content of various fresh mortar composites.

Mortar Mix Slump (cm) Unit Weight (kg/m3) Air Content (%)

NPCM * 26.5 2070.7 1.0
CFRM1 19 1968.8 5.2
CFRM2 12.5 1947.7 6.4
CFRM3 6.5 1989.9 4.2
CFRM4 2.5 1905.5 7.9

* Self-compactable.

The effect of carbon fiber volume content on the slump of CFRM is shown in Figure 1.
From Figure 1, it can be seen that the slump decreases linearly with the increase in carbon fiber
volume content. Also, it was observed that the slump of CFRM is inversely proportional to the fiber
volume content. For CFRMs, the slump diminished linearly with the increased volume content of
carbon fibers. A similar effect was observed by Bayasi and Soroushian [29].
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Figure 1. Variation of slump with different carbon fiber volume contents.

The volume content of fibers is a vital fiber parameter, which significantly influences the
workability of fiber-reinforced cement composites. In the present study, the increase in the volume
content of carbon fibers substantially reduced the workability of the fresh mortar composite. The large
surface area of carbon fibers tends to restrain the mobility of the fresh mortar composite causing
interlocking of the fibers. However, the uniform dispersion of carbon fibers in the presence of silica
fume and superplasticizer resulted in an adequate slump in the freshly mixed CFRMs. The dispersion
of carbon fibers was excellent due to the use of silica fume and superplasticizer. It has been shown
experimentally that silica fume results in a more effective dispersion of carbon fibers and induces
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greater workability, homogeneity, formability, and fluidity in the fresh carbon fiber reinforced cement
composites [30]. In addition, superplasticizer modified the fresh composite in a positive manner by
altering its rheology. When a superplasticizer is added to cement composites, the cement particles
are dispersed homogenously in the aqueous phase of the fresh composite and hence cement-water
agglomerates cannot form [31]. This mechanism was conducive to prevent the accumulation of carbon
fibers in the cases of CFRMs. Consequently, it reduced the inter-particle friction in the fresh mortar
composites, and thus improved their workability. Therefore, no fiber ball was formed during the
mixing operation. Also, fiber clumping was not noticed during the sampling and handling of the fresh
mortar composite for the slump test.

The slump results indicate that a significantly low workability was obtained in the mortar mix
having 4% carbon fiber volume content as compared to those with 1% and 2% volume contents due to
the greater amount of carbon fibers. As a result, a relatively high dosage of superplasticizer was used to
make it workable. The mixes with 1% and 2% carbon fiber contents required 2% and 3% superplasticizer
(by weight of binder), respectively. In contrast, the mixes with 3% and 4% carbon fiber contents
consumed 4% and 5% superplasticizer, respectively. The increased amount of superplasticizer
in a CFRM with higher fiber content was beneficial to maintain an adequate workability for the
compaction of the mortar composite.

The slump test is the most widely used single-point test. Unfortunately, it is not a good
test to measure the relative workability of all cement composites. Especially, the slump is often
misleading when applied to fiber-reinforced cement composites. For the stiff mixes of fiber-reinforced
cement composites, this test does not provide an accurate indication of workability. For instance,
in the present study, the slump test on the CFRM with 3% fiber content resulted in a low slump,
but actually the mortar composite was adequately workable as indicated by the inverted slump cone
flow test. Therefore, the slump test is not recommended for very low-slump fiber-reinforced cement
composites [32]. The workability judged on the basis of slump may appear too low for the placement of
fiber-reinforced cement composites, as the fibers impart substantial stability to the slump sample [33].
For this reason, the slump test is not an ideal test to measure the workability of carbon fiber reinforced
composites. However, it can be used in addition to the flow test, or alone, when the correlation between
slump and flow time is known.

4.2. Unit Weight and Air Content

The test for unit weight and air content was carried out for each batch of different types of
freshly mixed CFRM (two batches per mortar mix). The detailed test results are given in Table 7.
The batch-to-batch variation of the unit weight (with regard to the average value) ranged from
0 to ±0.37% whereas this variation was in the range of +0.2/−0.1 to ±0.40% for the air content.
The standard deviation of the unit weight and air content was 0–7.04 kg/m3 and 0.16–0.40%,
respectively. Furthermore, the actual or measured air content did not differ too much from the
air content assumed in the mix design calculations, as mentioned in Section 3.2.

The effects of different carbon fiber volume contents on the unit weight and air content are shown
in Figures 2 and 3, respectively. The unit weight of the mortar composite decreased with the inclusion
of carbon fibers, as evident from Figure 2. This is mainly due to the drastic reduction in workability.
Similar results were obtained by Akihama et al. [34] and Park et al. [30]. However, the decrease in
unit weight was reduced at 3% volume content. This is mostly due to the improved workability and
a greater degree of compaction. Moreover, the heterogeneity was reduced due to a more uniform
distribution of carbon fibers throughout the mortar mix.
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Figure 2. Variation of unit weight with different carbon fiber volume contents.
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Figure 3. Variation of air content with different carbon fiber volume contents.

The air content of CFRM was much higher than that of NPCM. Also, the air content increased
greatly with the increase in carbon fiber volume content, as can be seen from Figure 3. However, it is
notable from Figure 3 that the CFRM with 3% fiber volume content had a comparatively low amount
of air content. This is due to similar reasons as discussed in the case of unit weight.

The sand particles usually tend to prevent the air bubbles from rising to the surface during
casting and compaction. The presence of short carbon fibers is likely to amplify this phenomenon [35].
However, the use of silica fume and superplasticizer dispersed the fibers and resulted in a reduced
amount of air bubbles entrapped in the mix. In particular, the liquefying and dispersing effects of
superplasticizer assist the entrapped air bubbles to exit the fresh mortar mix. The extents of liquefaction
and dispersion obviously depend upon the dosage of superplasticizer. Perhaps, these effects combined
with the effective compaction resulted in a relatively low air content in the CFRM with 3% fiber
content. The largest air content was found in the CFRM containing 4% fiber content. This is mainly
due to reduced workability and poor compaction. Since an excessive amount of superplasticizer is not
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conducive to cement hydration, more than 5% superplasticizer could not be used to make the mortar
mix with 4% fiber content sufficiently workable. Consequently, this mortar mix was too stiff for good
compaction. Hence, the degree of compaction was quite low, and therefore a greater amount of air
bubbles was left in the mortar mix.

In general, the unit weight and air content are inter-related. The unit weight was reduced
considerably owing to the air voids induced in the fresh mortar mix at the time of mixing. It is notable
from Figures 2 and 3 that the variations of unit weight and air content are somehow reciprocal—the
greater the air content, the lower the unit weight. As the CFRM including 3% fiber content had a lower
air content, it resulted in a higher unit weight.

4.3. Inverted Slump Cone Flow

The inverted slump cone flow test was conducted for each batch of different types of freshly
mixed mortar composite (two batches per mortar mix). The detailed test results are given in Table 8.
The batch-to-batch variation of the flow time was in the range of 0 to ±9.09% and the standard
deviation was 0–1.12 s.

Table 8. Inverted slump cone flow of various fresh mortar composites.

Mortar Mix Flow Time (s) Mass Flow (kg/s) Volume Flow (L/s)

NPCM * 4 2.848 1.375
CFRM1 5.5 1.986 1.009
CFRM2 7 1.530 0.786
CFRM3 8.5 1.293 0.650
CFRM4 16.5 0.658 0.346

* Self-compactable.

The effect of different carbon fiber volume contents on the inverted slum cone flow time of
CFRM are shown in Figure 4. It can be seen from Figure 4 that the flow time of the fresh mortar
composite increases exponentially with the increase in carbon fiber volume content. It indicates that
the workability of CFRM diminishes significantly with the increased carbon fiber content.
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The mass flow of each mortar composite was computed using the unit weight, flow time,
and corresponding volume of the fresh mortar, which is equal to the volume of the inverted slump cone.
Also, the volume flow of each mortar composite was calculated from the flow time and corresponding
volume of the fresh composite. The mass flow and volume flow values of NPCM and different CFRMs
are given in Table 8. The batch-to-batch variation of the mass flow was in the range of −9.11 to +9.06%,
whereas this variation ranged from −9.12 to 9.02% for the volume flow. The respective standard
deviation of the mass flow and volume flow was 0.005–0.181 kg/s and 0–0.09 L/s.

The effect of carbon fiber volume content on the mass flow and volume flow of CFRM is shown in
Figures 5 and 6, respectively. It is evident from these figures that both the mass flow and volume flow
of CFRM decreased almost linearly as the fiber volume content increased. Similar trends were observed
in previous investigations conducted by Akihama et al. [34], Park et al. [30], and Banthia et al. [36].Fibers 2018, 6, x FOR PEER REVIEW  11 of 15 
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The presence of carbon fibers significantly decreased the flow of CFRM. However, the liquefying
action of superplasticizer and the dispersing roles of both silica fume and superplasticizer maintained
good workability, homogeneity, formability, and fluidity in the mortar composite mixes. Usually, a flow
time between 8 and 30 s indicates that the fresh composite is suitable for placement by vibration [33].
In the present study, the flow times were in the range of 4 to 17 s. Thus, the mobility or ability of the
fresh composite to flow under vibration was excellent. It also indicates that the workability remained
adequate over a wide range of fiber volume contents, even though the corresponding slump was
quite low.

The slump and inverted slump cone flow time of CFRM can be correlated. A correlation between
slump and flow time obtained from the present study is shown in Figure 7. It can be seen from this
figure that CFRM flows well under vibration when the slump is greater than 10 cm. It also shows that
the variation of the flow time is not significant above this slump. Hence, the results of the slump test
can be accepted for a moderately to highly workable CFRM.
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The inverted slump cone flow test is appropriate for fieldwork. It is portable and easier than the
other flow tests such as the Vebe test. However, this test is generally not suitable for fiber-reinforced
cement composites having a slump of more than 10 cm because the composite will flow through the
cone very quickly [37]. This drawback has been eliminated in the present study by modifying the
shape of the bucket and introducing a metal plate underneath the inverted slump cone so that it can
retain the fresh composite during placement. It is also understood from the present study that the
simple slump test can be conducted in the field if the correlation between the slump and inverted
slump cone flow time is known for a given CFRM mix.

4.4. Optimum Mix

The optimal mix was defined based on the workability, unit weight, and air content of
various mortar composites. In general, the air content of mortar increased whereas the slump,
mass flow, volume flow, and unit weight decreased as the volume content of carbon fibers increased.
Also, the inverted slump cone flow time was usually higher for the mortar with a larger amount
of carbon fibers. From these perspectives, the mortar with 3% carbon fiber volume content was the
optimal mix since it provided a good workability with adequate slump and flow to be placed and
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compacted by vibration, produced a reasonably good unit weight, and had a relatively low entrapped
air content.

5. Conclusions

The following conclusions are drawn based on the properties of the freshly mixed control mortar
and CFRM composites:

a. The slump of the CFRM composites decreased linearly with the increased volume content of
carbon fibers, which decreased the workability of mortar due to interlocking of the fibers.

b. The CFRM composite mixes with low to medium fiber contents provide a sufficient slump
(i.e., an adequate workability) for easy placement and good compaction of the fresh composites,
in the presence of a liquefying and dispersing agent such as superplasticizer.

c. The unit weights of the CFRM composites were lower than that of the control mortar because of
the increased air content and lighter weight of carbon fibers.

d. The air content in the CFRM composites was greater than that of the control mortar due to more
entrapped air voids.

e. The air content of the CFRM composites depended on their fiber volume content, workability, and
degree of compaction, because they affect the release of air voids from fresh mortar composite.

f. The inverted slump cone flow time of the CFRM composites increased predominantly with the
increase in their fiber volume content that reduced the workability of mortar composite.

g. The mass flow and volume flow of the CFRM composites decreased linearly with the increased
fiber content, which increased the flow time of fresh mortar composite.

h. The slump test was not always a satisfactory test for the CFRM composites since it did not
deform similarly, as compared to the normal mortar.

i. The slump test can be used for the CFRM composites when the correlation between the slump
and inverted slump cone flow time is known.

j. The CFRM composite mix with 3% fiber content was proven to be the optimum mix based on its
performance with respect to slump, inverted slump cone flow (flow time, mass flow, and volume
flow), unit weight, and air content.
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