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Abstract: This article presents the long-term mechanical properties of a novel cement composite,
no-aggregate concrete (NAC), containing 80% of low-calcium (class F) fly ash (F-FA) and 20% ordinary
Portland cement (OPC) without aggregates. The study investigates the effect of adding polypropylene
fibers (PPFs) in varying volume fractions to NAC by conducting compressive, splitting tensile,
flexural, bond strength, and sorptivity tests, emphasizing the morphological features over a curing
duration of up to three years. The results indicate that adding PPF has an insignificant effect on
compressive strength. However, flexural, splitting tensile, and bond strength improve with an
increasing volume fraction of PPE. The addition of PPF achieves a ductile failure which is desirable.
The initial and final water absorption rate (sorptivity) reduces with the addition of PPF. Further,
scanning electron microscopy (SEM) images reveal dense precipitation of C-S-H, while energy-
dispersive X-ray spectroscopy (EDS) quantifies the hydration products. The ultrasonic pulse velocity
(UPV) affirms the composite’s excellent quality.

Keywords: class F fly ash; supplementary cementitious materials; mechanical properties; sustainable
cementitious composite; polypropylene fibers; sorptivity

1. Introduction

Sustainability in the construction industry is the progress that responds to the needs
of society, economic development, the preservation of the environment, and efficient use
of resources [1]. Apart from the economic benefit, the aggregates in concrete provide the
desired dimensional stability, influence concrete strength and durability, and contain the
heat of hydration. The building sector consumes a third of raw materials and 40% of energy
resources and is responsible for a third of the world’s greenhouse gas (GHG) emissions [2].
Cement is the most used binder in concrete and mortar globally. Its manufacturing is
not only a high-energy consuming process but is one of the significant CO,-emitting
industries [3,4]. Such factors refute the construction industry’s sustainability and economic
goals. CO, emission being a factor in climate change, incorporating higher proportions of
supplementary cementitious materials (SCMs) into concrete mixes will significantly help
reduce the impact.

As the world’s second-largest market, India is estimated to produce more than 500 mil-
lion tonnes of cement by 2050 [4]. While concrete production is estimated to increase by
20% in 2050, using locally sourced industrial byproducts to supplement the conventional
binder and aggregate of concrete will positively impact the industry [5,6]. Coal-fired power
plants in India fulfill much of the energy demand, producing 232.56 million metric tonnes
of fly ash (FA) in 2020-2021. Approximately 92% is utilized for manufacturing cement,
bricks, and tiles and land reclamation [7]. While various standards restrict the incorporation
of FA in cement and concrete manufacturing to 35% [8,9], increasing it to 50% results in
better utilization [8,10]. For instance, a 25% FA replacement of cement alone contributes to
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an about 300 kg/ m?3 reduction in CO, exhaust, while a higher replacement level is more
rewarding for the environment [11].

The sustainability of concrete is a crucial factor in green building concepts that work
toward consuming less energy and natural resources by optimizing the design and con-
struction processes [12]. Modern concretes must address sustainability issues by carefully
selecting materials and employing a mix-proportioning approach backed up with research
data. The design of high-volume FA (HVFA) concrete incorporating more than 50% of FA
has been there for recent decades. Geopolymer concrete that uses little to no cement is
still being researched [3,4,13]. Such approaches warrant the production of concrete that
minimizes environmental damage. There have been significant attempts to use recycled
aggregates in concrete production [14-17]. However, the effect of the complete elimination
of aggregate fraction on the mechanical properties of the concrete is not yet studied.

Given the preceding context, this paper introduces a novel high-volume fly-ash-based
cement composite, no-aggregate concrete (NAC), invented by Dr. N. Bhanumathidas and
N. Kalidas at the Institute for Solid Waste Research and Ecological Balance (INSWAREB)
labs [18]. The no-aggregate concrete utilizes 80% class F FA, 20% OPC, and zero natural
aggregates. The F-FA serves a dual purpose of binder and filler.

1.1. Factors Affecting Mechanical Properties of Concrete

The strength of concrete depends on the concrete mix proportion, water to binder
(w/b) ratio, curing condition, ingredients used, etc. Much research aims to optimize each
parameter to extract the maximum performance.

A linear relationship exists between the degree of hydration, compressive strength,
and the modulus of elasticity [19]. There is a correlation between compressive strength and
the w/b ratio at an early curing period [20]. Immersion curing using tap water reduces the
compressive strength of concrete samples due to the leaching of calcium hydroxide [21].
The pore diameter of less than 10 nm is insignificant in reducing the compressive strength,
but the amount of pore water significantly improves the strength. Pore structures in
concrete exert capillary forces that cause water absorption in concrete, critically affecting
concrete durability [22-24]. Analytical methods help supplement the mechanical properties
of hardened concrete [19]. The early-age compressive strength for FA blended mortar is
a factor of packing effect, while at later ages, the strength gain is a factor of pozzolanic
activity. The amorphous phases of F-FA react with CaOHj, to produce a secondary C-S-H
gel densifying the matrix and developing its strength [25].

1.2. Effect of Pozzolans on Mechanical Properties of Concrete

The F-FA used in the present study has a pozzolanic activity index (PAI) > 1, indicating
good reactivity. The median particle size of FA directly influences the strength activity index
at 90 days of curing age [26]. Concrete with FA of up to 60%, tested at one year, shows less
compressive strength than a mix without FA. However, there is an uptick in the compressive
strength for mixes, irrespective of the amount of FA content. The UPV test results indicate a
similar trend [27]. Blending FA with Portland cement paste increases the total and capillary
porosity, resulting in a lower compressive strength. However, adding finer FA reduces
total and capillary porosity, improving the compressive strength of the blended paste [28].
Though there is a significant improvement in the compressive strength of cement mortar
blended with various SCMs, the replacement in high volumes increases porosity [29]. The
concrete mix prepared from induction furnace slag results in inferior compressive and
tensile strengths compared to those that contain natural aggregates. Adding silica fume
(SF) and other SCMs may improve these shortcomings [30].

1.3. Effect of PPF on Mechanical Properties of Concrete and Composites

The presence of aggregates and fibers in concrete is self-contradicting in nature. The
‘inclusion’ of the former might initiate the cracks, and the latter helps mitigate its propa-
gation. Adding fibrillated PPF to cementitious composites improves tensile strength and



Sustainability 2023, 15, 13128

3 0f20

flexural capacity, while monofilament PPF improves the ductility of concrete samples [31].
Adding PPF reduces stress concentration at cracktips due to restraining and delaying
crack propagation, thus enhancing concrete’s mechanical properties. Including PPF in
various fractions also reduces water absorption due to pore refinement and limited pore
connectivity [32]. Incorporating PPF in fractions >1% reduces compressive, flexural, and
splitting tensile strengths compared to non-fiber-reinforced concrete. However, the hydra-
tion products near PPF increase the physical bond, improving the strength. SEM images
reveal increased pores with higher PPF fractions [24].

Incorporating PPF enhances concrete’s flexural toughness and resistance to drying
shrinkage and mitigates other crack-related defects [33-36]. But it may increase the voids
in the concrete, negatively impacting the density, compressive strength, and ultrasonic
pulse velocity (UPV) compared to concrete without PPF [37-39]. In contrast, the hybrid
combination of steel and PPF improves the tensile properties due to bridging the diametrical
cracks. However, the researchers point out the inability of non-metallic fibers to sustain
large cracks [40,41]. Adding PPF controls shrinkage stresses without participating in the
hydration reaction. However, an amount of PPF > 0.7 kg/m? decreases the splitting tensile
and flexural strength [33,38,42].

The influence of PPF on compressive strength is favorable only up to 0.20%. However,
the indirect tensile and flexural strength increases even for 0.50% PPF [43]. The inclusion
of 1.5% PPF results in attaining maximum compressive and tensile strengths. However,
the elastic modulus of concrete suffers due to the addition of PPF [44,45]. The influence
of fibers on the mechanical properties of concrete decreases with the increase in matrix
strength. The poor fiber-matrix interface and numerous voids influence the ineffectiveness
of PPF in improving compressive strength [35,37-39,42,43,46,47]. However, contradictions
exist, primarily where ultrafine pozzolans are used [26,28,48].

The tensile and ultimate tensile strains for an engineered cementitious composite
(ECC) are higher with the inclusion of PPF than with polyvinyl alcohol (PVA) fibers. The
compressive strength and elastic moduli reduce [49]. In a cement—glass composite, the
addition of PPF is more significant in improving the splitting tensile strength than the
flexural strength [50]. The permeability and sorptivity test results follow a similar trend,
although the values are inferior to the concrete without PPE. Adding 0.5% basalt fiber gives
lower flexural strength than 0.3%, possibly due to inefficient distribution, while the total
volume of pores and porosity is higher for concrete with fibers [41]. The lower density and
the ability of PPF to restrict the formation and development of cracks prove its preference
over steel fibers as internal reinforcement in lightweight concrete (LWC) [33,46]. The bond
between the surface of the reinforcement and the rest of the matrix depends on PPF content,
the strength of the concrete, and FA content [51-53]. The extensive literature review reveals
a lack of substantial research on using very high volumes of F-FA and its influence on the
mechanical properties of cementitious composites. The use of higher volume fractions of
PPF in fiber-reinforced cementitious composites is also limited. This article aims to assess
the synergetic effect of incorporating a higher volume of F-FA and PPF on mechanical
properties over the long term.

2. Research Significance

The literature review reveals extensive research on the influence of PPF on high-
volume fly-ash concretes of various proportions. Using natural aggregates as ‘fillers’ is
persistent in most of the research. Though there is a sizeable effort to replace natural
aggregates with artificial ones by various researchers, total elimination is absent. The long-
term effect of adding PPF (>0.5%) and F-FA (>60%) in a cement composite on mechanical
properties is unexplored. This study investigates the long-term mechanical properties and
water absorption of a novel high-volume fly-ash-based cementitious composite, ' NAC’,
with 80% F-FA, 20% OPC, zero aggregates, and PPF in three volume fractions.
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3. Materials and Methods
3.1. Material Characteristics and Mix Proportioning

This study uses F-FA from a specific electrostatic precipitator field of a thermal power
plant, 43-grade OPC, superplasticizer, PPF 12 mm length, and 40 um diameter, shown in
Figure 1. The specific gravity is 0.92 g/cc. Tables 1 and 2 present the physical characteristics
of OPC and the chemical characteristics of F-FA. Figure 2 illustrates OPC and F-FA’s
laser particle size distribution (PSD). The specific surface area of the OPC is 806.6 m?/ kg,
while for the F-FA, it is 724.5 m? /kg. The reactivity of F-FA is a factor of bulk element
oxides, crystalline or amorphous phases, particle size and dosage, w/b ratio, and curing
temperature [8]. Most of the factors mentioned are well considered at various stages of
this study. Four mixes, viz., PPF0, PPF0.6, PPF0.8, and PPF1.0, were prepared from the
proportions mentioned in Table 3.

Fly ash Polypropylene fiber

Cement
Figure 1. Materials used in preparing the composite.
Table 1. Physical characteristics of binders.
Material Particulars Obtained Reference Code Acceptable Limit Conformity
Results
Fineness dry sieve (90 pm) 7.2% IS 4031-1 [54] <10% v
Normal consistency @ 30% IS 4031-4 [55] - Vv
Specific gravity 3.15 IS 4031-11 [56] 2.9-3.15 Vv
Setting time (min)
OPC Initial 200 min IS 4031-5 [57] 30 min (min) Vv
43 Final 295 min 600 min (max)
Compressive strength (MPa)
72+1h 29.09 23
168 £ 2h 35.11 154031-6 58] 33 v
672+ 4h 4414 43
Fineness # 12% 34% [60] Vv
Specific gravity 2.10 151727-1967 1] - v
Consistency 31% IS 1727-1967 [55,59] - Vv
Initial setting time 285 min
F-FA Final setting time 320 min 151727-1967 [57,5] i v
Compressive strength (MPa) 47.03 Vv
Compressive strength (MPa) for 496 IS 1727-1967 [59] ) J
80:20 (OPC: F-FA) ’
PAT * 1.054 - Vv

* Pozzolanic activity index. * Wet sieve residue.
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Table 2. Chemical characteristics of F-FA.

Chemical Composition % By Mass
5i0, 61.18
Al,O3 24.98
F8203 4.47
CaO 3.08
MgO 1.77
KO 0.94
SO3 0.31
Na,O 0.28
Cl 0.005
LoA 0.20
—=—F-FA
B —+OPC
/ \
5 . /

Volume Density (%)
W
1

SRR AR | T
50 100 500 1000
Size Classes (um)

Figure 2. PSD analysis of OPC 43 and F-FA.

Table 3. Mix proportions (kg/m?) for the control and test groups.

Mix Designation orcC F-FA w/b Ratio Superplasticizer PPF (%)
PPFO 325 1300 0.14-0.16 6.5 0
PPF0.6 325 1300 0.14-0.16 6.5 0.6
PPFO0.8 325 1300 0.14-0.16 6.5 0.8
PPF1.0 325 1300 0.14-0.16 6.5 1.0

The study has four mixes: three test groups (with PPF) and a control group (without
PPF). The materials are proportioned and mixed in a unique mixer to get the desired
consistent mix. The PPF is added at this stage to ensure efficient fiber distribution [6].
Figure 3 shows test specimens cured in the tank after demolding, and Figure 4 demonstrates

the research plan adopted for the study. Table 4 details the sample details and tests
conforming to BIS and ASTM standards.
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Figure 3. Specimens kept for curing.

Material
Selection

Binders—OPC, F-FA
Filler — F-FA
Additives — PPF,
Superplasticizer, and
Water

Material

Class — FFA
Cement — OPC 43

Control Mix — »
PPFO

Final Mix

designation

Cast and
cure/condition
samples

characteristics

Physical and
chemical properties

Experimental —
Compression, Split
tension, Flexural,

Appraise mechanical
properties and analyze
microstructure

Results and

discussions

Test Mix — PPFO0.6,
PPF0.8, and PPF1.0

Analytical —
SEM and EDS

Conclusions

Figure 4. The research plan adopted for the present study.

Table 4. Details of tests, standards, and the number of specimens.

Test IS Code Sample Form Size (mm) Total No.
Compressive strength 1S 516: 1959 [61]
T 1S 516 (Part 5): 2018 [62] Cube 100 > 100 > 100 112
Flexural strength 1S 516: 1959 [61] Prism 500 x 100 x 100 72
Splitting tensile strength IS 5816: 1999 [63] Cylinder 150d x 300 h 60
Pull-out strength IS: 2770 Part-1 1967 [64] Cube 150 x 150 x 150 48
Sorptivity ASTM:1585 [65] Cylinder 100d x 50 h 12

d—diameter, h—height of the specimen.
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3.2. Testing Parameters
3.2.1. Compression Test

A total of 112 cubes of 100 mm are cast, divided into two groups subjected to immersion
and moist curing for up to three years to assess the progression in compressive strength.
One group is covered with wet gunny bags to maintain the humidity. The rationale for
adopting this curing method is to avoid possible leaching of lime from the concrete when
immersed. The rest of the test specimens are immersion-cured. The compression test of
specimens of each group is assessed at 7, 28, 90, 180, 270, 365, and 1095 days as per IS:
516 [61]. On removal from the curing, the specimens are cleaned to remove any excess water
or loose material, placed on the compression testing machine (CTM), and loaded to the
opposite side of the as-cast specimen without shock at a constant rate of 140 kg/cm?/min.

3.2.2. Ultrasonic Pulse Velocity Test

The test involves appraising the quality of the concrete mix by emitting and measuring
an ultrasonic pulse wave via electroacoustic transducers. The higher the velocities, the
better the quality of concrete. The factors influencing concrete’s homogeneity, density, and
uniformity impact the pulse velocity (V) given by

== 1
V=17 ¢y
where V = pulse velocity (km/s), L = distance between the transducers (m), and T = transit
time (us). The average of the three cubes” UPV value is recorded at 28 and 365 days of
curing age [39]. Figure 2 shows a sample being UPV-tested.

3.2.3. Flexural Strength Test

Beams of size 500 x 100 x 100 mm are cast to evaluate the flexural strength of the
specimens. Three samples are taken on the testing day, wiped clean, and placed on the
flexural testing machine. Four-point setup applies the load on the rollers placed at a third of
the 400 mm span without shock at a rate of 7 kg/cm?/min until failure. The modulus of
rupture of specimens is assessed at 28, 90, 180, 270, and 365 days [61].

3.2.4. Splitting Tensile Strength Test

Three 150 mm diameter and 300 mm height cylinders are cast for each test duration
per batch. On the day of testing, the samples are removed from the curing tank, wiped to
remove excess water, and placed on the CTM along with the standard splitting apparatus.
The load is applied at a constant rate of 1.2-2.4 N/mm? /min until failure, and the splitting
tensile strength is computed for all the samples at 28, 90, 180, and 365 days [63].

3.2.5. Bond Strength (Pull-Out) Test

The bond between the surface of the reinforcement and the rest of the matrix depends
on PPF, the strength of the concrete, and FA content [52-54]. A set of three 150 mm cubes
centered with a 16 mm diameter ribbed steel rod embedded up to a depth of 20 mm from
the bottom of the specimen are cast for each batch. On the day of testing, the specimens are
removed from the curing tank and wiped to clean off any excess water, and the surface of
the specimen is finished to make it even. The specimen is placed suitably on the universal
testing machine, which applies a pull-out load on the steel bar. The ultimate bond strength
is determined for all the samples at 28, 90, 180, and 365 by applying the maximum tensile
force to the reinforcement during the test [64].

3.2.6. Sorptivity

An increase in the mass of the specimen resulting from water absorption as a function
of time determines the sorptivity of concrete. This test measures the susceptibility of
unsaturated concrete to water penetration by the capillary. Three 100 mm diameter and
50 mm length disc samples per mix are cut from cast cylindrical molds of 100 mm dia. The
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sample preparation, curing, conditioning, and testing are as per ASTM C1585 [65]. Table 4
summarizes the tests, codes, and specimen details used for the present study. Figure 5
shows various test setups for testing the mechanical parameters of the composite.

Compression

(Capacity

(d) (e)

Figure 5. Experimental setup for (a) compression test with splitting test attachment, (b) flexural test,
(c) UPV test, (d) pull-out test, and (e) water sorptivity test.

3.2.7. Morphology

Scanning electron microscopy (SEM) uses a focused beam of electrons to scan the
surface of samples to assess the surface characteristics. It gathers information about concrete
microstructure, disclosing useful qualitative information on spatial variations in hydration
products and chemical analysis. SEM, combined with a chemical microanalysis technique
called energy-dispersive X-ray spectroscopy (EDS), measures the X-rays radiated from
the sample during electron beam irradiation to describe the elemental analysis of the
examined volume.

4. Results and Discussion
4.1. Compressive Strength

Figures 6 and 7 illustrate the compressive strength of all concrete mixes tested over
7 to 1065 days of moist and immersion curing. Generally, moist-cured specimens de-
velop superior compressive strength than immersion-cured specimens. The leaching of
portlandite from fly-ash-rich concrete mixes may cause a difference in strength [41]. The
compressive strength gain is attributed to the low w/b ratio, pore refinement, higher
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surface area of the crystal sizes of hydration products [65], and formation of secondary
hydration products.

mm PPFO  wem PPFO.6 PPF0.8 wmm PPF1.0 ----- PPFO ----- PPF0.6 PPF0.8 ----- PPF1.0

140.00 y =9.4318x + 33.911 ~
R2=0.8933 2

120.00

100.00

o %®
o o
o =
S S

Compressive strength (MPa)
'S
S
[=1
(=]

20.00

7 28 56 90 180 365 1095

Immersion curing (days)

Figure 6. Compressive strength test results for immersion curing.

B PPFO  mem PPFO.6 PPF0.8 mmmPPF1.0 ----- PPFQ ----- PPFQ.6 PPF0.8 ----- PPF1.0

140.00 y =9.7896x + 37.061
R2=0.8989

120.00

100.00

80.00

60.00

40.00

Compressive strength (MPa)

20.00

0.00

7 28 56 90 180 365 1095
Moist curing (days)

Figure 7. Compressive strength test results for moist curing.

Interestingly, although continuous, the strength gained for samples in both curing con-
ditions is not linear. The compressive strength gain beyond 28 days predominantly results
from the pozzolanic reaction, along with the high reactivity of the F-FA. The immersion-
cured PPF0O mixes gain approximately 3%, 14%, 28%, 39%, and 64% over 1065 days of
curing. In contrast, moist-cured PPFO samples gain 25%, 30%, 30%, 70%, and 86%.

There is an insignificant influence of PPF on compressive strength at all curing ages
which may be due to increased porosity with fiber content [20,21,42]. However, the
immersion-cured specimens at 365 and 1065 days tend otherwise. A slight reduction
in the compressive strength for samples with PPF occurs compared to equivalent PPF0O
samples at later ages. For instance, the compressive strength for immersion-cured samples
reduces by 5.3% (PPFO0.6 at 90 days) and 13% (PPF1.0 at 180 days), whereas for moist-cured
samples, the reduction in compressive strength is 15.27% (PPF0.8 at 56 days), 13.9% (PPF1.0
at 90 days), 14% (PPF1.0 at 180 days), 12.3% (PPF1.0 at 365 days), and 5.9% (PPF1.0 at
1095 days).

The comparison finds moist curing to be the preferred method for high-volume fly-ash-
based cement composites. The composite contains 100% paste volume, contributing to pore
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refinement and achieving a higher compressive strength on prolonged curing. Eventually,
the compressive strength of the moist-cured PPF0, PPF0.6, PPF0.8, and PPF1.0 specimens
ameliorated by 86.56%, 76.25%, 78.83%, and 75.44% at three years of curing, respectively,
whereas the corresponding immersion-cured specimens are better by 64.26%, 92.08%, 78%,
and 76.12%.

The weight gain (%) at each curing age reveals perhaps an indirect picture of the
possible rate of hydration. Figure 8a shows the post-immersion-curing weight gain trend
for all mixes, which attains quiescency at 180 days and continues to rise afterward. A
close sequence exists between the compressive strength progression and the samples’
weight gain.

——PPF0 —=-PPF0.6 PPFO.8 —=PPFL0 m28days M3 years
g 2 ) o
350 0 35 g% =3 g%
E = < < <
;\E, 3.00 < 4.00
5 2.50 £ 3.00
& E
£2.00 $ 2.00
.%c & —;‘;
= 150 2 1.00
[}
2
1.00 £ 0.00
7 28 56 90 180 365 5 PPFO  PPF0.6 PPF0.8 PPF1.0
Curing (days) Mix designation
(a) (b)

Figure 8. (a) Post-curing weight gain (%) for all mixes, (b) UPV values for all mixes.

4.2. UPV Test

Figure 8b illustrates the UPV test values for all specimens for the initial and long term.
The pulse velocity decreases with the inclusion of PPF, which is also the outcome in [66].
The influence of PPF on the pulse velocity for concrete with aggregates and the composite
follows a similar trend. However, the quality of all the composites at 28 days of age is
‘good’; after three years, it improves to ‘excellent” according to [62], which reasons the
excellent strength gain at three years of age.

4.3. Flexural Strength Test

Figure 9 demonstrates the flexural strength for control and test mixes for all curing
ages. The flexural strength of PPFO samples improves consistently with the curing mainly
due to an improved transition zone attributed to the pozzolanic reaction of the F-FA [3].
The flexural strength of PPFO improves approximately by 10%, 33%, 39%, 80%, and 92%
during the curing period from 56 to 365 days.

8 mPPFO0 ®mPPF0.6 = PPF0.8 mPPF1.0

~
6.53
6.93

[se)
=)}
[T

N
5.4
5.73

Flexural strength (MPa)
o — N w £ o
3.4
4.86
4.46
Elm

28 180 270 365
Duratlon (days)

Figure 9. Flexural strength test results for all concrete mixes.
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The addition of PPF demonstrates the crack-bridging mechanism confirming the direct
correlation between flexural strength and the addition of PP fibers [67]. The PPF0.6 mix
exhibits superior flexural strength, approximately by 58%, 38%, 31%, 21%, (—3%), and
6% between 28 and 365 days of age, implying that the flexural strength improvement is
inverse to the volume of PPF, which various researchers also acclaim. The higher volume
fraction of PPF in the PPF0.8 and PPF1.0 mixes may have a weaker interface causing a
lower flexural strength than PPF0.6, making it an optimum mix.

However, at later curing ages, the addition of PPF, irrespective of the volume fraction,
ceases to influence flexural strength as the improvement in the quality of the matrix may
supersede the incremental improvement in the strength caused by adding PPF. Adding PP
fibers thus improves the plain composite’s flexural strength; however, PPF0.6 results in the
best outcome.

4.4. Splitting Tensile Strength Test

The splitting tensile strength is generally lower than the flexural strength, which is
no different for the composite under study. Figure 10 shows the splitting tensile strength
for all mixes at all curing ages. The tensile strength of the PPF0 mix improves for up to
180 days of curing age and then drops, which is uncharacteristic of the mix. The impact of
PPF is more pronounced in improving the tensile stress than the modulus of rupture of the
plain composite [3].

450 mPPF0 ®mPPF0.6 = PPFO.8 m PPFL0

3.78
3.85

4.00
3.50

3.55
3.40

3.58
3.36

th (MPa)

3.00
&0

5 2.50
2.00
1.50
= 1.00
0.50
0.00

Split tensile str

28 56 90 180 365
Duration (days)

Figure 10. Splitting tensile strength test results for all concrete mixes.

Adding 1% PPF (PPF1.0) improves the splitting tensile strength by approximately
169%, 70%, 76%, 43%, and 93% for 28, 56, 90, 180, and 365 days. Unlike flexural strength, the
improvement in tensile strength is a function of the volume fraction of PPF. The splitting
tensile strength of the PPF0.6, PPF0.8, and PPF1.0 mixes is superior to PPF0. While mix
PPF0.6 shows the peak tensile strength at 180 days, the PPF0.8 and PPF1.0 mixes show no
such peaks.

4.5. Bond Strength

Figure 11 illustrates the pull-out test results to determine the bond strength of all
concrete mixes [62]. The PPFO mix offers the least resistance to pull-out compared to all
mixes with PPE. However, there is an increase in bond strength beyond 28 days, approx-
imately 137%, 85%, and 212% for 90, 180, and 365 days, respectively. The improvement
in the strength is due to the finer gel within a higher specific surface, the improvement of
microstructure due to secondary C-5-H, and pore refinement.
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Figure 11. Pull-out test results for all concrete mixes.

Adding PPF improves the bond strength, which is proportional to the increase in the
volume fraction. The PPF1.0 mix exhibits the best results overall for all curing ages barring
180 days of curing age which may be a bias in the experiment. The bond strength of the
PPF1.0 samples is higher by approximately 342%, 114%, and 132% for 28, 90, and 365 days.
At 180 days of curing age, however, the results at 180 days do not fit the trend which may
be due to experimental errors. The improvement in the bond strength with an increase in
the PPF volume may be due to the improvement in the fiber—-matrix interface. The highly
reactive F-FA present in the matrix enhances the later-age pozzolanic reaction resulting in
pore refinement.

4.6. Sorptivity

The sorptivity test measures the effect of PPF on the tendency of the composite to
absorb and transmit water by capillary action. Figure 12 presents the water absorption
(mm) for all mixes throughout the test duration. The incorporation of PPF has a direct
influence on controlling absorption. The initial absorption (mm) reduces by approximately
30% and 38% with the addition of 0.8 and 1% PPE. However, the PPF0.6 mix shows a
slight uptick (6%) in absorption, which may not be significant. The final absorption (mm)
decreases by 6.8%, 41%, and 49% for the corresponding increase in the PPF volume.

—-PPI[0 -=-PPF0.6 -« PPF0.8 —<PPr1.0

0.35

0.30

Absorption (mm)
5 o o
el N2 N
o S G

o
—_
o
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0 100 200 300 400 500 600 700 800
Time (V'sec)

Figure 12. The plot of absorption vs. /time.
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The slope of the best-fit line of absorption vs. /time for test points from 1 min to 6 h
and 1 day to 7 days determines the initial and secondary water absorption rate (sorptivity).
Table 5 shows the initial and secondary sorptivity values. The addition of PPF decreases
both the initial and secondary sorptivity of the PPFO mix by 28% and 45% for PPF0.8 and
PPF1.0 and 17%, 53%, and 56% for the PPF0.6, PPF0.8, and PPF1.0 mixes compared to the
PPFO mix.

Table 5. Initial and secondary absorption coefficients.

. . . Initial Absorption Rate Secondary Absorption Rate
Mix Designation (x10~3 mm/,/s) (x10~3 mm/,/s)
PPFO 0.42 0.34
PPF0.6 0.58 0.28
PPF0.8 0.30 0.16
PPF1.0 0.23 0.15

4.7. Failure Patterns
4.7.1. Compressive Strength Test

The control mix (PPF0) specimens exhibit a brittle failure followed by the complete
disintegration of the specimens under compressive stresses. Though this failure pattern
is typical of high-strength concretes, the crack propagates rapidly due to the high paste
volume, resulting in a sudden failure of the PPF( specimens. The addition of PPF prevents
such sudden failures by presenting a ductile failure, retaining the form of the specimen by
providing excellent spalling resistance (Figure 13). Such an improved failure pattern with
insignificant loss in compressive strength is highly desirable.

@ | (b)

Figure 13. Typical specimen failure due to compressive stress for (a) PPF0 and (b) all TMs.

4.7.2. Flexural Strength Test

Adding PPF in various volume fractions significantly improves failure patterns under
bending stresses as well; the comparison is shown in Figure 14a,b. The cracks on the
PPF specimens are visually more vertical than on the PPFO specimens, which are inclined.
The PPFO mix specimens fail suddenly as the tensile cracks rapidly propagate and reach
the top of the inherent brittle PPFO specimens. In contrast, the fibers act as a ‘bridge’
to the cracks, preventing them from connecting further and reaching the top suddenly,
retaining the specimen integrity post-failure. The PPFO specimens fail suddenly due to
rapid crack propagation, while despite the failure, the cracks do not propagate to the top in
all specimens with PPF mixes.

4.7.3. Splitting Tensile Strength Test

The failure pattern of the specimens with the PPF0 mix improves considerably under
tensile stresses. The addition of PP fibers, irrespective of the volume fraction, successfully
bridges the tensile crack propagation and prevents sudden failure, as Figure 15a illus-
trates. The post-crack load-carrying capacity of the samples improves significantly, and
the catastrophic splitting of the specimen due to tensile stresses is absent. The addition of
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PP fibers hence significantly improves the tensile strength and failure pattern of the plain
composite (Figure 15b).

(a) (b)

Figure 14. Sample pictures of specimen failure due to flexure stress for (a) control mix and (b) test mix.

(a) (b)

Figure 15. Sample pictures of specimen failure due to tensile stress for (a) PPF0 and (b) all TMs.

4.7 4. Bond Strength (Pull-Out) Test

Prolonged hydration improves the microstructure and the interface between the fibers
and the rest of the matrix, which may improve surface friction and performance. Improved
resistance to crack propagation due to the fiber ‘stitching’ effect delays the propagation
of macro-cracks and improves failure behavior by preventing sudden failures, as shown
in Figure 16.

(a) (b)

Figure 16. Sample pictures of specimen failure due to tensile stress for (a) PPF0 and (b) PPF1.0.
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EHT = ﬂl.w
WD = 8.0mm

4.8. Microstructure Analysis of the Sample

Figure 17 shows SEM images of the PPF0 mix taken at 28 days, 90 days, one year, and
three years. A large amount of unreacted FA (bright spheres) with partially reacted FA
particles is evident, with precipitation of C-5-H around it at 28 days (a), revealing a dense
matrix with fewer voids and no micro-cracks. However, zones show an interface between
FA and the matrix. At 90 days (b), there is more precipitation of C-S-H compared to 28 days.
The image also reveals a continuous and homogeneous matrix with most of the FA—matrix
interface filled by the C-S-H. The microstructure also reveals the continuation of hydration
by consuming more FA, thus leaving fewer unreacted FA particles. The improvement in
hydration correlates with the improvement in the mechanical properties beyond 28 days.

Signal A = SE1 Date 8 Jul 2022 = Signal A = SE1 Date :9 Aug 2022
Mag= 5.00KX Time :17:48:21 [ Mag= 500KX Time 18.05:54

EHT = 1500 kV

WD = 85mm

(b)

e a5 T i i S5 o 7
Signal A = SE1 Date :15 Jun 2023 Ty EHT = 10.00 kv Signal A= SE1 Date :2 ar 2023
Mag= 10.00 KX Time :15:32:09 WD = 10.0 ram Mag= 500KX Time 40908

(c) (d)
Figure 17. SEM images of PPF0 mix at (a) 28 days, (b) 90 days, (c) one year, and (d) three years.

At a prolonged curing duration of 1 year and beyond (c and d), the microstructure
of the mix shows further improvement with the deposition of C-S-H all over the surface
(dark—denser beneath; light—porous on the surface) (c). The aluminate phases of the
FA start reacting to form C-A-S-H, the structure of which is different from C-S-H in the
form of ‘fibril,” resembling a honeycomb (d). The hydration continues after one year of
curing, consistently improving the microstructure, which credits the unabated gain in
compressive strength.

The EDS spectrums shown in Figure 18 for the PPF0 mix identify calcium (Ca), silica
(5i), and alumina (Al) as chief elements that aid the progression of C-S-H and C-A-S-H
gel formation as supplemented by SEM images in Figure 17. Table 6 presents Ca/Si and
Ca/(5i + Al) ratios based on the atomic weight of the elements. At 28 days, the C-S5-H gel
has a Ca/Si ratio of 0.611 and a Ca/(Si + Al) ratio of 0.387. However, further curing of the
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samples decreases the ratios to 0.453 and 0.276, 0.368 and 0.226, and 0.341 and 0.223 for
90 days, one year, and three years, respectively. The decreasing Ca/Si ratio trend indicates
continuous hydration [29].

Spectrum 1 Spectrum 1

0 2 4 6 8

Full Scale 352 cts Cursor: 0.000

12 14 16 18 2( 0 2 4 6 8 10 12 14 16 18
ke Full Scale 529 cts Cursor: 19.096 (0 cts) ke

Full Scale 2833 cts Cursor: 0.000

(b)

Spectrum 1 Spectrum 1

(c)

Figure 18. EDS images of PPF0 mix at 28 days (a), 90 days (b), one year (c), and three years (d) of

curing age.

Table 6. EDS analysis of PPFO mix at various curing ages.

Elements in Weight % Ca Si Al Ca/Si Ca/Al Ca/(Si + Al) Al/Si
28 days 7.14 11.68 6.75 0.61 1.05 0.38 0.57

90 days 5.60 12.36 791 0.45 0.70 0.27 0.63

One year 420 11.40 717 0.36 0.58 0.22 0.62

Three years 4.44 13.02 6.84 0.34 0.64 0.22 0.52

5. Conclusions

This study assesses the influence of PPF in 0.6%, 0.8%, and 1.0% volume fractions

on the long-term mechanical properties of plain composites by subjecting the samples to
compression, splitting, flexural, and bond strength tests for up to three years. The sorptivity
test examines water absorption. The microstructure of the composites reveals surface
characteristics and hydration products. Based on the experimental investigation, the study
concludes the following:

The addition of PPF, irrespective of volume fraction, does not improve compressive
strength. The gain in compressive strength is ceaseless for both immersion and
moist-cured samples. The persistent increase in weight, hydration, and resulting
microstructure refinement are credited for this strength gain. The UPV test affirms the
quality of all the mixes.

The mixes with PPF display remarkable improvement in the tensile strength to com-
pressive strength due to the ‘bridging’ of the crack and delay in propagation, im-
proving the tensile capacity. The increase in the tensile strength corresponds to an
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increase in the volume fraction of PPF. However, the composite’s flexural strength
trend differs from the splitting tensile strength. The PPF0.6 mix achieves the highest
flexural strength compared to the other PPF mixes.

e The PPFO mix fails catastrophically due to the ‘brittle’ nature of the high-paste-
containing composite. Adding PPF, irrespective of the volume fractions, is signif-
icant in achieving a more ductile failure under compression stresses. The PPF also
significantly improves the resistance to spalling of the composite.

e The improvement in the bond strength of the plain composite is ascribed to the con-
tinuous hydration by forming C-5-H, refining the microstructure, and increasing the
adhesion between the reinforcement and the paste. Adding PPF to the mix improves
the bond strength of the composite.

e  The water absorption of the composite varies inversely with the addition of PPF.
The composite’s initial and secondary water absorption rate (sorptivity) significantly
reduces with the increase in the volume fraction of PPF, demonstrating the excellent
durability of the composite.

e  The microstructure of PPFO continuously refines with age. The presence of F-FA in
large amounts in the composite not only contributes to the hydration but also acts as a
filler refining the pore to evince the purpose of the composite mixture.

All mechanical properties and failure patterns of the high-volume fly-ash-based ce-
ment composite improve significantly with the addition of PPF for all curing ages. The
synergetic effect of PPF and F-FA showed promising outcomes for the composite in the
long-term experimental investigation to allude to the promises of the composite’s usability.
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